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Thapsigargin potentiates histamine-stimulated HCI
secretion in gastric parietal cells but does not mimic

cholinergic responses

C.S. Chew* and A.C. Petropoulos
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Morehouse School of Medicine
Atlanta, Georgia 30310-1495

The role of calcium in control of HCI secretion by
the gastric parietal cell was examined using a re-
cently available intracellular calcium-releasing
agent, thapsigargin, which has been shown, in some
cell types, to induce sustained elevation of intra-
cellular calcium ([Ca?*]), an action that appears to
be independent of inositol lipid breakdown and
protein kinase C activation and to be mediated, at
least partially, by selective inhibition of endoplasmic
reticulum Ca?*-ATPase. Using the calcium-sensitive
fluorescent probe, fura-2, in combination with dig-
itized video image analysis of single cells as well
as standard fluorimetric techniques, we found that
thapsigargin induced sustained elevation of [Ca?*];
in single parietal cells and in parietal cells popu-
lations. Chelation of medium calcium led to a tran-
sient rise and fall in [Ca®*];, indicating that the sus-
tained elevation in [Ca®?'], in response to
thapsigargin was due to both intracellular calcium
release and influx. Aithough thapsigargin appeared
to affect the same calcium pool(s) regulated by the
cholinergic agonist, carbachol, and the pattern of
thapsigargin-induced increases in [Ca®'], were
similar to the plateau phase of the cholinergic re-
sponse, thapsigargin did not induce acid secretory
responses of the same magnitude as those initiated
by carbachol (28 vs 600% of basal). The protein ki-
nase C activator, 12-O-tetradecanoyl phorbol-13-
acetate (TPA) potentiated the secretory response
to thapsigargin but this combined response also
did not attain the same magnitude as the maximal
cholinergic response. In the presence but not the
absence of medium calcium, thapsigargin poten-
tiated acid secretory responses to histamine, which
elevate both cyclic AMP (cAMP) and [Ca?*], in pa-
rietal cells, as well as forskolin and cAMP analogues
but had no effect on submaximal and an inhibitory
effect on maximal cholinergic stimulation. Further-
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more, thapsigargin did not fully mimic potentiating
interactions between histamine and carbachol, ei-
ther in magnitude or in the pattern of temporal re-
sponse. Assuming that the action of thapsigargin
is specific for intracellular calcium release mech-
anisms, these data suggest that 1) sustained influx
of calcium is necessary but not sufficient for cho-
linergic activation of parietal cell HCI secretion and
for potentiating interactions between cAMP-de-
pendent agonists and carbachol; 2) mechanisms in
addition to elevated [Ca?'], and protein kinase C
activation may be involved in cholinergic regulation;
and 3) increases in [Ca?*], in response to histamine
are not directly involved in the mechanism of his-
tamine-stimulated secretion.

Introduction

Calcium plays a central role in regulation of
stimulus-secretion coupling in a variety of tis-
sues. It is generally accepted that certain
classes of hormones, paracrines, neurotrans-
mitters, and growth factors initiate cellular
responses through an increase in the cellu-
lar messengers, inositol 1,4,5 trisphosphate
(InsP3)' and diacyiglycerol, and subsequent ele-
vation of [Ca?*]; and activation of protein kinase
C. Secretion of HCI by the gastric parietal cell,
which lines gastric pits within the gastric mu-
cosa, also appears to depend on changes in
[Ca?*); and perhaps activation of protein kinase
C, at least when stimulated with cholinergic ag-
onists and the hormone, gastrin (Chew, 1989;
Forte and Soll, 1989; Soll and Berglindh, 1987).
In all, there are three classes of well-character-
ized stimulants of HCI secretion, including ace-
tylcholine and analogs, gastrin, and cholecys-
tokinin, which appear to act on the same
receptor, and histamine, which acts via H,-type
receptors. Both the cholinergic agonist, car-
bachol, and gastrin have been shown to elevate
[Ca?*]; in isolated parietal cells (Muallem and

! Abbreviations: AP, *C-aminopyrine; BAPTA, 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid; CPT-
CcAMP, 8-(-4-chlorophenylithio)adenosine 3":5"-cyclic mono-
phasphate; InsP;, inositol 1,4,5 trisphosphate; TPA,
12-O-tetradecanoyl phorbol-13-acetate.
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Sachs, 1985; Chew and Brown, 1986; Negu-
lescu and Machen, 1988), apparently via InsP3-
dependent mechanisms (Chew and Brown,
1986), and to activate protein kinase C (Park et
al., 1987). Chelation of extracellular calcium has
been known for some time to inhibit secretion
in response to these agonists (Berglindh et al.,
1980; Soll, 1981; Chew, 1985b). In contrast, the
stimulatory effects of histamine, which char-
acteristically activate adenylyl cyclase, elevates
cyclic AMP (cAMP) (Chew et al., 1980) and ac-
tivates parietal cell cAMP-dependent protein
kinase(s) (Chew, 1985a), are not substantially
affected by chelation of extracellular calcium
(Berglindh et al., 1980; Soll, 1981; Chew, 1985b).
Additional evidence suggesting that histamine
initiates HCI secretion via a cAMP-dependent
pathway separate from that activated by cal-
cium-dependent agonists includes both in vivo
and in vitro observations of potentiating inter-
actions between histamine and carbachol and
histamine and gastrin (c.f. Forte and Soll, 1989).

On the basis of such observations, it was
generally accepted that histamine exerts its
stimulatory effects on HCI secretion via cAMP-
dependent pathway and carbachol and gastrin
activated other calcium-dependent events,
which then initiated HCI secretion. Utilization of
calcium-sensitive fluorescent probes such as
fura-2 (Grynkiewicz et al., 1985) has indicated,
however, that histamine elevates parietal cell
[Ca?*]; by mechanisms involving both intracel-
lular release and extracellular influx (Chew and
Brown, 1986; Michaelangeli et al., 1989; Ne-
gulescu et al.,, 1989; Chew and Ljungstrém,
1990; Ljungstrém and Chew, 1990). These ob-
servations have led to a reinvestigation of the
role of calcium in histamine-stimulated HCI se-
cretion. New data have shown that although
chelation of medium calcium with ethylene gly-
col-bis(8-aminoethyl ether)-N,N,N’,N'-tetraace-
tic acid (EGTA) has a small to no effect on his-
tamine-stimulated parietal cell acid secretion
[measured indirectly in vitro as cellular accu-
mulation of the weak base, '*C-aminopyrine
(AP)], chelation of intracellular calcium using the
cell-permeant acetoxymethyl ester form of 1,2-
bis(2-aminophenoxy)ethane-N, N, N', N'-tetra-
acetic acid (BAPTA) leads to a partial inhibition
of the secretory response. Under the same
conditions, secretion in response to carbachol
is completely inhibited (Brown and Chew, 1989;
Michaelangeli et al, 1989; Negulescu et al,
1989). Since both EGTA and BAPTA may affect
cellular events that are not directly related to
activation of secretion, these experiments do
not conclusively demonstrate a role for calcium
in histamine-stimulated secretion.
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In recent studies of calcium response pat-
terns in single cultured parietal cells in which
secretory responses and changes in [Ca?*], can
be measured within the same cell (Chew and
Ljungstrém, 1990; Ljungstrom and Chew, 1990),
calcium signaling patterns with histamine were
found to be substantially different from those
with carbachol. In response to histamine, asyn-
chronous oscillations in the calcium signal were
observed in ~50% of cells stimulated with
doses of histamine that elicited maximal secre-
tory activity. Oscillations in calcium responses
were also observed with submaximal doses of
histamine. After cholinergic stimulation, how-
ever, oscillations were observed only at doses
of carbachol below the ECs, for that agonist
(Ljungstrom and Chew, 1990). In addition to dif-
ferences in calcium signaling patterns, it was
observed that although the majority of cells in
which histamine-stimulated secretion was de-
tected also responded with increased [Ca?'];,
in ~20% of cells in which secretory responses
were observed, there was no detectable change
in [Ca?*].. These data have, therefore, raised
additional questions regarding the role of cal-
cium in histamine-stimulated HCl secretion and
suggested that different calcium signalling pat-
terns might result from agonist effects on dif-
ferent pool(s) of [Ca?®*];.

Recently, an unusual tumor promoter, thap-
sigargin, a sesquiterpene lactone occurring
naturally in the roots of Thapsia garganica L.
(Christensen et al., 1982), has been shown to
elevate [Ca?']; in several different cell types
(Thastrup et al., 1987; Ohuchi et al., 1988;
Scharff et al., 1988; Brayden et al., 1989; Cheek
and Thastrup, 1989; Foder et al., 1989; Take-
mura et al., 1990; Thastrup et al., 1990). Unlike
12-O-tetradecanoyl phorbol-13-acetate (TPA),
thapsigargin has not been found to increase
InsP3 or to activate protein kinase C (Hakii et
al., 1986; Jackson et al., 1988). With one known
exception (NG115-401L cells), thapsigargin
produces a sustained rise in [Ca?*]; that appears
to occur via an InsPs-independent mechanism
involving specific inhibition of microsomal Ca-
ATPase activity (Thastrup et al., 1990) and per-
haps calcium influx occurring as a result of de-
pletion of intracellular calcium stores (Thastrup
et al., 1990; Putney, 1986). Thus, the mecha-
nism by which thapsigargin elevates [Ca®'];
presumably involves inhibition of calcium uptake
into intracellular pool(s) rather than effects on
release mechanisms. In most studies to date,
thapsigargin has been utilized to study calcium
influx/release mechanisms; however, this agent
has been shown to stimulate histamine release
by mast cells (Ali et al., 1985; Ohuchi et al.,
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1989), to cause electrogenic anion secretion in
human colonic epithelial cell monolayers (Bray-
den et al., 1989), to stimulate catecholamine re-
lease from adrenal chromaffin cells (Cheek and
Thastrup, 1989), to initiate a respiratory burst
response in neutrophils and to potentiate the
action of TPA-like tumor promoters in these
same cells (Kano et al., 1987). Thus, at least in
some cell types it appears that sustained ele-
vation of [Ca?"]; is sufficient to initiate a secre-
tory response.

In this study we utilized thapsigargin as a po-
tential tool to define further the role of calcium
in control of stimulus-secretion coupling in the
gastric parietal cell in general and, more spe-
cifically, the role of calcium in histamine-stim-
ulated secretion. Since initiation of HCI secre-
tion in parietal cells involves a complex series
of events, including membrane fusion and re-
location of H*,K*-ATPase or proton ‘“‘pump’’
from intracellular tubulovesicles to the apical or
secretory membrane (Forte and Soll, 1989), it
was of interest to determine whether or not a
simple elevation in [Ca?*]; was sufficient to ini-
tiate a significant secretory response in this cell

type.

Results

Effects of thapsigargin on parietal cell [Ca**];

Before utilizing thapsigargin to study the role of
calcium in HCI secretion, it was necessary to
determine 1) whether this tumor promoter el-
evates [Ca?*), in parietal cells and 2) if so,
whether the rise in [Ca?*]; is transient or sus-
tained. In addition, we wished to know if thap-
sigargin released calcium from the same intra-
cellular pool(s) as carbachol. Both acutely
isolated, highly enriched parietal cell popula-
tions and parietal cells in primary culture were
loaded with the calcium-sensitive fluorescent
probe, fura 2, and then were stimulated with
thapsigargin at different concentrations (0.1 nM
to 1 uM). Initial experiments indicated that
thapsigargin induced a maximal rise in [Ca®*];
between 0.1 and 1 uM with an approximate ECs,
of 30 nM (not shown). Spectrofluorimetric re-
cordings of responses of highly enriched pari-
etal cell populations (>95%) to 1 uM thapsi-
gargin followed by 100 uM carbachol are shown
in Figure 1A. Thapsigargin induced a slow rise
in [Ca?*]; that reached a maximum within ~40
s. Further addition of carbachol did not induce
a further rise in [Ca?*];; however, addition of the
calcium ionophore, ionomycin (3 uM) led to a
substantial increase in [Ca?*]; (Figure 1). These
data indicate that, unlike thapsigargin, the ion-
ophore affected calcium release/influx mecha-
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Figure 1. Thapsigargin induces sustained elevation of
[Ca?*]; and appears to act on carbachol-sensitive calcium
pool(s) in enriched parietal cell populations. Parietal cells
were isolated and enriched using a combination of Nycodenz
gradients and centrifugal elutriation then loaded with fura-
2 and placed in a thermostated cuvette (37°C) in a spec-
trofluorimeter as described in Methods. Agonists were
added at times indicated in recordings (arrowheads). C, 100
uM carbachol; T, 1 uM thapsigargin; |, 3 uM ionomycin. Re-
cordings in figure were from replicate samplings of the same
cell population and were made at 340 nm excitation, 510
nm emission wavelengths. Ratioed 340/380 nm data ac-
quired by rapid manual changes of wavelengths with sam-
ples run in parallel yielded the same information (not shown).
Experimental protocols were repeated in triplicate in four
other cell preparations with similar results.

nisms in addition to those regulated by car-
bachol. In other experiments (not shown)
chelation of medium calcium did not block the
initial rise in calcium in response to thapsigargin
nor that to secondary addition of ionomycin;
however, the rise in calcium was not sustained
under these conditions (see single-cell data be-
low). We previously showed that ionomycin
transiently elevates [Ca?*]; in parietal cells upon
chelation of extracellular calcium (Brown and
Chew, 1989). Present results indicate that
thapsigargin also releases calcium from intra-
cellular stores. Since ionomycin caused a fur-
ther rise in [Ca®*]; after thapsigargin, which was
independent of extracellular calcium, it was
concluded that thapsigargin acts more selec-
tively on intracellular calcium pool(s) than cal-
cium ionophores.

When cells were first stimulated with car-
bachol (100 uM) followed by 1 uM thapsigargin,
a further rise in [Ca?*]; was usually detected in
cell populations. lonomycin had a similar effect
with this protocol (Figure 1B). Thus, cell popu-
lation data indicated that thapsigargin and car-
bachol affected the same calcium pools but
suggested that thapsigargin might also release
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calcium from carbachol-insensitive pool(s).
Since these experiments were performed in cell
populations, an alternative explanation was that
although not all cells in the population were re-
sponsive to carbachol, at least a portion of the
carbachol-insensitive cells did respond to thap-
sigargin. These hypotheses were tested using
digitized video image analysis of single cells.
Stimulation of single parietal cells with maximal
doses of carbachol (100 uM, Figure 2A) elicited
a characteristic rapid rise in [Ca?*]; followed by
a decline to a sustained plateau phase. Addition
of a maximal dose of thapsigargin after car-
bachol (1 uM, Figure 2A) elicited no further in-
crease in [Ca?*],. In the reverse experiment,
prestimulation of single cells with 1 uM thap-
sigargin induced a slow rise in [Ca?*]; as in cell
populations (compare Figures 1A and 2B). Fur-
ther addition of carbachol (100 uM) caused a
small additional increase in [Ca®*]; in ~28% of
cells so challenged (11 of 39 in 9 different prep-
arations). Figure 2B depicts a recording from a
cell in which carbachol was found to elicit a
small further rise in [Ca?*];. Based on these sin-
gle-cell measurements we concluded 1) that
thapsigargin affects the same calcium pool(s)
as carbachol, although it sometimes less potent
and 2) that the calcium response pattern with
thapsigargin in single cells mimics the plateau
phase of the cholinergic response but not the
initial phase which, with carbachol, is charac-
terized by a rapid rise in [Ca®*]; followed by a
relaxation to a lower steady-state level (Muallem
and Sachs, 1985; Chew and Brown, 1986; Ne-
gulescu and Machen, 1988; Ljungstrém and
Chew, 1990).

In other single cell experiments (Figure 2C),
chelation of extracellular calcium with EGTA
was found not to prevent the initial thapsigargin-
induced rise in [Ca®']; but to abolish the sus-
tained phase of the response. These data sup-
port conclusions reached from experiments with
parietal cell populations (see above) that thap-
sigargin releases calcium from intracellular
pool(s). Thus, the sustained phase of the [Ca®*];
response to thapsigargin in parietal cells must
be due to calcium influx as proposed for hepa-
tocytes (Thastrup et al, 1990) and adrenal
chromaffin cells (Cheek and Thastrup, 1989).

Interactions of thapsigargin and TPA on
parietal cell acid secretory activity

Thapsigargin alone had only a very small effect
on parietal cell acid secretion measured as AP
accumulation in isolated, enriched parietal cells
and in gastric glands. In parallel experiments,
comparisons of thapsigargin-induced AP ac-
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Figure 2. In single parietal cells in primary culture, pre-
stimulation with carbachol blocks the thapsigargin-in-
duced rise in [Ca?*], and pre-stimulation with thapsigargin
effectively reduces the cholinergic response. Cells were
isolated, enriched, and placed in primary culture as de-
scribed in Methods. After 2 d of culture, cells were loaded
with fura-2, placed on the stage of a Zeiss IM35 microscope,
and images of cellular [Ca®*]; (detected as changes in flu-
orescence intensity of intracellular fura 2 with an ISIT camera
and expressed as 340/380 nm ratios with correction for
background fluorescence) were captured and stored on a
SUN 3/280 hard disk using Inovision Ratiotool software rou-
tines. Recordings in figure are expressed as 340/380 nm
ratios of fura-2 fluorescence instead of [Ca?*]; because of
uncertainties associated with numeric calibration proce-
dures (Ljungstrom and Chew, 1990). Horizontal lines be-
neath recordings indicate continued presence of agonist.
Thapsigargin, 1 uM; carbachol, 100 uM. Recordings are from
two adjacent cells in A and a single cell in B and C. In C,
perfusion medium was changed to a nominally calcium-free
medium (no added calcium, 0.5 mM EGTA, indicated by
arrow in figure) before thapsigargin was added. Data is rep-
resentative of responses of other cells within the same
preparation and of 35 additional cells in 6 other preparations.
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Figure 3. AP accumulation in gastric glands in response
to increasing doses of carbachol. Gastric glands were iso-
lated by collagenase digestion and '“C-aminopyrine accu-
mulation measured (Methods) after a 45 min temperature
equilibration followed by incubation with indicated doses of
carbachol for 15 min. Basal AP accumulation ratios averaged
19.7 + 0.7 (n = 5) for this group of experiments. AP accu-
mulation ratios in response to 0.3 uM carbachol represented
minimal detectable carbachol response (25% above basal)
and are similar to AP accumulation responses obtained with
maximal thapsigargin (see Results).

cumulation with that elicited by different doses
of carbachol indicated that the maximal thap-
sigargin response (28 + 6% above basal, n = 5)
was approximately equivalent to that elicited
with a minimally active dose of carbachol (0.3
uM, Figure 3). To test the hypothesis that pro-
tein kinase C activation was required to mimic
fully the cholinergic response, glands were
treated with TPA alone, thapsigargin alone, or
thapsigargin + TPA. Maximal doses of TPA were
chosen based on previously published data
(Brown and Chew, 1987) and from initial exper-
iments in which doses of TPA ranging from 0.1
nM to 1 uM and doses of thapsigargin from 1
nM to 1 uM were tested (not shown). Data in
Figure 4 show that the combined effect of TPA
+ thapsigargin elicited a response that was
greater than additive; however, comparison of
these data with carbachol dose-response data
in Figure 3 indicates that the maximal response
that could be elicited with TPA + thapsigargin
approximated the response to 1 uM carbachol
which is ~4 times less than the EC5, (4.5 + 0.04
uM, n = 5) for that agonist.

Thapsigargin potentiates AP accumulation
responses to histamine, forskolin, and cAMP
analogues and carbachol

Since thapsigargin produced a rise in [Ca?*];
similar to the plateau phase elicited by doses
of carbachol above the ECs, for that agonist
(Ljungstrom and Chew, 1990), it was of interest
to determine whether or not this calcium re-
sponse pattern had any effect on acid secretory-
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Figure 4. Combined actions of thapsigargin and TPA elicit
a potentiated secretory response in gastric glands. Glands
were isolated and AP accumulation measured as described
in Figure 3. Agonists were present in incubation flasks for
15 min. DMSO (0.2%) and cimetidine (10 uM) were added
to all flasks; THAP, 1 uM; TPA, 0.1 uM. Values are means
+ SEM for nine preparations. *p < 0.01 significantly greater
that predicted additive responses.
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related responses to histamine, which not only
to elevates cCAMP in parietal cells but also may
induce slow, asynchronous oscillations in [Ca?*);
in this cell type (Chew and Ljungstrom, 1990;
Ljungstrém and Chew, 1990). With histamine,
thapsigargin was found to induce a potentiated
response to both low (Figure 5) and maximal
(Figure 6) doses of histamine. In dose-response
experiments, the potentiating effect of thapsi-
gargin was found to approximate closely the
dose range that elicited increases in [Ca?*];
(Figure 7, ECgso = 26 + 7 nM). In contrast, thap-
sigargin did not enhance AP accumulation in
response to low or high doses of carbachol
(Figures 5 and 6) and was found to reduce the
response to maximal doses of carbachol (Figure
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Figure 5. Thapsigargin potentiates AP accumulation in
response to histamine, forskolin, and CPT-cAMP but not
carbachol. Gastric glands were isolated and AP accumu-
lation measurements performed as described in Figure 3.
Incubation time with agonists was 10 min. DMSO, 0.1%
was included in all flasks. THAPS, 1 uM thapsigargin; HIST,
1 uM histamine; CARB, 0.3 gM carbachol; cptcAMP, 0.5
mM; FSK, 0.3 uM forskolin. Cimetidine (10 M) was included
with all treatments except histamine. Values are means
+ SEM for 5-8 experiments. *p < 0.01 significantly different
from paired treatment.

31



C.S. Chew and A.C. Petropoulos

80 1 Hl omso
72 tnaps

o 60 1
-
é 40 1
a b
< 20 =

0-

CONTROL 100 uM HIST 100 uM CARB

Figure 6. Thapsigargin potentiates parietal cell acid se-
cretory activity in the presence of maximal stimulatory
doses histamine but not carbachol. Glands were isolated
and AP accumulation measured as described in Figure 3
except incubation time with agonists was 5 min. HIST, his-
tamine; CARB, carbachol; THAPS, 1 uM thapsigargin.
DMSO, 0.1%, was included in all flasks. Values are means
+ SEM for five experiments.

6). Since previous data had shown that car-
bachol, when used at very low concentrations,
frequently elicited oscillations in [Ca?*]; (Ljung-
strom and Chew, 1990), it was of interest to
determine if thapsigargin, which causes sus-
tained elevation of parietal cell [Ca®']; (Figure
2), would at least produce an additive AP ac-
cumulation response under these conditions. In
experiments with four different gland prepara-
tions, thapsigargin was found not to produce
any enhancement of the cholinergic response
(AP accumulation ratios were 27 + 1.8 with 0.3
uM carbachol versus 25 + 1.7 with carbachol
+ 1 uM thapsigargin). These data, therefore,
suggest that sustained elevation of [Ca®*]; alone
is not sufficient to enhance submaximal cholin-
ergic acid secretory responses. Data in Figure
5 suggest, however, that a sustained rise in
[Ca?*]; is sufficient to potentiate the response
to histamine as well as agents that act via
cAMP-dependent mechanisms, including the
cAMP analogue, 8-(-4-chlorophenylthio)aden-
osine 3":5'-cyclic monophosphate (CPT-cAMP),
and forskolin, which activates parietal cell ad-
enylyl cyclase, elevates cAMP, and activates
cAMP-dependent protein kinase(s) in parietal
cells (Chew, 1989).

Figure 8 shows that chelation of medium cal-
cium totally abolishes the potentiating interac-
tion between histamine and thapsigargin but
does not block histamine-stimulated secretion.
Similar results were obtained with CPT-cAMP
and forskolin (not shown). These data are im-
portant because they indicate that 1) a sus-
tained influx of calcium is necessary to elicit a
potentiated response with agonists that elevate
cellular cAMP and 2) the potentiating effects of
thapsigargin are specific with respect to cal-
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Figure 7. Thapsigargin potentiation of histamine-stimu-
lated acid secretory activity is dose-dependent. Gastric
glands were isolated and AP accumulation measured as
described in Figure 3. Histamine (1 M) was present in all
flasks. Incubation time with agonists was 10 min. Values
are means + SEM for five experiments. The apparent ECq,
for the potentiated response was 26 + 7 nM. Mean AP ac-
cumulation ratio with histamine alone was 37 + 2.5. Basal
AP accumulation ratio was 19 + 1.

cium. The lack of effect of thapsigargin on cho-
linergic responses suggests that the actions of
this agent are relatively specific and selective.

Measurement of [Ca?*]; in single parietal cells
showed that when cells were stimulated with
histamine and then thapsigargin, a significant
further rise in [Ca®*]; occurred (Figure 9). These
data contrast with those in Figure 2A in which
thapsigargin did not induce a further rise in
[Ca?*); after maximal stimulation with carbachol.
Thus, thapsigargin appears to act on intracel-
lular calcium pool(s) different from, or in addition
to, those affected by histamine. Limitations in
resolution of our video image analysis system
presently preclude precise cellular localization
of these putative calcium pools.

AP RATIO
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Figure 8. Chelation of extracellular calcium completely
blocks potentiating interactions between thapsigargin and
histamine. Glands were isolated and AP accumulation
measured as in Figure 3 except that before pre-incubation,
glands were rinsed in nominally calcium-free incubation
media (0.5 mM EGTA, no added Ca?*) and incubated in this
same media. After a 30-min temperature equilibration, in-
cubation time with agonists was 10 min. DMSO (0.1%) was
included in all flasks; HIST, histamine; THAPS, thapsigargin
(1 uM). Values are means + SEM for six experiments.
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Figure 9. Thapsigargin induces a rise in [Ca?*], following
stimulation with maximal doses of histamine. Addition of
histamine (100 M) to responding parietal cells in culture
resulted in either an initial spike followed by a rapid decline
to near base-line levels (A) or repeated oscillations in [Ca®*];
[~50% of cells sampled (B, see also Ljungstrom and Chew,
1990)]. With both response patterns, thapsigargin (1 uM)
further elevated [Ca®*]; and oscillations disappeared. It is
not yet clear whether the disappearance of oscillations is
due to an effect of thapsigargin on an overlapping, histamine-
sensitive pool or a masking of the oscillations due to an
action of thapsigargin on other intracellular calcium pool(s).
As shown in the figure, in some cases the thapsigargin-
induced rise in [Ca®*]; declined somewhat following the initial
rise. This decline occurred in some, but not all cells, inde-
pendent of the initial histamine response pattern and was
also occasionally observed with thapsigargin alone. In these
experiments, cells were loaded with fura-2 and changes in
340/380 ratios measured as described in Figure 2. Record-
ings are from two adjacent cells. Data are representative
of 65 cells from 6 different preparations in which 55 cells
(85%) responded initially to histamine and 64 responded to
further addition of thapsigargin (98%).

Comparison of potentiating interactions
between histamine and carbachol and
histamine and thapsigargin

Demonstration that a sustained elevation in
[Ca?*]; can potentiate AP accumulation in re-
sponse to histamine suggested that elevated
calcium alone might be sufficient to mimic the
potentiating interaction between carbachol and
histamine. To test this hypothesis, parallel time-
course experiments were performed with car-
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Figure 10. Time course of potentiating interactions be-
tween thapsigargin and histamine. Glands were isolated
and AP accumulation measured as in Figure 3. A, basal; O,
1 uM thapsigargin; &, 1 uM histamine; V, 1 uM histamine
+ 1 uM thapsigargin. DMSO (0.1%) was included in all flasks.
Values are means + SEM for six experiments. *p < 0.01
significantly different from additive response of histamine
plus thapsigargin.

bachol + histamine and thapsigargin + hista-
mine. We chose a dose of carbachol (0.3 uM)
that matched, as closely as possible, the AP
accumulation response to a maximal dose of
thapsigargin (0.5 uM). Comparison of time
course data obtained under these conditions
indicated that thapsigargin did not completely
mimic the effects of carbachol. With thapsigar-
gin + histamine (1 M), the potentiating inter-
action was not sustained as was the interaction
between carbachol and histamine and was of
lesser magnitude than that in response to car-
bachol + histamine (compare Figures 10 and
11). These data suggest that although calcium
can partially mimic the potentiating interaction
between histamine and carbachol, other factors
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Figure 11. Time course of potentiating interactions be-
tween histamine and carbachol. Glands were treated as
described in Figure 9 except carbachol was used in place
of thapsigargin. A, basal; a, 0.3 uM carbachol; O, 1 uM
histamine; V, 0.3 uM carbachol + 1 uM histamine. Values
are means = SEM for five experiments. *p < 0.01 signifi-
cantly different from additive response of histamine plus
carbachol.
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may also play a role in the interaction. Attempts
to mimic the complete response with thapsi-
gargin (0.5 uM) + TPA (10 nM) + histamine (1
uM) were unsuccessful in that further addition
of TPA reduced rather than enhanced the po-
tentiating interaction between histamine and
thapsigargin (not shown).

Discussion

In this study we have used a recently available
non-phorbol ester, calcium-elevating tumor
promoter, thapsigargin, to provide evidence
that, in contrast to a number of other cell types,
a simple rise in [Ca?*]; is not a sufficient stimulus
to initiate significant HCI secretion in isolated
parietal cells. The weak effect of thapsigargin
on AP is not entirely unexpected in that stim-
ulus-secretion coupling in the gastric parietal
cell is considerably more complicated than, e.g.,
fixed ion transport processes or simple exocy-
tosis, both of which have been shown to be ac-
tivated by thapsigargin (Ali et al., 1985; Brayden
et al., 1989; Cheek and Thastrup, 1989; Ohuchi
et al., 1989). In contrast to these morphologi-
cally simpler cell types, the unstimulated gastric
parietal cell possesses an extensive intracellular
membranous network that includes internal
tubulovesicular membranes containing gastric
H*,K*-ATPase (the proton ‘“‘pump"”) and intra-
cellular membranous canaliculi with protruding
short microvilli. After agonist stimulation, tubu-
lovesicular membranes fuse with the apical,
canalicular membrane inserting proton pumps
into this membrane and dramatically extending
the length and number of microvilli. During this
process a neutral KCl-conductive pathway
(Forte and Soll, 1989) or a CI~ conductance
alone (Demarest and Loo, 1990) have been re-
ported to be inserted into the apical canalicular
membrane.

The internal complexity of the parietal cell is
also externalized in that this cell type is modu-
lated by neural as well as paracrine and endo-
crine factors secreted by other cell types within
the gastric mucosa; hence, the study of second-
messenger control mechanisms in these cells
is best performed in isolated cell models in
which the cellular environment can be more
readily controlled. One difficulty with utilizing
isolated cells is that HCl secretion must be
measured indirectly using intracellular accu-
mulation of weak bases as in this study and/or
oxygen consumption as indexes of secretory
activity. Both secretory indexes have been well
characterized in the literature (Soll and Ber-
glindh, 1987; Forte and Soll, 1989); however,
not all test agents can be successfully utilized
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with these indirect measurements because
some exert nonspecific effects either on weak
base accumulation or on respiration (Chew,
1989). Past attempts to demonstrate a role for
calcium in parietal HCI secretion through the
use of the calcium ionophores have been con-
troversial (Chew, 1985b; Michaelangeli et al.,
1989), possibly because these ionophores not
only elevate [Ca®*]; but also interfere with AP
accumulation, perhaps by activating a Ca2*/H*
exchanger in these cells (Chew, 1989). When
used in chambered mucosae in which apical and
basolateral membranes can be maintained sep-
arately and HCI secretion can be measured di-
rectly, calcium ionophores have been reported
to stimulate HCI secretion (Jiron et al., 1981);
however, it was not clearly demonstrated that
secretion so stimulated was due to direct ef-
fects of ionophores on parietal cells rather than
release of endogenous stimulatory factors.
Tests of thapsigargin as a potential probe to
determine the relative importance of calcium in
parietal cell secretion suggested that this agent
is considerably more selective than calcium
ionophores both in terms of secretory and cal-
cium-releasing mechanisms. As in several other
secretory cells (Thastrup et al., 1990), thapsi-
gargin induced a sustained elevation in parietal
cell [Ca?*]; that appeared to result from acti-
vation of both intracellular release and extra-
cellular influx mechanisms. If the action of thap-
sigargin is indeed specific for the Ca?*-ATPase
associated with hormonally regulated intracel-
lular calcium pool(s), however, calcium must be
recycled rather rapidly between the cytosol to
these pool(s) because the maximal calcium re-
sponse to thapsigargin occurs within 1 min of
addition. Considering the rapidity of the rise in
[Ca?*]; in response to thapsigargin, the as-
sumption that this agent acts solely as an in-
hibitor of the endoplasmic reticulum Ca3*-
ATPase should be considered carefully since
such a rapid recycling of calcium in selected
intracellular pools seems unlikely. With respect
to observed effects of thapsigargin on parietal
cell [Ca?*];, a similar response pattern has been
observed in hepatocytes and adrenal chromaffin
cells (Cheek and Thastrup, 1990; Thastrup et
al.,, 1990) but not in the cloned mammalian
neural cell line, NG115-401L (Thastrup et al.,
1989), suggesting that calcium release/influx
mechanisms may be similar in some but not all
cell types. Since maximal doses of thapsigargin
suppress further carbachol-induced increases
in [Ca?'];, it appears that thapsigargin affects
the same calcium pool(s) as carbachol. Recent
studies with rat hepatocytes (Thastrup et al.,
1990) suggest that at least two pharmacologi-
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cally distinct calcium pools, one InsP;-sensitive
and one GTP-sensitive, may be affected by
thapsigargin. Whether or not similar events oc-
cur in parietal cells remains to be determined.

In contrast to thapsigargin, the calcium ion-
ophore, ionomycin, induced a substantial rise
in parietal cell [Ca?*]; when added after a max-
imal dose of thapsigargin, supporting previous
proposals that this ionophore elevates [Ca?*];
by a mechanism different from thapsigargin (Ali
et al., 1985). Unlike calcium ionophores (Chew,
1985b and Chew, unpublished observations),
thapsigargin was found not to inhibit AP accu-
mulation in response to histamine, forskolin, and
cAMP analogues and indeed potentiated the
responses to these agents. Moreover, chelation
of medium calcium, which has been shown to
have little effect on histamine-stimulated se-
cretion in gastric glands (Berglindh et al., 1980;
Chew, 1985b), completely inhibited thapsigargin
potentiation of histamine responses, indicating
that the potentiation was indeed due to a sus-
tained elevation of [Ca?*]; induced by thapsi-
gargin and not some other action of this agent.
Thus, although we cannot state unequivocally
that thapsigargin has no action other than in-
hibition of reuptake of calcium into agonist-sen-
sitive intracellular calcium pool(s) (Thastrup et
al., 1990), this agent did not appear to have de-
tectable nonspecific inhibitory effects on pari-
etal cell acid secretory activity measured as AP
accumulation. If, e.g., thapsigargin had a pro-
tonophoric activity, as appears to be the case
with ionomycin, or nonspecifically inhibited
H*,K*-ATPase activity, basal and agonist-stim-
ulated AP accumulation should have been re-
duced upon addition of this agent, and such was
not the case.

Since thapsigargin appeared to be selective
for carbachol-sensitive pools and calcium sig-
naling patterns have been found to differ with
histamine and carbachol, it was important to
assess the pattern of the calcium response to
thapsigargin in single cells; i.e., did this agent
induce oscillations in calcium signaling patterns
as had been observed with histamine and low
doses of carbachol or was the calcium response
sustained? Also, what effect did thapsigargin
have on histamine-stimulated increases in
[Ca%*];? Recordings from single parietal cells
indicated that thapsigargin induced a sustained,
almost monophasic elevation in [Ca?*]; not un-
like the sustained phase of the cholinergic re-
sponse. Despite the similarities in the calcium
signaling patterns, however, thapsigargin did
not mimic cholinergic stimulation of HCI secre-
tion. We have interpreted these data as indic-
ative of a requirement for activation of intra-
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cellular events in addition to a rise in [Ca®']..
These observations combined with previous
data showing complete inhibition of the cholin-
ergic response with intracellular calcium che-
lation (Brown and Chew, 1989; Michaelangeli et
al., 1989; Negulescu et al., 1989) indicate that
calcium is necessary but not sufficient for ini-
tiation of HCI secretion. The observations that
thapsigargin potentiates AP accumulation
stimulated not only by forskolin and cAMP an-
alogs but also by histamine suggests that his-
tamine-induced increases in [Ca®*]; are not as-
sociated with control of HCI secretion. If they
were, one would not expect to be able to po-
tentiate histamine-stimulated AP accumulation
by elevating [Ca?*];. Since thapsigargin induced
a further rise in [Ca?*]; after addition of maxi-
mally stimulatory doses of histamine, it appears
that histamine acts on a different calcium pool
as has been observed with different agonist
classes in adrenal chromaffin cells (O’Sullivan
et al., 1989) or on a shared pool that is not in-
volved in regulation of HCI secretion. We pro-
pose, therefore, that histamine-stimulated in-
creases in [Ca?*]; may be associated with as yet
unknown cellular activities and not HCI secre-
tion per se. Our unique findings that thapsigar-
gin potentiates both histamine and cAMP-de-
pendent acid secretory responses in parietal
cells not only provide additional support for a
relatively selective action of thapsigargin but
also indicate that a sustained elevation in [Ca%'];
can mimic, at least partially, potentiating inter-
actions between histamine and carbachol. As
with all pharmacologic agents, however, it
would be unwise to assume that the actions of
thapsigargin are completely specific for intra-
cellular calcium-uptake mechanisms.

Present data also do not conclusively dem-
onstrate whether or not other factors in addition
to elevated [Ca?*]; are necessary in potentiating
interactions between histamine and carbachol.
It is possible, e.g., that there are subtle differ-
ences between calcium signaling patterns with
thapsigargin versus carbachol that are impor-
tant in eliciting a maximal and sustained poten-
tiation of histamine-stimulated secretion. An-
other possibility is that activation of protein
kinase C or some other intracellular event is re-
quired for complete potentiation. As for a num-
ber of other secretory cell types, a role for pro-
tein kinase C in initiation of parietal cell HCI
secretion has been considered by a number of
researchers. Earlier studies have shown that
carbachol activates protein kinase C in parietal
cell-enriched fractions (Park et al., 1987). The
protein kinase C activator, TPA, also activates
protein kinase C in parietal cell fractions (Chew,
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1985a) and increases phosphorylation of at least
three parietal cell proteins that are phosphor-
ylated in response to carbachol (Brown and
Chew, 1989). Unfortunately, the effects of TPA
on parietal cell function are known to be com-
plex, in that TPA stimulates oxygen consump-
tion, an indirect measure of secretory activity,
but has little to no effect on basal AP accumu-
lation and a time-dependent inhibitory effect on
histamine-stimulated AP accumulation (Ander-
son and Hanson, 1984; Muallem et al., 1986;
Brown and Chew, 1987; Chew, 1989). As dis-
cussed previously (Brown and Chew, 1987), the
inhibitory action of TPA appears to be asso-
ciated with initial activation events, perhaps at
the level of the receptor or upon hormone-sen-
sitive G protein(s). Others (Anderson and Han-
son, 1984) have suggested a more distal effect.
Since protein kinase C has been implicated in
cholinergic response mechanisms and we be-
lieve the inhibitory effect to be at or near the
receptor, it was reasonable to determine
whether or not co-addition of TPA and thapsi-
gargin would mimic the cholinergic response
under conditions where agonist-receptor inter-
actions were bypassed. Although a potentiated
response did result when these two agents were
added together, the overall response was sub-
stantially less than a maximal cholinergic re-
sponse. Furthermore, addition of TPA along
with histamine and thapsigargin not unexpect-
edly, based on previous results, reduced AP ac-
cumulation as compared with that with hista-
mine plus thapsigargin. Thus, present data
support a potential stimulatory role for protein
kinase C in cholinergic activation of HCI secre-
tion but also emphasize the complex actions of
this agent. These data further suggest that the
inhibitory action of TPA is at a site proximal to
that affected by elevated [Ca?*]; in conjunction
with activation of protein kinase C; otherwise
no potentiating interaction between these
agents would have been detected. Precise lo-
calization of the site at which TPA exerts its
inhibitory and excitatory effects remains to be
determined. The inability of TPA 1) to induce a
potentiation of thapsigargin-stimulated secre-
tion of the same magnitude as the carbachol
response and 2) to enhance further the poten-
tiating interaction between histamine and car-
bachol could also be due to differential activa-
tion of protein kinase C isotypes (Parker et al.,
1989; Noar, 1990). The ability to discriminate
among these various possibilities will require the
development/isolation of more selective acti-
vators of the different isotypes.

A potentially important observation is that
despite the apparent selective action of thap-
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sigargin on carbachol-sensitive calcium pool(s),
thapsigargin did not enhance carbachol-stim-
ulated secretion even when minimally stimulat-
ing doses of carbachol were utilized. In an earlier
study (Brayden et al., 1989), thapsigargin was
found to attenuate electrogenic anion secretion
in colonic epithelial cells when added after high
doses of A23187 or lysylbradykinin, which acts
via calcium-dependent mechanisms in this cell
type; however, unlike the present study, lower
doses of these agents were not tested. The lack
of additivity at low doses and inhibition at higher
doses of agonists that elevate [Ca?*]; further
supports our conclusion that a sustained rise
in [Ca?*]; is not sufficient in and of itself to elicit
a secretory response.

In summary, present results suggest that
thapsigargin is a potentially useful probe for the
study of the role of calcium in control of parietal
cell HCI secretion. Data acquired with thapsi-
gargin thus far indicate calcium to be important
in initiating potentiating interactions between
cAMP- and calcium-dependent agonists but to
be insufficient in and of itself to elicit significant
acid secretory activity or to sustain potentiating
interactions between different classes of ago-
nists. Further studies are needed to define pre-
cisely intracellular events modulated by thap-
sigargin, particularly with respect to its
specificity for intracellular calcium release, and
to compare these processes with those con-
trolled by cholinergic agonists to determine
whether or not these agents affect similar in-
tracellular events. It is expected that carbachol
will be found to regulate processes in addition
to those affected by thapsigargin; however,
thapsigargin may well prove to be an important
tool for dissection of calcium-dependent versus
calcium-independent intracellular events.

Methods

Cell isolation and culture

Parietal cells and gastric glands (small groups of parietal
and chief cells) were isolated from gastric mucosae of male,
2-3 kg New Zealand White rabbits as previously described
(Chew and Brown, 1986). In brief, the mucosa was perfused,
under high pressure, in situ with phosphate-buffered saline
and then digested with either collagenase (Type Il, 50 mg/
ml, Sigma Chemical Co., St. Louis, MO) to produce glands
or briefly with pronase (20 mg/ml, Calbiochem Corp., San
Diego, CA) followed by collagenase (40 mg/ml) to produce
single cells. Enriched fractions of parietal cells were isolated
with Nycodenz (Accurate Chemical, Westbury, NY) density
gradients followed by centrifugal elutriation (JE 5.0 elutriator
rotor and J6M centrifuge; Beckman, Fullerton, CA).

For primary culture, parietal cells were collected under
sterile conditions from the elutriator rotor, washed several
times by low speed centrifugation in culture medium con-
taining antibiotics without bicarbonate (1:1 Ham’s F12/Dul-
becco's Modified Eagle's medium), and then preattached
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in flasks coated with 5% fetal calf serum in the same medium
plus amphotericin (Chew et al., 1989). Following preattach-
ment, cells were plated onto dried Matrigel (1:7 dilution,
Matrigel/sterile H,O) and allowed to attach overnight in a
37°C humidified air incubator. Cells were used after 1-3 d
of culture.

Cellular incubations for all procedures were performed
using a basic medium containing the following components
expressed in millimoles per liter: NaCl, 114; KCI, 5.4;
Na,HPO,, 5.0; NaH,PO,, 1.0; MgS0Q,, 1.2; CaCl,, 1.0; di-
thiothreitol, 0.5; pyruvate, 1.0; glucose, 10; N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid, 10, pH 7.4 plus
bovine serum albumin, fraction V (2 mg/ml); and phenol red
(10 pg/ml).

Measurement of acid secretory responses

Parietal cell HCI secretion cannot be measured directly in
isolated parietal cells or glands. This is because, unlike the
in vivo situation in which HCl is secreted at the apical mem-
brane into the gastric lumen, in acutely isolated and cultured
parietal cells, the apical membrane becomes sealed off from
the extracellular medium and acidic secretions accumulate
within vacuoles inside the cells (Chew et al., 1989; Ljung-
stréom and Chew, 1990). In gastric glands the situation is
slightly different in that acidic secretions accumulate initially
within parietal cells then move into the gland lumen which
is sealed off from the extracellular medium during isolation
(Dibona et al., 1979). Fortunately, indirect measurement of
acid secretion using the weak base, AP, has been shown
in numerous studies to provide an excellent measure of se-
cretory responsiveness (c.f. Forte and Soll, 1989; Chew,
1989). In the present study, AP accumulation was measured
using modifications of the original Bergdlindh technique
(Bergdlindh and Obrink, 1976) as previously described (Chew
and Hersey, 1982; Chew et al., 1989). Glands were used
most often because they can be isolated in larger quantities
and have preserved apical membrane polarity. Major groups
of experimental results were also confirmed in at least two
additional experiments with enriched parietal cells. Cells or
glands were preincubated with 0.1 uCi/ml AP (specific ac-
tivity 60—120 mCi/ml; New England Nuclear, Boston, MA),
30-60 min, 37°C in a metabolic shaking incubator prior to
agonist addition. With all agonists except histamine, the
histamine H,-receptor blocker, cimetidine (10 xM) was in-
cluded in the medium to avoid potential problems with ag-
onist-induced histamine release (Nylander et al., 1985). In
experiments with thapsigargin and TPA, dimethylsulfoxide
(DMSO) was added as a vehicle in equal concentrations in
all flasks. DMSO concentrations never exceeded 0.2% and
were 0.1% in most experiments. Incubation times for po-
tentiation experiments were chosen based on preliminary
time course experiments in which chosen times were found
to yield maximal potentiation. Experiments were terminated
by withdrawal of aliquots of cells/glands from incubation
flasks, rapid centrifugation, and rinsing with incubation me-
dium that did not contain AP. Aliquots of cellular superna-
tants and dissolved pellets were counted in a Beckman
scintillation counter (LS6800) with disintegrations per minute
(DPM) correction. AP accumulation values were expressed
as thé ratio of cellular DPM to supernatant DPM with cor-
rection for trapped counts using sodium thiocyanate (10
mM) that completely abolishes cellular AP accumulation
(Chew and Hersey, 1982).

Measurement of [Ca?*); with fura-2

Intracellular calcium concentrations were estimated in
acutely isolated parietal cell populations and in single cul-
tured parietal cells according to previously published tech-
niques (Chew and Brown, 1986; Ljungstrém and Chew,
1990). Cells were loaded with the fluorescent calcium in-
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dicator, fura-2 (Grynkiewicz et al., 1985), using the cell per-
meant acetoxymethylester (AM) form (4 uM, 20-30 min,
37°C). In cell population experiments, cells were rinsed via
brief centrifugation and placed in a thermostated (37°C),
stirred cuvette in a spectrofluorimeter (650-40; Perkin El-
mer). To acquire ratioed values, cells were alternately excited
at 340 and 380 nm [slit widths 5.5 (excitation) and 10 nm
(emission)] with the emission wavelength set at 510 nm.
Signal calibration and corrections for autofluorescence and
leakage of fura into the medium were performed as de-
scribed by Chew and Brown (1986).

Single cell measurements utilized cells grown on Matrigel-
coated, glass-bottomed dishes. Cells were placed on the
heated stage of an inverted microscope (IM-35; Zeiss,
Thornwood, NY) equipped with quartz condenser and nose-
piece and 100X objective (UV-Flor; Nikon, Garden City, NY)
and perifused with warm (37°C) medium. Alternate 340/
380 nm illumination using 10-nm bandwidth filters in con-
junction with neutral density filters (85-97% light attenua-
tion; Omega Optical, Brattleboro, VT) was performed using
a computer-controlled electronic shutter (Vincent Associ-
ates, Rochester, NY) in combination with a xenon lamp and
six-place filter wheel (LEP Inc., Hawthorne, NY). A 405-nm
dichroic mirror was used to deflect light through the objec-
tive. Fluorescence emission was collected through a 510-
nm bandpass filter with an ISIT video camera (model 66
DAGE) which was interfaced to a SUN 3/280 minicomputer
via hardware/software from Inovision Corporation (Raleigh,
NC). Eight- to thirty-two-frame averages were collected at
each excitation wavelength every 5-10 s. Background im-
ages collected at the beginning of experiments at each ex-
citation wavelength from adjacent cell-free fields were sub-
tracted and acquired images divided on a pixel-by-pixel basis
to provide ratioed images. [Ca?*]; was estimated using ex-
ternal calcium/fura-2 standards as previously described
(Ljungstrém and Chew, 1990). Since each experiment served
as its own control, data in figures is expressed as 340/380
ratio values which have been shown to be highly reproduc-
ible from experiment to experiment utilizing experimental
conditions described here and in an earlier publication
(Ljungstrom and Chew, 1990).

Statistical analyses

Where applicable, data are expressed as means + SEM,
with n = the number of cellular preparations isolated from
different animals. Statistical analyses of data were per-
formed using analysis of variance and Dunnett's and Dun-
can’s multiple range tests.
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