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1 The phorbol ester TPA, an activator of protein kinase C (PKC), inhibits cholinergic stimulation
of gastric acid secretion but increases basal H+ secretion.

2 Since these contradictory ®ndings suggest the action of di�erent PKC isozymes we analysed the
role of calcium-dependent PKC-a, and calcium-independent PKC-e in gastric acid secretion.

3 Inhibition of PKC-a by the indolocarbazole GoÈ 6976 revealed that about 28% of carbachol-
induced acid secretion was inhibited by PKC-a. In the presence of GoÈ 6976 approximately 64% of
the carbachol-induced signal transduction is mediated by Ca2+/calmodulin-dependent protein kinase
II (CaMKII), and 14% is conveyed by PKC-e as deduced from the inhibition with the
bisindolylmaleimide Ro 31-8220.

4 Inhibition of carbachol-induced acid secretion by TPA was accompanied by a decrease in
CaMKII activity.

5 The stimulation of basal acid secretion by TPA was biphasic with a peak at a very low
concentration (10 pM), resulting in an activation of the calcium-sensor CaMKII. The activation was
determined with a phosphospeci®c polyclonal antibody against active CaMKII. The TPA-induced
increase of H+ secretion was sensitive to the cell-permeable Ca2+-chelator BAPTA/AM, Ro 31-8220,
and the CaMKII-inhibitor KN-62, but not to GoÈ 6976.

6 Since TPA induced the translocation of PKC-e but not of PKC-a in resting parietal cells, PKC-e
seems to be at least responsible for an initial elevation of free intracellular calcium to initiate TPA-
induced acid secretion.

7 Our data indicate the di�erent roles of two PKC isoforms: PKC-e activation appears to facilitate
cholinergic stimulation of H+-secretion likely by increasing intracellular calcium. In contrast, PKC-a
activation attenuates acid secretion accompanied by a down-regulation of CaMKII activity.
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Introduction

Protein kinase C (PKC) comprises a family of multifunc-
tional serine/threonine protein kinases which are ubiquitously

distributed in a variety of eukaryotic cells. The PKC family is
subdivided into three groups. The calcium- and diacylgly-
cerol-dependent or `conventional' PKC-isoforms (cPKC) are
activated by Ca2+ and diacylglycerol or the phorbol ester

TPA (12-O-tetradecanoyl phorbol-13-acetate), a structural
analogue of diacylglycerol. The `novel' PKC's (nPKC) are

activated by diacylglycerol or TPA but not by Ca2+. Finally,
there are the `atypical' PKC's (aPKC) which are not

regulated by Ca2+ or diacylglycerol or TPA (for reviews,
see Nishizuka, 1992; Newton, 1997). In the case of rabbit
gastric parietal cells, PKC-a is the only member of cPKC
which could be detected by immunoblot analysis, and PKC-e
the only member of nPKC, respectively (Nandi et al., 1996;
Chew et al., 1997). There also appears to be at least two
atypical PKC isoforms (i, l) expressed in parietal cells. The

expression of PKC-z is uncertain, as reports are contradictory
(Nandi et al., 1996; Chew et al., 1997). A related enzyme,
PKC-m or PKD, which is also expressed in rabbit parietal
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cells (Chew et al., 1997), displays multiple unique properties
that makes it a distant relative of the PKC isozymes
(Johannes et al., 1994).

cPKC is capable of di�erentiating between di�erent time-
courses of [Ca2+]I (concentration of free intracellular Ca(II)-
ions) and diacylglycerol. The rapid activation of cPKC by
calcium is followed by the binding of diacylglycerol which

potentiates the binding a�nity of cPKC with the plasma
membrane, and prolongs the kinase activity even after a
decrease of [Ca2+]i (Oancea & Meyer, 1998). Upon

stimulation of non-excitable secretory cells, PKC translocates
from the cytosol to the cell membrane to be activated and
targeted to the proximity of its substrate (Akita et al., 1994;

Bastani et al., 1995; Hong et al., 1997; Yedovitzky et al.,
1997).
The involvement of PKC during H+ secretion has been

extensively investigated especially by the use of the phorbol
ester TPA to directly activate PKC (Anderson & Hanson,
1985; Muallem et al., 1986; Brown & Chew, 1987; Beil et al.,
1987; Chiba et al., 1989; Nandi et al., 1996; Chew et al., 1997;

Kopp & Pfei�er, 2000). PKC inhibitors were also utilized to
analyse the function of PKC in parietal cells (McKenna &
Hanson, 1993; Chew et al., 1997).

However, the data with regard to the role of PKC are
con¯icting, as either a stimulatory or inhibitory function of
PKC in cholinergic stimulation of acid secretion was

observed (reviewed in FaÈ hrmann, 2000). Although some of
those contradictory results may derive from the action of
di�erent PKC isoforms, the speci®c function of these

isoforms in acid secretion has been rarely investigated. To
show that di�erent PKC-isoforms are e�ectively involved in
gastric acid secretion we address the action of PKC-a and
PKC-e in response to the muscarinic agent carbachol (2-

hydroxyethyl)trimethylammonium chloride carbamate) in
gastric parietal cells. The M3 acetylcholine muscarinic
receptor is coupled to heterotrimeric Gq and phospholipase

C. Cholinergic stimulation increases both intracellular
calcium by action of inositol 1,4,5-trisphosphate, and
diacylglycerol (Brown & Chew, 1989; Pfei�er et al., 1989;

1990; Seidler & Pfei�er, 1991; Kajimura et al., 1992) as well
as acid secretion. As yet, the understanding of the molecular
mechanism how [Ca2+]i and diacylglycerol mediate H+

secretion is incomplete.

Methods

Chemicals

BAPTA/AM, (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tet-
raacetic acid tetra(acetoxymethyl) ester), calmodulin, calycu-

lin A, microcystin LR, GoÈ 6976 (12-(2-cyanoethyl)-6,7,12,13-
tetrahydro - 13 -methyl - 5-oxo-5H-indolo(2,3-a)pyrrolo(3,4-c)-
carbazole), KN-62 (1-[N, O-bis(5-isoquinolinesulfonyl)-N-
methyl-L-tyrosyl]-4-phenyl-piperazine), Ro 31-8220, (3-[1-[3-

(amidinothio)propyl - 1H - indol -3-yl]-3-(1-methyl-1H-indol-3-
yl)maleimide, bisindolylmaleimide IX), and TPA (12-O-
tetradecanoyl phorbol-13-acetate) were obtained from Cal-

biochem-Novabiochem (Bad Soden, Germany). ATP contain-
ing 370 GBq mol71 g-[32P]-ATP was purchased from ICN
(Meckenheim, Germany). [Dimethylamine-14C]-aminopyrine

of 3.92 GBq mol71 was from Amersham-Pharmacia Biotech
(Freiburg, Germany). Leupeptin and pepstatin A were from
Bachem (Heidelberg, Germany). Pefabloc SC was obtained

from Roche (Strasbourg, France). All other ®ne chemicals
were from Sigma (Deisenhofen, Germany) if not mentioned
otherwise.

Cell isolation and culture of rabbit gastric parietal cells

Gastric parietal cells of male New Zealand white rabbits

weighing 2 ± 3 kg were isolated as recently described
(FaÈ hrmann et al., 2002). High pressure perfusion of the
stomach in situ was followed by scraping o� the gastric

mucosa. Parietal cells were isolated by pronase and
collagenase digestion. Subsequently, parietal cells were
enriched by centrifugal elutriation in a Beckman JM6-C

centrifuge with a JE-5.0 elutriator rotor (Beckman, MuÈ nchen,
Germany). Final enrichment to 495% purity of parietal cells
was achieved by centrifugation in a Nycodenz (Nycomed,
Oslo, Norway) step gradient. Highly enriched parietal cells

were suspended in culture medium (DMEM-Ham's F-12
medium containing 2 mg ml71 BSA (bovine serum albumine),
800 nM insulin, 5 mg ml71 transferrin, 5 ng ml71 sodium

selenite, 10 nM hydrocortisone, 8 nM EGF, 5 mg ml71

geneticin, 50 mg ml71 novobiocin, 100 mg ml71 gentamicin,
10 mg ml71 phenol red) to 56106 cells ml71, and seeded in

24-well plates coated with Matrigel (Becton Dickinson,
Bedford, MA, U.S.A.). Parietal cells were allowed to attach
and grow in a humidi®ed atmosphere containing 5% (v v71)

CO2 at 378C.

Estimation of acid secretion by [14C]-aminopyrine uptake

The secretion of H+ of cultured rabbit parietal cells was
indirectly determined by accumulation of aminopyrine
utilizing dimethylamine [14C]-aminopyrine as previously

described (FaÈ hrmann et al., 2002). Parietal cells were
incubated in oxygen-saturated bu�er A (10 mM N-2-hydro-
xyethylpiperazine-N'-2-ethanesulfonic acid (HEPES, pH 7.4),

plus (mM): NaCl 114.4, KCl 5.4, Na2HPO4 5, NaH2PO4 1,
MgSO4 1.2, CaCl2 2, BSA 2 mg ml71, glucose 10, DTT
(dithiothreitol) 0.5, pyruvate 1) in the absence or presence of
various concentrations of divers protein kinase inhibitors

with subsequent stimulation by carbachol or TPA for 45 min.
Incorporation of [14C] was measured in a b-scintillation
counter after two-times washing, and detergent lysis of the

cells. The basal acid secretion was determined in the presence
of the H2-receptor blocker ranitidine (0.1 mM). The non-
speci®c [14C]-aminopyrine accumulation was obtained by

blocking acid-secretion with omeprazole (5-methoxy-2-[[(4-
methoxy-3,5-dimethyl-2-pyridinyl)methyl]sulphinyl]-1H-benzi-
midazole) in control assays (10 mM; AstraZeneca, Wedel,

Germany). The nonspeci®c background was subtract from
each speci®c value.

Preparation of apical membrane, tubulovesicles,
and SA-vesicles

Preparation of the postnuclear supernatant, apical mem-

brane, tubulovesicles, and SA (stimulus-associated)-vesicles of
rabbit gastric mucosal cells was performed as described
(FaÈ hrmann et al., 2002). For preparation of membranes of
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the resting state (apical membrane, tubulovesicles), male
`New Zealand' white rabbits weighing 2 ± 3 kg were fasted for
24 h, and had free access to drinking water containing

ranitidine (1 mg l71) o�ered for 24 h before killing, and
intravenously (50 mg kg71 h71) 30 min before killing. For the
isolation of SA-vesicles (secretory canaliculi) male `New
Zealand' white rabbits weighing 2 ± 3 kg received carbachol

(30 nmol kg71 h71) for 30 min before killing.

Preparation of membrane fraction of parietal cells

Parietal cells (56106 cells ml71) were lysed by short-pulse
sonication in bu�er B (mM): HEPES 40, with 10 mM

EGTA pH 7.4., EDTA 2, DTT 1, leupeptin 0.1, pepstatir
A 1 mg ml71, pefabloc SC 0.1, aprotinin 0.25. The lysate
was separated in the cytosolic and the microsomal fraction

by centrifugation at 100,0006g for 1 h at 48C. The
microsomal fraction was resuspended in bu�er B containing
0.5% (v v71) triton X-100. After incubation on ice for
30 min, the suspension was centrifuged at 100,0006g for

1 h at 48C. The supernatant was used as the membrane
fraction.

CaMKII phosphotransferase assay

Membrane preparations of gastric mucosal cells were

monitored for CaMKII (Ca2+/calmodulin-dependent protein
kinase II) phosphotransferase activity by using bu�er
C (mM): HEPES/NaOH 25 pH 7.4, MgCl2 10, DTT 1,

leupeptin 0.1, aprotinin 0.1, pepstatin A 1 mg ml71, EGTA
0.1, CaCl2 0.2, 10 ± 100 mM adenosine-5'-triphosphate, con-
taining 370 MBq mmol71 adenosine-5'-[g-32P]-triphosphate
(ICN, Meckenheim, Germany). Calmodulin (1 mM) was

added to the phosphorylation bu�er to activate CaMKII
activity. Autocamtide-II (KKALRRQETVDAL; Bachem,
Heidelberg, Germany), a speci®c CaMKII substrate peptide,

was used with a concentration of 60 mM. Phosphoprotein-
phosphatases were inhibited in the presence of 0.05 mM
calyculin A, and 0.1 mM microcystin LR.

Western blot analysis

All immunoblotting steps followed the protocol according

to FaÈ hrmann et al. (1999). Membrane proteins were
quanti®ed by the method of Stoschek (1990). Equal
amounts of membrane proteins (15 mg) of rabbit parietal

cells were separated in 12.5% acrylamide/2.67% bisacryla-
mide (w v71) SDS-gels, followed by a transfer onto a
polyvinylidene di¯uoride membrane (Pierce, Rockford, IL,

U.S.A.). PKC-a was probed with a monoclonal anti-
(mouse/rat/human) PKC-a (code sc 8393), and PKC-e by
monoclonal anti-(mouse/rat/human) PKC-e (code sc 1681).

Both antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, U.S.A.). Rabbit polyclonal anti-active
(rat) CaMKII against phosphorylated threonine of the
autonomy site was from Promega, (Mannheim, Germany).

Each antibody was incubated for 1 h. Antibody-binding
was visualized by the ECL (enhanced chemiluminescence)
detection plus system (Amersham Pharmacia Biotech). The

immunolabelled CaMKII bands on ECL ®lms were
quanti®ed by densitometry as described (FaÈ hrmann et al.,
2002).

Data analysis

Data values are shown as means+standard deviance (s.d.) as

sn. The statistical signi®cance of di�erences was estimated by
analysis of variance (ANOVA) followed by a post hoc Dunnett
test. Di�erences were taken to be signi®cant at P50.05.
Quantitation of the relative importance of signalling pathways

was performed according to Krauss & Brand (2000).

Results

Carbachol-stimulated acid secretion is enhanced by the
PKC inhibitors GoÈ 6976 or Ro 31-8220

The fact that TPA activates basal acid secretion but inhibits

carbachol-induced H+ secretion, suggests that di�erent PKC
isoforms have a di�erential e�ect on acid secretion. To
discriminate between the action of PKC-a and -e, we
compared the e�ects of two PKC inhibitors, the indolocar-

bazole GoÈ 6976 (Martiny-Baron et al., 1993) being selective
for cPKC or in the case of rabbit parietal cells, for PKC-a,
and the bisindolylmaleimide Ro 31-8220 (David et al., 1989)

which inhibits both PKC-a and PKC-e being 4.8-times more
e�cient to inhibit PKC-a.

GoÈ 6976 (10 mM) potentiated the carbachol stimulated acid

secretion 1.4+0.1 fold (Figure 1, lanes 2 and 6). The
inhibition of carbachol-induced aminopyrine uptake by
TPA (1 mM; Figure 1, lane 4) was completely abolished by

GoÈ 6976 (1 mM) (data not shown). Remarkably, in the
presence of 10 mM GoÈ 6976 and TPA (1 mM) carbachol-

Figure 1 E�ects of the PKC inhibitors GoÈ 6976 and Ro 31-8220 on
carbachol-induced acid secretion. Parietal cells were pretreated with
GoÈ 6976 (10 mM) or Ro 31 ± 8220 (10 mM) for 15 min, then with TPA
(1 mM) or the CaMKII-inhibitor KN-62 (20 mM, grey bars) or both
for 15 min with subsequent stimulation of aminopyrine uptake by
carbachol (0.1 mM). Basal aminopyrine-uptake which means in the
absence of any secretagogue is represented by the white-®lled bar.
Results represent means+s.d. from 4 ± 6 experiments. *Signi®cantly
di�erent from the corresponding control group (+KN-62); **sig-
ni®cantly di�erent from carbachol alone, P50.05.
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induced secretory response was 1.8+0.2 fold stimulated
(Figure 1, bar 8) compared to control with carbachol alone
(Figure 1, bar 2). This is surprising, since stimulation of

parietal cells with higher concentrations of carbachol than
applied (0.1 mM) did not result in a signi®cant rise of acid
secretion (Kopp & Pfei�er, 2000; FaÈ hrmann et al., 2002). The
stimulatory e�ect of GoÈ 6976 was reversed by KN-62

(Hidaka & Yokokura, 1996), an inhibitor of the Ca2+/
calmodulin-dependent protein kinase II (CaMKII) (20 mM)
(Tsunoda et al., 1992; FaÈ hrmann et al., 2002) (Figure 1, lanes

7 and 9). In sum, the enhanced stimulation of carbachol-
evoked acid secretion by GoÈ 6976 or a combination of TPA
and GoÈ 6976 reveals, ®rst, a suppressant e�ect of PKC-a on

carbachol-evoked H+ formation, and second, the involve-
ment of another, H+ stimulatory PKC isoform.
Therefore, we tested the potent inhibitor of PKC-a and

PKC-e, Ro 31-8220 (David et al., 1989). Carbachol (0.1 mM)-
induced aminopyrine uptake (Figure 1, lane 10) was 1.2+0.1
fold enhanced if parietal cells were pretreated with Ro 31-
8220 (10 mM).

Furthermore, Ro 31-8220 (10 mM) antagonized the inhibi-
tory e�ect of TPA (1 mM) on carbachol-stimulated acid
formation (Figure 1, lane 12). Both stimulatory e�ects of Ro

31-8220 were reversed by KN-62 (20 mM) (Figure 1, lane 11
and 13). As control, the inhibition of carbachol-evoked
aminopyrine uptake with KN-62 (20 mM) (Figure 1, lane 3)

was in the range of basal acid secretion (Figure 1, bar 1).
With TPA (1 mM) (Figure 1, bar 4), or both TPA and KN-62
(Figure 1, lane 5) the inhibition was below basal H+-secretion

(Figure 1, bar 1).
The translocation of both PKC-a (Figure 2a) or PKC-e

(Figure 2b) to the membrane of parietal cells during

carbachol-stimulation was detected with speci®c monoclonal
antibodies for each PKC isoenzyme. The translocation of
each PKC isoform was potentiated by TPA (1 mM). In the

absence of carbachol TPA induced the translocation of PKC-
e (Figure 2b) but not of PKC-a (Figure 2a). The
translocation of PKC-a appears to depend on the presence
of free intracellular Ca2+ elicited by carbachol-stimulation,

since we observed no signi®cant translocation of PKC-a in
the absence of carbachol even in the presence of TPA. This is
consistent with current knowledge about PKC-a: It was

shown that the translocation and, hence, activation of PKC-a
depends on phospholipids, diacylglycerol, and calcium(II)ions
(Nishizuka, 1992; Newton, 1997; Oancea & Meyer, 1998).

TPA or other diacylglycerol analogues such as DiC8 alone
e�ciently induce translocation of cPKC only either in
combination with Ca2+ or phospholipids, or at extremely

high concentrations (Sakai et al., 1997; Shirai et al., 1998).
Besides the qualitative identi®cation of di�erent protein

kinases (PKC-a, PKC-e, CaMKII), which are involved in
carbachol-induced H+-secretion, we deduced the quantitative

importance of these protein kinases in the signal transduction
from the e�ects of the utilized protein kinase inhibitors
according to Krauss & Brand (2000) (Figure 3). Quantitation

of signal transduction of each kinase was determined at
maximally achievable stimulation by carbachol (0.1 mM). The
most important e�ect in carbachol-evoked acid secretion has

CaMKII which contributes with *36% shown by the
inhibition with KN-62. PKC-e activates with *14% which
was deduced from the e�ects of Ro 31-8220 and GoÈ 6976,

respectively. About *22% of stimulation are unidenti®ed.
PKC-a suppresses about 28% of carbachol-induced acid
secretion. Supposed the attenuation of PKC-a in acid
secretion a�ects only CaMKII, its share in the signal

transduction would be *64% if PKC-a activity is totally
blocked. In our analyses we have only focussed on three
di�erent protein kinases but using other inhibitors may reveal

unidenti®ed signalling components in acid secretion. The
future may provide more speci®c inhibitors to discriminate
more precisely the action of protein kinases.

a

b

Figure 2 PKC-a and PKC-e di�er in translocation to the parietal
cell membrane. Gastric parietal cells were incubated with TPA (1 mM)
or carbachol (0.1 mM) or both for 15 min. After subfractionization of
parietal cells equal amounts of protein (15 mg) of membrane fraction
were subjected to SDS±PAGE and Western-blotting. PKC-a (a) and
PKC-e (b) were immunolabeled with each a speci®c monoclonal
antibody. PKC-e was translocated to the cell membrane even in the
absence of carbachol. PKC-a showed no translocation to the parietal
cell membrane in the absence of carbachol. Detection was performed
with the ECL system.

Figure 3 Quantitation of relative importance of signal transduction
intermediates in acid secretion. Gastric acid secretion via the M3

muscarinic receptor is illustrated as arrow. The quantity of three
di�erent protein kinases (PKC-a, PKC-e, CaMKII) in carbachol-
stimulated H+ secretion and in the presence of GoÈ 6976 (10 mM) is
deduced from inhibitor studies presented in Figure 1. About 36% of
the signal is transmitted through CaMKII, and about 14% through
PKC-e in carbachol-induced acid secretion. About 22% are mediated
by unidenti®ed signalling components (question mark). PKC-a
activity suppresses CaMKII activity, and attenuates about 28% of
carbachol-stimulated acid secretion (grey section). Thus, if PKC-a
activity is inhibited, CaMKII transduces about 64% (36+28%) of
total signalling.
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The inhibition of carbachol-stimulated acid secretion by
TPA results in the inhibition of CaMKII activity

The key signalling protein kinase in cholinergic stimulation of
H+ secretion is CaMKII (Tsunoda et al., 1992; Mayer et al.,
1994; FaÈ hrmann et al., 1998; 1999; 2002; FaÈ hrmann &
Pfei�er, 1999; 2000). Carbachol-stimulation causes a doubling

of CaMKII activity (Figure 4a), as well as a strong increase
of autoactivated CaMKII in the secretory apical membrane
of rabbit gastric mucosal cells (Figure 4b). Since carbachol-

stimulated acid secretion is accompanied by an activation of
CaMKII phosphotransferase activity, we examined the
possibility that during inhibition of carbachol-induced H+

secretion by TPA, CaMKII was less or not activated.
Cultured parietal cells were preincubated with di�erent kinase
modulators (TPA, GoÈ 6976, KN-62, Ro 31-8220), stimulated

by carbachol (0.1 mM), lysed and subfractionized. Parietal
cell membrane proteins were separated by SDS±PAGE and
blotted. A phosphospeci®c anti-active CaMKII antibody
directed against the phosphorylated autonomy site of

CaMKII was used to detect activated CaMKII. Phosphor-
ylation of the autonomy site indicates activated CaMKII (for

review, Soderling et al., 2001). In parietal cells, carbachol
induced the activation of CaMKII (Figure 5a, lane 2), an
e�ect that was antagonized by the CaMKII inhibitor KN-62

(20 mM) (Figure 5a, lane 7), or TPA (1 mM) (Figure 5a, lane
8). Notably, TPA (1 mM) exerted a moderate activation of
CaMKII in basal secreting cells (Figure 5b, lane 2) which was
reversed by KN-62 (20 mM) (Figure 5b, lane 8). The

inhibition of carbachol-induced CaMKII activity by TPA
was antagonized by either GoÈ 6976 (Figure 5a, lane 4) or by
Ro 31-8220 (Figure 5b, lane 6). Ro 31-8220 (10 mM) had no

signi®cant e�ect on CaMKII activity in the presence of
carbachol (Figure 5b, lane 5 compared to lane 3) but
inhibited the TPA-induced activation of CaMKII (Figure 5b,

lane 7 compared to lane 2). Unstimulated parietal cells
contained no activated CaMKII (Figure 5a,b, each lane 1).

a

b

Figure 4 The abundance of CaMKII in SA vesicles doubled after
carbachol-stimulation whereas the amount of autoactivated CaMKII
was strongly increased. (a) The speci®c CaMKII transphosphorylat-
ing activity of SA vesicles was 2 fold increased after carbachol-
stimulation compared to the apical membrane of the resting state.
Apical membranes of resting or carbachol-stimulated rabbit gastric
mucosal cells were incubated under CaMKII phosphorylation
conditions to phosphorylate the CaMKII-speci®c substrate autocam-
tide-II. (b) A strong increase of autoactivated CaMKII (CaMKII-P)
was detected for the postnuclear supernatant as well as for the SA
vesicles after carbachol-stimulation compared to each corresponding
membrane fraction of the resting state. Autoactivated CaMKII was
probed with a phospho-speci®c, anti-autoactivated CaMKII. The
post nuclear supernatant (S0) represents almost the total of cellular
CaMKII activity; (RS0: postnuclear supernatant of the resting state,
TV: tubulovesicles, RA: apical membrane of the resting state, SS0:
postnuclear supernatant of the carbachol-stimulated state, SA: SA
vesicles).

a

b

Figure 5 E�ects of GoÈ 6976 and Ro 31-8220 on the activity of
CaMKII in carbachol-stimulated parietal cells. Active CaMKII
(CaMKII-P) was detected in membrane fraction with a phospho-
speci®c antibody by immunoblot analysis (each upper panel), and
quanti®ed by densitometry (each lower panel). Parietal cells were
pretreated with either GoÈ 6976 (10 mM) (a), or Ro 31-8220 (10 mM)
(b), for 15 min. Cells were then incubated with TPA (1 mM) or KN-62
(20 mM) or both for 15 min, and optionally stimulated with carbachol
(0.1 mM). Equal amounts of cell membrane proteins (15 mg) per lane
were subjected to SDS-gel electrophoresis with subsequent Western
blotting. Results represent means+s.d. from three experiments.
*Signi®cantly di�erent from carbachol alone; **signi®cantly di�erent
from TPA alone, P50.05.
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Low concentrations of TPA induces acid secretion in
resting parietal cells which was blocked by Ro 31-8220 but
not by GoÈ 6976

The phorbol ester TPA is known to inhibit carbachol-evoked
acid secretion. However, a low concentration of TPA
stimulated basal acid secretion up to 2.4 fold at 10 pM (Figure

6a,b). Higher concentrations than 10 pM TPAwere less e�cient
to stimulate acid formation. An inhibition of basal acid
secretion was observed at 0.1 mM TPA but not at 1 mM (Figure

6a,b). No signi®cant e�ect of GoÈ 6976 (10 mM) was observed for
TPA-induced acid secretion except at a concentration of 0.1 mM
TPA at which the basal H+ secretion was antagonized (Figure

6a). In contrast, the TPA-dependent increase of H+ secretion
was totally abolished by Ro 31-8220 (Figure 6a). These e�ects
of GoÈ 6976 and Ro 31-8220 suggest that the TPA-stimulated

H+ secretion is conveyed by PKC-e but not PKC-a. The TPA-
evoked H+ secretion was also blocked when cells were
preincubated with the cell-permeable Ca2+-chelator BAPTA/
AM (0.1 mM) showing an involvement of [Ca2+]i (concentra-

tion of free intracellular Ca(II)-ions) (Figure 6b). KN-62
(20 mM) also e�ciently blocked the TPA-stimulated H+

secretion, and indicates the involvement of CaMKII (Figure

6b). This suggestion was addressed by additional experiments.

The calcium-sensor CaMKII is activated during
TPA-induced acid secretion

The above described results suggest a role for CaMKII in the
TPA-evoked [14C]-aminopyrine accumulation. Therefore,
experiments were carried out to determine if TPA-induced
acid secretion is indeed mediated by activation of CaMKII.

The most e�cient activation of CaMKII in parietal cells was
achieved in the presence of 10 pM TPA, and was about 60%
of activity as in carbachol (0.1 mM)-induced acid secretion

(Figure 7a). Remarkably, higher concentrations of TPA
resulted in a reduced response of CaMKII activity. At
0.1 mM TPA, no CaMKII activity was detectable but at 1 mM
TPA a moderate increase of CaMKII activity was obtained
(Figure 7a). The moderate CaMKII activity at 1 mM TPA
was 2.1+0.5 fold increased by GoÈ 6976 (10 mM), and

1.1+0.2 fold augmented by Ro 31-8220 (10 mM) (Figure
7b). The e�ect of GoÈ 6976 suggests that PKC-a suppressed
TPA (1 mM)-stimulated acid formation by inhibition of
CaMKII activity (Figure 7b, lane 4). The speci®city of

CaMKII reaction was shown by inhibition with KN-62
(20 mM) (Figure 7b, lane 6). The e�ect of Ro 31-220
implicates a more complex regulation involving both PKC-a
and -e. As we have recently demonstrated for submaximal
stimulation of acid secretion by carbachol (51 mM) the
inhibition by KN-62 is relatively less e�cient than at higher

concentrations of carbachol (41 mM) (FaÈ hrmann et al.,
2002). In the case of TPA (1 mM)-treated parietal cells
(Figure 6b, Figure 7b, lanes 3) inhibition of acid secretion

and CaMKII, respectively, by KN-62 was not as e�cient as
after carbachol (0.1 mM)-stimulation (Figure 7c, lane 9;
FaÈ hrmann et al., 2002).
Pretreatment of parietal cells with BAPTA/AM (0.1 mM)

e�ectively inhibited the activation of CaMKII by TPA (1 mM)
(Figure 7c, lane 7) indicating that TPA induced the elevation
of [Ca2+]i. The use of BAPTA/AM also showed that the

carbachol-induced increase of CaMKII activity totally
depends on [Ca2+]i (Figure 7c, lane 10). The inhibition of
carbachol-stimulated acid by chelating intracellular Ca2+ with

BAPTA/AM was recently demonstrated (Brown & Chew,
1989).

Discussion

The results in this study demonstrate that cholinergically-

stimulated gastric acid secretion involves both PKC isozymes
a and e. PKC-a has an inhibitory, PKC-e a stimulatory e�ect
on carbachol-induced acid secretion. A number of studies

have examined the role of PKC in gastric acid secretion with
sometimes con¯icting results. It was reported that TPA
inhibits carbachol-stimulated acid secretion (Anderson &

Hanson, 1985; Muallem et al., 1986; Brown & Chew, 1987;
Beil et al., 1987; Chiba et al., 1989; Nandi et al., 1996).
Brown & Chew (1987) described the e�ect of TPA on
carbachol-evoked H+ secretion in rabbit gastric glands as

biphasic with an early enhanced response and subsequent
inhibition. Kopp & Pfei�er (2000) showed a biphasic course
of acid secretion for rat parietal cells with an increment at

5 nM TPA, and a decrease of acid secretion at 100 nM. In the
same study it was shown that TPA inhibits the carbachol-
evoked formation of inositol monophosphate which was used

a

b

Figure 6 E�ects of protein kinase inhibitors on TPA-induced acid
secretion. Parietal cells were dose-dependently treated with TPA (0 ±
0.1 mM) resulting in a biphasical course of [14C]-aminopyrine uptake
(white-®lled points). (a) TPA-stimulated acid secretion was abolished
by Ro 31-8220 (10 mM; black triangles) but not by GoÈ 6976 (10 mM;
black points). (b) TPA-induced acid secretion (white-®lled points) was
abolished by KN-62, a potent, cell-permeable inhibitor of the calcium-
sensitive CaMKII at 20 mM (gray-®lled points), and the cell-permeable
calcium-chelator BAPTA/AM (0.1 mM; black points), respectively.
Results are expressed means+s.d. from four experiments.
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as an indicator of inositol trisphosphate production (Kopp &
Pfei�er, 2000). This e�ect was only observed at concentra-
tions of TPA 45 nM. However, we determined a clear

inhibition of carbachol-induced acid secretion even at
concentrations below 1 nM (data not shown). Hence, the
PKC-dependent down-regulation of inositol 1,4,5-trispho-
sphate seems to be only one mechanism in the PKC-induced

attenuation of H+-secretion. The use of the diacylglycerol
kinase inhibitor RHC 80267 causes an inhibition of
carbachol-induced H+ secretion (Pfei�er et al., 1989), and

supports the assumption that the intracellular target of TPA
is PKC. Additionally, an important property of PKC is its
activation by translocation to the plasma membrane.

Translocation of PKC on stimulation was observed for a
variety of non-excitable secretory cells (Akita et al., 1994;
Bastani et al., 1995; Hong et al., 1997; Yedovitzky et al.,

1997). In fact, both PKC-a and PKC-e translocated to the
parietal cell membrane upon carbachol-stimulation, and,
therefore, were activated during acid secretion.

We utilized a pharmacological approach to discriminate

between the actions of PKC-a and -e, respectively, on the H+

secretory response. Both GoÈ 6976 and Ro 31-8220 antag-
onized the inhibition by TPA of carbachol-induced acid

secretion whereas only GoÈ 6976 enhanced carbachol-
stimulated acid formation. Since Ro 31-8220 inhibits both
PKC-a and -e, and GoÈ 6976 only PKC-a in rabbit parietal

cells, this likely re¯ects the attenuation of cholinergic acid
secretion by PKC-a, and the augmentation by PKC-e.

The main intracellular regulator of carbachol-induced H+

secretion appears to be CaMKII (FaÈ hrmann et al., 2002).
CaMKII is abundant in gastric mucosa as holoenzyme
(FaÈ hrmann et al., 1998; FaÈ hrmann & Pfei�er, 2000).
Carbachol-stimulation both induces translocation of CaMKII

to the apical membrane of rat mucosal cells as well as a
strong activation of CaMKII phosphotransferase activity
(FaÈ hrmann et al., 2002). In this report we show similar

®ndings for rabbit mucosal cells resulting in an about 10%
higher activity of apically located CaMKII after carbachol-
stimulation than in the case of rat mucosal cells (FaÈ hrmann

et al., 2002). Recently, we suggested that PKC-a suppresses
the activity of CaMKII by direct transphosphorylation
(FaÈ hrmann & Pfei�er, 1999). As carbachol induces both the
localization of PKC-a and CaMKII to the parietal cell

membrane the spatial, intracellular conditions for interaction
of both kinases are given. In fact, the intracellular activity of
CaMKII was increased in the same order of magnitude as the

acid secretion when GoÈ 6976 and carbachol were used. The
inhibition of carbachol-evoked acid release by TPA was
accompanied by the inhibition CaMKII activity. Both

inhibitory e�ects of TPA on carbachol-induced H+ secretion
as well as on CaMKII activity were abolished by either GoÈ
6976 or Ro 31-8220. The use of GoÈ 6976 reveals that about

a

b

c

Figure 7 CaMKII is activated when resting parietal cells are treated
with TPA. After treatment of parietal cells with TPA (0 ± 1 mM),
activated CaMKII (CaMKII-P) was detected in the membrane by
immunoblot analysis (each upper panel). Bands of activated CaMKII
were quanti®ed by densitometry (each lower panel). Results are
expressed as means+s.d. from 3 ± 5 experiments. Absence of any
chemical agent corresponds with basal acid secretion. (a) Resting
parietal cells were treated with various concentrations of TPA (0 ±
1 mM), and analysed for active CaMKII (black points). Controls were
stimulated with carbachol (0.1 mM; black rectangle). *Signi®cantly
di�erent from the corresponding control group (absence of any
secretagogue or TPA), P50.05. (b) Parietal cells were incubated with
di�erent protein kinase modulators (GoÈ 6976 (10 mM), KN-62

(20 mM), Ro 31-8220 (10 mM)) for 15 min with subsequent treatment
by TPA (1 mM) for 30 min. *Signi®cantly di�erent from control
(absence of TPA); **signi®cantly di�erent from TPA alone;
***signi®cantly di�erent from TPA+GoÈ 6976+KN-62, P50.05.
(c) Cells were pretreated with BAPTA/AM (0.1 mM) or KN-62
(20 mM) for 15 min, then incubated with carbachol (0.1 mM) or TPA
(1 mM) or both for 30 min. *Signi®cantly di�erent from carbachol
alone; **signi®cantly di�erent from TPA alone, P50.01.
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two-third of carbachol-induced H+ secretion are conveyed by
CaMKII. However, approximately half of the CaMKII
activity is suppressed by PKC-a. In contrast, only one-eighth

for carbachol-evoked acid release is mediated by PKC-e.
Another study discussed that GoÈ 6976 had no e�ect on

carbachol-induced acid secretion of gastric glands, but the
potentitation of carbachol-induced acid secretion by Ro 31-

8220 was observed (Chew et al., 1997). There are several
di�erences in the morphology and the physiology between
freshly isolated gastric glands and cultured parietal cells which

makes it di�cult to compare pharmacological e�ects. It was
also reported that Ro 31-8220 inhibited carbachol-stimulated
acid formation (McKenna & Hanson, 1993). Since a suspen-

sion of unenriched parietal cells was used there may have been
paracrine e�ects of accompanying endocrine cells of the gastric
gland which were also in¯uenced by Ro 31-8220.

To understand the role of PKC in acid secretion it is also
valuable to study basal acid secretion, i.e. in the absence of
any secretagogue. Previous studies have shown that TPA
stimulates basal acid secretion (Brown & Chew, 1987; Hatt &

Hanson, 1989), a ®nding which was con®rmed in the present
study. Remarkably, we observed that the TPA-induced acid
secretion exhibited a biphasic concentration-dependence. The

highest stimulation of acid secretion occurred at relatively
low concentrations (10 ± 100 pM TPA) and, interestingly,
coincided with the highest TPA-dependent activation of

CaMKII. Since CaMKII activity as well as acid secretion
depend on free intracellular calcium, a PKC-dependent
elevation of [Ca2+]i is implicated. The clear inhibition of

TPA-potentiated basal acid secretion by KN-62 shows that
the Ca2+-dependent form of CaMKII was activated since
KN-62 cannot inhibit the Ca2+-independent form (Hidaka &
Yokokura, 1996). A direct activation of CaMKII activity by

TPA is neither known nor suggested by our data as CaMKII
is not concentration-dependently activated by TPA. Rather,
we assume that TPA activates PKC-e to increase an at least

initial increase of [Ca2+]i, resulting in an activation of
CaMKII via calmodulin. This hypothesis was con®rmed by
abolishing both the activation of CaMKII and TPA-induced

H+ secretion in the presence of the Ca2+-chelator BAPTA/
AM. As in the case of carbachol-stimulated acid secretion,
CaMKII appears also to be an important regulator in TPA-
stimulated acid secretion.

TPA has been shown to induce an increase of [Ca2+]i and cell
function in excitable (Redman et al., 1997), and non-excitable
cells (Baranska et al., 1995). Although the precise mechanism

of TPA action is unknown a direct regulation of calcium
channels has been excluded (Vitale et al., 1995; Redman et al.,
1997). Rather, a PKC-mediated change in the cytoskeleton

architecture is assumed to regulate [Ca2+]i (Baranska et al.,
1995). It is known that the actin cytoskeleton in non-excitable
cells is implicated in vesicle tra�cking, docking and fusion
(Muallem et al., 1995; Vitale et al., 1995). The depolymeriza-

tion of ®lamentous actin (F-actin) at the apical membrane
triggers exocytosis (Muallem et al., 1995). Treatment of TPA
disrupts the F-actin of the apical domain, presumably by

activating PKC (Vitale et al., 1995; Muallem et al., 1995), and
increased the secretion of pancreatic acinar cells (Muallem et
al., 1995). It is speculated that PKC-e is involved in the

disassembly of F-actin for exocytosis in neuronal cells (Saitoh
et al., 2001). Previously, it was demonstrated that PKC-e is the
only PKC-isoform which carries an actin-binding sequence

(Prekeris et al., 1998). In fact, PKC-e can directly bind to F-
actin which retains PKC-e in the catalytically active conforma-
tion (Prekeris et al., 1998). Gastric parietal cells are rich of
actin: About 5% of total protein in parietal cells is presented by

actin with about 90% as F-actin (Forte et al., 1998). Actin is
found in the apical domain of parietal cells, and may be
involved in the secretory exocytosis of acid (Yao et al., 1995).

PKC-e was observed to be colocalized with F-actin in rabbit
parietal cells (Chew et al., 1997).
Higher concentrations of TPA than 0.1 nM reversed both

stimulatory e�ects on acid secretion as well as on CaMKII
activity. The stimulation of basal acid secretion by TPA was
sensitive to Ro 31-8220 but not to GoÈ 6976. These data

strongly corroborate the involvement of PKC-e but not of
PKC-a in TPA-evoked acid secretion as Ro 31-8220 would
also inhibit activity of PKC-a. At excessive concentrations of
TPA (40.1 mM) an inhibitory function of PCK-a on both

acid secretion and CaMKII activity is indicated. Further
investigation of the PKC-dependent signalling in parietal cells
is likely to enhance our understanding how acid secretion is

regulated.
In summary, our results indicate that the activity of the

PKC isozymes a and e in acid secretion are coupled to the M3

muscarinic receptor, and that in the case of basal acid
secretion at least PKC-e is active. The e isoform facilitates
whereas the a isoform attenuates acid secretion. The
consequences of this dual regulatory mechanism for parietal

cell signalling is currently unknown. Moreover, we showed
that CaMKII activity is essential for acid secretion which is
either induced by carbachol or TPA.
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