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A B S T R A C T Prostaglandins (PGEi, PGE2, PGA1)
and histamine have opposing effects on gastric HCl
secretion, but we found that both stimulate adenylate
cyclase activity in cell-free membrane preparations of
guinea pig gastric fundic mucosa. The stimulatory effect
of prostaglandins was found in this study to be specific
and dose-dependent over a concentration range from 10'
to 10-' M. In similar preparations from antral regions
of guinea pig gastric mucosa, the adenylate cyclase was
stimulated only by PGE1, PGE2, and PGA1 and not by
histamine. Maximum stimulating doses of PGE,, PGE2,
or PGAi, and of histamine had an additive effect on the
adenylate cyclase activity from fundic gastric mucosa.
Metiamide, a histamine H2-receptor antagonist, inhibited
the stimulation of fundic mucosa adenylate cyclase by
histamine but did not interfere with the stimulation by
prostaglandins. Cyclic AMPphosphodiesterase activity
of guinea pig gastric mucosa was unaffected by
PGE, and PGE2 or by histamine, and was slightly de-
pressed by PGAi. These results indicate that histamine
and prostaglandins stimulate two different adenylate
cyclase systems both present in guinea pig gastric mucosa
tissue. Therefore, the known inhibitory effect of pros-
taglandins on gastric acid secretion is not related to the
interference with the stimulation of the histamine
H2-receptor-sensitive adenylate cyclase complex by his-
tamine nor do prostaglandins accelerate cyclic AMP
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breakdown by cyclic AMPphosphodiesterase to reduce
cyclic AMPlevels.

INTRODUCTION
Histamine is a potent stimulator of HCl secretion, while
prostaglandins are inhibitory (1-3). The cellular mech-
anisms through which these humoral agents exert their
regulatory effects on HCl secretion have not yet been
elucidated. A number of studies in mammalian as well
as in nonmammalian species indicate that histamine's ac-
tion on oxyntic cells is mediated at least in some species
through stimulation of cyclic AMPformation. The evi-
dence for such mechanism is based mainly on observa-
tions that histamine stimulates adenylate cyclase in cell-
free preparations (4-12) and also causes the accumula-
tion of cyclic AMPin unbroken cell preparations (tissue
slices) of fundic gastric mucosa (13-15), concomitant
with in situ activation of cyclic AMP-dependent protein
kinase (15). Stimulation of gastric mucosa cyclic AMP
production by histamine is probably due to its interaction
with the H2 receptors since specific histamine H2-receptor
antagonists inhibit the effect of histamine on both cyclic
kMP formation and HCl secretion (11, 12, 16-18).

In contrast to this, the cellular mechanism by which
prostaglandins inhibit gastric secretion is obscure. Some
indirect observations suggest that prostaglandins block
HCl secretion by inhibiting cyclic AMP formation in
gastric mucosa stimulated by secretagogues such as his-
tamine (1, 13, 19-21). On the other hand, in a pre-
liminary study, PGE1' was reported to stimulate the
adenylate cyclase of guinea pig gastric mucosa (4), a
finding which does not support the earlier proposition.

To clarify the apparent discrepancies in the proposed
cellular mechanism of the inhibition by prostaglandins
(19), we have examined the effects of both prosta-

'Abbreviations used in thi's paper: PGE1, prostaglandin
El; PGE2, prostaglandin E2; PGA1, prostaglandin A1.
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glandins and histamine on the enzymes of cyclic AMP
metabolism of the acid-secreting (fundic) and nonacid-
secreting (antral) gastric mucosa of the guinea pig. The
results show that prostaglandins and histamine both
stimulate cyclic AMP formation in guinea pig gastric
mucosa, but their effects differ in the fundic and antral
regions, indicating that they act on two different
adenylate cyclase systems.

METHODS

Guinea pigs maintained on ad lib. diet were killed by a blow
on the head and exsanguination. The stomach was quickly
removed, opened by a cut along the greater curvature, and
repeatedly rinsed with ice-cold isotonic saline to remove
adherent contents. The stomach was then stretched on an
ice-cold plate, and the mucosa scraped from muscle layer.
All further preparatory steps were done at 0-2 C. The
mucosa from fundic and antral regions were removed sepa-
rately, leaving untouched the transitional zone of about 1 cm
between the two regions. The identity of the mucosa from
both regions was verified histologically, using conventional
hematoxylin-eosin stain. The mucosa was homogenized in a
glass-Teflon homogenizer (two strokes) in a medium con-
taining 0.25 M sucrose, 5 mMTris, 3 mMMgC12, and 1
mMEDTA, pH 7.4 (1:4 wt/vol). After centrifugation of
the homogenate at 1,000 g for 15 min, the supernate was
quickly frozen and stored at -80'C, and the sediment was
resuspended in approximately 30 ml of ice-cold medium of
the above described composition without sucrose. The sus-
pension was centrifuged again at 1,000 g for 15 min. The
pellet was then resuspended in the medium without sucrose
using a ratio of 1 g of mucosa tissue for 1 ml of buffer, di-
vided into several portions, and quickly frozen in dry ice
and stored at - 80'C. This preparation *rved as a source
of adenylate cyclase.

The adenylate cyclase was assayed usinwgheimnethod de-
scribed in a previous study (22). The enzymeout 50 usg
protein per tube) was incubated for 20 min at 370C in a
medium (total vol 50 Al) of the following composition:
0.1 mMATP (106 cpm/tube), 4 mM MgCls, 0.1 mM
EDTA, 1 mg/ml of bovine serum albumin, 0.5 mMcyclic
AMP, 25 mMcreatine phosphate, 0.1 mg/ml creatine kinase

(Calbiochem, San Diego, Calif.), and 40 mMTris-HCl
buffer (pH 7.4). The incubation reaction was stopped by the
addition of a 5-,1l mixture containing 25 mMATP, 25 mM
5'-AMP, 25 mMcyclic AMP, and 250 mMEDTA and by
subsequent heating in a boiling water bath for 3 min. The
separation of ['P]cyclic AMPfrom ATP and other radio-
active materials was done by thin-layer chromatography,
using cellulose polyethyleninmine-impregnated thin-layer
plates and 0.25 M lithium chloride as a developing agent
(23).

Cyclic AMPphosphodiesterase activity, which was shown
to be located mostly in cytosol (24), was assayed in the
supernatant preparation from the first centrifugation, em-
ploying the principle developed by Thompson and Appleman
(25) and employed in a previous study (11). The protein

content in enzyme extracts was determined by method of
Lowry et al. (26), and the enzyme activities were expressed
in terms of picomoles per minute per milligrams of the
enzyme protein.

The stock solutions of the prostaglandins and arachidonic
acid were prepared in ethanol and kept at - 10'C. Before
the experiment, the appropriate dilutions were made with
5 mMTris-HCl buffer (pH 7.4). It was observed in the
preliminary experiments that ethanol in high concentrations
can reduce both the adenylate cyclase and cyclic AMP
phosphodiesterase activities. For example, 10% ethanol con-
tent in the reaction mixture reduced the basal activity of
adenylate cyclase by about 50-60%, but with a final con-
centration of 1%, no inhibition was observed. Therefore, in
the adenylate cyclase assays, the ethanol content was kept
at 1% or less. In the cyclic AMPphosphodiesterase assays,
larger quantities of prostaglandins were required for the
assay and, therefore, the ethanol concentration was higher.
In that case, the enzyme activity was compared to control
incubations containing the same ethanol concentration as in
the incubations containing the tested agents. However, the
prostaglandins' relatively low solubility in aqueous medium
prevented the testing at higher concentrations.

Histamine was purchased from Calbiochem; metiamide
was a gift from Smith, Kline & French Laboratories, Ltd.
(Welwyn Garden City, England). The PGE1, PGE2, and
PGA1 were kindly supplied by the Upjohn Co. (Kalamazoo,
Mich.). a-[2P]ATP for the adenylate cyclase assay was a
product from International Chemical and Nuclear Corp.

E I
Effects of Histamine, Prostaglandins, and Arachidonic Acid on Fundic

and Antral Mucosa Adenylate Cyclase

Adenylate cyclase activity

Fundic mucosa P value: Antral mucosa P value

pmol cyclic AMPlmin/mg protein*
Basal activity 9.2 ±0.4 (40)§ 12.3±40.8 (18)

+ Histamine (10-4 M) 32.0±2.6 (27) <0.001 13.5±1.2 (9) NS
+ PGE1 (10-4 M) 27.442.0 (16) <0.001 35.446.7 (6) <0.01
+ PGE2 (10-4 M) 21.841.3 (16) <0.001 36.6±4.4 (4) <0.01
+PGA1 (10-' M) 20.141.3 (15) <0.001 42.0±5.6 (6) <0.01
+ Arachidonic acid (10-4 M) 11.6±1.6 (7) NS 14.742.2 (6) NS

* Mean±SE.
For significance of differences between basal activity and activity after addition of tested agent;

NSdenotes P > 0.05 (t test).
§ Number of observations-in parentheses.
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TABLE I I
Additive Stimulation of Adenylate Cyclase from Fundic Mucosa by Maximum

Stimulatory Doses of Histamine (10-4 M) and Prostaglandins (10-4 M)

Adenylate cyclase activity

Calculated additive Tested additive Significance
effectt effecti of differencell

pmol cyclic AMP/min/mg protein*

Histamine + PGE, 39.5A3.2 (12)¶ 42.8±3.5 (12) NS
+ PGE2 38.6±3.1 (14) 35.7±4.7 (14) NS
+ PGA1 40.0±3.4 (14) 40.1±2.8 (14) NS

* Mean±SE.
t Values represent arithmetic sums of increases in the adenylate cyclase activity
over basal activity by two agents tested separately.
§ Values represent the increase in the adenylate cyclase activity over basal
activity by two agents added together into incubation mixture.

II Significance evaluated by t test NS = P > 0.05.
¶ Number of observations in parentheses.

(Irvine, Calif.) and cyclic[H] AMPby New England Nu-
clear (Boston, Mass.). All other chemicals or biochemicals
were of the highest purity grade and purchased from the
standard suppliers.

RESULTS
The adenylate cyclase prepared from the two different
functional regions of the guinea pig gastric mucosa dif-
fered in responsiveness to histamine and prostaglandins.
While histamine increased the adenylate cyclase activity
from the fundic mucosa more than three times over
basal, it did not increase significantly the adenylate
cyclase activity from the antral mucosa (Table I). In
contrast to this, PGE1, PGE2, and PGA1 in concentration
of 10' M stimulated not only fundic but also antral
mucosal adenylate cyclase preparations. The response
to the prostaglandins in the antral mucosa preparation
appeared to be greater than in the preparations from the
fundic region (Table I). Arachidonic acid, a precursor

of prostaglandins, had no effect on the adenylate cyclase
activity, suggesting that the stimulation of adenylate
cyclase by prostaglandins is specific and is unlikely
due to general physicochemical properties of the long-
chained fatty acid.

Both histamine and prostaglandins stimulated the
adenylate cyclase preparations from acid-secreting
(fundic) mucosa; yet both agents have been reported as
having opposite effects on HC1 secretion in vivo (1-3,
13, 19). To resolve the question whether histamine and
prostaglandins act on the same adenylate cyclase system,
both agents were tested either separately or added to-
gether to the same reaction mixtures containing fundic
mucosa adenylate cyclase.

Before exploring possible interactions between the two
types of stimulants, the dose dependence of their action
was tested. Wefound that stimulation by prostaglandins
PGEi, PGE2, and PGA1 or by histamine was dose-

TABLE III
Effect of Metiamide, a Histamine H2-Receptor Antagonist, on the Stimulation of

Fundic Gastric Mucosa Adenylate Cyclase by Histamine and Prostaglandins

Adenylate cyclase activity

Metiamide (10-4 M)
Without antagonist added P value4

pmol cyclic AMP/mix/mg protein*
Basal activity 9.440.6 (13)§ 7.7±0.8 (13) NS
Histamine (10-4 M) 33.5±2.6 (13) 14.6±0.8 (13) <0.001
PGE1 (10-6 M) 22.8±1.8 (8) 21.1±1.7 (8) NS
PGE2 (10-6 M) 19.6±3.0 (8) 16.4±1.1 (8) NS
PGA1 (10-6 M) 14.9±1.2 (7) 12.141.7 (7) NS

* Mean±SE.
t For significance of differences between activities without and with addition
of metiamide; NS denotes P > 0.05 (t test).
§ Number of observations in parentheses.
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FIGURE 1 Effects of increasing doses of prostaglandins,
histamine, and arachidonic acid on the fundic gastric mucosa
adenylate cyclase activity, The points are means of three
to seven observations±SEM. Ordinate, adenylate cyclase
activity; abscissa, molar concentrations.

dependent between 10- to 10-' M, and at the latter con-
centration, the maximum stimulation of adenyiate cyclase
was achieved by all of the compounds (Fig. 1). Arachi-
donic acid did not stimulate the fundic mucosa adenylate
cyclase significantly over this range of concentrations.
A similar dose-dependent response of the adenylate
cyclase to increasing concentrations of PGE1, PGE2, and
PGA1 was found in preparations from antral gastric
mucosa.

Using the maximal stimulatory concentrations, the
combined effects of histamine and each of the three
prostaglandins were determined. The results shown in
Table II demonstrate that the addition of 10' M PGEi,

PGE2, or PGA1 to the fundic mucosa adenylate cyclase
stimulated by 10-' Mhistamine did not interfere with the
stimulation by histamine, but that the stimulation effects
on adenylate cyclase were additive, i.e., the arithmetic
sum of the stimulation by histamine and each of the
prostaglandins tested individually did not differ signifi-
cantly from the stimulation of adenylate cyclase when
both agents in the maximal stimulating concentration
(10-' M) were added together into the same incubation
mixture.

To further test whether histamine and prostaglandins
act on two different receptor sites associated with fundic
mucosa adenylate cyclase, the effect of metiamide, a
specific H2-receptor antagonist, was tested on histamine
and prostaglandin stimulation of fundic mucosa adenylate
cyclase. Metiamide at concentration 10-' M produced
only a slight inhibition of basal adenylate cyclase activity
(Table III), and, as expected from our previous study
(11), profoundly inhibited the stimulation of adenylate
cyclase by histamine. However, the stimulation of
adenylate cyclase by PGE1, PGE&, and PGA, was not
significantly influenced by metiamide, even when H2-
receptor antagonist was added in molar concentration
10 times higher than prostaglandins (Table III). Like-
wise, metiamide had no inhibiting effect when adenylate
cyclase was stimulated by 10' MPGE&, PGE1, or PGA1.

Prostaglandins PGEL and PGE2, in the concentrations
which markedly stimulated the adenylate cyclase activity,
had no significant effect on the activity of the gastric
mucosa cyclic AMPphosphodiesterase (Table IV). The
5% ethanol in which the prostaglandins were dissolved
caused a reduction of cyclic AMPphosphodiesterase ac-
tivity, but PGE, and PGE. did not further decrease the
activity. PGA1 produced a small but significant inhibi-
tion of cyclic AMP phosphodiesterase prepared from

TABLE IV
Effect of Histamine and Prostaglandins on Cyclic AMPPhosphodiesterase Activity

in Preparations from Fundic and Antral Gastric Mucosa

Cyclic AMPphosphodiesterase activity

Fundic mucosa P value Antral mucosa P value

pmol cyclic AMPlmin/mg protein*
Control 214418 210419

+ Theophylline 10- M 4043 <0.001$ 4013 <0.0011
+ Histamine 5 X 10-4 M 21547 NST 198-9 NSt

Control (5% ethanol) 180410 <0.02$ 161i9 <0.05t
+ PGE15 X 10-4 M 17448 NS§ 151U11 NS§
+ PGE25 X 10-4M 172-7 NS§ 149i8 NS§
+ PGA15 X 10-4 M 13045 <0.005§ 11145 <0.001§

* Mean4SE from six observations.
1 For significance of difference from control without ethanol (t test).
§ For significance of difference from control containing 5%ethanol (t test).
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both fundic and antral regions of gastric mucosa (Table
IV). Cyclic AMPphosphodiesterase activity from the
fundic and antral mucosa was strongly inhibited by
theophylline, but histamine had no effect (Table IV).

DISCUSSION
Our results are in agreement with the preliminary com-
munication of Perrier and Laster (4) reporting that
PGE1 stimulates adenylate cyclase in gastric mucosa.
Wehave found PGE1, PGE2, and PGA1 to stimulate an
adenylate cyclase of fundic gastric mucosa in a dose-
dependent fashion. It is unlikely that this effect is due
to a general physicochemical property of long-chained
fatty acids since arachidonic acid, a fatty acid with
physicochemical properties similar to prostaglandins had
no effect on gastric mucosa adenylate cyclase. This ac-
tion of prostaglandins is not limited to acid-secreting mu-
cosa; similar and even more prominent dose-dependent
stimulation of adenylate cyclase occurred in preparations
from antral gastric mucosa. In contrast to prostaglandins,
histamine's stimulation of adenylate cyclase is limited to
fundic mucosa (Fig. 1; references 6, 7, 11). The mech-
anism by which prostaglandins inhibit gastric HCI secre-
tion is not clear from previous observations (19). Our
results indicate that they do not inhibit histamine-stim-
ulated gastric HCl secretion by interfering with hista-
mine-dependent cyclic AMPgeneration or by accelera-
tion of cyclic AMPbreakdown. On the contrary, we
found that prostaglandins stimulate a gastric mucosal
adenylate cyclase system which is different from that
stimulated by histamine. This conclusion is based on two
observations. First, the maximal stimulatory effects of
prostaglandins and histamine on adenylate cyclase are ad-
ditive and second, only histamine's stimulation is blocked
by specific H2-receptor antagonist, metiamide. Our re-
sults suggest that these two adenylate cyclases are either
in different compartments of the same cell or in two dif-
ferent cell types, one present in antral mucosa only but
both present in fundic mucosa. This latter possibility is
supported by results of a recent study showing that
administration of histamine in vivo increased cyclic
AMP tissue level in the layer of fundic mucosa, con-
taining mostly oxyntic cells, while PGE2 increased cyclic
AMPcontent in layers in which oxyntic cells were ab-
sent (27). Although both fundic and antral mucosa
have some cell types in common (such as surface epi-
thelium cells), it cannot be distinguished from the pres-
ent results whether prostaglandin-sensitive adenylate
cyclases from fundic or antral mucosa are derived from
the same or from different cell types.

In conclusion, the present results clearly show that
prostaglandins do not interfere with histamine-stimulated
cyclic AMPformation; instead prostaglandins stimulate
a different adenylate cyclase system in the gastric mucosa
than histamine. It remains to be established whether

prostaglandin-stimulated adenylate cyclase in gastric
mucosa is a component of the cellular mechanism through
which prostaglandins inhibit gastric HCl secretion or
whether it is associated with some other, yet undefined,
effect of prostaglandins in gastric mucosa.
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