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Summary. ¥Ca fluxes and free-cytosolic Ca?~([Ca?*];) measure-
ments were used to study the effect of Ca2*-mobilizing hormones
on plasma membrane Ca?* permeability and the plasma mem-
brane Ca?* pump of pancreatic acinar cells. We showed before
(Pandol, S.J., et al., 1987. J. Biol. Chem. 262:16963-16968) that
hormone stimulation of pancreatic acinar cells activated a
plasma membrane Ca?* entry pathway, which remains activated
for as long as the intracellular stores are not loaded with Ca?*, In
the present study, we show that activation of this pathway in-
creases the plasma membrane Ca’* permeability by approxi-
mately sevenfold. Despite that, the cells reduce [Ca?7]; back to
near resting levels. To compensate for the increased plasma
membrane Ca’" permeability, a plasma membrane Ca?* efflux
mechanism is also activated by the hormones. This mechanism is
likely to be the plasma membrane Ca?* pump. Activation of the
plasma membrane Ca?* pump by the hormones is time dependent
and 1.5-2 min of cell stimulation are required for maximal Ca2*
pump activation. From the effect of protein kinase inhibitors on
hormone-mediated activation of the pump and the effect of the
phorbol ester 12-0-tetradecanoyl phorbol, 13-acetate (TPA) on
plasma membrane Ca?* efflux, it is suggested that stimulation of
protein kinase C is required for the hormone-dependent activa-
tion of the plasma membrane Ca?* pump.
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Introduction

Stimulation of pancreatic acinar and other cells with
Ca?*-mobilizing hormones results in Ca’" release
from an intracellular pool into the cytosol and an
increase in [Ca?*]; [24, 33, 35, 53, 55, 56]. At least
part of this Ca’* is then extruded from the cytosol
to the extracellular medium. Upon termination of
cell stimulation, the internal pool is reloaded with
Ca?* to prepare the cells for a second cycle of stim-
ulation [24, 27, 35]. The reloading process is abso-
lutely dependent on the presence of medium Ca?*

and involves movement of Ca?* from the medium
into the cytosol and then incorporation into the
pool.

Recently we demonstrated that Ca’>* reloading
of the internal pool requires the activity of a La’*-
sensitive Ca’" entry pathway, which is located in
the plasma membrane of pancreatic acinar cells
[35]. Extracellular free-Ca?" measurements in the
perfused liver {44] and Ca’*-mediated %R6 fluxes
and [Ca?"]; measurements in parotid glands [2, 24]
suggest that a similar Ca>* entry pathway is re-
quired for Ca?* reloading of the internal pool of
other cells.

A hormone-mediated increase in plasma mem-
brane Ca?" permeability of pancreatic acinar cells
was previously reported [10, 18, 19, 28, 29, 35, 50].
Ca?" influx through this pathway, however, appears
to have only a small effect on [Ca®*]; since the cells
are able to reduce [Ca’"]; to near resting levels
within 3-5 min after stimulation [5, 25, 33, 35, 36].
The following possibilities may explain the rather
small rise in [Ca?*];: (i) the increase in plasma mem-
brane Ca?* permeability due to activation of the
La**-sensitive Ca’>" entry pathway is rather small,
(ii) alternatively, activation of plasma membrane
Ca?* efflux mechanism(s) during cell stimulation
may compensate for the increased plasma mem-
brane Ca?* permeability. The present studies ad-
dress these possibilities.

We show here that hormone stimulation in-
creases the plasma membrane Ca?" permeability of
pancreatic acinar cells by about sevenfold. To com-
pensate for the increased Ca?* permeability, the
plasma membrane Ca?* pump in these cells is acti-
vated. Activation of the plasma membrane Ca?*
pump is probably a protein kinase C-mediated
event.
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Materials and Methods

MATERIALS

HEPES and bovine serum albumin (fraction V) were from
Boehringer Mannheim. Soybean trypsin inhibitor, EGTA, carba-
chol, and atropine were from Sigma. Purified collagenase (type
CLSPA) was from Cooper Biomedical. Ionomycin was from Cal-
biochem. #CaCl, (4-50 Ci/g Ca) was from New England Nu-
clear, Fura-2/AM was from Molecular Probes (Junction City,
OR). H7 (1-(5-isoquinolinesulfonyl)-2 methylpiperazine dihydro-
chloride) and HA 1004 (N-(2-guanidinoethyl)-5-isoquinoline-
sulfonamide hydrochloride) were from Seikagaku America (St.
Petersburg, FL).

The incubation solution (solution A) contained 20 mMm
HEPES (at pH 7.4), 120 mMm NaCl, S mm KCl, 1 mm MgCl,, 1
mm CaCl,, 10 mMm glucose, 10 mM sodium pyruvate, 10 mm
ascorbate, 0.1% (wt/vol) bovine serum albumin, and 0.01% (wt/
vol) soybean trypsin inhibitor.

METHODS

Preparation of Pancreatic Acini

Dispersed pancreatic acini were prepared from rats (75~150 g) by
the procedure previously described [4, 26]. In brief, the pancreas
was removed and injected with 10 ml of solution A also contain-
ing 10 mM NaHCO;. Excess fluid was drained by blotting the
pancreas on filter paper. Then the pancreas was mixed with 0.5
ml of the above solution containing 1 mg/15 ml purified collagen-
ase (digestion medium) and minced with scissors. The minced
tissue was transferred to a 25-ml flask and 4.5 ml of digestion
media was added. The flask was gassed with 100% O,, capped,
and the tissue was digested for 5 min at 37°C in a shaking water
bath at 160 oscillations/min. Then the digestion media was re-
moved, replaced with 10 ml of fresh digestion media and the
tissue was digested for another 10 min. The acini were then
washed twice with solution A by alternate 5-sec. centrifugation
at 150 X g and resuspension. The acini were suspended in 10 ml
solution A, passed through a nylon mesh and washed once more
with solution A. The acini were suspended in 5-50 ml solution A
and kept at room temperature until used.

Measurement of Free Cytosolic Ca**

Acini from one pancreas were suspended in 5 m! solution A and
were incubated with 2 uM Fura-2/AM for 20 min at 37°C. The
cells were then washed twice with 35 ml solution A and resus-
pended in 2-3 ml solution A. Then 50-100 ul of cell suspension
were transferred to 1.9 ml prewarmed media and fluorescence
measurements were performed while the cells were continually
stirred and maintained at 37°C. Fluorescence was measured with
a Perkin—Elmer spectrofluorometer model 650-40 with excita-
tion and emission wavelengths set at 340 and 500 nm, respec-
tively. [Ca?*]; was calculated as described before using a K, of
220 nM for the Fura-2 - Ca?* dissociation constant [14]. Since dye
leak was less than 1% during a typical experiment, the recordings
were not corrected. To eliminate the contribution of dye leak
(about 5% after 1 hr incubation at room temperature), samples of
cells sufficient for 2—4 experiments were washed prior to [Ca**];
measurements.
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$Ca Fluxes

Acini from the pancreas of one rat were suspended in 20-30 ml
media and incubated with ¥CaCl, (about 2 x 10° cpm/ml) at 37°C
under continuous shaking. At the indicated times, 0.5-ml sam-
ples were transferred to 10 ml of ice-cold, Ca?*-free solution A
containing 1 mm LaCl;. The acini were then collected by 30-sec.
centrifugation at 150x g and washed twice more with the same
solution. The acini were then dissolved by heating at 60°C in 1 ml
1 M NaOH for 10 min and ¥Ca was counted using standard liquid
scintillation counting.

Results

EFFECT OF AGONISTS ON PLASMA MEMBRANE
Ca?" PERMEABILITY

The plasma membrane permeability for Ca’* of rat
pancreatic acinar cells was estimated from mea-
surements of the rate of ¥*Ca uptake. Figure 1
shows the properties of Ca uptake into control,
carbachol-stimulated, and carbachol-stimulated, at-
ropine-inhibited (cycled) acini. Extrapolation of
#Ca?* uptake to zero time shows that under all con-
ditions there was similar, small rapid “Ca incorpo-
ration. This rapid ¥°Ca incorporation is not into the
hormone-sensitive pool since it could not be mobi-
lized by hormones (see below). It probably repre-
sents “*Ca trapped in the extracellular space. Subse-
quent “*Ca uptake into control acini was linear for at
least 10 min. *Ca uptake into carbachol-stimulated
and cycled acini was faster during the first 3 min and
reached higher levels compared to control acini.
We showed previously [28, 29, 35 and see be-
low] that this pattern of ¥*Ca uptake reflects (i) the
‘slow labeling of the hormone mobilizable intracellu-
lar Ca?* pool with *Ca in control acini, (ii) the reup-
take of Ca2* and the labeling of the pool to isotopic
equilibrium in cycled acini, and (iii) the partial re-
loading of the pool with Ca?* and its labeling with
#Ca in stimulated acini. Thus, at the end of reload-
ing, Ca?* content of the internal pool of cycled acini
is similar to that in control acini and Ca?* content
can be determined from the specific radioactivity of
4Cain cycled acini. On the other hand, in the con-
tinuous presence of agonist, the pool is only par-
tially loaded with Ca?*, Ca’>" levels in the pool of
stimulated acini can be determined from “Ca con-
tent after 5—10 min of labeling. Since [Ca?"];is con-
stant when “Ca uptake into stimulated acini is initi-
ated (see Fig. 4), ¥Ca uptake into stimulated acini
reflects Ca?*/Ca?* exchange between medium, cy-
tosol and the intracellular pool. “Ca uptake into
cycled acini reflects Ca?*/Ca?" exchange and net
Ca?* accumulation by the pool. Hence, to derive
the rates of ¥Ca uptake under the different condi-
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Fig. 1. Effect of carbachol stimulation on plasma membrane
$Ca?* influx. Pancreatic acinar cells suspended in solution A
containing 2 mN CaCl, were preincubated with (A, B) or without
(@) 0.2 mM carbachol for 5 min at 37°C. At = 0 of the illustrated
experiments, ¥Ca (about 2.10° cpm/ml) (@, &) and 20 uM atro-
pine (M) were added. At the indicated times, 0.5 ml samples were
removed to 10 ml of cold stop solution containing 1 mm LaCl,.
The cells were washed and “Ca content of the cells was analyzed
as described in Materials and Methods. (A) The results were
expressed as cpm in cells. (B) To calculate “Ca uptake as a
percentage of steady state, ¥Ca content of cycled (B) acini after
10 min incubation at 37°C was taken as the equilibrium level for
control and cycled acini. The #Ca content of carbachol-stimu-
lated acini (A) after 10 min incubation at 37°C was taken as the
equilibrium level for carbachol-stimulated acini. ¥Ca level that
was determined by extrapolating “Ca uptake to ¢ = O was sub-
tracted from “Ca uptake under all conditions. The figure shows
the mean * sp of 5 experiments

tions, it is necessary to express ¥Ca uptake as a
percentage of the steady-state levels of Ca®* in the
pool under the different conditions and to subtract
the initial nonspecific #*Ca incorporation. Figure 18
shows the results of such expression of the data in
Fig. 1A. It can be seen that the rates of “*Ca uptake
into both carbachol-stimulated and cycled acini is
similar and is about 7.14 = 0.3 times faster than into
control acini.

Another protocol that demonstrates the in-
creased plasma membrane Ca?* permeability of
stimulated cells is given in Fig. 2. In these experi-
ments, we measured the rate of ¥Ca efflux from
resting and stimulated cells. Control or carbachol-
stimulated acini were labeled with “Ca for 10 min,
as described in Fig. 1. The acini were then collected
by centrifugation, medium containing *Ca was re-
moved and the acini were suspended in medium
containing unlabeled Ca’". It can be seen that 4Ca
efflux from control acini was slow compared to ¥Ca
efflux from carbachol-stimulated acini. In order to
demonstrate that most of the ¥Ca is stimulated cells
was present in the hormone-sensitive pool, the ef-
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Fig. 2. Effect of carbachol stimulation on plasma membrane ¥*Ca
efflux. Pancreatic acini in solution A containing 2 mm CaCl, were
preincubated with (O, A, [J) or without (<) 0.2 mm carbachol for
5 min at 37°C and then with 4Ca for an additional 10 min as
described in Fig. 1 legend. Samples were removed to determine
the injtial *Ca content of control (¢) and carbachol-stimulated
acini (O). Then the acini were collected by 10-sec centrifugation
at 150 g and medium containing ¥Ca was removed. The acini
were suspended in solution A containing 2 mM of unlabeled
CaCl, () and 0.2 mM carbachol (O), 0.2 mM carbachol and 20
uM atropine (A), 0.2 mM carbachol and 50 um La’* (OJ). After 4
min of incubation at 37°C, 108 M CCK-OP were added to acini
incubated with carbachol and La®* (M), carbachol and atropine
(A) or control acini (®). At the indicated times, samples were
removed to determine *Ca content of the cells as described in
Materials and Methods. The figure shows the mean = sp of 3
experiments

fect of atropine and subsequent stimulation with
CCK-OP on “Ca efflux was tested. Addition of at-
ropine to the carbachol-stimulated acini caused
rapid (less than 30 sec) trapping of ¥*Ca within the
cells. That #*Ca was first incorporated and then rap-
idly trapped in the hormone-sensitive pool is con-
cluded from the ability of CCK-OP to release the
BCa from the cells (Fig. 2, filled triangles). These
results also indicate that during the first 3 min after
addition of atropine to stimulated cells, the rate of
Ca’* uptake into the pool (Fig. 1, filled squares) is
approximately 12-fold faster than the rate of Ca2*
efflux from the pool (Fig. 2, open triangles).

The rapid #Ca efflux from stimulated cells can
result from Ca?*/Ca?* exchange across the plasma
membrane and then across the internal pool mem-
brane, from net Ca?* efflux from the cell, or both.
To distinguish between these possibilities, we
tested the effect of La’* on the rate of ¥Ca efflux.
Figure 2 shows that 50 um La’* inhibited Ca efflux
from carbachol-stimulated cells. Addition of CCK-
OP had no effect on the rate of ¥Ca efflux in the
presence of La’t. Thus, La3* inhibits both hor-
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Fig. 3. Effect of La** and medium Ca?* on net Ca* efflux. The
hormone-sensitive pool of pancreatic acini was labeled with #Ca
by cycling as described in Fig. 1 (carbachol and atropine treat-
ment). Samples were taken to determine initial “Ca content. The
acini were collected by centrifugation and medium containing
#Ca was removed. The acini were suspended in fresh solution A
containing 2 mM of unlabeled CaCl; (O) also containing 50 uM
LaCl; (@) or 2 ml of Ca?free solution A (A) also containing 50
uM LaCl; (A). After 2 min incubation at 37°C, a portion of acini
from all incubation conditions were transferred to tubes contain-
ing CCK-OP to give a final concentration of 1078 m, At the indi-
cated times, samples were removed to determine 4Ca content of
cells. For clarity the error bars are not shown. This experiment is
1 out of 3 with similar observations.

mone-mediated #Ca uptake (35) and #Ca efflux
from the cells. To demonstrate that 50 um La** had
no effect on net, pump-mediated Ca?* efflux, we
measured the effect of La3* on CCK-OP-induced
45Ca release. Figure 3 shows that when acini labeled
with Ca by cycling were incubated in medium con-
taining unlabeled Ca?" or Ca’*-free medium, the
rate of Ca efflux was slow and similar to that of
control acini (Fig. 2). Addition of CCK-OP induced
an increase in [Ca?*]; (see below) and rapid release
of #Ca from the cells. Upon addition of CCK-OP,
Ca?* efflux occurs when [Ca?*]; was being reduced
(the transient response in Fig. 4) and Ca’* was
pumped out of the cells. Measurement of Ca** con-
tent of the cells under these conditions show that
there is a net loss of Ca?* from the cells {10, 13, 18,
22, 28, 29].

La3* at 50 um had no effect of “Ca efflux from
cells suspended in Ca**-free medium, but slightly
decreased the rate of ¥Ca efflux from cells incu-
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bated in Ca?*-containing medium. Since the CCK-
OP-induced #*Ca efflux into Ca?’-free medium rep-
resents only the net Ca?* efflux from high [Ca?*];,
the results in Fig. 3 indicate that La’* at 50 umM does
not inhibit active Ca?* efflux from the cells. Ca?~
efflux into Ca?*-containing medium is likely to be
due to net Ca?* efflux and Ca?*/Ca’" exchange.
This might explain the small inhibition of Ca’* ef-
flux by La’" under these conditions. Thus, the
results in Figs. 2 and 3 suggest that Ca?*/Ca?* ex-
change can be blocked with 50 M La**, while net
Ca?* efflux is La’"-insensitive and La** inhibition
can be used to distinguish between the two modes
of Ca?" fluxes.

The results presented in Figs. 1-3 show that
stimulation of the cells with Ca?*-mobilizing hor-
mones increased the plasma membrane Ca’* perme-
ability by about sevenfold and that this increased
permeability is maintained for as long as the cells
were stimulated. The concentration of free-cytoso-
lic Ca?* before and § min after carbachol stimula-
tion was then measured. Figure 4 shows that resting
[Ca**]; was 124.7 = 3.4 nm (n = 89). Stimulation of
the cells with carbachol transiently increased
[Ca?*]; to 1044.9 + 35.4 nM. After 5 min of stimula-
tion, the cells reduced Ca?* to 149.1 = 5.3 nMm. That
[Ca?*]; in stimulated acini was maintained at some-
what higher than resting levels is shown by the abil-
ity of atropine to induce a small reduction in [Ca?"];
back to resting levels. A statistically significant in-
crease in [Ca?*]; above resting levels could be mea-
sured only at medium Ca?' concentrations above
1.5 mMm. At lower medium Ca?* concentrations (0.5
mM and below), the stimulated acini reduced [Ca?*];
to below the prestimulated levels [28, 29, 35]. When
the cells were incubated in the presence of atropine
and medium Ca?* for 5 min, complete reloading of
the internal pool occurred [35] and the ability of
CCK-OP to maximally increase [Ca®*]; was re-
stored.

EFFECT OF AGONISTS ON AcTtIvE Ca?t EFFLUX

Despite the sevenfold increase in plasma membrane
Ca?" permeability in the continuous presence of ag-
onist, the cells were able to reduce and maintain
[Ca?"]; at near resting levels. The steady-state levels
of [Ca?*); is determined only by the rates of Ca’*
entry and efflux across the plasma membrane. To
compensate for the increased plasma membrane
Ca?* permeability, it is therefore likely that the rate
of active Ca?" efflux is increased during the continu-
ous presence of agonist., To directly test this predic-
tion, we measured the effect of the Ca?* ionophore,
ionomycin, on the [Ca?']; levels of resting and stim-
ulated cells.
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Fig. 4. Effect of agonists and antagonist on
[Ca?*].. Pancreatic acinar cells were loaded
with Fura-2 and [Ca?*]; was determined as
described in Materials and Methods. The acini
were added to 2 ml of solution A containing 2
mM CaCl,. Where indicated the acini were
treated with carbachol, atropine and CCK-OP.
To calculate the mean = sp of [Ca?t]; at
different times, the measured changes in
[Ca?*]; of acini stimulated with 0.1—-1 mm
carbachol were used (n = 89) since similar
responses were obtained with these
concentrations of carbachol

Carb. 0.2 mM

[Caz*} -nM 124 L @
945 lono. 1.5uM

369 Atr. - 20 uM

|
160
118[ .

Carb. 0.2 mm  10M0- 1.5 M

T EGTA 20 mM

Digitonin 50 uM

Fig. 5. Effect of ionomycin on [Ca?™); of
resting and stimulated cells. Fura-2-loaded
acini were suspended in albumin-free solution
A containing 2 mM CaCl,. Acini were then
exposed to 1.5 uM ionomycin, 0.2 mM
carbachol, 50 um digitonin, 20 mMm EGTA,

and 20 mM NaOH where indicated (a). Acini

were also stimulated with 0.2 mM carbachol

prior to addition of 1.5 um ionomycin (b).
Acini treated with carbachol and ionomycin
were also exposed to 20 uM atropine where
indicated (c). The experiments shown in g and
b represent 1 of 31 others and the experiment
shown in ¢ represents 1 of 8 others

Figure 5a shows that addition of 1.5 uM iono-
mycin to resting cells increased [Ca?*); from 124 to
approximately 1178 nM. After an initial reduction,
[Ca?*]; slowly increased and stabilized at about 3
#M. Addition of 0.2 mM carbachol at that point re-
sulted in only a small reduction in [Ca?*];, When the
cells were first stimulated with 0.2 mMm carbachol, a
typical transient increase in [CaZ*]; was observed.
Addition of 1.5 uM ionomycin to acini prestimu-
lated with carbachol for 5 min induced an initial
increase in [Ca’*]; to 369 nMm, but then the acini
reduced and maintained [Ca?*]; at 160 nM, (186 =
14, n = 31) (Fig. 5b). Addition of 20 uM atropine to
carbachol- and ionomycin-treated cells reversed the
ability of the carbachol-stimulated cells to over-

come the increased plasma membrane Ca’" perme-
abilty induced by ionomycin (Fig. Sc). After addi-
tion of atropine, [Ca2*]; slowly increased and stabi-
lized at only about 1 uM. Thus, a similar increase in
Ca?* permeability as induced by addition of iono-
mycin increased [Ca’*]; to about 3 uM in resting
cells, but only to 160 nwM in stimulated cells. Since
ionomycin completely permeabilize the intracellu-
lar pool membrane to Ca?*, and in the presence of
Ca?* ionophore the intracellular pools do not accu-
mulate Ca?* [28, 29, 39, 471, this experiment sug-
gests that plasma membrane located Ca?* efflux
mechanism(s) in the stimulated cells were activated
and allowed the cells to better resist the large in-
crease in plasma membrane Ca’" permeability.
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Figure 5a shows that addition of hormone to
ionophore-pretreated cells was ineffective in reduc-
ing [Ca%*];. In addition, when antagonist was added
to hormone- and ionomycin-treated cells, [Ca?7]; in-
creased only to ! rather than 3 um (Fig. 5b.¢). This
suggested that very high [Ca?']; concentrations in-
terfere with the ability of the hormone to activate
Ca?* efflux. Figure 6 provides evidence to support
this possibility. When cells suspended in Ca?*-free
medium were exposed to 1.5 uM ionomycin, [Ca?*];
increased to about 924 nm but then [Ca?*]; was re-
duced to resting levels within 2.5 min (Fig. 6a).
Hence, the initial and rapid ionomycin-induced in-
crease in [Ca?*]; represented Ca’™ release from in-
tracellular stores. Addition of 2 mm CaCl, to the
medium resulted in Ca?* influx into the cells, which
was slower than the rate of Ca?* release from intra-
cellular stores by ionomycin. Under the experimen-
tal conditions of Fig. 6a, the ionomycin-induced
Ca®* influx increased [Ca?*]; only to about 760 nMm
(744 = 38 nM, n = 29). Figure 65 shows that when
ionophore-treated cells in Ca?*-free medium were
exposed to carbachol for 5 min they were able to
maintain [Ca2*); at about 161 nM (163 = 23, n = 21)
subsequent to the addition of 2 mm CaCl,. In addi-
tion, atropine reversed the effect of carbachol and
induced an increase in [Ca?*];.

The protocol of Fig. 6 was used to study the
dependence of activation of Ca?" efflux on carba-
chol concentration and the incubation time. Figure
7 shows that when acini in Ca®*-free medium were
exposed to 1.5 um ionomycin and then to 20 or 200
uM carbachol for 5 min, addition of 2 mm CaCl,

increased [Ca?*);to 171 = 8 nM (n = 6). Addition of
2mM CaCl, to cells incubated with 2.5 um or 0.5 um
carbachol increased [Ca?*]; to 297 £+ 15 nM and 513
+ 20 nM (n = 3), respectively. Thus, the ability of
the cells to resist the effect of ionophore was a func-
tion of carbachol concentration in a range similar to
that found for carbachol-mediated increase in
[CaZ*); [28, 33, 36]. Figure 8 shows the time course
of hormone-mediated activation of Ca’?* efflux.
Cells in Ca?*-free medium were exposed to 1.5 um
ionomycin, and after 2 min 2.5 nMm CCK-OP were

~added. At different times (0-3 min) after addition of

CCK-OP, 2 mM CaCl, were added to the medium.
When CaCl; and CCK-OP were added together,
[Ca**]; increased to levels similar to those measured
in unstimulated cells (Fig. 8a,b). Addition of CaC(l,
to cells stimulated with CCK-OP for increasing pe-
riods of time was followed by a lower increase in
[Ca?*); (Fig. 8c—g). Incubation of the cells with
CCK-OP for at least 1.5 min (n = 3) was required
for maximal activation of Ca?* efflux. Similar
results were obtained in 2 experiments with 0.2 mM
carbachol as the stimulant.

Figure 3 shows that hormone-mediated net
Ca?* efflux from the cells was independent of me-
dium Ca?* concentration. Figure 9 shows the effect
of removal of medium Na* on the ability of stimu-
lated cells to resist the Ca?* permeability induced
by Ca?* ionophore. Cells were suspended in Ca?*-
free, tetramethylammonium (TMA) Cl-containing
medium. Atropine was added to prevent Ca’* re-
lease from intracellular stores by binding of TMA*
to the muscarinic-cholinergic receptor [26]. Addi-



S. Muallem et al.: Hormones and Plasma Membrane Ca’>~ Pump

63

.

}

iono. 1.5uM

[Ca2+ .

618 £27
51320

297+15

1718

-nM

Fig. 7. Effect of different concentrations of
carbachol on ionomycin and Ca?*-induced
increases in [Ca’*],. Fura-2-loaded acini in
albumin- and Ca?*-free solution A were
exposed to 1.5 uM ionomycin. The acini were
then incubated for 5 min with 0, 0.5, 2.5, 20
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incubations, 2 mM CaCl, were added to the
preceding conditions and Fura-2 fluorescence
was recorded. The illustrated figure shows the
effect of ionomycin and 200 um carbachol on
[Ca?*]; and the resuits of 5 superimposed
experiments with the different carbachol
concentrations. The given [Ca’*]; are the
mean *+ sD of 3 determinations
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CCK-OP (b) were added. Acini treated with
ionomycin were stimulated with CCK-OP for
0.5(c) 1(d)1.5(e)2(f)and 3 (g) min prior
to addition of 2 mMm CaCl,. The effect of
ionomycin and 3 min of incubation with
CCK-OP on [Ca®>"]; before addition of CaCl, is
shown. The experiment shown represents 1
out of 3 experiments with similar results

273
209

147
94

tion of 2 mm CaCl, to cells treated with ionomycin
for 5 min increased Ca’" to 958 nMm. When
ionophore-treated cells were stimulated with CCK-
OP for 5 min, addition of 2 mMm CaCl, increased
[Ca?']; to only 209 nM. This experiment indicates
that the hormones probably stimulated the plasma
membrane Ca?* pump and not the Na*/Ca?* ex-
changer.

MODE OF ACTIVATION OF THE PLASMA
MEMBRANE Ca?t PumMp

To study the mode by which the hormones might
activate the Ca?* pump in pancreatic acinar cells,
the effect of the protein kinase inhibitors H7 and

HA1004 [1, 15, 51, 57] on the effect of CCK-OP was
measured. Figure 10 shows that incubation of cells
with 50 uM H7 for 0-4 min had no effect on the
ability of CCK-OP to trigger Ca?* release from in-
ternal stores. Addition of 2 uM ionomycin and then
2 mMm CaCl; to CCK-OP stimulated cells increased
[Ca?*]; to 232 nM, while similar additions to control
cells increased [Ca’*]; to approximately 1613 nm.
When the cells were preincubated with H7 prior to
stimulation with CCK-OP, the cells partially lost
their ability to resist the increased permeability in-
duced by ionomycin. The effect of H7 was time
dependent so that 3—4 min of incubation with H7
were required to obtain the reversal of the CCK-OP
effect. Treatments with higher concentrations of H7
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Fig. 9. Effect of cellular and medium Na™ on
Ca?* efflux. Fura-2-loaded acini were washed
twice with solution containing (mm): TMACI
140, KCI 5, MgCl, 1, CaCl, 0.5, glucose 10,
pyruvic acid 10, atropine 0.02, and
HEPES/Tris 20 (at pH 7.4). After 20 min
incubation at room temperature, the acini
were washed and incubated in Ca?*-free
solution prewarmed to 37°C. Where indicated,
1.5 uM ionomycin and then 2 mm CaCl, (a) or
1.5 uM ionomycin, 2.5 nM CCK-OP and 2 mm
CaCl, (b) were added to the medium. [Ca?*];
was determined as described in Materials and
Methods. The experiment shown represents 1
out of 2 others
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Fig. 10. Effect of H7 and HA 1004 on CCK-OP-mediated activa-
tion of the plasma membrane Ca’* pump. Acini loaded with
Fura-2 were suspended in albumin-free, Ca**-free solution A.
The acini were incubated with 50 uM H7 for 7 min (no CCK-OP
stimulation) and then exposed to 2 uM ionomycin and 2 mM
CaCl, where indicated (control in upper tracings). Acini were
also preincubated with 50 uM H7 for 0 (a), 1 (b), 2 (c), 3(d), and 4
(¢) min prior to stimulation with 2.5 nmM CCK-OP. The stimulated
acini were then exposed to 2 uM ionomycin and 2 mMm CaCl,
where indicated. The effect of 4 min of incubation with H7,
CCK-OP and ionomycin on [Ca**]; prior to CaCl, addition is
shown. Acini were preincubated with 100 um HA 1004 for 4 min
prior to stimulation with CCK-OP and addition of ionomycin and
CaCl, (bottom tracing). The experiments shown in the upper
tracings are 1 out of 3 similar experiments and the experiment in
the bottom tracing is 1 out of 5 similar observations

and for longer periods of time did not further in-
crease the effect of H7 (not shown). Thus, pretreat-
ment with H7 only partially reversed the effect of
CCK-OP. Figure 10 (lower tracing) shows the speci-
ficity of the effect of H7. Thus, preincubation of the
cells with 100 um of HA 1004 had no effect on the
ability of CCK-OP-stimulated cells to resist the in-
creased Ca’" permeability induced by ionomycin.

Figure 11 shows the effect of H7 when added
prior to or after cell stimulation on Ca?* pump acti-
vation by CCK-OP. When the cells were incubated
with H7 for 4 min prior to stimulation with CCK-
OP, addition of ionomycin and 2 mm CaCl, in-
creased [Ca?"]; to about 723 nm. However, when
the cells were first stimulated with CCK-OP and
then exposed to 50 um H7 for 4 min, addition of
ionomycin and CaCl, increased [Ca’*]; to only 258
nM. Longer incubation with H7 (up to 12 min), simi-
larly could not reverse the effect of CCK-OP pre-
stimulation (not shown).

H7 is an inhibitor of protein kinase C-, cAMP-,
and ¢cGMP-dependent protein kinases [15]. HA 1004
is a potent inhibitor of cAMP- and ¢cGMP-depen-
dent protein kinases but a poor inhibitor of protein
kinase C [1]. Therefore, the resuits in Figs. 10 and
11 suggest that stimulation of the Ca?* pump by
hormones is mediated by protein kinase C. To fur-
ther test this possibility, we measured the effects of
protein kinase C stimulation on the ability of the
cells to resist the effect of ionomycin. Figure 12
shows that incubation of the cells for 5 min with 4c
phorbol had no effect on the level of [Ca?*]; induced
by addition of ionomycin and CaCl,. On the other
hand, when the cells were incubated with 0.2 um
TPA for 5 min, addition of ionomycin and CaCl,
increased [Ca**]; to only 423 nm. Finally, H7 but
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Fig. 11. Effect of sequential addition of H7 and CCK-OP on
CCK-OP-mediated stimulation of the Ca?* pump. Acini sus-
pended in albumin-free, Ca’*-free solution A were incubated for
4 min at 37°C with 50 um H7 prior to (a) or after (b) stimulation of
the cells with 2.5 nm CCK-OP. Then, where indicated, 2 uM
ionomycin and 2 mM CaCl, were added to the medium. The
experiment shown in (a) is 1 out of 12 others and the experiment
shown in (b) is 1 out of 3 others with similar observations

not HA1004 completely blocked the effects of TPA
(not shown).

Discussion

A plasma membrane Ca’* entry pathway is acti-
vated when cells are stimulated with Ca?*-mobiliz-
ing hormones [12, 20, 23, 24, 33, 33, 38, 43, 48, 53,
55, 56]. This La’*-sensitive Ca’" entry pathway re-
mains activated as long as the internal Ca* pool is
not completely reloaded with Ca?* [2, 24, 35, 44]. In
the present studies, ¥Ca influx and efflux measure-
ments were used to quantitate the hormone-medi-
ated increase in plasma membrane Ca?* permeabil-
ity of rat pancreatic acinar cells. The increased Ca?*
permeability can be demonstrated under Ca?*/Ca?*
exchange (carbachol stimulation, Figs. 1 and 2) and
net Ca?* uptake (cycled, Fig. 1) conditions. The
increased Ca’>" permeability was similar under the
two measurement conditions, indicating that the
rate of pool reloading with Ca’?* is determined by
the rate of Ca’" influx across the plasma membrane.
Both ¥*Ca?* influx [35] and “Ca efflux (Fig. 2), but
not net Ca?* pump-mediated Ca?* efflux (Fig. 3)
could be completely blocked by 50 um La**. Thus
the La**-sensitive *Ca fluxes represent Ca2* move-
ments through a plasma membrane Ca?* entry path-
way. The ¥Ca flux measurements indicate that hor-
monal stimulation increases the plasma membrane

[Ca2t] = M
ab
41330
e ¢ 1423
\ 1135
AN - 87
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2UM  CaCl,
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b. 4aPhorbol 2 pM
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Fig. 12. Effect of phorbol esters on ionomycin induced-increase
in [Ca?*];. Fura-2-loaded acini were suspended in albumin-free,
Ca?*-free solution A. Then acini were incubated for 5 min at 37°C
with no further additions (a-control) with 2 uM 4 phorbol (b), or
0.2 uM TPA (¢). Then the acini were exposed to 2 uM ionomycin
and 2 mMm CaCl, as indicated. The experiment with 4« phorbol is
1 out of 3 and with TPA is 1 out of 16 similar experiments

permeability of pancreatic acinar cells by approxi-
mately sevenfold. Similar increases in plasma mem-
brane Ca?' permeability were reported when hepa-
tocytes were stimulated with Ca”*-mobilizing hor-
mones [23, 43].

Termination of cholinergic stimulation with at-
ropine resulted in reloading of the hormone-sensi-
tive pool with Ca?*. Comparing the rates of Ca2*
influx into (Fig. 1, filled squares) and efflux (Fig. 2,
open triangles) out of the pool during reloading re-
veals that the rate of Ca?" influx is approximately
12-fold faster than the rate of Ca?* efflux. Hence,
after addition of atropine, net Ca?" influx into the
pool continues for 3 min while Ca?* efflux from the
pool is reduced to control levels within less than 30
sec. These findings have implications in terms of the
localization of the plasma membrane Ca?™ entry
pathway through which Ca’* reloading occurs. Re-
loading of internal stores with Ca2?* at the termina-
tion of cell stimulation takes place at or below rest-
ing levels of [Ca?*]; ([24, 27, 28, 35] and Fig. 4). To
explain these observations, a model describing the
activities of the different Ca?*-transporting path-
ways in the plasma and internal pool membrane of
the resting and stimulated cells has been proposed
[24, 41, 42]. An important feature of this model is
that the plasma membrane Ca?" entry pathway is
located in specific regions where anatomic associa-
tion between the plasma and the pool membrane
exists. This organization provides direct access of
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the pool interior to extracellular Ca’". When the
cells are stimulated, Ca®" is released into the cyto-
sol and the internal pool is depleted of Ca?*. Deple-
tion of the pool from Ca?>" results in activation of
the reloading pathway and allows Ca’* reloading by
Ca?* influx from the medium directly into the pool
without Ca’™ first entering the cytosol and then
pumped into the pool [24, 41, 42]. Such a mecha-
nism requires that under the condition of the experi-
ment in Fig. 2, the “Ca should not be rapidly
trapped in the pool after addition of atropine.
Rather, the direct connection between the intracel-
lular Ca?* pool and the medium should have re-
sulted in a rapid ¥Ca efflux due to Ca?*/Ca* ex-
change between medium and pool Ca>*. Thus, the
dissociation between the rates of Ca’" influx and
efflux from the pool during the reloading period ar-
gue against a direct connection between the pool
interior and the mechanism. It is likely that for re-
loading, Ca?* enters across the plasma membrane
into the cytosol and is only then incorporated into
the hormone-sensitive pool by the pool Ca?t pump.

Despite the maintained sevenfold increased
plasma membrane Ca?* permeability, the stimu-
lated cells were able to reduce and maintain [Ca®*];
at near resting levels within 3--5 min of stimulation.
[Ca?*); at steady state is determined by the pump-
leak turnover rates across the plasma membrane.
Since [Ca?*]; of resting and 5-min stimulated cells
were similar and cell stimulation increased the leak
rate by a factor of about 7, the overall pumping rate
must have been increased by a similar factor in
stimulated cells. The stimulation of Ca?* efflux by
the hormones is reflected in the effect of ionomycin
on the [Ca?*]; levels of resting and stimulated cells.
Identical increase in plasma membrane Ca’* perme-
ability induced by ionomycin increased [Ca’']; to
about 800 nM in resting cells and to only about 160
nM in stimulated cells. Hence, due to the increased
rate of Ca?* efflux, the stimulated cells were able to
reduce and maintain [Ca®']; at lower levels com-
pared to resting cells. A similar approach of mea-
suring the effect of Ca?* ionophore on [Ca?*]; was
used to show that stimulation of neutrophils [45]
and platelets [39, 47] with Ca>"-mobilizing agonists
results in stimulation of plasma membrane Ca?* ef-
flux mechanisms. In addition, stimulation of other
cells with Ca?*-mobilizing hormones increases the
plasma membrane Ca?* permeability [12, 20, 23, 38,
43, 48] and stimulated cells reduce [Ca®*]; to near
resting levels after about 5 min of stimulation [27,
40, 49]. Therefore, it is likely that activation of the
plasma membrane Ca’* pump by Ca?*-mobilizing
hormones also occurs in other cell types.

Two active Ca?" efflux mechanisms have been
described in pancreatic acinar [16] and other cell
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types [7]—a Na*/Ca?" exchange mechanism and a
plasma membrane Ca?* pump. It is likely that stim-
ulation of pancreatic acinar cells increased the ac-
tivity of the plasma membrane Ca?* pump and not
that of the Na*/Ca?* exchanger. This is concluded
from the findings that in the presence of La**, net
Ca?* efflux from the stimulated cells was similar in
the presence and absence of medium Ca?* (Fig. 3).
Further, removal of cellular and medium Na* did
not prevent the CCK-OP-mediated stimulation of
Ca?t efflux and the ability of the cells to resist the
ionomycin-dependent increase in Ca?* permeability
(Fig. 9).

Stimulation of the plasma membrane Ca’*
pump did not appear to require the initial, hormone-
mediated increase in [Ca?’];,, When intracellular
stores were depleted from Ca?* by the treatment of
the cells with ionomycin in Ca?"-free medium,
[Ca?*]; was reduced to below resting levels and ad-
dition of the hormones had no further effect on
[Ca?*),. However, after 5 min of exposure to the
hormones under low [Ca®*]; conditions, the plasma
membrane Ca?t pump was activated as is reflected
by the ability of the cells to maintain relatively low
[Ca?*];in the presence of medium Ca?* and ionomy-
cin. On the other hand, in the presence of very high
[Ca’*);, pump activity and pump stimulation were
inhibited. Addition of ionophore to cells suspended
in Ca?*-containing medium increased [Ca?']; to
about 3 um (Fig. 5) while addition of the same con-
centration of CaCl, to cells treated with ionomycin
increased [Ca?*]; to about 800 nM (Fig. 6). Once
[Ca’*]; was increased to about 3 uM, subsequent
stimulation of the cells with carbachol was not fol-
lowed by reduction of [Ca?*]; to near resting levels.
These observations indicate that activation of the
‘plasma membrane Ca?* pump does not require an
increase in [Ca?*); to above resting levels and very
high [Ca’*]; inhibits the Ca?* pump of both resting
and stimulated cells.

Plasma membrane Ca’?* pump activation upon
stimulation and inactivation upon termination of
cell stimulation are relatively slow processes. Incu-
bation of the cells with the hormones for 1.5-2
min was required for maximal pump stimulation.
Shorter incubation periods resulted in partial pump
activation.

When carbachol stimulation of pancreatic aci-
nar cells was terminated with atropine, about 7-10
min of incubation were required before [Ca"]; was
increased to the levels expected from the effect of
ionomycin on [Ca?*]; in unstimulated cells. A possi-
ble reason for the slow transition from activated to
inactivated Ca?* pump might be the continued in-
crease in plasma membrane Ca** permeability. De-
spite the removal of agonist, the plasma membrane
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Ca’" entry pathway remained activated until com-
plete reloading of the internal pool with Ca?* oc-
curred [2, 24, 35, 44]. For reloading, net Ca’* up-
take into the cytosol and then into the pool occurs.
The increased plasma membrane Ca?* pumping ac-
tivity can prevent large increases in [Ca’*]; during
the reloading period.

Activation of plasma membrane Ca?* pumps by
protein kinase-mediated processes were previously
reported. Phosphorylation of heart sarcolemmal {8]
and red blood cell [30] plasma membrane Ca?*
pump by a cAMP-dependent protein kinase acti-
vated this pump. Stimulation of smooth muscle
cells with 8-Bromo-cGMP resulted in activation of
the plasma membrane Ca’* pump [17]. Stimulation
of protein kinase C with phorbol esters increased
the rate of Ca?t efflux from neutrophils [45], GH;
cells [11] and platelets [39, 47], and the rate of ATP-
dependent Ca?* uptake into plasma membrane vesi-
cles of neutrophils [21]. Finally, protein kinase C-
mediated phosphorylation of the purified plasma
membrane Ca?" pump of the red blood cell resulted
in activation of (Ca2* + Mg?*) ATPase activity and
Ca?" uptake into inside out vesicles [52]. Stimula-
tion of pancreatic acinar cells with Ca?*-mobilizing
hormones was shown to increase the turnover of
phosphatidylinositols [9, 37, 54]. The increased
phosphatidylinositol turnover is followed by an in-
creased level of diacylglycerol [34], which activates
protein kinase C [31]. We, therefore, tested the ef-
fect of direct stimulation of protein kinase C on
Ca?*™ pump activity in pancreatic acinar cells.

It appears that in these cells, the hormone-in-
duced activation of the plasma membrane Ca’*
pump is mediated by activation of protein kinase C.
This is concluded from the following. Preincubation
of the cells with the protein kinase inhibitor H7 re-
duced the ability of stimulated cells to resist the
increased Ca’>" permeability. The protein kinase in-
hibitor HA 1004 was without any effect. H7 at 50
M inhibits all protein kinases including protein ki-
nase C, while HA 1004 at 100 wM inhibits all protein
kinases, but with little inhibition of protein kinase C
[1, 15]. In addition, preincubation of the acini with
the phorbol ester TPA had a similar effect to that
found with the hormones, while the nonactive phor-
bol ester, 4« phorbol, was without any effect. The
effect of TPA could be inhibited with H7 but not
with HA 1004. When taken together, these findings
suggest that stimulation of protein kinase C was in-
volved in the hormone-mediated activation of the
plasma membrane Ca?* pump.

Pretreatment with a TPA concentration suffi-
cient to maximally stimulate enzyme secretion and
activate protein kinase C [6, 32] was not as effective
as the hormones in activating the plasma membrane
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Ca?* pump. In addition, preincubation of the cells
with H7 only partially prevented the hormone-me-
diated activation of the Ca?" pump. The partial ef-
fects of the drugs used can result from their incom-
plete activation or inhibition of protein kinase C.
However, it is also possible that hormone-mediated
activation of the plasma membrane Ca?t pump re-
quires the activation of protein kinase C, but activa-
tion of protein kinase C alone is not sufficient to
induce the overall effect of the hormones on the
plasma membrane Ca?* pump.

The results provided here for pancreatic acinar
cells and that reported for GH; cells [11], neutro-
phils [45] and platelets [39, 47] suggest that Ca?*-
mobilizing hormones activate the plasma membrane
Ca?* pump. This is in contrast with previous reports
showing that Ca?*-mobilizing hormones had no ef-
fect on the rate of ATP-dependent Ca?" uptake into
basolateral membrane vesicles isolated from pan-
creatic acinar cells [3, 46]. This may be due to the
preparation used to study Ca?® pump activation,
i.e., intact cells vs. isolated basolateral membrane
vesicles. Ca?* pump activation appear to be the
result of a protein kinase C-mediated phosphory-
lation process in the different cell types tested. It is,
therefore, possible that Ca?* pump activation was
lost during the isolation of basolateral membrane
vesicles. Further studies, possibly isolation of vesi-
cles in the presence of phosphatase inhibitors, will
be required to demonstrate the effect of Ca?*-mobi-
lizing hormones on ATP-dependent Ca’* uptake
into basolateral membrane vesicles.

We thank Rita Kaz and Sherry Talbot for their invaluable secre-
tarial assistance. This work was supported by funds from the
National Institute of Health, Grant DK-38938 (to S.M.) and DK-
33010 (to S.J.P.). This work was done during the tenure of an
established investigatorship from the American Heart Associa-
tion to S.M.

References

1. Asano, T., Hidaka, H. 1985. Intracellular Ca?* antagonist,
HA 1004: Pharmacological properties different from those of
nicardipine. J. Pharmacol. Exp. Ther. 233:454-458

2. Aub, D.L., McKinney, J.S., Putney, J.W. 1982. Nature of
the receptor-regulated calcium pool in the rat parotid gland.
J. Physiol. (London) 331:557-565

3. Brown, G.R., Richardson, A.E., Dormer, R.L. 1987. The
role of a (Ca?* + Mg**)-ATPase of the rough endoplasmic
reticulum in regulating intracellular Ca?* during cholinergic
stimulation of rat pancreatic acini. Biochim. Biophys. Acta
902:87-92

4. Bruzzone, R., Halban, P.A., Gjinovci, A., Trimble, E.R.
1985. A new, rapid, method for preparation of dispersed
pancreatic acini. Biochem. J. 226:621-624

5. Bruzzone, R., Pozzan, T., Wollheim, C. B. 1986. Caerulein
and carbamylcholine stimulate pancreatic amylase release at
resting cytosolic free Ca?*. Biochem. J. 235:139-143



68

6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Burnham, D.B., Munowitz, P., Hootman, S.R., Williams,
J.A. 1985. Regulation of protein phosphorylation in pancre-
atic acini. Distinct effects of Ca2* ionophore A23187 and 12-
O-tetradecanoylphorbol 13-acetate. Biochem. J. 235:125-
131

. Carafoli, E. 1987. Intracellular calcium homeostasis. Annu.
Rev. Biochem. 56:395-433

. Caroni, P., Carafoli, E. 1981. Regulation of Ca?* pumping
ATPase of heart sarcolemma by a phosphorylation-dephos-
phorylation process. J. Biof. Chem. 256:9371-9373

. Dixon, J., Hokin, L. E. 1984. Sectretagogue-stimulated

phosphatidylinositol breakdown in the exocrine pancreas

liberates arachidonic acid, stearic acid, and glycerol by se-

quential actions of phospholipase C and diglyceride lipase. J.

Biol. Chem. 259:14418-14425

Dormer, R.L., Poulsen, J.H., Licko, W., Williams, J.A.

1981. Calcium fluxes in isolated pancreatic acini: Effects of

secretagogues. Am. J. Physiol. 240:G38-G43

Drummond, A.H. 1985. Bidirectional control of cytosolic

free calcium by thyrotropin-releasing hormone in pituitary

cells. Narure (London) 315:752-755

Fain, J. N., Berridge, M.J. 1979. Relationship between hor-

monal activation of phosphatidylinositol hydrolysis, fluid se-

cretion and calcium flux in the blowfly salivary gland. Bio-

chem. J. 178:45-58

Gardner, J.D., Conlon, D.T.P., Klaereman, H.L., Adams,

T.D., Ondetti, M.A. 1975. Action of cholecystokinin and

cholinergic agents on calcium transport in isolated pancre-

atic acinar cells. J. Clin. Invest. 56:366-375

Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new gen-

eration of Ca?" indicators with greatly improved fluores-

cence properties. J. Biol. Chem. 260:3440-3450

Hidaka, H., Inagaki, M., Kawamoto, S., Sasaki, Y. 1984.

Isoquinolinesulfonamides, novel and potent inhibitors of cy-

clic nucleotide dependent protein kinase and protein kinase

C. Biochemistry 23:5036-5041

Hootman, S.R., Williams, J.A. 1987. Stimulus-secretion

coupling in the pancreatic acinus. In: Physiology of the Gas-

trointestinal Tract. L.R. Johnson, editor. pp. 1129-1146.

Raven, New York

Kai, H., Kanaide, H., Matsumoto, T., Nakamura, M. 1987.

8-Bromoguanosine 3’:5-cyclic monophosphate decreases

intracellular free calcium concentrations in cultured vascular

smooth muscle cells from rat aorta. FEBS Lett. 221:284—

288

Kondo, S., Schulz, I. 1976. Calcium ion uptake in isolated

pancreas cells induced by secretagogues. Biochim. Biophys.

Acta 419:76-92

Kondo, S., Schulz, I. 1976. Ca** fluxes in isolated cells of

rat pancreas: Effect of secretagogues and different Ca*™

concentrations. J. Membrane Biol. 29:185-203

Korchak, H.M., Rutherford, L.E., Weissmann, G. 1984.

Stimulus response coupling in the human neutrophil. 1. Ki-

netic analysis of changes in calcium permeability. J. Biol.

Chem. 259:4070--4075

Lagast, H., Pozzan; T., Waldragel, F.A., Lew, D.P. 1984.

Phorbol myristate acetate stimulates ATP-dependent cal-

cium transport by the plasma membrane of neutrophils. J.

Clin. Invest. 73:873-883

Matthew, E.K., Peterson, O.H., Williams, J.A. 1973. Pan-

creatic acinar cells: Acetylcholine-induced membrane depo-

larization, calcium efflux and amylase release. J. Physiol.

(London) 234:689-701

Mauger, J.P., Poggioli, J., Guesdon, F., Claret, M. 1984.

Noradrenaline, vasopressin and angiotensin increase Ca?*

S. Muallem et al.: Hormones and Plasma Membrane Ca’ Pump

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4]1.

influx by opening a common pool of Ca?* channels in iso-
lated rat liver cells. Biochem. J. 221:121-127

Merritt, J.E., Rink, T.J. 1987. Regulation of cytosolic free
calcium in Fura-2 loaded rat parotid acinar cells. J. Biol.
Chem. 262:17362-17369

. Merritt, J.E., Rubin, R.P. 1985. Pancreatic amylase secre-

tion and cytoplasmic free calcium: Effect of ionomycin,
phorbol dibutyrate and diacylglycerols alone and in combi-
nation. Biochem. J. 230:151-159

Muallem, S., Beeker, T., Pandol, S.J. 1988. Role of Na*/
Ca?* exchange and the plasma membrane Ca?* pump in hor-
mone-mediated Ca?* efflux from pancreatic acini. J. Mem-
brane Biol. 102:153-162

Muallem, S., Fimmel, C.J., Pandol, S.J., Sachs, G. 1986.
Regulation of free cytosolic Ca** and secretion in parietal
and peptic cells. J. Biol. Chem. 261:2660-2667

Muallem, S., Schoeffield, M.S., Fimmel, C.J., Pandol, S.J.
1988. The agonist-sensitive calcium pool in the pancreatic
acinar cell: I. Permeability properties. Am. J. Physiol.
255:G221-G228

Muallem, S., Schoeffield, M.S., Fimmel, C.J., Pandol, S.J.
1988. The agonist-sensitive calcium pool in the pancreatic
acinar cell: I1. Characterization of reloading. Am. J. Physiol.
255:G229-G235

Neyses, L., Reinlib, L., Carfoli, E. 1985. Phosphorylation of
the Ca?* pumping ATPase of heart sarcolemma and erythro-
cyte plasma membrane by the cAMP-dependent protein ki-
nase. J. Biol. Chem. 260:10283-10287

Nishizuka, Y. 1986. Studies and perspectives of protein ki-
nase C. Science 233:305-312

Noguchi, M., Adachi, H., Gardner, J. D., Jensen, R. T.
1985. Calcium-activated, phospholipid-dependent protein ki-
nase in pancreatic acinar cells. Am. J. Physiol. 248:G692~
G701

Ochs, D.L., Korenbrot, J.I., Williams, J.A. 1985. Relation-
ship between agonist-induced changes in the concentration
of free intracellular calcium and the secretion of amylase by
pancreatic ancini. Am. J. Physiol. 249:G389-G398

Pandol, S.J., Schoeffield, M.S. 1986. 1,2-Diacylglycerol,
protein kinase C, and pancreatic enzyme secretion, J. Biol.
Chem. 261:4438-4444

Pandol, S.J., Schoeffield, M.S., Fimmel, J.C., Muallem, S.
1987. The agonist-sensitive calcium pool in the pancreatic
acinar cell: Activation of plasma membrane Ca’* influx
mechanism. J. Biol. Chem. 262:16963-16968

Pandol, S.J., Schoeffield, M.S., Sachs, G., Muallem, S.
1985. The role of free cytosolic calcium in secretagogues
stimulated amylase release from dispersed acini from guinea
pig pancreas. J. Biol. Chem. 260:10081-10086

Pandol, S.J., Thomas, M.W._, Schoeffield, M.S., Sach, G.,
Muallem, S. 1985. Role of Ca?* in cholecystokinin-stimii-
lated phosphoinositide breakdown in exocrine pancreas.
Am. J. Physiol. 248:G551-G560

Poggioli, 1., Putney, J.W. 1982. Net calcium fluxes in rat
parotid acinar cells: Evidence for a hormone-sensitive cal-
cium pool in or near the plasma membrane. Pfluegers Arch.
392:239-243

Pollock, W.K., Sage, S.0., Rink, T.J. 1987. Stimulation of
Ca?* efflux from Fura-2-loaded platelets activated by throm-
bin or phorbol myristate acetate. FEBS Lert. 210:132-136
Pozzan, T., Lew, D., Wollheim, C.B., Tsien, R.Y. 1983. Is
cytosolic ionized calcium regulating neutrophil activation?
Science 221:1413-1415

Putney, J.W. 1986. A model for receptor-regulated calcium
entry. Cell Calcium T:1-12



S. Muallem et al.: Hormones and Plasma Membrane Ca’~ Pump

42.

43.

44,

45.

46.

47.

48.

49.

50.

Putney, J.W. 1987. Formation and actions of calcium-mobi-
lizing messenger, inositol 1,4,5-trisphosphate. Am. J. Phys-
iol. 252:G149-G157

Reinhart, P.H., Taylor, W.M., Bygrave, F.L.. 1984. The
action of alpha-adrenergic agonists on plasma membrane cal-
cium fluxes in perfused rat liver. Biochem. J. 220:43-50
Reinhart, P.H., Taylor, W.M., Bygrave, F.L. 1984. The role
of calcium ions in action of alpha-adrenergic agonists in rat
liver. Biochem. J. 223:1-13

Richard, J.E., Sheterline, P. 1985. Evidence that phorbol
ester interferes with stimulated Ca** redistribution by acti-
vating Ca?* efflux in neutrophil leucocytes. Biochem. J.
231:623-628

Richardson, A.E., Dormer, R.L. 1984. Calcium-ion-trans-
porting activity in two microsomal subfractions from rat pan-
creatic acini: Modulation by carbamylcholine. Biochem. J.
219:679-685

Rink, T.J., Sage, S.0. 1987. Stimulated calcium efflux from
Fura-2-loaded human platelets. J. Physiol. (London)
393:513-524

Sadler, K., Litosch, 1., Fain, J.N. 1984. Phosphoinositide
synthesis and Ca?* gating in blowfly salivary glands exposed
to S-hydroxytryptamine. Biochem. J. 222:327-334
Schofield, J.G. 1983. Use of a trapped fluorescent indicator
to demonstrate effects of throliberin and dopamin on cyto-
plasmic Ca”* concentration in bovine anterior pituitary cells.
FEBS Lett. 159:79-82

Schulz, I. 1980. Messenger role of calcium in function of
pancreatic acinar cells. Am. J. Physiol. 239:G335-(G347

S1.

52.

53.

54.

55.

56.

57.

69

Sha’afi, R.I., Moalski, T.F.P., Huang, C.K., Naccache,
P.H. 1986. The inhibition of neutrophil responsiveness
caused by phorbol esters is blocked by the protein kinase C
inhibitor H7. Biochem. Biophys. Res. Commun. 137:50-60
Smallwood, J.1., Gugi, B., Rasmussen, H. 1988. Regulation
of erythrocyte Ca?* pump activity by protein kinase C. J.
Biol. Chem. 263:2195-2202

Streb, H. Bayerdorffer, E., Haase, W., Irvine, R.F., Schulz,
L. 1984. Effect of inositol-1,4,5-trisphosphate on isolated
subcellular fractions of rat pancreas. J. Membrane Biol.
81:241-253

Streb, H., Heslop, J.P., Irvine, R.F., Schulz, I., Berridge,
M.J. 1985. Relationship between secretagogue-induced Ca?*
release and inositol polyphosphate production in permeabi-
lized pancreatic acinar cells. J. Biol. Chem. 260:7309-7315
Streb, H., Irvine, R.F., Berridge, M.J., Schulz, 1. 1983. Re-
lease of Ca?* from a nonmitochondrial intracellular store in
pancreatic acinar cells by inositol-1,4,5-trisphosphate. Na-
ture (London) 306:67-69

Williamson, J.R., Cooper, R.H., Joseph, S.K., Thomas,
A.P. 1985. Inositol trisphosphate and diacylglycerol as intra-
cellular second messengers in liver. Am. J. Physiol.
248:C203-C216

Wright, C.D., Hoffman, M.D. 1986. The protein kinase C
inhibitors H7 and H9 fail to inhibit human neutrophil activa-
tion. Biochem. Biophys. Res. Commun. 135:749-755

Received 28 April 1988; revised 5 July 1988



