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Role of C a  2+ in H + transport by rabbit gastric glands studied 
with A23187 and BAPTA, an incorporated Ca 2÷ chelator 
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The role of Ca 2+ in stimulation of H + gastric secretion by cAMP-dependent and -independent secretagogues was 
studied in isolated rabbit glands using Ca 2+ ionophore, A23187, and an intracellular Ca 2+ chelator (BAPTA, 
1 , 2 - b i s ( 2 - a m i n o p h e n o x y ) e t h a n e - N , N , N ' , N ' . t e t r a a c e t i e  acid) incorporated as its acetoxymethyl ester (BAPTA.AM). 
Acetylcholine (ACh), tetragastrin (TG), histamine and forskolin induced a transitory increase of intraceUular Ca z+ 
concentration, ICaZ+li, measured in gastric glands loaded with CaZ+-sensitive dye fura-2, and provoked an acid 
secretory response evaluated with aminopyrine accumulation ratio (AP ratio). The CaZ+-ionophore A23187 also induced 
an increase in ICa2+h and in AP ratio, cAMP-dependent secretagogues were more potent stimulants of acid secretion 
than cAMP-independent secretagogues, cAMP analogue, 8-bromo-adenosine 3',5'-cyclic monophosphate (8-BR-eAMP) 
induced an increase in AP ratio without modifying [Ca2+h. BAPTA.AM ( 5 - 2 5 / t M )  induced a transient decrease of 
resting [CaZ+]i which returned to basal level due to extracellular Ca z+ entry. Increases in [CaZ+]i produced by ACh and 
TG were abolished by BAPTA and those produced by Ca 2+ ionophore A23187 were partially buffered. BAPTA 
inhibited in a dose-dependent manner H + secretion induced by eholinergie and gastrinergie stimulants in the presence 
of eimetidine. A23187 increased the AP ratio to values similar to those obtained with ACh o r  TG and was not inhibited 
by BAPTA. BAPTA partially inhibited (40%) the increase in AP ratio induced by forskolin and histamine inspire of the 
complete inhibition of the Ca 2+ response. BAPTA did not inhibit the response to 8-BR-cAMP. BAPTA inhibition of 
forskolin stimulation was reversed by A23187 and the response was potentiated. These results indicate that ACh and TG 
response are completely dependent on an increase of [Ca2+]i. The response to cAMP-dependent agonists histamine and 
forskolin depend both on Ca 2+ and cAMP. For forskolin stimulation the response may be the result of a potentiation 
between Ca 2+ and cAMP. 

Introduction 

Cholinergic and gastrinergic stimulants appear to 
induce gastric acid secretion by a dual mechanism in- 
volving the action ot released histamine and a receptor- 
mediated direct effect on the oxyntic or parietal cell 
l l -4] .  The response seems to be the result of potentia- 
i o n  between these two parallel pathways. While the 
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histamine limb is mediated by cAMP [5,6], the direct 
action of the secretagogues appears to involve the par- 
ticipation of Ca 2+ [4,7-9]. This latter action is associ- 
ated with a transient increase in free cytoplasmic Ca 2+ 
concentration, [Ca2+]i [8-13]. Furthermore, cAMP-de- 
pendent stimulants (histamine and forskolin) also ap- 
pear to increase [Ca2+]i [10.12]. The relationship be- 
tween this increase of [Ca2÷]i and the physiological 
response has not been established. It is clear that to 
identify Ca 2+ as a second messenger in the response to 
secrctagogues in gastric acid secretion, the criteria of 
identity of action and collectibility would need to be 
satisfied. According to the first criterion the stimulus 
should increase the intraccllular concentration of the 
putative messenger, in this case, Ca z+. There is evidence 
showing that cholinergic and gastrinergic secretagogues 
induce an elevation of [Ca2+]i linked to extracellular 
Ca 2+ entry a n d / o r  release from intracellular stores 
[8-13]. On the other hand, an increase in [Ca2+]~ pro- 
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duced by the cAMP-dependent secretagogues has been 
reported in isolated gastric glands and parietal cells by 
some authors [9,1032] but not by others [11]. The 
criterion nr identity of action establishes that an eleva- 
tion of the second messenger provokes the physiological 
response. An increase in [Ca2+l~ produced by Ca 2+ 
ionophore should mimic the effect of secretagogue 
stimulation. A corollary to this criterion would be that 
an inhibition of the increase in [Ca2+], induced by the 
secretagogue should inhibit the response. The only evi- 
dence that satisfies this criterion is the stimulation by 
ionophore A23187 in amphibian mucosa [14-16]. How- 
ever, this action has not been demonstrated in roam. 
malian systems [17]. Furthermore, the relationship be- 
tween the increase in [Ca2+]~ observed with secreta- 
gogue stimulation and the acid secretory response has 
not yet been established. 

In this paper, we have studied both criteria with an 
emphasis on the identity of action. In this sense we have 
used the Ca2+-ionophore A23187 to induce an artificial 
elevation in [Ca2+]i. Furthermore. the link between 
secretagogues, Ca 2+ and acid secretion has been in- 
vestigated using an intracellular Ca-" + chelator. BAPTA. 
A preliminary account of this work has already been 
presented [18]. 

Methods 

Gastric' glands 
New Zealand White rabbits, weighing 1-2 kg were 

used for all experiments. Isolated gastric glands were 
prepared as described previously [19]. Briefly, the 
stomach was perfused under high pressure until com- 
pletely exsanguinated, the mucosa stripped from the 
muscle coat and minced to small pieces. The fragments 
were digested with coUagenase (1 mg/ml ,  Sigma Type I) 
in a medium containing (in mM): NaCL 132.4; KCI, 10; 
Na2HPO 4, 5; NaHzPO 4, 1.2; CaCI 2. 1.0; MgCI z, 0.8; 
DTT, 0.5; glucose, 2 mg/ml ;  bovine se.-um albumin, 10 
mg/ml .  Pyruvate (1 mM) was added to prevent formal- 
dehyde toxicity when using the acetoxymethyl deriva- 
tives of Ca 2+ buffers or indicators [20,21]. The initial 
pH was 7.4. Digestion proceeded at 37°C  for 15-20 
min in an oscillating water bath. The gland suspension 
obtained was filtered through nylon mesh and rinsed 
three times in incubation medium without collagenase 
at room temperature. 

Measurement of acid secretion 
Acid secretion by isolated gastric glands was mea- 

sured by the [14C]aminopyrine accumulation ratio 
([t4C]AP) [19]. Glands were equilibrated in incubation 
medium containing 0.1/. tCi/ml [taC]AP during 45 min. 
Aliquots of this suspension were distributed in plastic 
falcon flasks and incubated at 37 ° C  in a shaking water 
bath. Agents were added and after an appropriate in- 
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cubation time. the suspension was briefly centrifuged in 
a microcentrifuge and the supernatant withdrawn. Pel- 
lets were dried overnight, weighed and dissolved in 200 
/.tl of HNO 3 (20%) for I h at 75°C. Samples of dis- 
solved tissue and supernatant were counted in a liquid 
scintillation spectrometer. [14CLAP trapped in extracell- 
ular water was estimated from measurements of inulin 
space in aliquots of gland suspensions treated as for 
[laC]AP measurem~:nts. Student's t-test was used for a 
statistical comparison of AP ratios between two means. 
ANOVA and Dunnet's tests were used for comparison 
of multiple treatments with a single control. 

Measurement of [Ca: "], 
[Ca "-+], was measured using the fluorescent calcium 

indicators, quin2 and fura-2, which were incorporated 
intracellularly as its acetoxymethyl esters, q , i n 2 / A M  
and fura-2/AM [20.22-24]. Glands ~1-2 mg dr2,' 
weight /ml)  were incubated with 25-50 / tM quirl2/AM 
or 5 -10 p,M fura-2/AM in the medium described above, 
for 20 rain at 37°C. Indicator-loaded glands were di- 
luted 3-fold in incubation medium and allowed to stand 
at room temperature until use. Just prior to measure- 
ment. glands were briefly centrifuged and resuspended 
in the same medium, except for indicator and bovine 
serum albumin, which ~ere omitted. Fluorescence was 
measured at 37°C in an Aminco Bowman spectro- 
fluorometer equipped with a stirrer and polarizing filter. 
For quin2, the excitation and emission wavelengths 
were 335 and 495 nm. respectively. The iutracellular 
free calcium concentration was calculated by the dig- 
itonin-EGTA method of Tsien et al. [23]. Quantification 
of [Ca"+]~ in glands when using quin2 was sometimes 
difficult due to fragmentation of glands by digitonin 
which introduced artifacts. Thus, these experiments in 
glands are reported as arbitrary fluorescence changes. 
Fura-2 fluorescence was used to measure transi..~nt 
changes in [Ca2~], induced by secretagogues which 
could not be observed ,vith quin2 due to its buffering 
action. The excitation maxima for emission at 510 nm 
were 340 nm for the Ca2+-bound and 355 nm for the 
Ca'-+-free indicator with a Ca-" +-insensitive excitation at 
360 nm. l 'he fluorescent intensities at 340 and 380 nm 
were measured by rapidly changing the monochromator 
settings by hand. The quantification of [Ca"+]~ was 
made using digitonin and EGTA to obtain fluorescence 
ratios of Ca2+-bound and -free fura-2. [Ca'-÷], was 
determined using the 340/380 ratios according to the 
equation of Grynkiewicz et al. [24] assuming an ap- 
parent K,i of 224 nM. 

The effect of BAPTA on the increase of [Ca'-+]i 
induced by secretagogues is presented as changes in 
fluorescence intensity, since we were unable to actually 
measure [Ca2+]i due to interference of BAPTA with 
fura-2 fluorescence. The entry of BAPTA-AM into the 
cell increased the excited fluorescence at both 340 and 



380 nm. However, qualitative changes in fluorescence at 
340 nm give an indication of the effect of BAPTA on 
secretagogue-induced changes in [Ca z ÷ ]i. 

Histamine, gastrin C-terminal tetrapeptide TG, ACh, 
DB-cAMP, 8-BR-cAMP, collagenase type I, A23187, 
quin2/AM, Hepes and DTT were obtained from Sigma 
Chemical. Forskolin and fu ra -2 /AM were from 
Calbiochem, BAPTA-AM from Molecular Probes and 
[t4C]aminopyrine and [t4C]inulin from New England 
Nuclear. Reagent-grade salts were from E. Merck, 
Darmstadt, F.R.G. Cimetidine was the kind gift of Dr. 
Michael E. Parsons (Smith Kline and French. U.K.). 

Results 

Secretagogue effects on acid secretion and [Ca 2 +] i 
Acid secretion, as measured by AP ratio, was in- 

creased by ACh, TG, histamine, forskolin and 8-BI~.- 
cAMP (Fig. 1). However, the magnitude of this re- 
sponse was dependent on the nature of the stimulus. 
cAMP-dependent secretagogues (histamine, forskolin 
and 8-BR-cAMP) were more potent stimulants than 
ACh and TG. The response to the latter secretagogues 
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Fig. 1. Effect of ACh (10 -3 M), TO (10-:' M). histamine Hist (10 -4 
M). forskolin (FSK, 5 pM) and 8-BR-cAMP (10 -4 M). on the 
ammopyrine uccumulation ratio (A AP ratio) in gastric glands. Glands 
were preincubated with [14C]aminopyrine for 45 rain before the 
addition of secletagognes. After 30 min of stimulation, the AAP ratio 
was measured as described in Methods. Cimetidine (CIM, 10 -3 M) 
was present together with secretagngues except for histamine. Bars 
represent the mean:LS.E, nf aminopyrine accumulation ratio in rest- 
ing and secrctagogue-stimulatcd glands in eight experiments (three 
replicates each). All stimulations were statistically significant in a 

paired t-test (P  < 0.00l). 
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Fig. 2. Effect of ACh (10 -3 M), TO (10 -5 M), histamine (Hist, 10 -4 
M) and forskolin (FSK, 5/~M) on [Ca 2+ li in gastric glands. Glands 
were loaded with fura-2 and diluted as described in Methods. Traces 
on the upper part arc representative recordings of changes in fura-2 
fluorescence (340-510 nm, excitation-emission wavelengths) obtained 
from a single preparation. Ordinate is the [Ca 2+ ]i calculated from 
fluorescence ratios as described in Methods. Bars in the lower part 
represent the mean+S.E, of [Ca 2+]I in resting and secretagogue- 
stimulated glands in n preparations (n in parenthesis). Open bars are 
peak values and hatched bars are sustained values after secretagngne 
stimulation. Basal value of lea 2+ ]i corresponds to the mean+S.E. 
prestimulated [Ca 2"~ ]i of all experiments. * Statistically significant 
difference in Student's paired t-test between peak and corresponding 
basal values (P < 0.0Ot), +between peak and corresponding main- 

tained values (P < 0.01). 

represented about one-third of that obtained with 
cAMP-dependent stimulants. 

As the experiments were performed in the presence 
of cimetidine to eliminate the endogenous histamine 
component, the response to ACh and T G  should corre- 
spond to a direct effect of these secretagogues on the 
parietal cells and independent of cAMP. 

Both cAMP-dependent and -independent seereta- 
gogues induced an increase in [Ca2+]i. However, the 
pattern of response varied according to the stimulant 
(Fig. 2). ACh and T G  produced an elevation in [CaZ+]i 
that was characterized by a rapid ( < 3 s) and transient 
increase decaying to a sustained lower level. The ampli- 
tude of the transient response obtained with ACh was 
larger than that with any other secretagogue. Histamine 
and forskolin elicited an increase in [Ca2÷]i, which was 
slower than with ACh and tetragastrin and was main- 
tained, although there was a tendency for a slow de- 
crease in the sustained level of Ca2% The cAMP ana- 
logue 8-BR-cAMP did not modify basal [CaZ+]i (data 
not shown). 

Acid secretion was more sensitive to cAMP-depen- 
dent than to cAMP-independent secretagogues. In con- 
trast, ACh and T G  increased [Ca2+]i to higher levels 
than did histamine and forskolin. At first glance, it 
would seem from these experiments that there is no 



correlation, or rather an inverse one, between the in- 
crease in [Ca2+]i and  acid secretion. However, we should 
take into account that cAMP is a potent stimulant of 
acid secretion and histamine and forskolin act via this 
pathway. At this point, we do not know how much of 
the secretory response is related to the increase in 
[Ca2+]i. On the other hand, ACh and T G  provoked a 
similar rate of H + secretion with different increases in 
[Ca2+]i. This discrepancy may be due to the fact that  
we are observing changes in a mixed cell populat ion 
which may have a differential sensitivity to secreta- 
gogues. Moreover, the role of the peak and sustained 
levels of Ca z+ in the secretory response has not been 
assessed. It has been proposed by Muallem et al. [13] 
that  the sustained level of Ca 2+ represents Ca 2+ entry 
to the parietal cell and it is responsible for the stimula- 
tion of acid secretion. If this were the case, the similar 
levels of Ca 2. during the maintained phase of the 
response would explain the similar ampli tude of acid 
secretion. However, it has been recently observed in 
purified preparat ions of peptic and  parietal cells or in a 
single parietal cell of glands that both cell types show a 
biphasie increase in [CaZ+]i with cholinergic and  
8astrinergic secretagogues. Nevertheless, we could con- 
sider that  our results satisfy in a qualitative manner  the 
e6ter ia  of colleetibility, that  is, the secretagogues in- 
ca'ease [Ca2+]i. As the isolated gland preparat ion does 
not  permit us to establish a correlation between [Ca-'÷l~ 
and  acid secretion we have taken other approaches 
using a Ca 2+ ionophore and intracellular chelators. 

Ca" ÷-ionophore effects on acid secretion 
According to the criterion of  identity of action, an  

elevation of [Ca2+]i should mimic the effects of 
secretagogues. We have used the CaZ+-ionophore 
A23187 to elevate [Ca2+]i. A23187 induced a dose-de- 
pendent  increase in the AP accumulat ion ratio with a 
maximal effect at  a concentrat ion of 10 nM (Fig. 3). 
lonophore  concentrat ions higher than 20 nM gave sub- 
maximal responses until at 100 nM no effect was ob- 
tained. These experiments are in apparent  contradict ion 
with those of  other authors  who did not observe an acid 
secretory response with A23187 [13,17]. This dis- 
crepancy may be due to the high concentrat ions used by 
these authors. When high concentrat ions were used in 
our  experiments ( > 100 nM), no effect on acid secretion 
was observed. The stimulation of acid secretion by 
Ca2+-ionophore A23187 supports  the criterion of iden- 
tity of  action. 

Effect of  intracellular Ca" + chelators on secretagogue-in- 
duced changes in [Ca" +] ~ and on acid secretory response 

In searching for a correlation between the increase in 
[CaZ+]~ and  acid secretion during physiological stimula- 
tion with cAMP-dependent  and  -independent secreta- 
gogues, we have used intracellular Ca -'+ chelators to 
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Fig. 3. Dose-response curve for A23tg7 on the aminopyrlne accumu- 
lation ratio (JAP ratio). AP ratios were determined at all ionopbore 
concentrations in each gland preparation in the presence of 10- ~ M 
cimetidine 30 rain after addition of A23187. Values are means+_ S.E. 
for four experiments (three replicates each) for each point. Basal 
accumulation (cimetidine) was subtracted from each value for the 
elaboration of the graph. * Statistically different from basal (cimeti- 
dine) values in ANOVA+Dunnet's test (P<0.05 at least). Bar 
represents the effect of ACh (10 -~ M: mean_+S.E.) in the same 
experiments for comparison. The value for ACh was not significantl'~ 

different from the value for tO nM A23187 in a paired t-test. 

buffer the changes in [Ca2~L. We chose BAPTA as a 
buffer for its Ca 2 ~ chelating properties in relation to 
others [22]. BAPTA was generated by intracelhilar 
esterases from BAPTA-AM added to the extracelhilar 
medium [20.23]. As BAPTA interfered with fura-2 and 
quirt2 fluorescence, making the quantification of [Ca 2 ÷ ]i 
unreliable in these conditions, we have evaluated the 
effect of buffers on [CaZ~]~ in resting or stimulated 
gastric glands using different concentrations of quin2 
and fura-2. Increasing concentrations (5-50  ~tM) of 
f u r a - 2 / A M  and q u i n 2 / A M  generated an intracelhilar 
buffer  concentrat ion which did not modify [Ca2+]i in 
the resting state after 30 and  60 mi,~ of incubation 
(results not shown). At shorter times (15 rain) we ob- 
served a tendency to lower resting [Ca2+], especially at 
higher concentrat ions of qu in2 /AM.  These experiments 
suggested that the intracellular buffer reduced transito- 
rily the Ca 2+ concentration. This effect was confirmed 
when BAPTA-AM was added to quin2-1oaded cells 
(Fig. 4). BAP' [A-AM induced a decrease in quin2 fluo- 
rescence followed by a slower return to the basal level. 
The ampli tude of this decrease and  its recovery was 
dependent  on BAPTA-AM concentration. For  5 and 25 
p.M BAPTA-AM, the return to basal signal was achieved 
in a maximum of 15 and 45 min, respectively. For  50 
/~M recovery took 50-60  rain. The second phase of 
increment of fluorescence toward basal levels suggested 
that the cell is able to regulate its [Ca2+]i after per- 
turbation. This would appear  tO be due to net calcium 
entry, since recovery of the basal fluorescence levels was 
not observed when Ca -'+ was omitted from the 
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Fig. 4. Effect of BAPTA on q'-'in2 fluorescence in gastric glands 
bathed in normal or CaZ+°free solution. Glands were loaded with 
quin2 and diluted as described in Methods. After a stable basal 
fluorescence level was obtained, (a) BAPTA-AM (5-50 /~M) was 
added at the arrow as indicated to glands suspended in normal Ca 2+ 
medium. (b). 5 .aM BAPTA-AM was added at the arrow in glands 
suspended in either normal or Ca2+-free medium (0Ca 2+). In the 
latter case. 1 mM Ca 2+ was added again to the cuvene after a few 

minutes. Values are representative of four different experiments. 

extracellular solution but  it was at ta ined upon  readdi-  
tion of  Ca -~+ (Fig. 4b). 

The  action of  BAPTA on secretagogue-induced 
changes in [Ca2+]i was evaluated using fura-2. The  
effect of  secretagogues in the presence of  different  con-  
centrat ions of  B A P T A - A M  is presented as arb i t rary  
fluorescence, since quantif icat ion is not  possible in this 
condition (Fig. 5). BAPTA effectively buffered the 
increases in fluorescence induced by ACh,  T G ,  hista- 

mine  and  forskolin. At  25 p,M ex';racellular BAPTA-AM,  
intracellularly genera ted  BAP' ; 'A was sufficient to 
el iminate the Ca 2+ response !nduced by all secreta- 
gogucs except for a small  r enman t  with ACh.  As 
B A P T A - A M  is able  to inhibit :he increases in [Ca2+]i 
in glands,  this implies that,  at  ~,east at high concentra-  
tions of  buffer,  the increases in ' [Ca2+]i  brought  about  
by secretagogues in parietal  cells must  be inhibited. 

Our  exper iments  indicate that  the intracellular Ca 2+ 
chelators buffer  the increase in [Ca2+]i wi thout  modify-  
ing the resting level if enough t ime were allowed. U n d e r  
these condit ions,  it should be possible to analyze the 
impor tance  of  the increase in [Ca2+]i in the acid secre- 
tory response to different  secretagogues.  

Preincubat ion for 60 min  with B A P T A - A M  pro-  
voked an  inhibition of  the increase in A P  ratio induced 
by ACh,  T G ,  h is tamine  and  forskolin (Fig. 6). O n  the 
o ther  hand,  the Ca  2+ chela tor  did not  have  a significant 
effect on the response to the c A M P  analogue,  8-BR- 
cAMP.  The  inhibitory effect of  B A P T A  was s t ronger  on  
the cAMP- independen t  secretagogues.  While at  5 # M  
B A P T A - A M  a significant reduct ion of  the secretory 
response to A C h  and  T G  was observed,  25 /~M was 
necessary for a significant inhibition of  forskolin and  
his tamine st imulation.  These  effects can  be  best  com-  
pared  when  percentage  of  s t imulat ion is p lot ted as a 
function of  B A P T A - A M  concentra t ion (Fig. 7). The re  
were three groups  of  sccretagogues according to their  
sensitivity to B A P T A - A M .  One  group  (ACh and  T G )  
was s t rongly inhibited by  BAPTA.  In this group,  the 
effects of  B A P T A  on A P  rat io were correlated with its 
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Fig. 5. Effect of BAPTA on increases in fura-2 fluorescence changes induced by secretagogues. Isolated gastric glands were loaded with fura-2 as 
described in Methods. After that, the glands were preincubated for 60 rain at 37°C with different concentrations of BAPTA-AM (0.5, 25 .uM). 
After washing of extracellular BAPTA-AM, fluorescence changes in response to ACh (10 -3 M), TG (10 -2 M). histamine (Hist, 10-4 M) and 
forsknlin (FSK, 5 ,aM) were measured at an excitation of 340 nm (emission 510 nm). As intracelluk, r BAPTA interfered with the calibration of the 
fura-2 signal, arbitrary fluorescence is shown. Recordings of changes in fura-2 fluorescence in glands from the same preparation. Values are 

representative of four experiments. 
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Fig. 6. Effect of BAPTA on the increase in aminopyrine accumulation ratio (3AP ratio) elicited by ACh (10 ~ M). TG (10 s M), histamine (Hist, 
10 -4 M). forskolin (FSK. 5 bcM), 8-BR-eAMP (10 -a M). Isolated gastric glands were premcubated with [t~Claminopyrine and BAPTA-AM (0. 5, 
25/~M) during 60 min. Secretagogues were added in the continuous presence of BAPTA.AM for 30 rain more. At the end of the stimulation period, 
the AP ratio was measured as described in Methods. Cimetidine (CIM. 10-3 M) was present together with secretagogues except for histamine. The 
z~ AP ratio was obtained by subtracting basal cimetidine value from each preparation from secretagogue-stimulated values. Bars correspond to the 
mean + S.E. for four experiments (three replicates each). * Statistically significant difference with ANOVA + Dunnet's test between AP ratio in the 

presence or in the absence of BAPTA-AM. (P < 0.05 at least), n.s., non significant. 

effect on intracellular Ca  2+ change. At  25 ,aM, BAPTA- 

A M  abolished acid secretion and Ca 2+ increase induced 
by TG.  At  the same concentrat ion of BAPTA-AM,  ACh  

was able to induce a small  response in both  A P  accumu- 
la t ion and [Ca2+]i. This  suggests that  the secretory 
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Fig. 7. Comparison of the effect of BAPTA-AM on the percentage of 
stimulation induced by the different secretagngnes. Concentrations 
were the same as used in Fig. 6. Values are means + S.E. of  percentage 
of stimulation in the presence of different concentrations of BAPTA- 
AM relative to its own control value without BAPTA-AM. Dat,~ were 
calculated from individual experimental values presented in Fig. 6. 
* Significantly different from 1007o values without BAPTA (P < 0.05 

at least), n.s., non significant. 

response to ACh and T G  is strongly dependent  on the 

increase of [Ca'-+L elicited by themselves. Regarding 
the cAMP-dependent  secretagogues, histamine and for- 
skolin,  the inhib i t ion  of acid secretion by BAPTA was 

only part ial  in spite of a complete e l iminat ion of  the 
Ca 2+ response. The  acid secretory response to these 

secretagogues was then part ial ly dependent  on an in- 

crease in [CaZ÷]~. The  fraction of  acid secretion insensi- 

t ive to BAPTA is most likely to be due to an increase in 

[cAMP]i brought  about  by these secretagogues. Further-  
more, BAPTA did  not  have a significant effect on acid 
secretion induced by 8-BR-cAMP which did not pro- 

duce any increases in [Ca2+]i . In this case. the acid 

3o0[ f ,ooo~ 
:E IO0 riM+ BAPTA 

~,°°F ~ . . . . . . .  

Fig. 8. Effect of A23187 on [Ca" • l, in the presence or absence of 
BAPTA. Recordings of changes [Ca"* ]i in gastric cells were mea- 
sured by quin2 fluorescence (see Methods) induced by I0 or 160 nM 

A23!87 values are representative ,f three different preparations. 
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Fig. 9. Time-course of the effect of 5 #M forskolin and 10 nM A23187 
in the presence or absence of 25 pM BAPTA-AM. All experiments 
were performed in the presence of 10 -3 M cimetidine. Glands were 
preincubated with BAPTA-AM (25/tM) 60 rain prior to the addition 
of stimulants. Values are means+S.E, of four experiments (three 
replicates each). = Significantly different with respect to the group 
treated with BAPTA-AM and forskolin at each time-point ( P < 0.0ll. 

response would be dependent only on the increases in 
[cAMP] i. 

The fact that BAPTA-AM partially inhibits the am- 
plitude of the AP ratio response to cAMP-dependent 
secretagogues indicated that the inhibited fraction is 
associated with the increase in [Ca2+]~. Since A23187 
increases [Ca2÷]~ even in the presence of BAPTA (Fig. 
8), we have attempted to reverse the inhibitory effect of 
the chelator on forskolin stimulation using A23187. The 
time-course of forskolin stimulation in the presence or 
absence of BAPTA and the effect of Ca 2+ ionophore on 
these conditions are presented in Fig. 9. Forskolin 
induced an increase in AP ratio which peaked at 30 min 
and maintained at a lower level. In the presence of 25 
btM BAPTA-AM, forskolin induced a stimulation which 
was partially inhibited. The response was maintained at 
a level not different from that reached at 60 min without 
BAPTA-AM; the transitory fraction of the forskolin 
response was inhibited by the chelator. The response to 
forskolin and A23187 in the presence or absence of 
BAPTA-AM presented a transitory phase of an ampli- 
tude not significantly different from that observed with 
forskolin alone; however, the response was slower. The 
effect of ionophore alone in the presence of BAPTA-AM 
was small but significant. These results support the 
conclusion drawn earlier than an important fraction of 
the forskolin response is dependent on an increase in 
[Ca 2+ ]~ elicited by cAMP-dependent stimulants. 

D i s c u s s i o n  

The aim of this work was to arlalyze the involvement 
of Ca -*+ in the response to secretagogues according to 
the criteria of collectibility and identity of action. These 
criteria have been widely used to show the involvement 
of neurotransmitters in central nervous system func- 
tions [25]. In the course of this work, we have presented 
evidence that supports these criteria for the cAMP-inde- 
pendent secretagogues, ACh and tetragastrin, as well as 
the cAMP-dependent secretagogues, histamine and for- 
skolin. These stimulants increased [Ca2+]~ and acid 
secretion in our preparation of isolated gastric glands. 

Although AP accumulation is an index of parietal 
cell activity, the increase in [Ca2+]i brought about by 
secretagogues should reflect the response of both peptic 
and parietal cells in the gland. However, part of the 
Ca 2+ response to ACh, TO and forskolin observed by 
us should be taking place in the parietal cell; cholinergic 
and gastrinergic secretagogues and forskolin have been 
shown to increase [Ca2+]i in purified parietal cell pre- 
parations [10] and in single parietal cells of isolated 
glands [12]. Moreover, the change in [Ca2+]i induced by 
histamine must be occurring in the parietal cells, since 
this secretagogue specifically stimulates this cell type. 
Our results do not permit us to assess the source of 
Ca 2+ for the increase in both cell types. However, it has 
been shown that in both peptic and parietal cells, the 
change in [CaZ+]~ involves the release of Ca 2+ from 
intracellular stores and extracellular Ca 2+ entry [10,12]. 
We have observed a reduction in the Ca 2+ response to 
ACh after a first stimulation with TG, forskolin and 
histamine (Fig. 4), suggesting that these seeretagogues 
may release Ca 2+ from the same intracellular pool. This 
supports previous observations by other groups [9,10,12]. 
We can conclude that all secretagogues used here (ex- 
cept 8-BR-cAMP) increase [Ca2+]i in the gland and 
most probably in the parietal cell. A quantitative rela- 
tionship between acid secretion and [Ca2+]~ increase 
cannot be established in view of the existence of two 
main cell types in the gland preparation. 

The use of Ca 2+ ionophore and the intracellular 
Ca 2+ chelator, BAPTA, has permitted us to analyze the 
relationship between Ca z+ and acid secretion in glands 
(criterion of identity of action). The stimulation of acid 
secretion by Ca 2+ ionophore observed here is, in itself, 
evidence that Ca z+ can activate the secretory process. 
This activation has been shown previously in amphibian 
gastric mucosa [14-16] but not in mammalian prepara- 
tions [13,17]. This negative observation may have been 
caused by the use of high concentrations of A23187 (1 
/tM), which upon acting as a protonophore would c o l  
lapse the proton gradient developed across the apical 
membrane. We have observed stimulation of AP accu- 
mulation at low concentrations of A23187 (0.1-50 riM) 
but not at higher ones. Perhaps at low concentrations 



the ionophore does not reach the organelles and apical 
membrane in a sufficient amount to cause a dissipation 
of the H + gradient. In this context we should mention 
that we have only observed exhaustion of intracellular 
Ca 2+ pools at high concentrations of A23187 (1 .aM) 
(unpublished data). 

The inhibitory effect of BAPTA on stimulation 
induced by ACh, TG, histamine and forskolin repre- 
sents strong evidence in favor of Ca 2+ as a second 
messenger in the secretory response. The effect of 
BAPTA was that of buffering the Ca '-+ transients 
induced by secretagogues. If enough time was allowed 
(45-60 min), the transitorily reduced resting levels 
returned to normal. The restoration of the basal con- 
centration of Ca 2+ was shown to be dependent on the 
entry of extracenular Ca 2+. This is what should be 
expected in a regulated system [23,26]. The resting 
[Ca2+]~ results from a balance between leaking and 
pumping rate. Addition of buffer decreases [Ca2~]i, 
thus activating the regulatory mechanisms which, in 
turn, trigger an increase in Ca z+ entry a n d / o r  a de- 
crease in pump rate. 

The inhibitory effects of BAPTA do not appear to be 
due to a toxic or side-effect of this compound. The 
formation of formaldehyde resulting from the hydroly- 
sis of BAPTA-AM does not seem to be respom-ible for 
its effects. In control experiments, formaldehyde up to 2 
mM did not inhibit the secretory response to 8-BR- 
cAMP. Moreover, BAPTA did not inhibit the secretory 
response to cAMP analogues (Fig. 8) nor basal 02 
consumption (data not shown). On the other hand, we 
have observed that the inhibition by BAPTA of for- 
skolin stimulation is reversible upon addition of Ca '-÷- 
ionophore A23187. Therefore, the effects of BAIri 'A-AM 
do not appear to be unspecific but are rather due to 
intraceilular Ca 2+ buffering by BAPTA. 

The differential action of BAPTA on the secretory 
response permits the definition of three groups of 
secretagogues. In the first group belong ACh and TG 
where BAPTA inhibited both the Ca z+ and secretory 
responses. The small difference seen between secreta- 
gogues may be due to a larger ability of ACh to increase 
[Ca2+]i. These secretagogues do not increase cAMP 
concentration and appear to depend here solely on the 
increase in [Ca2+]i. I t  has been shown that ACh 
increases the production of inositol triphosphate (IP3) 
[10,27]; the release of Ca 2+ by IP 3 may be one of the 
mechanisms by which ACh increases [Ca2+]i. In the 
generation of IP 3 from phosphoinositides, diacylglycerol 
is also produced, which in turn activates protein kinase 
C (see Ref. 28 for a review). In many systems the 
physiological response appears to be the result of the 
interaction between the CaZ+-activated and the protein 
kinase C-activated pathways [29]. In isolated pancreatic 
acini, carbachol induced a secretory response larger 
than that obtained with ionomycin despite similar 
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increases in [Ca -~ ~ ],. This may be due to the interaction 
between Ca 2 ~ and protein kinase C in the case of 
carbachol stimulation [30]. In our experiments, buffer- 
ing of the ACh and TG-induced change in [Ca-'+], led 
to an inhibition of the secretory response. However. at 
high BAPTA-AM concentration, the small secretory 
response to ACh may be related to a residual inc"ease in 
[Ca2~]~ not completely buffered by BAPTA (Fig. 5). 
Also. this fraction of the response might be linked to 
protein kinase C act;ration by diacylglycerol. In this 
sense, it is worth mentioning that diacylglycerol is pro- 
duced during carbachol stimulation of parietal cells and 
that protein kinase C activators can increase secretory 
activity under controlled conditim~ r [27,31]. On the 
other hand. maximal responses to ACh. TG and A23187 
are rather similar. Therefore. ACh and TG responses 
appear to be dependent primarily on the increase in 
[Ca2+],. Thus. cholinergics and gastrin wol~ld be Ca z+- 
dependent/cycl ic  AMP-independent secretagogues. 

Histamine and forskolin also increase both [Ca-'+], 
and acid secretion. The inhibition by BAPTA of the 
increase in [Ca-'+], and partial inhibition of secretion 
indicate that Ca:  ~ participates significantly in the re- 
sponse to these secre'agogues. On the other hand, the 
lack of effect of BAPTA on the secretion stimulated by 
8-BR-cAMP and the large fraction of histamine and 
forskolin untouched by the Ca '~ chelator, confirms the 
importance of cAMP as a messenger in stimulation by 
these secretagogues. Taking into account the maximal 
secretion produced by calcium alone and the BAPTA- 
inhibited fraction (Ca 2÷-dependent) of histamine- and 
forskolin-stimulated secretion, it would appear from 
simple calculations that potentiating interactions be- 
tween Ca "-+ and cAMP may account for the response. 
Clearly, a detailed analysis is required to define the 
quantitative participation of each messenger in the re- 
sponse. Thus, histamine and forskolin would conform 
to a second group of secretagogues being Ca "~+- and 
cAMP-dependent. 

The response to agents that elevate cAMP bypassing 
the receptor and adenylate cyclase. 8-BR-cAMP and 
DB-cAMP, does not depend on an elevation of [Ca 2+ ]i- 
They are thus Ca-" +-independent/cAMP-dependent. 

The elevation of [Ca '-+ 1, by histamine and forskolin 
makes the mechanisms for this increase unclear. The 
lack of effect of 8-BR-cAMP would suggest production 
of cAMP is not necessary to trigger the increase in 
[Ca2+]i. The binding of histamine to the H 2 receptor 
could activate a G protein, different from the G~, of the 
adenylate cyclase complex, which could be coupled to a 
phospholipase. Furthermore, forskolin not only activates 
the catalytic subunit of adenyl cyclase, but also the (3., 
proteins of the enzyme complex [32]. In this case it may 
also act on other G proteins regulating a phosphclipase. 
Neither the finding nor these hypotheses can rule out at 
present the possibility of an increase in Ca -'+ elicited by 
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cAMP. As pointed out  by Negulc~cu and Machen [12], 
the increase in cAMP brought  about  by 8-BR-cAMP 
and DB-cAMP may be much slower than that  produced 
by histamine and forskolin, dampening  the effect that 
cAMP may have on intracellular Ca 2+ levels. 
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