Br. J. Pharmac. (1981), 72, 291-298

THE GASTRIC ANTISECRETORY ACTIONS OF PROSTAGLANDIN E,

AND STABLE PROSTACYCLIN ANALOGUES AGAINST DIFFERENT

SECRETAGOGUES IN PERFUSED WHOLE-STOMACHS OF RAT OR
MOUSE in vitro

N.K. BOUGHTON-SMITH & B.J.R. WHITTLE

Department of Prostaglandin Research, Wellcome Research Laboratories, Langley Court, Beckenham,

Kent BR3 3BS

1 The characteristics of the antisecretory actions of prostaglandin E, (PGE,) and two stable prosta-
cyclin analogues during different rates of acid stimulation have been evaluated in the lumen-perfused

isolated whole stomach of the rat and mouse.

2 In the rat isolated stomach, histamine induced a dose-dependent increase in acid output. Pre-
incubation with PGE, caused a dose-related and surmountable inhibition.

3 The stable prostacyclin analogues, 68-PGI, and a 16-phenoxy derivative likewise caused a sur-
mountable inhibition of histamine-stimulated acid output from rat stomach.

4 PGE, had inconsistent actions on the acid secretion stimulated by pentagastrin, methacholine or

dibutyryl cyclic adenosine 3',5-monophosphate.

5 In the mouse isolated stomach, acid secretion was stimulated by low concentrations of histamine,

pentagastrin or methacholine.

6 PGE, failed to inhibit histamine-stimulated acid output from mouse stomach, but high concen-
trations of the potent 16-phenoxy analogue did show anti-secretory activity.

7 The results indicate the usefulness of the rat isolated stomach for studying the interaction of
prostaglandins with the acid secretory process in mammalian gastric mucosa.

Introduction

The recent development of viable, acid-secreting iso-
lated preparations of mammalian stomachs (Wan,
Assem & Schild, 1974; Holton & Spencer, 1976;
Bunce & Parsons, 1976; Main & Pearce, 1978a;
Angus & Black, 1979) has allowed study of the anti-
secretory actions of drugs, including prostaglandins,
without such complicating factors as mucosal blood
flow changes. In both the isolated stripped mucosa
and lumen-perfused whole stomach of the rat, prosta-
glandin E, (PGE,) inhibits histamine-stimulated acid
output (Main & Pearce, 1978a; Whittle, Boughton-
Smith, Moncada & Vane, 1978a). We have now
investigated in more detail the characteristics of the
antisecretory responses to PGE, and two stable anti-
secretory prostacyclin analogues, 68-PGI, (Whittle,
Boughton-Smith, Moncada & Vane, 1978b) and
(52)5.9-epoxy 16-phenoxy PGF,; (Whittle & Bough-
ton-Smith, 1979) during different rates of acid stimu-
lation by histamine, methacholine, pentagastrin or
dibutyryl cyclic adenosine 3',5-monophosphate (db
cyclic AMP) in rat or mouse whole-stomach.
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A preliminary account of some of this work was
presented to the British Pharmacological Society
(Boughton-Smith & Whittle, 1979).

Methods
Isolated lumen-perfused stomach of the rat

The techniques used were similar to those described
by Bunce & Parsons (1976). Fed immature male rats
(Wistar) weighing between 35 and 45 g were killed by
cervical dislocation. The abdomen was opened, the
oesophagus ligated close to the stomach and the
stomach flushed with warm Krebs-Henseleit solution
through an incision in the muscular non-secretory
forestomach. A cannula was placed in the gastric
lumen through the incision in the forestomach and
another through the pyloric sphincter via the duo-
denum. The stomach was then placed in an organ
bath containing 20 ml of a modified Krebs-Henseleit
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solution (serosal solution) at 37°C and perfused (1
ml/min) through the gastric lumen with the modified
Krebs-Henseleit solution from which the buffer salts
had been omitted (mucosal solution).

Acid secretion from the gastric lumen was
measured continuously as pH of the perfusate via a
microelectrode system, arranged so that the tip of the
pH electrode was mounted 19 cm above the perfused
stomach. The pH values were converted to hydrogen-
ion concentration. Under these conditions, a spon-
taneous acid secretion developed which reached
steady levels after approximately 20 to 40 min
(132 + 6 nmol/min, n = 106). Any preparations that
did not reach a ‘basal’ acid secretion greater than pH
4.5 (32 nmol/min) after 40 min were rejected (<2%) as
they were found to be unresponsive to histamine.

The serosal solution was changed 5 to 15 min after
the stomachs were set up, to remove any free debris
resulting from dissection. After 40 min, when the
basal secretion had reached plateau levels, the vehicle
(ethanol) or antagonist (prostaglandin) was added to
the serosol solution in a maximum volume of 20 pl
After an incubation period of 12 min the agonist (his-
tamine acid phosphate, methacholine, pentagastrin or
db cyclic AMP) was added to the bath and the acid
secretion measured until peak stimulated secretion
was recorded (24 to 40 min). Each preparation was
used for a single response only, with treatment being
allocated randomly between preparations. Responses
to histamine were measured as peak stimulation of
acid secretion above the rate of basal acid secretion
immediately prior to the addition of histamine (A acid
secretion).

Isolated perfused stomach of the mouse

Whole stomachs from fed male mature mice (Keebles)
weighing between 25 and 30 g were prepared by the
method described above for the rat, except that the
Krebs-Henseleit solution contained a higher glucose
concentration (31 mM) in both serosal and mucosal
solution (Angus & Black, 1979).

Bathing solutions

The serosal solution was composed of (mm): NaCl
119, MgSO, 1.2, KCl 4.7, glucose 5.6, NaHCO; 30,
K,H,P0O, 0.5 and CaCl 1 and gassed vigorously with
95% O, and 5% CO,. The mucosal solution was of
similar composition but with the buffer salts omitted
and gassed with 100% O,. In the mouse isolated
stomach experiments the solutions were similar
except the glucose concentration was adjusted to
31 mM which allowed a more sustained secretory
response.

Drugs

Histamine acid phosphate (BDH) methacholine
(Sigma Chemical Co.), pentagastrin (Peptavlon, ICI),
N®-2'O-dibutyryl adenosine 3'-5'-monophosphate
cyclic (Boehringer-Mannheim) were made up freshly
when required. Prostaglandin E, and the prostacyclin
analogues 68-PGI; and (5x)-9-deoxy-5-9a-epoxy-16-
phenoxy 17,18,19,20-tetranor prostaglandin F,; which
were synthesized as described elsewhere (Johnson,
Lincoln, Smith, Ayer, Nidy, Thompson, Axen, Aiken,
Gorman, Nishizawa & Honohan, 1979) were stored in
ethanol (—40°C) and added directly to the serosal
solution.

Statistical analysis

Results, calculated as A acid output (peak acid output
above basal secretion) are expressed as the
mean =+ s.e. mean of (n) values. The significance of the
difference between groups was assessed by Student’s ¢
test for unpaired data, and P < 0.05 was taken as
significant.

Results
Rat isolated whole stomach

Histamine (16 to 261 uM; S to 80 pg/ml) produced a
dose-dependent secretory response, which reached
maximal secretory levels of 221 to 276 nmol/min
(Figure 1). The acid-secretory response to histamine
(65 pM) was not significantly different from that
induced by histamine at concentrations of 130 and
261 uM (P > 0.7 and P > 0.1 respectively) and was
taken as the maximal secretory response to histamine.

Peak secretory responses to doses of histamine
were observed between 24 and 40 min after addition
to the bath.,

Effect of incubation with prostaglandin E, on the
histamine secretory response

Prostaglandin E, (0.5 to 1.0 pg/ml; 1.4 to 2.8 pm)
produced a dose-related and surmountable inhibition
of histamine-induced acid secretion (Figure 2). The
secretory response to a submaximal (16 pm) dose of
histamine was A90 + 11 nmol/min (n = 23) which
was significantly reduced to Al17 +4 nmol/min
(n=6; P <0.01) by PGE, (1.4 um) and to Al + 20
nmol/min (n=11; P <0.001) by PGE, (28 um).
Likewise, with a maximal concentration of histamine
(65 uM) producing an acid secretory response of
A221 + 16 nmol/min (n = 37), PGE, (2.8 pM) pro-
duced a significant inhibition (to A104 + 16 nmol/
min, n = 27, P < 0.001) whereas the lower concen-
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Stimulation of acid secretion from isolated lumen-perfused whole stomachs from rat (®) or mouse (O) by

pentagastrin, methacholine and histamine. Results shown as A acid output (increase over basal secretion) in terms
of nmol/min, are the mean of 10 to 50 experiments for each value; vertical lines show s.e. mean.

tration of PGE, produced no significant inhibition.
With increasing supramaximal concentrations of his-
tamine (up to 261 pMm), the inhibition by PGE, (2.8
uM) was no longer significant.

Thus a shift to the right of the dose-response curve
to histamine, with no depression of the maximal
response was achieved with PGE, in these doses
(Figure 2).

The effect of prostacyclin analogues

The effects of the stable prostacyclin analogues on
histamine stimulated acid secretion were determined
as with PGE,.

In the presence of 68 PGI,, (2 pg/ml; 5.6 um) there
‘was a small shift in the histamine secretory response
curve to the right with the responses to histamine (16
uM) being significantly (P < 0.05) reduced from
AS7 + 11 to A25 + 10 nmol/min (Figure 3).

Low doses of the stable prostacyclin analogue
(52)5,9-epoxy-16-phenoxy PGF; (0.026 upm; 0.1
pg/ml) also produced a displacement to the right of
the histamine secretory response curve with signifi-
cant inhibition of both rates of histamine stimulation
(16 and 67 pm).

Effect of prostaglandin E, on methacholine-induced
secretion

Methacholine at concentrations of 0.6 to 2.5 pg/ml
(3.2 to 12.8 pm) produced a dose-related secretory
response similar to that produced by histamine
(Figure 1). Only the higher rate of secretion induced
by methacholine was significantly (P < 0.02) reduced
by PGE, (2.8 um) (Figure 2).

Effect of prostaglandin E, on pentagastrin-induced
secretion

The secretory responses of the rat whole stomach to
pentagastrin (0.065 to 6.5 um) were substantially
smaller than those obtained with either histamine or
methacholine and exhibited a shallow dose-response
relationship (Figure 1). However, the onset of the acid
secretory response to pentagastrin and the time for
the peak secretory response to occur were more rapid
than with either histamine or methacholine; there was
also a rapid fade in the peak response, again in con-
trast to histamine and methacholine which both gave
a maintained secretory response.

Only the acid secretory response to the inter-
mediate dose of pentagastrin was reduced signifi-
cantly (P < 0.025) by PGE, (2.8 uM) (Figure 2).

Effect of prostaglandin E, on dibutyryl cyclic AMP-
induced secretion

As is shown in Figure 2, the stimulation of acid out-
put by db cyclic AMP (51 to 204 pMm) was significantly
inhibited by PGE, (2.8 pum) only at the intermediate
rate of stimulation. Thus, as with pentagastrin and
methacholine-induced acid output, no consistent
antisecretory effects of PGE, could be demonstrated.

Effect of prostaglandin E, on basal acid secretion

During the 12 min preincubation before addition of
the agonist, PGE, (2.8 um) significantly (P < 0.05)
reduced basal acid secretion (by 36 + 4 nmol/min,
n = 66).
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Figure 2 Inhibition of acid output from rat isolated stomachs by prostaglandin E, (PGE,, | pg/ml; 2.8 pm)
during stimulation with histamine, methacholine, pentagastrin and dibutyryl cyclic AMP. The results, which show
A acid output (nmol/min) under control conditions (®) and following a 12 min incubation with PGE, (O) before
stimulation are expressed as mean of 10 to 50 experiments for each value; vertical lines show s.e. mean. The level of

statistical significance is shown by * P < 0.05; ** P <

The prostacyclin analogue, 68 PGI; (5.6 um), did
not significantly affect basal secretion whereas
(52)5.9-epoxy-16-phenoxy PGF, (0.026 pm) produced
a marked reduction (65 +7 nmol/min, n = 24) in
basal acid secretion (P < 0.05).

Mouse isolated whole stomach

The mouse stomach had a basal acid secretion of

Rat stomach

0.01, *** P < 0.001.

119 + 8 nmol/min (n = 84) and histamine caused a

dose-dependent increase in acid secretion (Figure 1).

Effect of prostaglandin E,
secretion

on histamine-induced

In contrast to the rat stomach, PGE, (2.8 uM) had no
antisecretory effect against the effects of histamine in
the mouse stomach. Increasing the concentration of

Mouse stomach

68-PGI, 16 - phenoxy 16 - phenoxy
5.6um 0.026um 2.6um
5
4
. 200 13
£
£
=
S
£ -
c
: y
‘c 9
2 100 %
s | 7
ok /
Histamine 16 65 16 65

Figure 3 Effect of pre-incubation with the stable prostacyclin analogues, 68-PGI, (5.6 um) and (52)5.9-epoxy-16-
phenoxy PGF, (0.026 uM) in rat stomach; (2.6 pM in mouse stomach) on histamine-stimulated acid output. Results,
shown as A acid (nmol/min) are mean of (n) values, where the open columns represent control values: vertical lines
show s.e. mean. The statistical significance is represented by * P > 0.05; ** P > 0.01: *** P > 0.001.
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Figure 4 Effect of prostaglandin E, (PGE,, 2.8 pm) on histamine-stimulated acid output (nmol/min) from rat and
mouse isolated stomachs using different glucose concentrations. Results are mean of (n) values, where the open
columns represent control values; vertical lines show s.e. mean. A statistically significant difference is represented

by *** P > 0.001.

PGE, (to 14 pM) against the secretory response to
histamine (4 pM) of A35 + 9 nmol/min still did not
result in any significant antisecretory action (A49 +13
nmol/min). Lowering the glucose concentration to 5.6
mM (as used in the whole rat stomach) did not alter
this insensitivity to PGE, (Figure 4).

The analogue, (5a)5.9-epoxy-16-phenoxy PGF,
(0.026 pum) in the doses used in the rat stomach was
also without significant effect on the acid output to
histamine. The secretory response to histaminc (4 pm)
was A107 + 20 nmol/min (n = 10) and in the pres-
ence of the 16-phenoxy analogue, the secretory
response was A72 + 24 nmol/min (n = 8; P > 0.05).
-However, when the dose of analogue was raised 100
fold (to 2.6 uM), the secretory response to histamine
was significantly (P < 0.05) reduced to 61 + 12 nmol/
min (n = 15), as shown in Figure 3.

Effect of prostaglandin E, against methacholine- and
pentagastrin-induced secretion

As with histamine, the sensitivity of the mouse
stomach to both methacholine and pentagastrin was
greater than found in the rat whole stomach (Figure
1). PGE, was without significant antisecretory effect
against either secretagogue. Methacholine (2.6 pm)
gave a secretory response of 132 + 26 nmol/min
(n = 14), which in the presence of PGE, (2.8 um) was
not significantly altered (A165 + 25 nmol/min,
n = 16). Pentagastrin (6.5 nM) induced a secretory
response of A80 + 24 nmol/min (n = 9) and in the
presence of PGE, (2.8 um) the secretory response was
A76 + 10 nmol/min (n = 12; P > 0.05).

In the mouse stomach, basal secretion was not
changed significantly by PGE, (2.8 pum). However, at
the highest concentration, the 16-phenoxy analogue
(2.6 pm) significantly reduced (P < 0.05) basal acid
secretion (by 23 + 1 nmol/min, n = 15).

Discussion

Using isolated whole stomachs of the rat and mouse
we have studied the characteristics of the antisecre-
tory actions of PGE, and stable prostacyclin ana-
logues on basal and stimulated acid secretion.

In the rat whole stomach, basal acid secretion was
substantially higher than previously found by Bunce
& Parsons (1976) using a comparable preparation.
This may result from the lower Ca2* concentration (1
mM) used in our experiments since Main & Pearce
(1978b) demonstrated large increases in spontaneous
acid output following reduction of the Ca?* concen-
tration in the rat stripped gastric mucosa.

The concentrations of histamine stimulating acid
secretion were comparable to those of Bunce & Par-
sons (1976) although in our studies the secretory
responses were greater; this may again reflect the dif-
ferences in Ca’* concentration or in experimental
design. In our studies no anaesthetic was used during
removal of the stomach and only a single period of
stimulation was used. Cholinergic- and pentagastrin-
stimulated acid secretion has previously been demon-
strated in the whole stomach and isolated stripped
gastric mucosa of the rat (Bunce, Parsons & Rollings,
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1976; Main & Pearce, 1978a) although tachyphylaxis
was observed. This was avoided in the present study
by use of each preparation for a single treatment only.
The secretory response to methacholine in our experi-
ments was similar to that induced by histamine,
which contrasts with the low secretory responses to
pentagastrin with its shallow dose-response relation-
ship. Again, the rates of acid output were greater than
previously reported (Bunce et al., 1976).

In previous studies, where prostaglandin E, (PGE,)
has been used to inhibit histamine-stimulated acid
secretion in the rat isolated stripped mucosa (Main &
Pearce, 1978a) and whole stomach of the rat (Whittle
et al., 1978), only a single concentration of histamine
was used. In the present study, pre-incubation with
PGE, produced a displacement of the histamine
dose-response curve to the right, whilst the inhibitory
action of PGE, was surmountable by high doses of
histamine. Using an isolated parietal-cell system from
dog mucosa, Soll (1978a, 1980) has also shown that
the inhibition of histamine stimulation by low doses
of PGE, was reversed by increasing the concentration
of histamine. Furthermore, PGE, did not inhibit
either carbachol or gastrin-stimulated parietal-cell
activity. We too have found that, in contrast to his-
tamine stimulation, PGE, produced inconsistent
effects on acid secretion stimulated by pentagastrin or
methacholine.

These results are also similar to those in the rat
stripped gastric mucosa where histamine-stimulated
acid secretion was readily inhibited by PGE, but the
secretion stimulated by methacholine and pentagas-
trin only became susceptible to inhibition by PGE,
after a long incubation period (Main & Pearce,
1978a). Interestingly, Soll (1978b, 1980) has observed
that a background of histamine stimulation not only
greatly enhanced the isolated parietal-cell responses
to carbachol and gastrin but also made these
responses susceptible to inhibition by PGE,. In iso-
lated whole stomach or in stripped mucosal prep-
arations, there is a mixture of cell types, some of
which are capable of mediator release, including his-
tamine. This could therefore provide a background
for additional stimulation by methacholine or penta-
gastrin and possibly explain the inconsistent inhibi-
tory effects of PGE, on the secretory responses to
secretagogues other than histamine.

The analogues 6-PGI, and the 16-phenoxy deriva-
tive likewise produced a shift to the right of the dose-
response curve for histamine stimulation, with the in-
hibition of acid output being surmountable. Pre-
viously these compounds, like PGE,, have been
shown to inhibit gastric acid secretion in the isolated
whole stomach of the rat when administered during
stable submaximal rates of histamine stimulation
(Whittle & Boughton-Smith, 1979). In the present ex-
periments where the prostaglandins were pre-incu-

bated with the tissue before stimulation, a comparable
degree of inhibition was achieved.

In our studies on the isolated mouse stomach, basal
secretion was similar to that described previously
(Wan, 1977; Angus & Black, 1979; Angus, Black &
Stone, 1980). Histamine, methacholine and pentagas-
trin all stimulated acid secretion at lower doses than
required in the rat stomach, although the maximal
rates of acid output in response to these secretagogues
were similar to those observed for the rat. In contrast
to the increased senmsitivity to secretagogues, the
mouse stomach was relatively insensitive to the
inhibitory actions of the prostaglandins tested. Even
at the higher concentrations, PGE, did not inhibit
histamine-stimulated acid secretion. However, by
increasing the concentration of the more potent stable
16-phenoxy prostacyclin analogue by a 100 times that
used in the rat, a significant inhibition of histamine-
stimulated acid secretion was achieved. The differ-
ences in sensitivity to the inhibitory effects of PGE,
on histamine-stimulated acid secretion in the rat and
mouse preparation are difficult to explain but may be
linked to age, the rat being an immature weanling of
approx. 3 weeks old, compared with the adult mice
used. Studies on histamine H,-receptor antagonists,
however, gave comparable effects in the mouse
stomach (Angus & Black, 1979; Angus et al., 1980) or
the immature rat stomach (Bunce & Parsons, 1976). It
is thus not yet apparent whether differences in the
penetration of the muscular layers or in the uptake or
metabolism of the prostaglandins by the rat or mouse
stomach in vitro could explain the marked difference
in sensitivities to these compounds. In all other spe-
cies so far reported, PGE,, and more recently, the
prostacyclin analogues have been potent antisecretory
agents either in vitro or in vivo.

PGE, is likely to exert its anti-secretory action by
suppressing the formation of cyclic AMP, a proposed
intracellular mediator of gastric acid secretion. In
early in vitro studies on the amphibian gastric
mucosa, PGE, inhibited the secretory response to his-
tamine but not to directly applied cyclic AMP (Way
& Durbin, 1969). In studies in the rat in vivo, PGE,
inhibited the secretory responses to histamine yet
failed to reduce the small secretory response to db
cyclic AMP alone (Main & Whittle, 1974). Similar
findings have been reported with methyl analogues of
PGE, in the rat isolated stripped mucosa (Main &
Whittle, 1976; Main & Pearce, 1978a) and we have
likewise shown in the present study on the rat isolated
whole stomach, that PGE, had inconsistent actions
on the stimulation by db cyclic AMP. Further sup-
port has come from studies on parietal-cells isolated
from dog gastric mucosa, where the secretory
response to histamine but not db cyclic AMP was
inhbited by PGE, (Soll, 1980).

All these findings support the concept that antisec-



retory prostaglandins act at a stage prior to the pro-
duction of cyclic AMP via a direct inhibitory action
on adenylate cyclase. Thus, Soll (1978a, 1980) has
shown that the low concentrations of PGE, which
inhibit histamine-induced activity in isolated parietal-
cells, also markedly inhibit the elevation of cyclic
AMP induced by histamine. Major & Scholes (1979)
have likewise shown that PGE, and its analogues can
prevent the stimulation of cyclic AMP formation by
histamine in isolated parietal-cells.

Our findings suggest that the interaction of PGE,
with the adenylate cyclase system in rat stomach is
surmountable although our data are insufficient to
analyse the nature of the prostaglandin and histamine
actions at the receptor level. Similar results with low
concentrations of PGE, during histamine stimulation
have been found using isolated canine parietal-cells
(Soll, 1980). The histamine H,-receptor antagonist,
metiamide, has previously been shown to exhibit
competitive characteristics on the histamine dose-res-
ponse curve in the rat isolated stomach (Bunce &
Parsons, 1976). However, it is known that under cer-
tain conditions, non-competitive antagonists may
exhibit such characteristics at low concentrations and
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