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Summary. We have measured  Ca z+ uptake and Ca 2+ release in 
isolated permeabil ized pancreat ic  acinar  cells and in isolated 
membrane  vesicles of  endoplasmic  ret iculum prepared from 
these  cells. Ca 2+ uptake into cells was monitored with a Ca 2+ 
electrode, whereas  Ca 2+ uptake into membrane  vesicles was 
measured  with 45Ca2+. Using inhibitors of  known action, such as 
the H + ATPase  inhibitors NBD-CI and NE M ,  the Ca z§ ATPase  
inhibitor vanadate  as well as the second messenger  inositol 1,4,5- 
t r i sphosphate  (IP3) and its analog inositol 1,4,5-trisphos- 
phorothioate (IPS3), we could functionally differentiate two non- 
mitochondrial  Ca 2+ pools.  Ca 2+ uptake into the IP3-sensitive Ca 2+ 
pool (IsCaP) occurs  by a MgATP-dependen t  Ca 2+ uptake mecha-  
n ism that  exchanges  Ca 2+ for H + ions. In the absence  of ATP 
Ca 2+ uptake can occur  to some  extent  at the expense  of an H + 
gradient that is es tabl ished by a vacuolar- type MgATP-depen-  
dent  H + pump present  in the same organelle. The other  Ca 2. pool 
takes up Ca 2+ by a vanadate-sens i t ive  Ca 2+ ATPase  and is insen- 
sitive to IP3 (IisCaP). The  IsCaP is filled at "h ighe r "  Ca 2+ con- 
centrat ions ( - 1 0  6 tool/liter) which may occur  during stimula- 
tion. The  low s teady-s ta te  [Ca 2+] o f - v l 0  -7 mol/liter is adjusted 
by the IisCaP. 

It is speculated that both Ca 2+ pools can communica te  with 
each other,  the possible  mechan i sm  of which, however ,  is at 
present  unknown.  
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Introduction 

The intracellular messenger  for hormone-induced 
Ca 2+ release is inositol 1,4,5-trisphosphate (IP3), a 
product  of the receptor-mediated breakdown of 
plasma membrane phosphatidylinositol 4,5-bisphos- 
phate [5, 26]. The IP3-sensitive Ca 2+ pool has not 
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yet been localized. In the exocrine pancreas, evi- 
dence suggests that it is part of the endoplasmic 
reticulum (ER) [25]. Recently it has been proposed 
that a novel calsequestrin-containing organelle re- 
ferred to as "ca lc iosome"  is the IP3-sensitive Ca 2+ 
pool [32]. It is generally believed that Ca 2+ uptake 
into intracellular nonmitochondrial  Ca 2+ pools is 
mediated by Ca 2+ ATPases present in endoplasmic 
[13, 15] and sarcoplasmic reticulum [12]. Following 
IPs-induced Ca 2+ release, Ca 2+ is also actively taken 
back into the IP3-sensitive Ca 2+ pool and this Ca 2+ 
uptake is dependent  on ATP [8]. In vacuolar mem- 
brane vesicles of oat roots two Ca 2+ pools with dif- 
ferent C a  2+ uptake mechanisms have been de- 
scribed: A vanadate-sensitive Ca 2+ ATPase 
associated with the endoplasmic reticulum and a 
vanadate-insensitive Ca2+/H + antiport system lo- 
cated in the tonoplast [23]. It was assumed that the 
pH gradient established by the tonoplast H + 
ATPase is used to drive Ca 2+ accumulation via the 
Ca2+/H + exchanger.  Fur thermore,  IP3 has been 
shown to release Ca 2+ from the vacuole of the oat 
root cell [24]. Since the Ca 2+ ATPase activity is 
very low in the ER of oat root cells, it could not be 
decided if IP3 also induced Ca 2+ release from the 
ER. 

In a recent  study on Ca 2+ transport in isolated 
permeabilized parotid cells and isolated ER, we 
have described both a vanadate-sensitive and a 
vanadate-insensitive MgATP-dependent  Ca 2+ up- 
take mechanism [31]. The latter was assumed to be 
located in an IP3-insensitive Ca 2+ pool. Both pro- 
tonophores and H + ATPase inhibitors decreased 
vanadate-insensitive Ca z+ uptake which appeared 
to operate in exchange for H + ions. In the absence 
of ATP, C a  2+ uptake could occur  to some extent at 
the expense of  the H + gradient established by an H + 
pump located in the same IP3-sensitive Ca 2+ pool 
[31]. In the present study we have investigated the 
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mechanism of C a  2+ uptake into an IP3-sensitive 
Ca 2+ pool (IsCaP) from isolated pancreatic acinar 
cells and pancreatic ER. Using different ATPase 
inhibitors we could functionally characterize and 
distinguish the IsCaP from other IP3-insensitive 
C a  2+ pools (IisCaP). The data indicate that at least 
two nonmitochondrial  Ca 2§ pools act together to 
regulate cytosolic free Ca 2+ concentration. The 
IsCaP is filled at "h igher"  C a  2+ concentrations (ap- 
parent Km - 2  X 10 -5 tool/liter [Ca2+]), which may 
occur  during stimulation, when cytosolic Ca z+ rises 
to 10 -6 mol/liter or higher [19]. Furthermore,  our 
data suggest that Ca 2+ uptake into the IsCaP is me- 
diated by a MgATP-dependent  Ca2+/H + exchange 
mechanism that can also operate in the absence of 
ATP at the expense of an H + gradient. We assume 
that acidification of the IsCaP necessary for Ca2+/ 
H + exchange is provided by a vacuolar type H + 
ATPase.  The other Ca 2+ uptake mechanism that is 
present in the IisCaP adjusts the low cytosolic free 
Ca 2+ concentrat ion at - 1 0  .7 mol/liter found at rest. 
It is a vanadate-sensitive Ca 2+ ATPase which oper- 
ates at lower Ca 2+ concentrations (apparent Km - 7  
• 10 -7 tool/liter) than the Ca 2+ uptake mechanism 
of the IsCaP. Although it appears from our data that 
both the IsCaP and the IisCaP are separate pools, 
we do not exclude that both pools could communi- 
cate under some circumstances.  The nature of this 
"communica t ion"  is unknown and could involve 
fusion of both Ca 2+ pools [18], or Ca2+-induced 
Ca 2+ release [7], as described in other cell types. 

ABBREVIATIONS 

AO: 
CCCP: 
CK: 
CP(Na): 
EDTA: 
EGTA: 
ER: 
HEPES: 
IP3: 
IPS3: 
NAN3: 
Na3VO4: 
NBD-CI: 
NEM: 
NTA: 

acridine orange 
carbonylcyanide-m-chlorophenylhydrazone 
creatine kinase 
phosphocreatine (sodium salt) 
(ethylenedinitrilo)tetraacetic acid 
(ethylene-bis-(oxyethylenenitrilo))tetraacetic acid 
endoplasmic reticulum 
N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid 
myo-inositol 1,4,5-trisphosphate 
myo-inositol 1,4,5-trisphosphorothioate 
sodium azide 
sodium vanadate 
7-chloro-4-nitrobenz-2-oxa-l,3-diazole 
N-ethylmaleimide 
nitrilotriacetic acid 

Materials and Methods  

MATERIALS 

Reagents were obtained from the following sources: CP (sodium 
salt), ATP (tris- and dipotassium salt), the protease inhibitor benz- 
amidine, EDTA, EGTA, Na3VO4, bovine serum albumin 
(lyophylized), NTA, and NBD-CI from Sigma (Deisenhofen, 
FRG); antimycin A, oligomycin, NEM, HEPES, the dye Serva 

Blue G, and Triton X-100 from Serva (Heidelberg~ FRG). NAN3, 
glucose, active charcoal, Tris, and D-mannitol were purchased 
from Merck (Darmstadt, FRG). CK (350 U/mg at 25~ trypsin 
inhibitor (from hen egg white), hexokinase (from yeast, 140 U/ 
mg at 25~ and CCCP were from Boehringer (Mannheirn, 
FRG). Nigericin was from Calbiochem (Giessen, FRG). Lan- 
thanum chloride was from Fluka (Buchs, Switzerland). Collagen- 
ase, type III (from Clostridium histolyticum, 150 U/mg at 37~ 
was purchased from Worthington (Freehold, N J). IP3 and IPS3 
were synthesized as described earlier [10]. 45CAC12 (4-30 Ci/g) 
and (7-32p) adenosine 5'-triphosphate, tetra(triethylammonium) 
salt (1000-3000 Ci/mmol) were from New England Nuclear 
Chemicals (Dreieich, FRG). Acridine orange (AO) was from 
Eastman Kodak (Rochester, NY). Ca2+-selective electrode 
membranes containing the neutral carrier N,N'-di-((ll-ethoxy- 
carbonyl)undecyl)-N,N' ,4,5,-tetramethyl-3,6-dioxaoctane amide 
(ETH 1001) were purchased from Glasblfiserei W. Mrller (Zu- 
rich, Switzerland). All other reagents were of analytical grade. 

METHODS 

Preparation of  Cells and Endoplasmic Reticutum 

Rat pancreatic acinar cells were prepared as described previ- 
ously [2, 27], with slight modifications. Briefly, pancreatic tissue 
from six male Wistar rats (200-250 g), which were fasted over- 
night, was digested with collagenase (120 U/ml) in 30 ml of a 
standard Krebs-Ringer-HEPES (KRH) medium. The KRH con- 
tained (in mmol/liter): 120 NaC1, 4.7 KC1, 1.2 KH2PO4, 1.2 
MgC12, 2 CaCI2, 10 HEPES adjusted with NaOH to pH 7.4, 10 
glucose, 0.01% trypsin inhibitor, and 0.2% albumin, gassed with 
100% 02 and shaken in a water bath at 190 oscillations at 37~ for 
15 min. Single cells were obtained by incubating the tissue with a 
2 mmol/liter EDTA-containing KRH solution for 10 min and 
subsequent digestion with collagenase (180 U/ml) for a further 60 
rain in the CaZ+-containing standard medium. To permeabilize 
the plasma membrane, isolated cells were washed three times 
with a nominally Ca2+-free solution, as described previously [27] 
and stored as a concentrated suspension on ice up to 4 hr. For 
isolation of endoplasmic reticulum, cells were washed twice in 
an ice-cold homogenization buffer containing (in mmol/liter): 
mannitol 280, HEPES 5, KC1 10, MgClz 1, benzamidine 1, ad- 
justed with Tris/HC1 to pH 7.0. Homogenization and subsequent 
fractionation steps were performed in the cold. Cells were ho- 
mogenized in 36 ml of the same buffer by 50 strokes at 900 rpm in 
a tight-fitting Teflon-gas Potter-Elvehjem homogenizer. To re- 
move remaining intact cells, the resulting homogenate was cen- 
trifuged for 4 min at 100 x g and the pellet was rehomogenized. 
The combined homogenate was centrifuged at 1000 x g for 13 
rain, and the supernatant was further centrifuged at 11,000 • g 
for 15 min in a Beckman 60 Ti type rotor. The 11,000 x g pellet 
was composed of a whitish fluffy layer and a yellowish bottom 
layer, which were separated. The fluffy layer is enriched by 
about twofold in ER [25]. It was resuspended in standard ho- 
mogenization buffer at a protein concentration of 20 mg/ml, 
which was adjusted using the protein determination method of 
Bradford [6]. Vesicles were stored in liquid nitrogen until use for 
a maximum of 14 days. 

Ca 2+ Electrode Measurements 

Ca2+-specific macroelectrodes were built using the neutral car- 
rier ETH 1001 in PVC and calibrated in EDTA-buffered, NTA- 
buffered and in unbuffered solutions as previously described 
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[27]. To determine Ca -~+ uptake, permeabilized cells (5-8 mg 
protein/ml) were added to 3 ml of a solution containing, in mmol/ 
liter: 120 KCI, 25 HEPES, 6 MgCI2, 5 K2ATP, 10 CP, 10 U/ml 
CK, 0.01 antimycin A, 0.005 oligomycin, 10 NAN3, pH 7.4 with 
KOH, and test substance where indicated. The decrease in me- 
dium-free Ca -,+ concentration due to cellular Ca 2+ uptake was 
measured at 25~ with the Ca2+-specific electrode as previously 
described [27]. 

Measurements of 45Ca2+ Uptake 

One milligram of membrane vesicle protein was preincubated for 
15 min in a standard incubation medium of a total volume of 1 ml, 
containing basically (in mmol/liter): KCI 155, HEPES 5, CaCl2 
0.034 (corresponding to 0.002 free Ca 2+ concentration), EDTA 
0.2, MgCI2 2.4 (corresponding to 1.3 free Mg 2+ concentration), 
oligomycin 0.005, antimycin A 0.01, sodium azide 10, and 1 txCi/ 
ml of 45CAC12, pH 7.0 adjusted with Tris/HCl, Test substances or 
the solvent used as a control were added from stock solutions at 
volumes not exceeding t% (vol/vol). 45Ca2+ uptake was initiated 
by the addition of MgATP to a final concentration of I mmol/liter 
and was measured with a rapid filtration method, as described 
previously [4]. MgATP-dependent 45Ca2+ transport into vesicles 
was calculated as the difference between Ca 2+ content in the 
presence and absence of MgATP. Variations in the composition 
of buffers and in the experimental procedures are described in 
details in the legends to figures and the Table. 

Assay for Determination 
of (Ca 2+ + Mg2+)-ATPase Activity 

(Ca 2+ + Mg2+)-ATPase activity was determined by measuring 
32P i liberated from (y_32p) ATP during the reaction according to 
the method of Bais [3] as described previously [13, 15]. 100 ~g of 
11,000 x g fluffy layer protein were preincubated for 15 rain in 
200 txl of an incubation medium containing (in mmol/liter): KCI 
130, antimycin A 0.01, oligomycin 0.01, sodium azide 5, benz- 
amidine I, HEPES 18 adjusted with Tris to pH 7.0, EDTA 3, 
MgSO4 3.7 (corresponding to 1.0 free Mg2+), CaSO4 0.3 (corre- 
sponding to 0.001 tree Ca2+). In "CaZ+-free ' '  media, 3 mmol/liter 
EGTA without added Ca 2+ was used. Total Mg 2+ concentration 
was 1.1 retool/liter (corresponding to 1.0 free Mg 2§ under these 
conditions. Free Ca 2+- and Mg 2+ concentrations of the media 
used for Ca z+ uptake and (Ca 2+ + Mg-,+)-ATPase studies were 
calculated with a computer program using the true proton-, Ca 2+- 
and Mg z+ stability constants for ATP, EDTA and EGTA as de- 
scribed previously [13, 27]. Stock solutions of test substances or 
the solvent used as a control were added at 1% (vol/vol) to the 
medium. The phosphorylation reaction was started by addition 
of ATP solution containing 0.1 mmol/liter Tris-ATP and (~/_32p) 
ATP (10 ~Ci, 5 ktmol/liter final concentration) to the incubation 
medium and was carried out for 20 sec at room temperature (22- 
25~ as described previously [13]. The reaction was terminated 
by addition of ice-cold stop solution containing 10% trichlo- 
roacetic acid, 10 mmol/liter KH-,PO4, and 1 mmol/liter Tris-ATP. 
The samples were kept on ice for 10 rain and were then centri- 
fuged for 5 rain at 2,250 x g at 4~ After centrifugation, a 20-/xl 
aliquot of the supernatant was mixed with 600 ~1 of active char- 
coal solution (125 mg/ml 1 N HC1). The sample was centrifuged 
at 2,500 x g for 10 min at 4~ and 100-p,l aliquots of the resulting 
supernatant were mixed with 4 ml of scintillator Rotiszint 22X, 
and 32P i liberated was counted in a LKB 1214 Rackbeta liquid 
scintillation counter. The radioactivity of a control sample ob- 
tained in the absence of membrane protein was subtracted from 

each sample. The specific Ca 2+ ATPase activity was determined 
by subtracting the ATPase activity in the absence of Ca 2+ from 
that in the presence of Ca 2+. 

Results 

EFFECT OF ATPASE INHIBITORS, OF INOSITOL 
1,4,5-TR1sPHOSPHATE (IP3) AND OF INOSITOL 
1,4,5-TRISPHOSPHOROTHIOATE (IPS3) ON 
NONMITOCHONDRIAL MgATP-DEPENDENT Ca 2+ 
UPTAKE INTO PERMEABILIZED PANCREATIC 
ACINAR CELLS 

In a recent  s tudy on Ca 2+ t ranspor t  in isolated 
permeabi l i zed  parot id  cells and  ER we had found  
both  a vanada t e - sens i t i ve  and  a vanada te - insens i -  
t i r e  Ca 2+ uptake .  The  lat ter  was decreased  in the 
p r e sence  of p r o t onopho r e s  or H + A T P a s e  inhibi tors  
[3 i]. In order  to invest igate  if an H + g rad ien t -depen-  
dent  n o n m i t o c h o n d r i a l  Ca 2+ uptake  m e c h a n i s m  is 
p resen t  in panc rea t i c  ac inar  cells,  we have  s tudied 
M g A T P - d e p e n d e n t  Ca 2+ up take  into permeabi l i zed  
pancrea t ic  ac inar  cells in the p re sence  of the H + 
A T P a s e  inhibi tors  NBD-CI  and  N E M .  As shown  in 
Fig. la-d, in the p r e sence  of M g A T P  isolated,  per- 
meabi l i zed  pancrea t i c  ac inar  cells took up Ca 2+ 
f rom a m e d i u m  with a Ca 2+ c o n c e n t r a t i o n  of - 2  x 
10 -6 tool/ l i ter  unt i l  a s teady-s ta te  of - 2  x I0 -7 mol /  
liter Ca  2§ was reached.  U p o n  addi t ion  of IP3 (5 x 
10 -6 mol/ l i ter)  at s teady-s ta te ,  Ca 2+ was re leased 
f rom n o n m i t o c h o n d r i a l  in t race l lu lar  Ca 2+ stores 
which was fo l lowed by  Ca 2+ reuptake .  If  cells were 
incuba ted  in the p r e sence  of an  H + A T P a s e  inhibi-  
tor  such as NBD-CI  (5 x 10 -5 mol / l i te r ;  Fig. la) ,  at 
a c o n c e n t r a t i o n  that  comple te ly  abol i shed  nonmi to -  
chondr ia l  M g A T P - d r i v e n  H + t r anspor t  in isolated 
pancrea t i c  m e m b r a n e  vesic les  f rom endop lasmic  re- 
t i cu lum [30], Ca 2+ uptake  rate was reduced  (Fig. 
la) .  In  three  expe r imen t s  Ca 2+ up take  rate in the 
p re sence  of NBD-C1 (5 x 10 -5 mol/ l i ter)  as mea-  
sured at 10 -6 tool/ l i ter  Ca 2+ was 42% + 7 SE of the 
control  Ca 2+ up take  rate.  H o w e v e r ,  the low steady- 
state free Ca  2+ of - 2  x 10 7 tool / l i ter  was  still 
reached  in the p r e sence  of NBD-CI  wi th in  - 8 0  min.  
Inh ib i t ion  of  the H + p u m p  obv ious ly  p r e ve n t e d  the 
filling of  the I sCaP  with Ca 2+, s ince addi t ion  of  IP3 
at s teady state to cells,  which  had been  incuba ted  
with NBD-CI ,  did no t  induce  any  re lease  of Ca 2+ 
(Fig. la) ,  This  effect of  NBD-C1 was no t  due to 
inh ib i t ion  of the IP3-sensi t ive Ca  2+ release mecha-  
n i sm,  s ince s u b s e q u e n t  to NBD-C1 addi t ion  at 
s teady state,  IP3 did induce  Ca  2+ release (Fig. lb) .  
Longe r  i n c u b a t i o n  per iods  up to 50 rain fol lowing 
NBD-C1 addi t ion  at s teady state were  also tes ted 
and  showed  no inh ib i to ry  effect of  IP3 on  Ca 2+ re- 
lease.  A fur ther  ind ica t ion  that  in the p re sence  of 
NBD-C1 on ly  an  IP3-insensi t ive  Ca  2+ pool  had been  
filled is the Ca  2+ up take  obse rved  in the p re sence  of 
the n o n h y d r o l y s a b l e  IP3 analog  IPS3 (see Fig. la) .  
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IPS3 released Ca 2+ as effectively as IP3 [28], (Fig. 
lc). Since IPS3 is not metabolized to IP~_ or to IP4 
[29, 33] and is also a potent inhibitor of the 5 phos- 
phatase [11] one can assume that it is not broken 
down. Presumably the IsCaP remains empty as long 
as IPS3 is present and Ca 2+ reuptake should occur 
into the IisCaP. Consequent  addition of IP3 to IPS3- 
pretreated cells did not release any Ca 2+ (see Fig. 
la). It is striking that both Ca 2+ uptake curves of 
cells pretreated with either NBD-C1 or IPS3 are very 
similar. Ca 2+ uptake in the presence of NBD-C1 or 
of  IPS3 was reduced by a similar amount  that could 
be released by IP3 when added to control cells (see 
Fig. la). In five experiments Ca 2+ uptake rate in the 
presence of 10 .5 tool/liter IPS3 as measu reda t  10 6 
mol/liter [Ca 2+] was 44% -+ 6 SE of the control Ca 2+ 
uptake rate. This similarity of  Ca ?+ uptake curves 
further indicates that in the presence of NBD-C1 the 
IsCaP had not been filled. Similarly, when another 
H § ATPase inhibitor, NEM, at concentrations that 
abolished H + uptake [30], was added to cells, Ca 2+ 
uptake was also reduced, following closely the Ca 2+ 
uptake curve in the presence of IPS3 (Fig. ld). In 
three experiments Ca 2+ uptake rate in the presence 
of N E M  (5 x 10 -4 tool/liter) as measured at 10 .6 
tool/liter [Ca 2+] was 41% -+ 19 SE of the control Ca 2+ 
uptake rate. The steady-state free Ca 2+ concentra- 
tion was similar as in the control;  however,  steady 
state was reached with a delay of about 30-50 min. 
Again as with NBD-C1, Ca 2+ release was not ob- 
served when IP3 was added at steady state (Fig. 
ld).  However ,  i f N E M  was added to control cells at 
steady-state [Ca2+], subsequent addition of IP3 in- 
duced Ca 2+ release, indicating that NEM did not 
inhibit the IP3-sensitive Ca 2+ release mechanism 
(data not shown). These  experiments indicate that a 
Ca 2+ pool which was not sensitive to IP3 could ad- 
just  the low free Ca 2+ concentrat ion of - 2  x 10 7 

mol/liter observed in nonstimulated pancreatic cells 
[19, 27]. 

When incubation was performed in the pres- 
ence of the inhibitor of the (Ca 2§ + Mg2+)-ATPase 
vanadate at a concentrat ion that nearly completely 
inhibits the (Ca 2+ + Mg2+)-ATPase of pancreatic 
ER [13], (Table), permeabilized pancreatic acinar 
cells still took up Ca 2+. However ,  the Ca z+ uptake 
rate was markedly reduced. In seven experiments 
Ca 2+ uptake rate was 38% _+ 10 in the presence of 
10 -4 mol/liter vanadate as compared to the control 
Ca 2+ uptake rate as measured at 10 .6 mol/liter 
[Ca2+]. The steady state of 2 x 10 7 tool/liter, which 
was adjusted by control cells, was not reached by 
vanadate-treated cells within the time of observa- 
tion (see Fig. la  and d). Nevertheless,  the IP3-sen- 
sitive Ca z+ pool had taken up Ca 2+ in the presence 
of vanadate,  since Ca 2+ could be released upon ad- 
dition of  IP3 (Fig. la and d), Ca 2+ reuptake, how- 
ever, was markedly inhibited due to inhibition of the 
Ca 2+ pump in the IisCaP, which appeared to be 
stronger than the Ca 2+ uptake mechanism in the 
IsCaP. 

When vanadate was added to cells together 
with IPS3 (Fig. la) Ca 2§ uptake was nearly com- 
pletely abolished. In the presence of  both vanadate 
(10 .4  tool/liter) and NBD-C1 or with vanadate and 
N EM (Fig. la and d), Ca 2+ uptake was completely 
abolished, indicating that the effects of vanadate 
plus H § ATPase inhibitors are additive. Since 
IPS3 + vanadate did not abolish Ca 2+ uptake com- 
pletely, it appears that H+-dependent Ca 2+ uptake 
also takes place into IP3-insensitive Ca 2§ pools. 
Thus Ca 2§ uptake mainly occurs into three nonmi- 
tochondrial Ca 2+ pools: into the IsCaP (sensitive to 
IP3, to H + ATPase inhibitors and largely insensitive 
to vanadate at 10 4 mol/liter), into the same type of 
Ca 2+ pool but lacking an IP3 receptor,  and into the 

Fig. 1. (a) Effect of NBD-C1 (5 x 10 .5 mol/liter) of vanadate (10 4 and 10 3 mol/liter), of inositol 1,4,5-trisphosphate (IP3, 5 • 10 .6 mol/ 
liter and its analog inositol 1,4,5-phosphorothioate (IPS3, 10 5 mol/liter) on nonmitochondrial Ca 2§ uptake into isolated permeabilized 
pancreatic acinar cells. A concentrated suspension of cells (80 mg protein/ml) was preincubated for 20 min in standard incubation 
medium with or without NBD-C1 and vanadate at indicated concentrations. Cells were then 10-fold diluted into the same buffer with 
indicated substances for Ca 2+ uptake measurement with a Ca e+ electrode as described previously [27]. 1P3 (5 x 10 -~ mol/liter) and CaCI_~ 
(3 or 5 nmol) at a final concentration of 10 -6 mol/liter and 1.7 x 10 6 tool/liter, respectively, were added for calibration where indicated. 
Typical for 3-6 experiments. (b) Effect of NBD-CI on IP3-induced Ca :+ release. Cells were added to standard incubation buffer and 
Ca 2+ uptake was monitored with a Ca ;+ electrode until steady-state [Ca 2+] was reached. CaCIz (final concentration 6.7 • 10 -6 mol/liter), 
NBD-C1 (5 x 10 -5 mol/liter) and IP3 (5 • 10 -6 tool/liter) were added where indicated. Typical for two experiments. (c) Effects of IP3 
(----, 5 x 10 .7 tool/liter) and IPS3 ( - - ,  5 x 10 .6 real/liter) on Ca 2+ release. Cells were added to standard incubation buffer and Ca 2+ 
uptake was monitored with a Ca 2+ electrode. IP3 and IPS 3 were added where indicated. Ca 2+ calibration pulses were given at a final 
concentration of 1.7 • 10 .6 mol/liter. Typical for five experiments. (d) Effects of the H + ATPase inhibitor NEM (5 • 10 4 mol/liter), of 
the Ca 2+ ATPase inhibitor vanadate (10 4 mol/liter), of IP3 (5 x 10 6 mol/liter) and its analog IPS3 (10 .5 mol/liter), on Ca z+ uptake and 
Ca z+ release in isolated permeabilized pancreatic acinar cells. Cells were preincubated for 20 min in standard incubation buffer with or 
without NEM (5 x 10 -4 tool/liter), vanadate (10 -4 tool/liter) or with both substances. Cells that had been preincubated with NEM or 
vanadate were added to incubation buffer with the same substances as in the preincubation period. Cells without inhibitors in the 
preincubation period were added to standard incubation buffer with IPS3 (10 -5 mol/liter) or without additions (control). CaC12 (3 nmol, 
10 -6 mol/liter) and IP3 (5 x 10 -6 mol/liter) were added where indicated. Typical for three experiments 
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Table, E f f e c t  o f  ionophores and inhibitors on MgATP-dependent 45Ca2+ uptake and ATPase activity into isolated vesicles from 
pancreatic endoplasmic reticulum 

Compound Conc. 45Ca 2+ uptake n ATPase activity % n 

(mol/liter) % o f  control of control 
With Ca 2+ Without Ca ~§ CaZ+-dependent 

Without 
(control) 

Ethanol 0 . 2 7 %  

(control) 

Vanadate 2 x 10 .3 

Vanadate 1 • 10 .4 

N E M  5 • 10 -4 

N E M  1 x 10 4 

N B D - C I  1 x 10 4 

N B D - C I  5 • 10 5 

N B D - C I  1 • 10 5 

Vanadate 2 • 10 3 

+ N E M  5 x 10 -4 

+ N B D - C 1  1 • 10 -5 

CCCP 1 • 10 -5 

Nigericin 1 • 10 -5 

A 2 3 1 8 7  2 • 10 5 

100.0 29 1.52 • 0.11 c 0.73 • 0 .08 0 .78 • 0 .06  100.0 14 

(8.05 • 0 .78 nmol/ 
mg protein • 20 min)  

100.0 21 1.50 -+ 0 .10 c 0 .68 • 0 .08 0.83 • 0 .04  100.0 13 

(9 .76 • 1.25 nmol/ 
mg protein • 20 min) 

15.8 • 2.1 ~ 30 0 .66  • 0 .08 0.58 • 0 .07  0 .08 • 0 .03 f 10.3 5 

51.2  _+ 10.5" 6 1.06 • 0 .17  0 .89  • 0 .19  0 .16  • 0 .10  r 20.5  6 

54.7  • 16.6 3 0 .77 + 0 .10  b 0 .49  • 0 .07 0 .28  • 0 .05 r 35 .9  4 

80 .4  • 6.1 5 1.30 • 0 .24  b 0 .79 • 0 .17  0.51 • 0.120 65 .4  6 

22 .6  • 1.5 ~ 5 1.23 • 0 .19  c 0 .69  • 0.13 0 .57  -+ 0 .08  e 63 .9  7 

47 .8  + 11.6 a 5 1.38 • 0.21 a 0 .77  • 0.13 0.61 • 0 .17  73.5  7 

64.3  _+ 8 .2  ~, 7 1.46 • 0 .12  c 0 .68 • 0 .09 0 .78  • 0 .08 94 .0  4 

0 .0  • 0 .0  ~ 3 0 .68  0.58 0 .10  13.0 2 

1.0 2 0 .70  --- 0.03 0 .62 - 0 .04  0 .08 • 0 .02  f 10.0 5 

80.1 • 4 .5  c 8 1.80 --- 0.18 c 0 .82 -+ 0 .08  0 .97 -+ 0 .10  117.0 8 

76.5  • 5 .2  ~ 8 1.96 + 0 .22  c 0 .97 • 0 .13 0 .99  - 0.11 119.0  4 

5 .0  • 2 .0  ~ 3 1.90 + 0 .69  C 0.86 • 0 .39  1.04 _+ 0.31 125.0  3 

Membrane vesicles (0.5 mg/ml) were preincubated for 15 min at 25~ in the presence of mitochondrial inhibitors and test compounds or 
their carriers. 45Ca2+ uptake or ATPase activity assays were started by addition of ATP to the medium, as described in Materials and 
Methods. Values are means -+ SE o f  separate experiments (n). Significance for 45Ca2+ uptake in the presence and absence of test 
compounds and for MgATPase activity with and without Ca 2+ was calculated by student's t-test for paired values. ATPase activity is 
expressed in nmol P~ liberated/rag protein x 20 sec. 
~' ( P  < 0 .02) ,  b ( p  < 0 .01) ,  ~ ( P  < 0 .005) .  The difference for ( C a  2§ + Mg-'+)-ATPase activity with and without test compounds was 
calculated by the unpaired t-test, d ( p  < 0 .05) ,  e ( p  < 0 .01) ,  r ( p  < 0 .005) .  

IisCaP (sensitive to vanadate and insensitive to IP3 
and to H + ATPase inhibitors). At 10 -3 tool/liter 
vanadate  Ca 2+ uptake into the IsCaP was also inhib- 
ited since no Ca 2 uptake could be detected (see Fig. 
la). The lisCaP can adjust a low cytosol ic  free Ca 2+ 
concentration of  about 2 x 10 7 tool/liter. Filling of  
this pool  is not prevented by IPS3. The IsCaP does 
not adjust a low steady-state free Ca 2+ concentra- 
tion within a period comparable to the adjustment 
by the IisCaP at the experimental conditions used. 

E F F E C T  O F  P R O T O N O P H O R E S  A N D  A T P A S E  
INHIBITORS O N  M g A T P - D E P E N D E N T  4 5 C a 2 +  

UPTAKE AND (Ca 2+ + Mg2+)-ATPAsE ACTIVITY 
I N  P A N C R E A T I C  E R  V E S I C L E S  

In order to further characterize Ca 2+ uptake as well 
as (Ca 2+ + Mg2+)-ATPase activity in both Ca 2+ 
pools we have performed experiments with isolated 
pancreatic membrane vesicles enriched in endo- 
plasmic reticulum (ER) using 45Ca2+ and (y_32p) 
ATP, respectively. Similar to that in parotid ER 
[3 !], in pancreatic ER a decrease of  Ca 2+ uptake in 

the presence of  protonophores or H + ATPase inhib- 
itors was observed. As shown in the Table in the 
presence of protonophores such as CCCP or the 
electroneutral K+/H -- exchanger nigericin, Ca 2+ up- 
take was reduced to 80.1 -+ 4.5% and 76.5 -+ 5.2% of 
the control, respectively (mean -+ SEM of eight ex- 
periments). H + ATPase inhibitors (NEM and NBD-  
C1), which abolish ATP-driven H + uptake into vesi- 
cles from endoplasmic reticulum [30] reduced Ca 2+ 
uptake by 25-80%, depending on the concentration. 
Vanadate at 2 x 10 -3 mol/liter, which had no effect 
on ATP-driven H + uptake [30], drastically reduced 
both 45Ca2+ uptake and (Ca 2+ + Mg2+)-ATPase ac- 
tivity, whereas at l0  -4 mol/liter vanadate the con- 
centration mostly used in the present studies 51.2 -+ 
10.5% of total Ca 2+ uptake remained although 
~-80% of (Ca 2+ + Mg2+)-ATPase activity was inhib- 
ited. Since NBD-C1 (5 x 10 -5 mol/liter), which abol- 
ishes MgATP-driven H + uptake completely [30], 
had only a small inhibitory effect on (Ca 2+ + Mg2+) - 
ATPase as compared to the control (Table), we con- 
clude that the decrease of  MgATP-dependent Ca 2+ 
uptake observed with NBD-C1 or of N E M  was 
mainly due to a Ca 2+ uptake mechanism other than 
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Fig. 2. Measurement of 45Ca2+ uptake into isolated membrane 
vesicles from pancreatic endoplasmic reticulum (ER). ER was 
isolated from isolated pancreatic acinar cells and MgATP-depen- 
dent 45Ca2+ uptake was measured as described in Materials and 
Methods. Nigericin (10 5 mol/liter) was present in the incubation 
medium and IP3 (5 • 10 6 mol/liter) was added where indicated. 
45Ca2+ uptake in the absence of ATP is subtracted from the 45Ca2" 
uptake curves. The values show means -+ SE from four separate 
experiments 

the vanadate-sensitive (Ca 2+ + Mg2+)-ATPase. If 
both vanadate and H + ATPase inhibitors were 
added together 45Ca2+ uptake was abolished, al- 
though 10% of (Ca 2+ + Mg2+)-ATPase activity re- 
mained. In the presence of protonophores (Ca 2+ + 
MgZ+)-ATPase was not inhibited. Figure 2 and the 
Table show that MgATP-dependent 45Ca2+ uptake 
into an IsCaP was diminished in the presence of 
nigericin (10 -5 mol/liter). Since in the presence of 
nigericin IP3 did not significantly release any Ca 2+, 
we conclude that the IP3-sensitive Ca 2+ pool had not 
been filled in the presence of this protonophore. In 
four experiments MgATP-dependent 45Ca2+ uptake 
after 20 rain of incubation was reduced from 12.4 -+ 
4.2 SE nmol/mg protein in the controls to 8.6 + 1.6 
nmol/mg protein in the presence of nigericin; maxi- 
mal release of Ca z+ by IP3 was diminished from 
2.5 -+ 1.1 nmol/mg protein in the controls to 0.6 -+ 
0.3 nmol/mg protein in the nigericin experiments 
(means -+ SEM). Similar data were also obtained 
with CCCP. In two experiments MgATP-dependent 
45Ca2+ uptake was decreased in the mean from 5.6 
nmol/mg protein to 4.9 nmol/mg protein after 20 
min. IP3-induced Ca 2+ release was reduced from 0.6 
nmol/mg protein to 0.2 nmol/mg protein in the pres- 
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Fig. 3. 45Ca2+ uptake into membrane vesicles from isolated pan- 
creatic endoplasmic reticulum. Isolated membrane vesicles were 
preincubated for 15 min in the presence of EDTA (0.2 mmol/ 
liter) at a free Mg z+ concentration of 1.3 mmol/liter and vanadate 
(2 x 10 3 mol/liter) with or without ATP (10 3 tool/liter), IPS3 
(10 5 mol/liter) and NEM (5 x 10 -4 tool/liter) as indicated. Fol- 
lowing preincubation, hexokinase (5 U/ml) + glucose (10 mmol/ 
liter) and 45CAC12 (final concentration 2 x 10 6 tool/liter) were 
added as indicated and 45Ca2+ uptake was determined as de- 
scribed in Materials and Methods. One experiment out of three 
similar ones 

ence of CCCP. If the reason for diminished Ca 2+ 
uptake into the IP3-sensitive Ca 2+ pool (IsCaP) was 
due to dissipation of an H + gradient by the pro- 
tonophores, these data suggest that the H + gradient 
is important for C a  2+ uptake into the IsCaP. 

EVIDENCE FOR THE PRESENCE OF C a 2 + / H  + 
EXCHANGE IN THE IsCaP 

If Ca 2+ uptake is coupled to an H + gradient it could 
occur via a MgATP-driven Ca2+/H + countertrans- 
port or via a MgATP-independent CaZ+/H + ex- 
changer. In the latter case Ca 2+ uptake should occur 
at the expense of an H + gradient and should be 
possible in the absence of ATP. In order to probe 
for this possibility we have performed the experi- 
ment shown in Fig. 3. ER vesicles were preincu- 
bated in the presence of vanadate and EDTA to 
inhibit all Ca 2+ uptake, but with MgATP to allow 
H + uptake by a vanadate-insensitive "V"-type H + 
pump present in the same membrane fraction [30]. 
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Fig. 4. (a) Effect of  acute  addition of  ATP on 4SCa2+ uptake into ER vesicles at different preincubation condit ions.  ER vesicles were 
preincubated for 15 min in the presence of  E DT A (0.2 tool/liter) of  vanadate  (10 -4 tool/liter) with an ATP-regenerat ing sys tem (8 units 
CK + 10 mmol/ l i ter  CP) and with or without ATP (10 .3 mol/liter) and IPS3 (10 -5 tool/liter) as indicted at the right side o f  the figure. 
Following preincubat ion 45Ca2+ (final concentrat ion 2 x 10 -6 mol/liter) and ATP (10 .3 mol/liter) was added as indicated by the arrow at 
t ime 0.45Ca2+ uptake was measured  as described in Materials and Methods.  One out  of  three similar exper iments .  (b) Effect of  ATP  on 
45Ca2+ uptake in the presence  of a preformed H + gradient.  ER vesicles were preincubated at condit ions similar to those  in a as indicated 
on the right. At t ime 0, 45Ca 2§ (2 x 10 -6 mol/liter) and NBD-C1 (10 4 mol/liter) to inhibit the H + pump were added to all a s says  and ATP 
was added where  indicated. 45Ca2+ uptake was measured  as described in Materials and Methods .  One out  of  two similar exper iments  

Subsequent addition of 45Ca2+ resulted in Ca 2+ up- 
take from a medium in which all ATP had been 
hydrolyzed by addition of glucose and hexokinase. 
Complete hydrolysis of ATP in the incubation me- 
dium was verified by demonstrating that simulta- 
neous addition of both ATP and the regenerating 
system followed by addition of 45Ca2+ within 2 min 
did not cause any 45Ca 2+ uptake (data not shown). If 
vesicles had not been preincubated with ATP or if 
the preincubation medium contained ATP and 
NEM (Fig. 3) or ATP and NBD-C1 (not shown) to 
inhibit H + uptake, 45Ca2+ uptake into membrane 
vesicles was reduced to the values of the control 
without ATP preincubation (Fig. 3). MgATP-inde- 
pendent 45Ca2+ uptake was also reduced as com- 
pared to the control if the medium contained IPS3 
during both preincubation and incubation periods 
(see Fig. 3). In three different experiments 45Ca2+ 

uptake was significantly reduced from 0.76 -+ 0.03 
nmol/mg protein to 0.60 -+ 0.03 mol/mg protein at 4 
min (P < 0.01, paired t-test) and from 0.89 -+ 0.08 
nmol/mg protein to 0.71 _+ 0.07 nmol/mg protein (P 
< 0.02, paired t-test), when control 45Ca2+ uptake 
was compared to 45Ca2+ uptake in the presence of 
NEM or of IPS3, respectively. These data show that 
Ca 2+ uptake into an IsCaP can be achieved in the 
absence of ATP at the expense of an H + gradient 
generated by a "V"- type  H + pump and most likely 

occurs via a Ca2+/H + exchanger. It was now inter- 
esting to find out if this Ca2+/H + exchange can also 
operate as a Ca 2+ ATPase, i.e., if it is a MgATP- 
driven Ca 2+ pump that exchanges Ca 2+ for H + ions. 
In order to study this question the following points 
were investigated: Does the Ca2+/H + exchanger 
that fills an IsCaP in the presence of an H + gradient 
operate at a higher rate in the presence of MgATP? 
If it uses MgATP, is the H § gradient then necessary 
at all? 

When vesicles were preincubated with ATP in 
the presence of an ATP-regenerating system to al- 
low H § uptake and with vanadate and EDTA to 
inhibit Ca 2+ uptake, addition of 45Ca2+ and addi- 
tional ATP caused a quick 45Ca2+ uptake that could 
be diminished by IPS3. (In three experiments 45Ca2+ 
uptake was decreased from 5.8 -+ 0.7 to 5.1 -+ 0.8 
nmol Ca2+/mg protein after 10 min) (see Fig. 4a).) If 
vesicles were preincubated with vanadate, EDTA, 
but without ATP, so that neither active Ca 2* trans- 
port nor H § uptake could take place, addition of 
45Ca2+ and ATP caused slower Ca 2+ uptake as com- 
pared to vesicles that had been preincubated with 
MgATP. Again in the presence of IPS3, 45Ca2+ up- 
take was decreased in three experiments from 3.3 -+ 
0.9 to 2.7 -+ 0.9 nmol Ca2+/mg protein after 10 min 
(see Fig. 4a). If the same experimental conditions 
were tested, but NBD-CI (1 • 10 -4 tool/liter) was 
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Fig. 5. Effect of ATPase inhibitors (NBD-C1, 5 x 10 ~ mol/liter) and vanadate (10 4 mol/liter) on 45Ca2+ uptake at different free Ca 2+ 
concentrations in the incubation medium. ER vesicles were preincubated for 15 min with or without inhibitors and at indicated free 
45Ca2+ concentrations adjusted with EDTA (1 mmol/liter) as described in Materials and Methods. [Ca -'~] was checked back with the 
Ca 2+ electrode. 45Ca2+ uptake was started by addition of ATP (10 .3 tool/liter) and determined after 10 sec (A) and after 20 rain (B) of 
incubation. The data show mean values _+ SE from 4-5 experiments. 45Ca2+ uptake in the absence of ATP had been subtracted 

added to the medium just  before addition of 45Ca2+, 
to block the H + pump, 45Ca2+ uptake was observed 
only in vesicles that had  been preincubated with 
MgATP, i.e., in which an H + gradient had been 
previously built up (Fig. 4b). This 45Ca2+ uptake at 
inhibited H + pump with and without acute addition 
of ATP but at preformed H + gradient was over- 
shooting, indicating dissipation of the H + gradient 
at inhibited H + pump. It was also diminished in the 
presence of  IPS3 (Fig. 4b). If ATP was acutely 
added to the medium, Ca 2+ uptake was higher than 
without acute addition of ATP and the IPS3 effect 
appeared to be higher (0.6 nmol 45CaZ+/mg protein 
at 10 min) as compared to the experiment without 
acute addition of ATP (0.2 nmol 45CaZ+/mg protein 
at 10 rain). This indicates that the CaZ+/H + ex- 
changer can also use ATP for Ca 2+ uptake. The 
observation that IPS3 did not abolish 45Ca2+ uptake 
following acute addition of ATP could mean that 
only part of CaZ+/H + exchanging Ca 2+ pools are 
sensitive to IP3. It could also mean that only part of 
Ca 2+ was released from an IP3-sensitive Ca 2+ pool. 
If vesicles had not been preincubated with ATP and 
ATP was acutely added subsequently to NBD-C1, 
Ca 2+ uptake did not occur.  The data in Figs. 3 and 4 
indicate that in the presence of vanadate no Ca 2+ 
uptake takes place if formation of an H + gradient is 

prevented either by inhibition of the H + pump with 
NBD-CI or by omission of MgATP. A preformed 
H + gradient stimulates Ca :+ uptake into the IsCaP 
most likely via a CaZ+/H + exchange mechanism in 
the absence of ATP (Fig. 3) or in the presence of 
ATP at continuous H + uptake. Ca 2+ uptake is 
slower if an H + gradient had not been preformed but 
was allowed to be formed by acute addition of ATP 
to the 45Ca2+ uptake medium (Fig. 4). However ,  if 
an H + gradient had not been preformed or was not 
allowed to be formed due to addition of NBD-C1 
(Fig. 4b) ATP did not stimulate Ca 2+ uptake. 

EFFECT OF DIFFERENT FREE C a  2+ 

CONCENTRATIONS ON M g A T P - D E P E N D E N T  45Ca2+ 

UPTAKE INTO MEMBRANE VESICLES FROM ER 

For  further differentiation of the Ca 2+ uptake mech- 
anisms present  in the vanadate-insensitive IsCaP 
and in the vanadate-sensitive IisCaP, we have stud- 
ied Ca 2+ dependence of  MgATP-dependent  45Ca2+ 
uptake into the IsCaP (45Ca2+ uptake in the presence 
of vanadate) as well as of  MgATP-dependent  45Ca2+ 
uptake into the vanadate-sensitive IisCaP (45Ca2+ 
uptake in the presence of  NBD-C1). As shown in 
Fig. 5A, within the initial 10 sec the IsCaP (in the 
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presence of vanadate,  1 x 10 -4 mol/liter) took up 
45Ca2+ at higher Ca 2+ concentrations,  starting at 
- 1 0  -6 tool/liter as compared to the IisCaP (in the 
presence of NBD-C1). Maximal Ca 2+ uptake into 
the IsCaP during the initial 10 sec was observed at a 
Ca 2+ concentrat ion of  10 .4 tool/liter free Ca 2+. Half- 
maximal 45Ca2+ uptake was found at - 2  x 10 -5 tool/ 
liter free Ca 2+ concentration.  The IisCaP (in the 
presence of  NBD-CI; 5 x 10 .5 tool/liter) started to 
take up Ca 2§ at a low Ca 2+ concentrat ion of about 
10 -7 mol/liter with highest uptake at 10 -5 mol/liter 
and was reduced at 10 .4 mol/liter Ca 2+. Half-maxi- 
mal 45Ca2+ uptake was found at - 7  • 10 .7 mol/liter. 
After 20 rain of  incubation with MgATP (Fig. 5B) 
the Ca 2+ uptake curve for the IsCaP (in the pres- 
ence of  vanadate) had shifted to the left, indicating 
that after that time Ca 2+ had also been taken up by 
the vanadate-insensitive Ca 2+ pool (IsCaP) at lower 
Ca 2+ concentrations between 10 -8 and 10 6 mol/li- 
ter Ca 2+. Highest uptake into this Ca z+ pool was 
obtained at 10 5-10-4 mol/liter. The other Ca 2+ 
pool (vanadate-sensitive IisCaP as studied in the 
presence of  NBD-C1) still had its optimum at a Ca 2+ 
concentrat ion of  10 .5 tool/liter after 20 rain. 

Discussion 

The aim of the present study was to separate func- 
tionally different nonmitochondrial  Ca z+ pools and 
to characterize their Ca 2+ uptake mechanisms. Our 
data indicate that at least two different nonmito- 
chondrial Ca 2+ pools adjust free Ca z+ concentration 
in pancreatic acinar cells. 

THE IP3-SENSITIVE C a  2+ POOL (IsCaP) 

Part of  total Ca 2+ uptake is sensitive to IP3 and to 
IPS3. As shown in Fig. la and d, in the presence of 
IPS3 less Ca 2+ is taken up as compared to the con- 
trol but the steady-state free [Ca 2+] is reached in the 
presence of  IPS3. Ca 2+ uptake into this IP3-sensitive 
Ca 2+ pool is inhibited by H+-ATPase inhibitors such 
as NBD-CI or NEM, since IP3 did not release any 
Ca 2+ from NBD-C1- or NEM-pretreated cells. Fur- 
thermore,  Ca 2§ uptake curves in the presence of 
these inhibitors closely follow the Ca 2§ uptake 
curve in the presence of  IPS3 (see Fig. la and d), 
indicating that a similar amount of  Ca 2+ had not 
been taken up. Since NBD-C1 did not inhibit IP3- 
induced Ca 2+ release when added at steady state 
(see Fig. lb) this indicates that NBD-C1 did not in- 
hibit the IP3-sensitive Ca 2§ release mechanism (see 
Fig. la). Similar data as for NBD-C1 added at 
steady state (see Fig. lb) were also obtained for 
NEM (not shown). We have recently demonstrated 

the presence of an H + ATPase in pancreatic vesi- 
cles from endoplasmic reticulum (ER) [30]. This H + 
ATPase belongs to the vacuolar type of H + 
ATPases that has no phosphorylated intermediate 
and is not inhibited by vanadate. However ,  NBD- 
CL and NEM, typical blockers of the vacuolar type 
of H + ATPases,  present in ER, Golgi, endosomes,  
clathrin-coated vesicles and lysosomes [1, 16, 20] 
inhibited H + uptake into pancreatic ER vesicles 
[30]. Since protonophores and H + ATPase inhibi- 
tors decreased Ca 2+ uptake into an IP3-releasable 
Ca 2+ pool (see Figs. la and d, 2, 3, and the Table) 
we assume that Ca 2+ uptake into the IsCaP is de- 
pendent on an H + gradient. This H + gradient could 
be established by the H + ATPase which we had 
found in the Same preparation of ER membrane ves- 
icles that was also used for the present Ca 2+ uptake 
studies [30]. It should be noted, however,  that it 
cannot be concluded from the present study that the 
H + pump found in an ER fraction of pancreatic aci- 
nat cells [30] is only located in IP3-sensitive Ca 2+ 
pools. As shown in Fig. 4, only part of H+-depen - 
dent Ca 2+ uptake is sensitive for IP3. This could 
indicate the presence of  Ca 2+ pools with an H + 
ATPase and a Ca2+/H + exchanger but without IP3 
receptors.  In addition, it is quite possible that vacu- 
olar type H + ATPases are located in organelles 
without any Ca 2+ uptake mechanisms. 

In order  to explore if Ca 2+ could be taken up 
into an IP3-sensitive Ca 2+ pool in the absence of 
ATP by coupling to an H + gradient, we have per- 
formed experiments in which vesicles had been pre- 
incubated in the presence of vanadate and EDTA to 
inhibit any Ca 2+ uptake, but in the presence of ATP 
to allow H + uptake (see Fig. 3). When glucose and 
hexokinase were added to hydrolyse all ATP in the 
medium, added 45Ca2+ was taken up at a higher 
amount  as compared to 45Ca2+ uptake into vesicles 
which had not been preincubated with ATP or had 
been preincubated with ATP and N EM or NBD-CI. 
In the presence of  IPS3, 45Ca2+ uptake was de- 
creased, indicating that the Ca 2+ pool, which takes 
up Ca 2+ in the absence of ATP at the expense of an 
H + gradient, is sensitive to IP3. The ATP-indepen- 
dent, H+-gradient-dependent Ca 2+ uptake was only 
- 2 5 %  of average ATP-dependent  Ca 2+ uptake in 
the presence of  vanadate (Table, Fig. 4). The reason 
for this discrepancy could be due to quick dissipa- 
tion of  the H + gradient in the absence of  ATP [30]. 
It could also be due to the possibility that a Ca2+/H + 
exchanger could operate as a CaZ+/H + ATPase in 
the presence of  ATP. The latter point was investi- 
gated in detail in the experiments shown in Fig. 4a 
and b. If  membrane vesicles had not been preincu- 
bated with ATP, and ATP together with 45Ca2+ was 
then added to the medium, 45Ca2+ uptake was 
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slower than in vesicles which had been preincu- 
bated with ATP (Fig. 4a). Since it takes - 2 0  min 
until H + uptake reaches a steady state [30], this 
experiment could indicate that 45Ca2+ uptake is 
slower as long as an H § gradient has not been built 
up as compared to 45Ca2§ uptake in the presence of 
a preformed H + gradient. A similar slow Ca 2+ up- 
take was also seen in cells in the presence of vana- 
date (see Fig. la). The rate-limiting step for slow 
Ca 2+ uptake in the presence of vanadate is probably 
formation of an H + gradient and not the Ca2+/H + 
exchanger  itself. If  the H § gradient is present in 
vivo all the time and not dissipated by IP3 (for which 
we have no evidence) Ca 2+ uptake via Ca2+/H + ex- 
changer should be faster and similar to the condi- 
tions shown in Fig. 4b in which ATP was present in 
the preincubation periods. 45Ca2+ uptake could be 
enhanced further if ATP was acutely added to vesi- 
cles with preformed H + gradient and an inhibited 
H + pump (see Fig. 4b). We therefore assume that 
the Ca2+/H + exchanger  can operate as an ATPase.  
This conclusion, although indirect, seems to be sup- 
ported by the data showing some 10% remaining 
Ca 2+ ATPase activity in the presence of  vanadate 
plus NEM or NBD-CI (Table). Other possibilities, 
such as an allosteric effect of  ATP or an activation 
of the Ca2+/H + exchanger  due to protein phos- 
phorylation, should also be considered. 

THE IP3-INSENSITIVE Ca  2+ POOL (IisCaP) 

In previous studies we had shown that ATP-driven 
Ca 2+ uptake into nonmitochondrial  Ca 2+ pools is 
inhibited by vanadate [27]. This vanadate-inhibit- 
able Ca 2+ uptake is promoted by a Mg-dependent 
Ca 2+ ATPase that shows all properties of a Ca 2+ 
transport  ATPase and which is also inhibited by 
vanadate [13]. 

In the presence of vanadate (10 -4 mol/liter) 
Ca 2+ uptake was markedly reduced (Figs. la and d, 
Table); however ,  in contrast  to Ca 2+ uptake in the 
presence of  NBD-C1 or NEM, IP3 was still able to 
release Ca 2+, indicating that Ca 2+ uptake into the 
IPs-sensitive Ca 2+ was still operating in the pres- 
ence of 10 .4 mol/liter vanadate.  At 10 .3 mol/liter 
vanadate,  however ,  Ca 2+ uptake into the IP3-sensi- 
tive Ca 2+ pool was further reduced and could not be 
detected any more by use of  the Ca 2+ electrode 
(Fig. la).  If  both vanadate (10 4 tool/liter) plus 
NBD-CI (see Fig. la ,  Table), or vanadate plus 
NEM (see Fig. ld, Table) were added, Ca 2+ uptake 
was abolished. In the presence of both vanadate and 
IPS3 a small NBD-C1 and NEM-inhibitable Ca 2+ up- 
take remained,  indicating Ca 2+ uptake into a third 
Ca 2+ pool with an H§ Ca 2+ uptake but 

lacking an IP3 receptor.  It could also mean that IPS3 
or IP3, respectively,  do not release all Ca 2+ from an 
IP3-sensitive Ca 2§ pool. Since Ca 2+ uptake in the 
presence of both vanadate and an H § ATPase inhib- 
itor was abolished, but some 10% of  Ca 2. ATPase 
activity remained (see Table), we conclude that this 
10% of Ca 2+ ATPase activity is either no transport 
Ca 2+ ATPase or present  in broken membrane vesi- 
cles, or that 10% of remaining Ca 2+ ATPase activity 
is not sufficient to promote any measurable Ca 2+ 
uptake with the Ca 2§ electrode. This remaining 10% 
of Ca 2+ ATPase activity in the presence of both 
vanadate and N E M  or NBD-CI could also be due to 
ATPase activity of the Ca2+/H + exchanger (see Fig. 
4b). 

DIFFERENT Ca  2+ UPTAKE CHARACTERISTICS IN 

BOTH IsCaP AND IisCaP 

In order  to further characterize Ca 2§ uptake into 
both IsCaP and IisCaP we have studied Ca 2+ uptake 
at different Ca 2+ concentrat ions in the presence of 
NBD-C1 to inhibit Ca 2+ uptake into the IsCaP and in 
the presence of vanadate,  to inhibit Ca 2+ uptake 
into the IisCaP. As shown in Fig. 5, in the presence 
of vanadate Ca 2+ is only taken up at relatively high 
Ca 2+ concentrat ions,  starting at 10 .6 tool/liter. This 
observation could indicate that the IsCaP is only 
filled at Ca 2+ concentrat ions that occur  during hor- 
monal stimulation in the cytosol of the cell, i.e., at 
- 1 0  .6 tool/liter or higher [19]. Filling of the IsCaP 
at [Ca 2+] around 10 -6 mol/liter could be demon- 
strated by addition of IP3 which caused Ca 2+ release 
(see Fig. la  and d). From Fig. la it appears that the 
IsCaP can also adjust steady-state Ca 2+, but this 
takes longer time than for the IisCaP. This observa- 
tion is also expressed in the Ca 2+ uptake curve in 
the presence of vanadate,  which had shifted to the 
left after 20 rain of incubation (see Fig. 5B). When 
Ca 2+ uptake into the IsCaP is inhibited by NBD-C1 
(see Fig. 5A) the remaining Ca 2-- uptake occurs at 
low concentrations between 10 .8 and 10 _6 tool/liter 
[Ca2+]. Consequently this Ca z+ pool (IisCaP) must 
be the one that rapidly adjusts the low [Ca 2+] steady 
state that occurs in the cell during rest. It remains 
open, if this interpretation is applicable to in vivo 
conditions, since the difference in the time courses 
of Ca 2+ uptake into the IsCaP and IisCaP is mainly 
due to the absence or presence of an H + gradient. 

ARE BOTH I sCaP  AND I i sCaP  CONNECTED. 9 

From the data presented it appears that both IsCaP 
and IisCaP are separate Ca 2+ pools, e.g. in the pres- 
ence of NBD-C1, Ca 2+ uptake takes place, but the 
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Fig. 6. Model for Ca 2+ release and Ca 2+ uptake into nonmitochondrial Ca ,-+ stores (probably belonging to the endoplasmic reticulum, 
ER). Phospholipase C (PLC) activation by hormones such as cholecystokinin-pancreozymin (CCK-Pz) or acetylcholine (Ach) is 
mediated by GTP-binding proteins (GccK and Ga~.h [21, 22]). Phosphatidylinositol 4,5-bisphosphate (PIP2) is hydrolyzed to diacylgly- 
cerol (DG) and inositol 1,4,5 trisphosphate (IP3). IP3 releases Ca 2§ from a Ca 2+ pool that leads to increase of  cytosolic [Ca '-+] and 
activation of  further processes involved in enzyme secretion. Ca 2+ reuptake occurs into the same Ca 2+ pool by a Ca2+/H + exchanging 
ATPase. Ca 2§ uptake can also occur in the absence of ATP at the expense of an H + gradient which is established by a NBD-CI- and 
NEM-inhibitable H + pump present  in the same organelle. Ca 2+ uptake also occurs into another Ca 2+ pool by a vanadate-sensit ive Ca 2+ 
ATPase. It is likely that both Ca 2+ pools communicate,  but the mechanism for this communication is not yet clear 

IsCaP is not filled (see Fig. la), whereas in the pres- 
ence of  vanadate the IsCaP is filled. In the presence 
of both NBD-C1 plus vanadate,  of NEM plus vana- 
date or of  IPS3 plus vanadate,  Ca 2+ uptake into both 
Ca 2+ pools is nearly completely abolished. If total 
Ca 2+ uptake would occur  into one C a  2+ pool only, 
which is also sensitive for IP3, one should expect  
that in the presence of  NBD-CI or of NEM the 
vanadate-sensitive Ca 2+ pump should be able to fill 
this IP3-sensitive Ca 2+ pool and it should be possible 
to release Ca 2+ with IP3. On the other hand, it is 
difficult to imagine that a Ca 2. pool is filled but not 
emptied. It could be possible that there are other 
messengers which release Ca 2+ from the IisCaP, or 
that both pools somehow communicate with each 
other. For  the previous possibility metabolic prod- 
ucts of IP3, cAMP, diacylglycerol or GTP [18] 
would come into question. So far we have not found 
any compound of  physiological relevance that re- 
leases Ca 2+ from the IisCaP. Another  possibility is 
that both Ca 2+ pools are connected and that C a  2+ 

uptake by a vanadate-sensitive Ca 2+ ATPase occurs 
at one end, whereas Ca 2+ release at the other end of 
this Ca 2+ pool, similar to that known from the sar- 
coplasmic reticulum with its terminal cisternae 
where Ca 2+ is released, and the longitudinal tubules 

where the Ca z+ pumps are located [9]. The possibil- 
ity that the different Ca 2+ pools are permanently 
connected is unlikely since in this case one would 
expect  an IP3 effect following Ca 2+ uptake in the 
presence of  H + ATPase inhibitors or protonophores 
(See Figs. la ,  d and 2). Cross talk between both 
IsCaP and IisCaP could involve IP4 and/or  GTP- 
controlled conveyance  of  Ca z+ [14, 17, 18]. In a 
previous paper [32] we have suggested that in 
parotid acinar cells only one C a  2+ pool is involved 
and that the vanadate-sensitive Ca 2+ ATPase trans- 
ports Ca 2+ in exchange for H + and that in the ab- 
sence of  ATP or in the presence of vanadate this 
Ca 2+ uptake mechanism can operate to some extent 
at the expense of  an H + gradient. This conclusion 
was drawn from the observation that the inhibitory 
effects of  both vanadate and protonophores were 
more than additive. In the presence of either com- 
pound Ca 2+ uptake was reduced by - 7 0 %  following 
20 rain of  incubation. We did not, however,  exclude 
two separate mechanisms for C a  2+ uptake into non- 
mitochondrial Ca 2+ pools of parotid acinar cells. In 
vacuolar membrane vesicles of  oat roots also two 
separate Ca 2+ pools have been postulated [23]. In 
the present  study we have used lower vanadate con- 
centrations to inhibit Ca 2+ uptake and are inclined 
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to assume different Ca 2+ pools (IsCaP and lisCaP). 
However ,  at higher vanadate concentrations (10 -3 
or 2 • I0 -3 mol/liter) at which Ca 2+ uptake was still 
present in parotid cells, Ca 2+ uptake is completely 
inhibited in pancreatic acinar cells ([15], Fig. la). It 
therefore appears that in the pancrease 10 -3 tool/ 
liter vanadate also decreases Ca 2+ uptake into the 
lsCaP. Since vanadate does not inhibit the H + 
ATPase [30], it is possible that the Ca2+/H + ex- 
changer is an ATPase (for which evidence is given 
in Fig. 4b), and that this Ca 2+ ATPase is inhibited by 
vanadate at high concentrat ion (i.e., >10 -3 tool/li- 
ter). With this assumption it would still be possible 
to assume two different Ca 2+ pools (an IsCaP and 
an lisCaP) as shown in the model of Fig. 6. Since at 
present we are not able to isolate and to separate 
different Ca 2+ pools from pancreatic acinar cells by 
fractionation methods, we cannot directly demon- 
strate different Ca 2+ uptake mechanisms and differ- 
ent sensitivities of inhibitors in different Ca 2+ pools. 
However ,  we think that these functional studies as 
reported here might help to further characterize in- 
tracellular Ca 2+ pools and their Ca 2+ uptake mecha- 
nisms. 
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