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Abstraet - The effeets of Ca2+ and GTP on the release of Ca2+ trom the In08ltol 
1,4,5-trlaphosphate (IP3) sensitive Ca2+ compartment were investigated with dlgitonln 
permeabillzed rat pancreatlc acinar cells. 

The amount of Ca2+ released due to IP3 directly correlated with the amount of atored 
Ca2+ and was found to be inversely proportional to the medium free C';'+ concentratlon. 
Ca2+ release Induced by 0.18 J.tM IP3 was half maximally inhibIted at 0.5 J.tM tree Ca2+, I.e. at 
concentrationa ob8erved in the cytosol of pancreatic acinar cells. 

GTP did not cause Ca2+ release on ils own, but a single addition of GTP (20 J.tM) 
aboliahed the apparent desensitization of the Ca2+ release which was ob8erved durlng 
repeated IP3 applicatlons. This effeet of GTP was reversible. GTPyS could not replace GTP. 
Deaensltlzatlon still occurred when GTPyS was added prior to GTP. The reported data 
Indlcate that GTP, stored Ca2+ and cytosollc tree Ca2+ modulate the IP3 induced Ca2+ 
release. 

Rises in intracellular free ea2+ play essential roles 
in receptor-mediated signal transduction pathways. 
Both GTP and inositol 1,4,5-trisphosphate (lP3) are 
involved in these processes. IP3 is produced by the 
hydrolysis of an inositol lipid (phosphatidyl
inositol-4,5-bisphosphate) located at the plasma 
membrane and released into the cytosol. A GTP 
binding protein couples the receptor to the 

Abbreviations used : EGTA, Ethylene-glycol-bis 
(2-aminoethylether)-N,N,N' ,N' - tetra acetic acid; GTPyS, 
Guanosine 5' -O-[3-thio]triphosphate; GDP~S, Guanosine 
5'-O-[2-thio]diphosphate; IP3, Inositol 1,4,5-trisphosphate; 
IP2, lnositol 1,4-bisphosphate; IP4, Inositol 
1,3,4,5-tetrakisphosphate; MOPS, MOrpholinopropane 
sulfonic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazine 
ethanesulfonic acid; pHMB, Parahydroxymercuribenzoate 

hydrolytic enzyme. Within the cell IP3 mobilizes 
ea2+ from non-mitochondrial stores, probably the 
endoplasmic reticulum. ea2+ is laken up again by a 
cation [1] and anion dependent [2] ea2+ transport 
ATPase located in the endoplasmic reticulum. The 
second messenger function of IP3 was first 
recognized in exocrine pancreatic acinar cells [3] 
and subsequently in a wide variety of different 
cells [4]. 

In addition to its role at the level of the plasma 
membrane, GTP appears also to be involved in 
intracellular signal transduction. This function, in 
modulating the ea2+-mobilizing mechanism, is still 
poorly understood [cf. 5, 6]. In studying 
intracellular ea2+ fluxes a decreased response to 
repeated exposures with the same concentration of 
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IP3 has been observed [7, 8]. Tbis is also shown 
here for rat pancreatic acinar ceHs. Tbus, in some 
endocrine and exocrine cells tbe response to IP3 
desensitizes. On tbe otber hand, tbe response to IP3 
is reproducible for a few hours witb no sign of 
desensitization in permeabilized tumour ceHs such 
as rat insulinoma or rat pheocbromocytoma cells [9]. 

Here we report on tbe apparent desensitization of 
tbe IP3-induced Ca2+ release in permeabilized 
exocrine pancreatic cells. Tbis effect is abolished by 
GTP, which suggests that GTP modulates the IP3 
induced Ca2+ release within the cells. Also Ca2+ 
itself plays an important role in this process. The 
data indicate that botb the amount of Ca2+ stored 
inside the end~lasmic reticulum as weH as 
cytosolic free Ca T intluence the IP3 induced Ca2+ 
release. 

Materials and Methods 

Chemieals 

Collagenase was purchased from Serva (Reidelberg, 
FRG). Soybean trypsin inhibitor, IP2, and IP3 were 
from Boebringer (Mannheim, FRG), IP4 was kindly 
given by Dr R. Irvine (Cambridge, UK). Ca2T 

selective membranes containing the neutral carrier 
ETH 129 were a generous gift of W. Simon (ETH 
Zürich, Switzerland). KCI suprapur was from Merck 
(Darmstadt, FRG), and Azur A from Fluka 
(Neu-Ulrn, FRG). Allother chemicals were of 
analytical grade. 

Isolation 01 exocrine pancreatic acinar cells 

Pancreatic acinar cells were prepared as described 
previously by Amsterdam and Jamieson [10] with 
modifications according to Streb and Schulz [11]. 
Brietly, pancreatic tissue from four male Wistar rats 
(200-250 g) fasted overnight was chopped with 
scissors and incubated in a standard medium 
containing (in mM): 145 NaCl, 4.7 Ka, 1.2 
KHzP04, 1.2 MgCI2, 2 Caa2, 10 HEPES (pR 7.4), 
15 glucose, 0.2 % BSA, 0.01 % soybean trypsin 
inhibitor plus collagenase (150 Ulml) for 15 min at 
37°C. In order to obtain single cells, a washing step 
in the above ea2+_free medium (Caa2 replaced by 
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1 mM EDTA, without collagenase) was interposed. 
followed by a furtber digestion witb collagenase 
(210 U/ml) for 50-60 min at 37°C. During cell 
isolation the medium was continuously gassed with 
oxygen in a water batb at 37°C. Acinar cells were 
tben mechanically dissociated by sequential 
passages tbrough polypropylene pipettes of 
decreasing tip diameter (about 5,3, and 2 mm) after 
40 min of tbe second collagenase digestion step. 
The cell suspension was diluted with standard 
medium, and centrifuged for 5 min at 85 g. The 
pellet was resuspended in standard buffer and 
filtered tbrough a double layer of medical gauze, 
layered over 30 ml of standard medium containing 
8% albumin. The suspension was centrifuged again. 
Finally tbe pellet was washed thrice in tbe standard 
medium as described above. 

Permeabilization 01 cells with digitonin 

The obtained cell suspension was washed thrice in 
medium A containing (in mM): 150 KCI, 20 MOPS 
(pR 7.2), 5 NaN3, and 1 EGTA. Permeabilization 
with digitonin (10 ~ final) was usually carried out 
in the same medium on ice for 10 min. Digitonin 
was added from a stock solution containing DMSO. 
Permeabilization was controHed by counting tbe 
Azur A (0.25 %) stained cells. Tbe permeabilized 
cells were washed thrice in medium B (medium A 
witbout EGTA). 

Measurement olfree Ca2+ concentration 

Ca2+ specific minielectrodes prepared as described 
[12] were calibrated before and after each 
experiment The poly(vinyl chloride) membrane of 
the electrode contained the recently developed 
neutral carrier ETH 129, which allows reliable 
measurements of Ca2+ down to the nanomolar range 
[13]. Experiments were carried out at room 
temperature and pR 7.2 in 400 J.1l of medium B 
containing 3-6 x 106 ceHs. 107 ceHs correspond to 
1.5 mg of cell protein. During Ca2+ uptake 
experiments, medium B contained 1 mM Mg2

+, and 
during Ca2+ release experiments, medium B 
contained 2 mM ATP and 2 mM Mg2+. Tbe 
absolute amount of ea2+ fluxes was calibrated in 
each experiment by the addition of suitable dilutions 
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Fig. 1 Effects of GTP or GTPyS on IP3 induced Ca2+ release 

(A) Effect of GTP after repeated exposure to IP3. The cells 

were loaded with 4 runol ea2+. Then, sequential additions of 0.18 

~ IP3 led to a decreased ea2+ release. After addition of a single 

dose of 20 ~ GTP the amounts of ea2+ released by iP3 were 

similar in size as observed during the frrst release. 

(B) Effect of GTP)\S and GTP after repeated response to iP3. 
The cells were flfSt loaded with 4 runol ea2+. During successive 

additions of 0.18 ~ IP3, a diminished Ca2
+ release was 

observed. When 10 ~ GTP)\S was added prior to 20 ~ GTP, 

the IP3 response could not be restored by the addition of GTP as 

seen in Figure I A. 

(C) Summary of the results presented in Figure lA and IB. 

Result of 13 experiments (mean ± SD) are shown which were 

carried out exactly as in Figure lA and IB, respectively. The 

amount of ea2
+ released during the frrst addition of IP3 (0.18 

~ was defined as 100 %. It corresponds to 2-6 runol ci+/l07 

cells. This value depends on thc ea2+ accumulated by the stores 
as weIl as thc free ea2+ concentration in the medium. After the 

third addition of 0.18 ~ IP3, cither 20 ~ GTP was added 

before thc fourth addition of iP3 (open column) or 10 ~ GTP)\S 

was added prior to 20 ~ GTP followed by the fourth addition 
of iP3 (hatched column). For experimental design see Fi8ure lA 

and IB 

of a neutral ca2
+ standard (Orion, Lorch). 

Guanosine nucleotides were present as indicated in 
the figure legends. 
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The apparent desensitization o[ the IP3-induced 
C~+ release is abolished by GTP 

When penneabilized cells were added to medium B 
containing 2 mM A TP and 2 mM Mg2+, a rapid 
decrease of the free ca2

+ concentration to about 
0.1-0.4 11M occurred (Hg. lA). In order to avoid 
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Fig. 2 Ca2+ uptake by penneabilized 

pancreatic acinar cells as a function of 

the AlP concentration. 

(A) Increasing amounts of A TP were 
added to penneabilized cells in 
medium B containing 1 mM Mi+ and 

micromolar free ea2+ concentrations. 
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Tbe free ea2+ concentration is 
transiendy decreased with the addition ~ 
of low amounts of AlP. Maximal :E 
Ca2+ uptake is reached at about 200 :::1. 

11M AlP. At higher AlP .. ~ 
concentrations the attained ea2+ level ;3 
was kept constant. (B) Results of 5 
experiments (mean ± SD) as described 
in Figure 2A. Tbe amount of ea2+ 

uptake was calibrated by adding 
known amounts of ci+ from a neutral 

rat pancreatic cells (5X106/4001J') 
permeabilized with digitonin (10 IJM) 

0.3 

6 
stock solution to the medium 

ci+ uptake by mitochondria, 5 mM sodium azide 
(NaN3) was present throughout the experiments. 
Addition of further ~ulses of Ca2+ only transiently 
increased the free Ca + concentration in the medium 
followed by immediate Ca2+ uptake. Consecutive 
additions of IP3 (0.18 ~, final) resulted in a Ca2

+ 

release which gradually decreased during further 
additions of the same amount of IP3 to 
permeabilized rat exocrine pancreatic acinar cells 
(Fig. lA). Tbis behaviour was also observed with 
endocrine cells such as bovine adrenal glomerulosa 
cells and bovine adrenal chromaffin cells and was 
termed desensitization [7, 8J. This decrease, wbich 
was also observed after a single addition of IP3 
followed by long incubation (not shown), was 
abolished by a single dose of 20 ~ GTP (Fig. lA). 
Then, IP3 induced Ca2+ release remained constant, 
and was similar in size to that observed in the first 
[[>3 induced release (Fig. lA & lC). 

Though GTPyS could not replace GTP in 
abolishing desensitization (not shown), it was able 
to inhibit the effect of G1P (Fig. lB). Thus, when 
GTPyS was added prior to G1P, desensitization 
proceeded (Fig. IB). Figure lC summarizes the 
results of 13 experiments in wbich GTP or GTPyS 
plus G1P were added after the third addition of IP3 
(same protocol as Fig. JA & IB). These 
experiments clearly indicate, that the effect of GTP 
on desensitization is blocked completely by GTPyS. 
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GDPßS (1 00 ~) neither acted like GTP nor like 
GTPyS during IP3 induced Ca2+ release. However, 
an excess of GDP (100 ~) abolished 
desensitization. This shows that part of the added 
GDP might have been phosphorylated to G1P by 
the cells in the presence of 2 mM A1P. The 
ineffectiveness of GDPßS, a GDP analogue wbich 
does not undergo phosphorylation, supports tbis 
interpretation. The effect of G1P was not due to 
inhibition of the Ca2+ uptake system. ea2+ uptake 
with increasing concentrations of A 1P is shown in 
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Fig. 3 The effect of GTP on the lP3 induced Ca2+ release is reversible .. 

(A) When cells, first analyzed as shown in Figure IA, were washed twice by centrifugation (350 gav, 2 min) and resuspended in 

medium B the response to 0.18 !IM IP3 again desensitized. However, after addition of20 !IM GTP a full response to the IP3 occurred. 

This experiment is to be compared with that shown in Figure IA. 
(B) In 6 independent experiments carried out as in Figure 3A, an almost identical desensitization was observed when compared to the 

situation described in Figure IC. The amount of Ca2+ released during the first addition of IP3 (0.18 !IM) was defined as 100 % (n - 6, 
±SD) 

Figure 2A. At low A TP concentrations stored Ca2+ 
is released again upon consumption of ATP (see 
also [9]) while at 2 mM A TP a constant free Ca2+ 
concentration is maintained for about 2 h. With 200 
~ ATP, 10.8 ± 1.1 runol ea2+ are taken up by 107 

cells in the absence and 11.1 ± 1.2 runol (n = 3; 
±SD) in the presence of 20 ~ GTP. This finding 
indicates that also with 2 mM ATP, the effect of 
GTP (20 ~) on the IP3 induced Ca2+ release was 
not due to inhibition of the Ca2+ uptake. It is also 
interesting to note, that, in the absence of IP3, 

neither GTP, GDP, GTPyS, nor GDPßS themselves 
caused Ca2+ release. 

Tbe effect of GTP was reversible since its 
removal resulted in the same bebaviour as observed 
before its addition. Tbis was demonstrated by 
removing GTP by centrifugation (see legend to Fig. 
3) from cell preparations which had already been 
treated as shown in Figure 1. After resuspending 
these cells and repeating the same experiment, 
desensitization was observed again and added GTP 
restored full response to IP3 (Fig. 3). In a similar 
way the reversibility of the inhibitory action of 
GTPyS in blocking the GTP effect was established 
(data not shown). 

Effect of stored and medium Ca2+ on IP3 induced 
Ca2+ release 

The stable response of the penneabilized cells in the 
presence of 20 ~ GTP allowed the analysis of the 
Ca2+ release as a function of the lP3 concentration. 
As shown in Figure 4, Ca2

+ release depended on the 
IP3 concentration. At Ca2

+ concentrations found in 
resting acinar cells (0.2 ~), half maximal Ca2+ 
release was achieved with 0.12 ~ IP3. However 
about 4 times higher concentrations of IP3 are 
required at Ca2

+ concentrations found in stimulated 
cells (1.2 ~) to give the same amount of Ca2+ 

release. Other inositol compounds like inositol, IP2 

and IP4 could not replace IP3. 

Ca2+ release depends on the medium Ca2+ 
concentration, which in penneabilized cells, 
corresponds to the cytosolic free Ca2

+ concentration. 
Compared to 0.1 ~ free Ca2

+, ea2+ release due to 
a con:.tant amount of IP3 (0.18 ~) decreased with 
increasing medium free Ca2+ concentration (Fig. 5). 
Half maximal inhibition of Ca2+ release occurred at 
about 0.5 ~ free Ca2+ (Fig. 5). At 10 ~ free 
Ca2

+, lP3 even at higher concentrations (5 ~ 
could not cause Ca2+ release. However, stored ea2+ 
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Fig. 4 ci+ release as a function of the lP3 concentration at 0.2 

and 1.2 11M free ea2+. 

The Ca2+ stores were first maximally filled with Ca2+ as shown 
in Figure 6 (several additions of Ca2+ until no further ci+ uptake 
occurred). Then 20 11M GTP was added and Ca2+ release with 

IP3 concentrations between 0.01 and 5 11M was started. Each 
addition of IP3 resulted in a transient ea2+ release. The higher 

basal free Ca2+ concentration (1.2 11M) was achieved by addition 
of an appropriate amount of Ca2+ from a neutral stock solution 

prior to the addition of increasing amounts of IP3 as described 
above. The free Ca2+ concentrations given in the figure indicate 

the readings of the Ca2
+ electrode when lP3 was added. The 

amount of Ca2+ released was calibrated as described in Figure 

2B. This figure shows 2 of 4 similar experiments giving the same 

results 

could still be released, indicating that the Ca2
+ 

gradient was sufficient to allow Ca2+ efflux from 
the Ca2+ compartments investigated. To deplete 
cellular Ca2+ stores we used 50 !J.M pHMB instead 
of A23187 since the ionophore caused changes in 
the response of our Ca2+ electrode. 

Tbe amount of released Ca2+ is not only 
govemed by the free Ca2

+ in the medium but also 
by the amount of stored ea2+ (Fig. 6). In the 
presence of GTP, the amount of released Ca2+ 
during repetitive addition of the same IP3 
concentration was identical. Addition of small 
amounts of Ca2+ resulted in transient increases in 
medium Ca2+ followed by an immediate uptake of 
Ca2+ into the non-mitochondrial storage system 
(Fig. 6). In this way the amount of Ca2

+ released by 
IP3 was enbanced stepwise (Fig. 6). In the absence 
of GTP, addition of exogenous ea2+ did not prevent 
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the decreased Ca2+ release observed during 
consecutive 1P3 applications. From the data 
described in the previous two paragraphs, it can be 
concluded !hat Ca2+ release by !P3 is directly 
correlated to the amount of stored ea2+ but 
inversely to the medium free ea2+ concentration. It 
also sbows that, due to the dynamic properties of the 
intracellular ea2+ store, adaptation of the cells to the 
pbysiological requirements is possibie. 

Discussion 

Neuronal, endocrine or exocrine secretorr cells may 
use extracellular and/or intracellular Ca2 to control 
secretion by eXOCytosis. The intracellülar SYStCluS 
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Fig. 5 Ca2+ release as a function of the free Ca2+ concentration. 
The Ca2+ stores were first loaded with ea2+ (as in Fig. lA & IB) 

and 20 11M GTP was added to avoid desensitization. The results 
(mean ± SD) of 5 experiments are shown. Release was carried 
out with 0.18 11M IP3. The release experiment was started with 
IP3 at 0.1 11M free ci+. The higher free Ca2+ concentrations 
were obtained by additions of suitable amounts of Ca2+ from a 
stock solution. The Ca2+ concentration indicated at the abscissa 
gives the ea2+ conctmtration at which lP3 was added 
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Fig. 6 The amount of ci+ released depends on the Ca2+ 

preloading. 
Penneabilized cells were challenged with pulses of 0.18 I!M lP:J. 
Ca2

+, added between IP3 injections, was rapidly sequestered. It 
stepwise increased the amount of Ca2+ released by IP3 

participating in regulation of the secretory response 
can be studied with subcellular fractions or 
penneabilized cen preparations. 

IP3, produced in intact cells as a consequence of 
receptor activation, is the principal agent causing the 
release of Ca2+ from a membrane bound 
compartment, probably the endoplasmic reticulum, 
which can store Ca2+ due to the presence of an A TP 
dependent Ca2+ uptake system. Free Ca2+ of the 
medium (corresponding in penneabilized cens to the 
cytosol) inhibits IP3-induced Ca2+ release in some 
cell types and not in others. Experiments with 
platelets [14], indicated that medium free ci+ up to 
100 ~ does not influence the response to IP3. On 
the other hand saponin-penneabilized neuroblastoma 
cells have been observed to be unable to release 
Ca2+ in the presence of 10 ~ free ea2+ [15]. We 
observed in this study, that acinar pancreatic cens 
exhibit a similar behaviour (Figs 4 and 6). Release 
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inhibition of IP3-induced ea2+ release was observed 
at 0.5 ~ free ea2

+, a concentration expected to 
occur in intact cens. Furthennore, the IP3 sensitivity 
of the Ca2+ release was greatly altered by a change 
of the free ea2+ concentration from 0.2 J.1.M to L2 
~. These findings may be explained by the 
recently discovered inhibition of !P3-binding to its 
receptor by Ca2+ [16-18]. In contrast to our 
findings, where the Ca2

+ r~lease continuously 
decreased with the free Ca:l+ concentration, a 
biphasic pattern was reported by other groups with 
an optimum around 1 J.1.M free Ca2+ [19,20]. 

lt is known from studies of penneabilized rat 
pancreatic acinar cells or pancreatic subcellular 
fractions, that the amount of Ca2+ stored in the 
endoplasmic reticulum can be increased [21,22]. An 
important finding in this study is that the additional 
stored Ca2+ is directly available for the IP3 induced 
Ca2+ release, which suggests that the regulation of 
intracellular Ca2+ by the IP3 sensitive Ca2+ store 
depends not only on the presence of IP3 but also is a 
function of the cytosolic free Ca2+ as weIl as the 
filling state of the corresponding compartments. 

Cellular GTP may also play an important role 
during intracellulat· Ca2+ release. GTP can either 
release Ca2+ independently of IP3 [23-25] or act 
together with IP3 [26, 27]. Both effects of GTP are 
generally dependent on the presence of 
polyethyleneglycol, albumin or similar substances. 
None of these colloids were used in the present 
study. 

We observed that Ca2+ release by penneabilized 
pancreatic acinar cells gradually diminished during 
several applications of IP3. A similar behaviour has 
been reported for adrenal glomerulosa and adrenal 
medullary cells and tenned desensitization [7, 8]. By 
contrast, rat insulinoma cells or rat pheochromo
cytoma cells release a constant arnount of Ca2+ 
during repeated IP3 applications [9, 28]. The 
desensitization exhibited by pancreatic acinar cens 
was instantaneously abolished by GTP, and 
sensitivity was fully restored to subsequent IP3 
applications. This effect could not be mimicked by 
non hydrolysable analogues. Thus GTP may play an 
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