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Characterization of Ca2+ fluxes in rat liver plasma-membrane
vesicles
Catherine DARGEMONT, Mauricette HILLY, Michel CLARET and Jean-Pierre MAUGER*
Unitd de Recherches de Physiologie et Pharmacologie Cellulaire, Inserm U. 274, Universite Paris-Sud (Bat. 443),
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Inside-out plasma-membrane vesicles isolated from rat liver [Prpic, Green, Blackmore & Exton (1984)
J. Biol. Chem. 259, 1382-1385] accumulated a substantial amount of 45Ca2l when they were incubated
in a medium whose ionic composition and pH mimicked those of cytosol and which contained MgATP.
The Vkax of the initial 45Ca2l uptake rate was 2.9 + 0.6 nmol/min per mg and the Km for Ca2` was
0.50+ 0.08 1uM. The ATP-dependent 45Ca2" uptake by inside-out plasma-membrane vesicles was about
20 times more sensitive to saponin than was the ATP-dependent uptake by a microsomal preparation. The
45Ca2' efflux from the inside-out vesicles, which is equivalent to the Ca2+ influx in intact cells, was increased
when the free Ca21 concentration in the medium was decreased. The Ca2+ antagonists La3` and Co2+
inhibited the 45Ca2' efflux from the vesicles. Neomycin stimulated the Ca2' efflux in the presence of either
a high or a low free Ca2+ concentration. These results confirm that polyvalent cations regulate Ca21 fluxes
through the plasma membrane.

INTRODUCTION
An increase in the cytosolic Ca2" concentration is

involved in the signal-transduction mechanism in many
cell types. Both Ca2" release from an intracellular store
and stimulation of Ca2" influx through the plasma
membrane contribute to the increase in the cytosolic
Ca2" concentration (see Berridge & Irvine, 1984; Putney,
1987; Mauger & Claret, 1988). In non-excitable cells, the
mechanism involved in the hormone-stimulated Ca2"
influx remains unknown. Recent reports have suggested
that receptor-stimulated hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate may be involved in the regula-
tion of the Ca2" entry through the plasma membrane.
Inositol 1,4,5-trisphosphate (InsP3) opens Ca2" channels
in T lymphocytes (Kuno & Gardner, 1987), and its
phosphorylated derivative inositol 1,3,4,5-tetrakisphos-
phate (InsP4) activates processes dependent on the
presence of extracellular Ca2" in sea-urchin eggs (Irvine
& Moor, 1986). Also, the Ca2" released from the intra-
cellular compartment by InsP3 may open non-specific
channels permeable to Ca2" in neutrophils (von Tscharner
et al., 1986).

In rat hepatocytes, the hormones which increase
intracellular IP3 also stimulate the 45Ca2" influx from the
extracellular medium (Mauger et al., 1984). Cyclic AMP
is involved in this phenomenon, as it potentiates the
response induced by the Ca2"-mobilizing hormones
(Mauger et al., 1985; Poggioli et al., 1986). We also
observed that cytosolic Ca2" inhibits the 45Ca2" influx in
non-stimulated cells (Poggioli et al., 1985). A better
understanding of the mechanism(s) involved in resting
and hormone-stimulated Ca2l influx in rat hepatocytes
requires study of the effect of intracellular messengers on
the cytosolic face of the plasma membrane. Prpic et al.
(1984) proposed a method to prepare plasma-membrane
vesicles from rat liver. These vesicles appear to be

essentially in the inside-out configuration and accumulate
45Ca2l in the presence of ATP. In addition, they display
a hormone-stimulated polyphosphoinositide breakdown
(Uhing et al., 1986) and a Na+/Ca2" exchange (Schanne
& Moore, 1986). This vesicle preparation is a good
experimental model with which to study the influence of
intracellular ions and messengers on the Ca2+-perme-
ability of the plasma membrane. The results of the
present paper indicate that inside-out rat liver plasma-
membrane vesicles accumulate substantial quantities of
45Ca2l in the presence of ATP, when incubated in a
medium whose ionic composition mimics cytosol. The
unidirectional 45Ca2" efflux from preloaded vesicles,
equivalent to the Ca2" influx in intact cells, is regulated
by different polyvalent cations.

MATERIALS AND METHODS

Membrane isolation
Liver membranes were prepared from female Wistar

rats weighing 200-250 g. Plasma membranes were
isolated by Percoll-density-gradient centrifugation from
a 1500 g sedimentation fraction of the homogenate essen-
tially as described by Prpic et al. (1984). The resulting
fraction was resuspended in a medium containing
250 mM-sucrose, 25 mM-Hepes/KOH, pH 7.4, 1 mm-
dithiothreitol and 0.2 mM-phenylmethanesulphonyl fluor-
ide, at about 1-2 mg of protein/ml. The microsomal
fraction sedimenting at 35000 g was prepared as des-
cribed by Dawson & Irvine (1984). The resulting fraction
was resuspended in the same medium as the plasma-
membrane vesicles, at 1-2 mg of protein/ml.
Measurement of 45Ca2+ transport

45Ca2+ uptake was measured by adding 25,u of the
membrane fraction to 225,1 of prewarmed medium

Abbreviations used: InsP3, inositol 1,4,5-trisphosphate; InsP4, inositol
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containing, unless otherwise indicated: 100 mM-KCI,
20 mM-NaCl, 5 mM-MgCl2, 0.96 mM-NaH2PO4, 25 mM-
Hepes/KOH, pH 7.1 at 37 °C, 5 mM-NaN3, 5 mM-
phosphocreatine, 5 units of creatine kinase/ml, 0.5-
1 ,tCi of 45Ca2+/ml, 20 /uM- or 100 ,pM-CaC12 with 200 /,M-
EGTA, 1.5 mM-Na2ATP. In a few experiments, free
Ca2+ concentrations were determined by the use of
quin2, which was added at a final concentration of 1 ,UM.
The Ca2+ concentration was calculated by using the
dissociation constants of 60nm for the quin2-Ca2+
complex and 1 mm for the quin2-Mg2+complex (Tsien
et al., 1982). The reaction was stopped at appropriate
times by diluting the mixture with 4 ml of 250 mm-
sucrose/40 mM-NaCl, followed by filtration through a
Whatman GF/C glass-fibre filter. The filter was washed
three times with the washing medium, and counted for
radioactivity in a scintillation spectrometer.

45Ca2+ efflux was measured from vesicles which had
been loaded for 20 min in the presence of ATP as
described above. A mixture of hexokinase and glucose
was added to give final concentrations of 50 units/ml and
10 mm respectively. This resulted in a rapid degradation
of ATP and stopping of 45Ca2+ uptake. Samples were
washed as described above for 45Ca2+ uptake.

Measurement of 22Na+ uptake
22Na+ uptake was measured under the same conditions

as for 45Ca2+, except that the incubation medium
contained 60 mM-KCl, 60 mM-NaCl, 1-2 #uCi of 22Na+/
ml, 0.2 mM-EGTA and no added CaCl2.

Materials
22Na+ was from C.E.A. (Saclay, France); 45Ca2+ and

InsP3 were from Amersham; phosphocreatine, creatine
kinase, ATP (disodium salt), hexokinase (type V),
saponin and neomycin were from Sigma; InsP4 was from
Calbiochem; GTP and guanosine 5'-[y-thio]triphosphate
were from Boehringer Mannheim.

RESULTS
Influence of the incubation-medium composition on the
45Ca2+ accumulation into plasma-membrane vesicles

Previously published results demonstrating a Ca21
accumulation into liver plasma-membrane vesicles had
been performed in different incubation media. Chan &
Junger (1983) or Prpic et al. (1984) used a sucrose
medium buffered at pH 8, others used saline media
essentially constituted of KCI and buffered from pH 6.8
to 8 (Kraus-Friedmann et al., 1982; Epping & Bygrave,
1984; Schanne & Moore, 1986). We first studied the
influence of the incubation medium on the ATP-
dependent Ca2+ accumulation into rat liver plasma-
membrane vesicles. Three different media were tested:
two had an ionic composition resembling cytosol (see
Burgess et al., 1983) as described in the Materials and
methods section, and were buffered at pH 7.1 or 8.0; the
third iso-osmotic medium contained essentially 180 mM-
sucrose and 50 mM-Tris/HCI, pH 8.0, as described by
Prpic et al. (1984). Each medium also contained 20 guM-
45Ca2+, 5 mM-MgC12 and 1.5 mM-ATP, which are neces-
sary to obtain maximal 45Ca2+ uptake (see below). Fig. 1
shows the kinetics of the ATP-dependent 45Ca2+ accumu-
lation into the vesicles incubated in the three different
media. The ATP-independent 45Ca2+ uptakes were
maximal at 30 s, then remained constant for the next
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Fig. 1. Kinetics of 45Ca2+ accumulation into plasma-membrane
vesicles incubated in different media

The plasma-membrane vesicles were prepared as described
in the Materials and methods section. They were incubated
for the periods indicated at 37 °C in the sucrose medium
buffered at pH 8.0 (A) and in KC1 media buffered at
pH 8.0 (-) or at pH 7.1 (@) as described in the Materials
and methods section. Each medium also contained
20 /M-45Ca2+ and 1.5 mM-ATP. Time 0 refers to the
addition of the membrane vesicles to the prewarmed
incubation media. Ca2+ ionophore A23187 was added to
10 ,uM after 30 min incubation. The values of 45Ca2+ uptake
and binding measured in the absence of ATP were sub-
tracted from values measured in its presence. Each point is
the mean of triplicate determinations in one typical experi-
ment. Mean values for initial 45Ca2+-uptake rate and
45Ca2+ accumulation are given in the text.

30 min. They amounted to 1.2, 1.9 and 1.1 nmol/mg of
protein in the sucrose medium, the KCI medium buffered
at pH 8 and the KCI medium buffered at pH 7.1
respectively. The ATP-dependent 45Ca2l accumulations
after 30 min incubation in the sucrose medium and in the
KCI medium buffered at pH 8.0 and pH 7.1 were
7.7 + 0.4, 13.4 + 1.0 and 22.4+ 2.2 nmol/mg of protein
(n = 5) respectively. The initial 45Ca2 -uptake rates
measured during the first 2 min were 0.5 + 0. 1, 1.0 + 0.1
and 2.4 + 0.2 nmol/min per mg of protein (n = 5) for the
sucrose medium and the KCI media buffered at pH 8.0
and pH 7.1 respectively. Addition of 4 mM-oxalate in the
KCI medium buffered at pH 7.1 increased by 250% the
45Ca2` accumulation after 30 min incubation. Finally,
Fig. 1 shows that the addition of 10/,M of the Ca2`
ionophore A23 187 in the different incubation media
completely discharged the accumulated 45Ca2+. This
indicates that ATP induced the accumulation of 45Ca2+
into a closed compartment. The next experiments were
performed in the internal KCI medium (pH 7.1). This
medium allowed the Ca2+-Mg2+-ATPase to pump larger
amounts of Ca2` under more physiological conditions.

Identification of the membrane involved in Ca2"
accumulation
As the plasma-membrane fraction prepared as

described by Prpic et al. (1984) contai-ns some activity of
the endoplasmic-reticulum-associated enzyme glucose-6-
phosphatase, it was possible that a non-negligible part of
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Fig. 2. Effect of increasing concentrations of saponin on 45Ca2"
and 22Na+ uptake by plasma-membrane vesicles or
microsomes

The plasma-membrane (PM) vesicles and the microsomes
were prepared- as described in the Materials and methods
section. They were preincubated for 5 min in the incubation
media containing 20 #uM-45Ca2+ or 60 mM-22Na' and
increasing concentrations of saponin. 45Ca2+ or 22Na+
uptake was initiated by the addition of 1.5 mM-ATP and
stopped 10 min later. The protein concentration was
adjusted in each case to 0.14 mg/ml. Data are the means
of triplicate determinations in three different experiments.
ATP-dependent 45Ca2+ uptake in the absence of saponin
was 19 + 2 nmol/mg in the plasma-membrane vesicles (M)
and 8.2 + 0.5 nmol/mg in the microsomes (A). ATP-
dependent 22Na+ uptake by the plasma-membrane vesicles
was 48 +I nmol/mg (0).

the 45Ca2+ sequestered resulted from Ca2+ uptake by
contaminating endoplasmic-reticulum vesicles (Moore
et al., 1975). This possibility was examined by testing the
sensitivity of 45Ca2+ uptake into the plasma-membrane
vesicles to increasing concentrations of saponin. This
steroid glycoside is known to permeabilize plasma
membrane specifically by forming insoluble complexes
with cholesterol. When it is used at low concentration,
saponin does not affect the intracellular organelles (see
Fiskum, 1985). Preincubation of membrane vesicles in
the presence of saponin inhibited the 45Ca2+ uptake
induced by the addition of ATP. Fig. 2 shows that the
ATP-dependent 45Ca2+ uptake was inhibited by 50 %
when the vesicles were preincubated in the presence of
4 ,ug of saponin/ml and by 95 in the presence of 20 ,ug
of saponin/ml. In comparison, microsomes (microsomal
fractions) enriched with endoplasmic reticulum accumu-

lated 8 nmol of 45Ca21/mg of protein when incubated in
the presence ofATP in the same medium and at the same
protein concentration as plasma-membrane vesicles. The
ATP-dependent 45Ca2+ uptake by microsomes was much
less sensitive to saponin than was that by plasma-
membrane vesicles. Preincubating microsomes with
20,g of saponin/ml inhibited 45Ca2+ uptake by only
20 and 200 jag of saponin/ml was required to inhibit
45Ca2+ uptake by 95 (see Fig. 2). This confirms that the
intracellular membranes are less sensitive to saponin
than is the plasma membrane. In order to characterize
the saponin-sensitive fraction further, we measured the
ATP-dependent 22Na' uptake into the plasma-membrane
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vesicles. It is well known that the Na+/K+-ATPase which
actively transports Na+ and K+ is an enzyme present only
in the cell plasma membrane (Evans, 1980). Plasma-
membrane vesicles were incubated in the same medium
as that used for the measurement of 45Ca2+ uptake,
except that it contained 60 mM-22Na+, 0.2 mM-EGTA
and no added Ca2". Under these conditions, the addition
of ATP induced the accumulation of 48 nmol of 22Na+/
mg of protein. Preincubation of the vesicles in the
presence of saponin inhibited the 22Na' uptake, and Fig.
2 indicates that this occurred in the same range of
concentrations as those inhibiting 45Ca2" uptake. Since
the ATP-dependent 22Na' uptake was measured in the
presence of EGTA, it was not secondary to a Ca2l
uptake by means of a Na+/Ca2" exchange. The most
likely hypothesis is that the 22Na' uptake occurred
through the Na+/K+-ATPase activity. The observation
that 45Ca2' and 22Na' uptakes displayed identical
sensitivities to saponin strongly suggests that the Ca2+
pump which allows the 45Ca2+ uptake is present in the
same membrane as the Na+/K+-ATPase, that is the
plasma membrane. These results indicate that the con-
taminant endoplasmic reticulum present in the prepara-
tion accumulated negligible quantities of 45Ca2l when
incubated in the internal medium.

Properties of the plasma-membrane ATP-dependent
Ca21 pump
The initial 45Ca2+ uptake rate by inside-out plasma-

membrane vesicles was mea-sured after 2 min incubation
in the internal medium buffered at pH 7.1. The effects of
increasing concentrations of ATP, Mg2+ or Ca2+ were
studied. The dose-response curve for ATP was obtained
in a medium containing 5 mM-MgCl2 and 20 /tM-45Ca2 .
Half-maximal and maximal responses occurred in the
presence of 150 ,UM- and 1.5 mM-ATP respectively. The
initial 45Ca2+ uptake was measured in a medium
containing 20 jaM-45Ca2+ and 0.5 mm-, 1.0 mm-, 1.5 mM-
or 2.0 mM-ATP in the presence of increasing concentra-
tion of MgCl2. Free Mg2+ concentrations were calculated
by using an apparent KD for the ATPMg complex of
61 /iM (Burgess et al., 1983). In each condition tested, the
45Ca2+ uptake increased with increasing concentration of
Mg2+. Half-maximal effect occurred in the presence of
3.4 + 0.4 mM (n = 4) free Mg2+. The initial 45Ca2+-uptake
rate was also measured as a function of the free Ca2+
concentration (Fig. 3). The incubation medium contained
1.5 mM-ATP, 5 mM-MgCl2 and 0.2 mM-EGTA. CaCl2
was added in order to obtain the indicated free Ca2`
concentrations, which were measured in parallel experi-
ments by means of quin2. The data shown in Fig. 3 are
consistent with Michaelis-Menten-type kinetics, with Km
value of 0.50+0.08 #m (n = 3) and a Vma. value of
2.9 + 0.6 nmol/min per mg of protein (n = 3).
The 45Ca2+ uptake determined in the presence of

1.5 mM-ATP, S mM-MgCl2 and 20 ,tM-45Ca2+ was in-
hibited by the addition of increasing concentrations of
vanadate. Half-maximal inhibition occurred in the pre-
sence of 0.6 jaM-vanadate, and 0.1 mm inhibited the
uptake by more than 950.

Measurement of the 45Ca2+ efflux from inside-out
plasma-membrane vesicles
The 45Ca2+ efflux was measured by adding a mixture of

50 units of hexokinase/ml and 10 mM-glucose to vesicles
preincubated for 20 min in the KCI medium containing
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Fig. 3. Dose-response curve for the initial 45Ca2l-uptake rate by
plasma-membrane vesicles as a function of Ca2l concen-
tration

Plasma-membrane vesicles were preincubated for 5 min in
the incubation media described in the Materials and
methods section and containing 0.2 mM-EGTA and
increasing concentrations of CaC12i The indicated free
Ca2+ concentrations were determined in parallel experi-
ments in the presence of 1 /tM-quin2.45Ca2I uptake was
initiated by addition of 1.5 mM-ATP and was stopped
2 min later. Each point is the mean of triplicate deter-
minations of the ATP-dependent uptake in one typical
experiment. The inset shows the Hofstee plot of the data.
Mean values for Km and V.ax. are given in the text.

ATP and 20 ftM-45Ca2+. This treatment inhibits the Ca2+
pumping into the vesicles by more than 98 % within the
first 30 s, as indicated by the inhibition of the initial
45Ca2+-uptake rate when ATP was added in a medium
already containing hexokinase and glucose (results not
shown). Fig. 4(a) shows that the control efflux of 45Ca2+
after addition of hexokinase and glucose had a t1 of
8.6+ 0.6 min (n = 4). Fig. 4(b) shows that the 45Ca2+-
efflux rate increased linearly with the 45Ca2+ content of
the vesicles, which is consistent with a monoexponential
loss of 45Ca2+ from the vesicle.
As we have demonstrated that the cytosolic Ca2+

concentration regulates the Ca2+ influx through the
plasma membrane in intact hepatocytes (Poggioli et al.,
1985), we investigated the influence of [Ca2+] in the
medium on the efflux from inside-out plasma-membrane
vesicles. Fig. 4(a) indicated that the simultaneous
addition of the mixture of hexokinase and glucose with
0.2 mM-EGTA, to decrease the free Ca2+ concentration
to about 20 nm, enhanced the efflux rate of 45Ca21
from the vesicles. Decrease Ca2+ decreasing the ti to
5.5 + 0.5 min (n = 4). Fig. 4(b) shows that in the low-
Ca2+ medium the 45Ca2+-efflux rate was increased by
43 %. The addition of 0.5 mM-EGTA, which decreased
the Ca2+ concentration to about 10 nM, did not further
increase the 45Ca2+ efflux. Preincubating vesicles in the
presence of ATP and OO,tM-45Ca2+ did not induce a

larger accumulation of 45Ca2+, and the efflux rate
measured after the addition of hexokinase and glucose
was similar to that measured in a medium containing
20 /JM-Ca2+.

In order to characterize a Ca2+-binding site involved in
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Fig. 4. Measurement of the 45Ca2l efflux from plasma-membrane
vesicles

45Ca2+ effluxes were started by addition of hexokinase +
glucose to vesicles preloaded for 20 min in the presence of
ATP and 20,uM-46Ca2+ as described in the Materials and
methods section. (a) Hexokinase and glucose were added
at zero time, either alone (@) or with 30 ,LM-La3+ (A) or
1 mM-Co2+ ([l) or 0.2 mM-EGTA (0) or 10 ,tM-A23187
(A). The 45Ca2+ contents of the vesicles were measured at
the indicated times. Each point is the mean+S.E.M. for
triplicate determinations in two to four different experi-
ments and is expressed as a percentage of the ATP-
dependent 45Ca2+ accumulation at zero time, which refers
to the value measured just before the addition of
hexokinase and glucose, and was equal to 18 + 2 nmol/mg
of protein. (b) 45Ca2+-efflux rates were expressed as a

function of the mean 45Ca2+ content of the vesicles. Values
were calculated from efflux experiments similar to those
described in (a) after addition of hexokinase and glucose
either alone (@) or with 0.2 mM-EGTA (0). Each point is
the mean of triplicate determinations in one typical
experiment.
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45Ca2+ effluxes were measured as described in the Materials
and methods section from vesicles which had been loaded
for 20 min in the presence of 20 /ZM-45Ca2+. (a) Hexokinase
and glucose were added at zero time with (K>) or without
(*) 1 mM-neomycin. The 45Ca2+ contents of the vesicles
were measured at the indicated times. Each point is the
mean of triplicate determinations in two different experi-
ments; 45Ca2+ remaining is expressed as percentage of the
ATP-dependent 45Ca2+ accumulation at zero time, which
was 21+3 nmol/mg. (b) Hexokinase and glucose were
added at zero time with the indicated concentrations of
neomycin. 45 2+ remaining after 20 min is expressed as
percentage of ATP-dependent 45Ca2+ accumulation at
zero time. Each point is the mean+S.E.M. for triplicate
determinations in three different experiments.

the regulation of Ca2" fluxes, we investigated the effect of
other polyvalent cations added simultaneously with
hexokinase and glucose. Fig. 4(a) shows that 1 mM-Co2"
almost totally inhibited the 45Ca2" efflux. This effect was
obvious as soon as 1 min after the addition of the cation,
and could be detected in the presence of 0.1 mM-Co2"

(results not shown). The addition of 30 /tM-La3" partly
inhibited the efflux (Fig. 4a). Addition of higher
concentrations of La3" increased the 45Ca2l binding to
vesicles in the absence ofATP. This prevents the accurate
estimation of the Ca2" efflux. These effects of Co2" and
La3" could not be due to ATP removal, and consequently
to incomplete inhibition of the Ca2l pumping, since (1)
I mM-Co2" totally inhibited the ATP-dependent 45Ca2+
uptake, and (2) 30 4uM-La3" partly inhibited the initial
45Ca21 uptake, but led to a larger 45Ca2' accumulation at
the plateau, suggesting an inhibition of the Ca2' efflux.
Finally, the addition of 1 mM-Mn2+ or Ca2+ at concen-
trations higher than 20 /tM did not affect the 45Ca2' efflux
(results not shown).
The effects of neomycin on the 45Ca2' efflux from

plasma-membrane vesicles were also investigated, as it
has been previously shown that this polycationic anti-
biotic affects Ca2+ fluxes in intact cells (Goodman et al.,
1974). Fig. 5(a) shows that addition of 1 mM-neomycin
stimulated 45Ca2' efflux from vesicles which had been
preincubated with ATP in the presence of 20 /ZM-45Ca21.
This effect appeared between 2 and 5 min after the
addition of the antibiotic. The addition of EGTA at the
same time as neomycin did not impair the action of the
antibiotic, suggesting that it does not act simply by
displacing Ca21 from its binding site. The dose-response
curve for the stimulatory effect of neomycin on the
45Ca2' efflux is shown in Fig. 5(b). The neomycin
concentration which gave half-maximal effect, deter-
mined from three separate experiments, was 30+10 ,UM.

Effects of intracellular messengers on 45Ca2+ release
from the vesicles

InsP3 and its phosphorylated derivative InsP4 are
potential candidates for coupling activated membrane
receptors to stimulated Ca2+ influx (Irvine & Moor, 1986;
Kuno & Gardner, 1987). The effects ofthese inositol phos-
phates were investigated in plasma-membrane vesicles
and microsomes. In the experiment shown in Fig. 6,
microsomes or plasma-membrane vesicles were pre-
incubated for 20 min in an incubation medium containing
0.1 mM-45Ca2+ and 0.2 mM-EGTA, which fixed the free
Ca2+ to 0.2 #LM, and supplemented with 5 % poly(ethylene
glycol) and 1.5 mM-ATP. Addition of 1O/sM-GTP in-
duced the release of 34 % of the "5Ca2+ accumulated into
the microsomes within 5 min, and further addition of
3 /uM-InsP3 induced an additional release of 22 % of the
45Ca2+within 30 s. Fig. 6 also shows that the addition of
GTP and InsP3 did not affect the 45Ca2+ content of the
plasma-membrane vesicles. Addition of 1 /tM-InsP4 5 min
after the addition of GTP either alone or simultaneously
with InsP3 did not induce 45Ca2' release from plasma-
membrane vesicles (results not shown). In isolated rat
liver plasma membranes, GTP or its non-hydrolysable
y-thio and /Jy-imido analogues stimulate hydrolysis of
phosphatidylinositol 4,5-bisphosphate (Uhing et al.,
1986; Cockcroft & Taylor, 1987). Addition of 10 /,M-
guanosine 5'-[y-thio]triphosphate to vesicles loaded in
the presence of either 0.2 /LM or 20 J#M free 45Ca2+ did not
affect either the 45Ca2+ accumulation or the 45Ca2+
efflux.

DISCUSSION
The Ca2+-Mg2+-ATPase present in the plasma mem-

brane of hepatocytes, as well as in other cells, plays a key
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Microsomes and plasma-membrane vesicles were prepared
as described in the Materials and methods section. The
fractions were preincubated for 20 min in the KCl medium
containing 0.1 mM-45Ca2+ and 0.2 mM-EGTA and supple-
mented with 5 % poly(ethylene glycol). GTP (10 /LM) and
InsP3 (3 /tM) were added 5 min and 30 s respectively before
the measurement of the 45Ca2+ content of the microsomes
and the plasma-membrane vesicles (protein concn.
0.25 mg/ml). Data are duplicate determinations in one
typical experiment representative of three; CONT, control.

role in the active extrusion of Ca2" from the cytosol, thus
allowing the maintenance of a large gradient between the
two faces of the plasma membrane (Lotersztajn et al.,
1981; Penniston, 1983). This Ca2" pump accounts for the
accumulation of 45Ca2" into inside-out rat liver plasma-
membrane vesicles prepared by the method described by
Prpic et al. (1984). When incubated in a sucrose medium
buffered at pH 8, the vesicles behaved essentially as
described by Prpic et al. (1984), in that they accumulated
similar amounts of 45Ca2+ and that 45Ca2+ uptake was

dependent on ATP and free Mg2+. In the present work,
we have shown that incubating the vesicles in a medium
resembling cytosol did not impair, but rather improved,
the ATP-dependent 45Ca2+ accumulation. The Ca2+
ionophone A23187 released the 45Ca2' accumulated in
the presence of ATP, but does not affect the 45Ca2+
uptake independent of ATP. This indicates that only the
vesicles having an inside-out orientation accumulated
45Ca2+. The form in which Ca2+ may be stored inside the
vesicles, and particularly the ratio of bound to free Ca2 ,

could not be deduced from the experiments described in
the present work. However, the very fast 45Ca2+ release
initiated by the Ca2+ ionophore suggests that putatively
bound Ca2+ rapidly dissociates from its binding sites.
We have shown that the 45Ca21 uptake displayed the

same sensitivity to saponin as the ATP-dependent 22Na'
uptake which occurred through the plasma-membrane
marker Na+/K+-ATPase. The concentration of saponin
necessary to inhibit most of the 45Ca2+ accumulation into
the vesicles was 50-100 ,Ig/mg of protein (Fig. 2). This is

in the same range as that necessary to permeabilize
hepatocytes, namely 20,ug of saponin/mg of total cell
protein, i.e. about 40 ,ug of saponin/mg of membrane
protein (M. Hilly, M. Claret & J.-P. Mauger, unpub-
lished work). Taken together, these observations strongly
support the view that, under the present experimental
conditions, most of the 45Ca2" was accumulated into
plasma-membrane vesicles. This was confirmed by the
lower sensitivity of 45Ca2" uptake to saponin found in the
fraction enriched in endoplasmic-reticulum membranes
(see Fig. 2).

Measurement ofthe initial 45Ca2"-uptake rate mediated
by the Ca2" pump as a function of the free Ca2"
concentration indicated that the process follows simple
Michaelis-Menten type kinetics: the apparent Km is
0.5 tM. The free Ca2" concentrations were measured by
use of quin2, which is also used to determine the
cytosolic free Ca2" concentration in intact cells. This
allows a direct comparison between Ca2"-sensitivity of
the Ca2" pump and the cytosolic Ca2" concentration. In
intact cells, the resting Ca2" concentration is about
0.1-0.2/tM (Charest et al., 1983; Berthon et al., 1984);
this means that the pump works at about 20-30 Qo of its
maximal capacity. It can be activated when cytosolic
Ca2" concentration increases up to 5/tM, e.g. during
stimulation by a Ca2"-mobilizing hormone. This in turn
stimulates the Ca2" efflux from the hepatocytes (Com-
bettes et al., 1986).
The Ca2" pump which extrudes Ca2" from intact cells

allows the accumulation of 45Ca2" into inside-out
plasma-membrane vesicles. Consequently, the Ca2"
efflux from these vesicles is equivalent to the Ca2" influx
in intact cells, and the influence of intracellular com-
ponents on the Ca2" flux through the plasma membrane
may be analysed. The 45Ca2' effilux was measured after
addition of a mixture of hexokinase and glucose, which
rapidly hydrolyses ATP and stops 45Ca2" pumping
within 30 s. The observation that the ionophore A23187
considerably accelerated the 45Ca2' efflux (Fig. 4a) indi-
cates that the diffusion of 45Ca21 through the membrane
is the limiting step of the efflux process. Therefore the
efflux rate of 45Ca2+ is dependent on the properties of the
plasma membrane, and not on the form (bound or free)
of intravesicular Ca2+. The other factor that would affect
the 45Ca2" efflux from the vesicles is the concentration
of free Ca2+ inside the vesicles. We have previously
demonstrated that the Ca21 influx into the hepatocytes is
a saturable process when measured as a function of the
extracellular Ca2+ concentration (Mauger et al., 1984).
However, comparison of the Ca2+ influx into the cells
with the Ca2' efflux from the vesicles is difficult, because
we do not know the free Ca2" concentration inside the
vesicles. The observation that the 45Ca2' efflux is linearly
related to the 45Ca2+ content of the vesicles (Fig. 4b)
suggests that the free Ca2+ concentration inside the
vesicles remains low as compared with the Km for
extracellular Ca2+ when the influx is measured in the
cells. This Km is in the range of 0.1-0.4 mm in non-
stimulated cells (Mauger et al., 1984, 1985).
The 45Ca2+ efflux from the vesicles is affected by

different types of polycations. Ca2+ in the range 20 nM-
20 FM partly inhibits the efflux (Fig. 4). We previously
observed that, in intact cells, the cytosolic Ca2+ can
regulate the Ca2+ influx (Poggioli et al., 1985). The
decrease in cytosolic Cal' from the resting value of about
0.2 FM to 50 nm stimulates the 45Ca2" influx. This effect
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was reversed within 3 min when the cytosolic Ca2l
concentration was restored to 0.2-0.3 /M. These obser-
vations indicate that the plasma-membrane vesicles have
retained their sensitivity to the intracellular Ca2" during
the isolation procedure.

La3" and Co2" inhibit 45Ca2" efflux from the vesicles.
This effect is effective within the first 1 min and occurs in
a medium containing 20 /M-Ca2+. As concentrations of
Ca2" higher than 20 /M do not affect the 45Ca2' efflux,
this suggests that La3" and Co2+ inhibit the efflux in a
different way from Ca2". In this context, it is noteworthy
that the inhibitory effects of La3" and Co2" were also
observed with vesicles incubated in the absence of Na+
(results not shown). This excludes the involvement of a
Na+/Ca2' exchange previously described in rat liver
plasma-membrane vesicles and carrying part of the Ca2+
efflux from the vesicles (Schanne & Moore, 1986).
The aminoglycoside antibiotic neomycin stimulated

Ca2' efflux from inside-out vesicles. It is noteworthy that
neomycin (Altin & Bygrave, 1987) and La3" (Parker &
Barritt, 1981) have opposite effects when they are applied
to the extracellular or cytosolic face of the plasma
membrane. However, the concentrations of neomycin
which inhibited the Ca2+ influx in the liver and of La3"
which activated the influx in hepatocytes are higher than
the concentrations used in our present work. Further-
more, as it is unlikely that neomycin and La3+ enter
hepatocytes, it is difficult to compare the effects of these
cations when they were added outside the cells or near
the cytoplasmic face of the plasma membrane. The site of
action of neomycin cannot be established from the
present results. The observation that neomycin stimu-
lated 45Ca2` efflux even in the presence ofEGTA indicates
that it does not act as a simple Ca2' antagonist. The
concentration of neomycin giving half-maximal stimu-
lating effect on the Ca2+ efflux was 30 gM. This is in the
same range as for the inhibitory effects of neomycin on
phosphoinositide degradation (Downes & Michell, 1981)
or synthesis (Marche et al., 1983), or on the phospho-
lipase C activity (Lipsky & Lietman, 1982) and the
[3H]gentamycin binding in renal membranes (Sastrasinh
et al., 1982). Whipps et al. (1987) have reported that, in
isolated rat liver plasma membranes, Ca2+ and neomycin
have an opposite action on the turnover of phos-
phatidylinositol 4-phosphate and phosphatidylinositol
4,5-bisphosphate. An attractive hypothesis, which re-
quires further investigation, would be that Ca2+ and
neomycin affect the Ca2+ efflux from the plasma-
membrane vesicles by interacting with the membrane
polyphosphoinositides.

It has been suggested that InsP3 and its phosphorylated
derivative InsP4 might be the intracellular messengers for
the stimulation of Ca2+ influx (Kuno & Gardner, 1987;
Irvine & Moor, 1986). The addition of InsP3 and/or
InsP4 under conditions which have been shown to
maximize the InsP3-induced Ca2+ release from liver
microsomes (Dawson et al., 1986) does not affect Ca2"
fluxes through plasma-membrane vesicles (see Fig. 6). A
paper by Guillemette et al. (1988) indicates that InsP3 and
GTP released Ca2+ from a fraction enriched with plasma
membrane. However, these authors suggest that InsP3
acts on a storage site that is co-purified with the plasma
membrane. Our present results indicate that (1) the
plasma-membrane vesicles preparation does not contain
InsP3-sensitive vesicles which could have accumulated
45Ca2" in the presence of ATP and (2) the plasma

membrane is insensitive to the direct actions of InsP,
and/or InsP4. However, we cannot exclude that inositol
phosphates stimulate the Ca2" influx in hepatocytes by
using some intermediates which would have been lost
during the isolation of the membranes.
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