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1 Gastric acid secretory responses to pentagastrin were characterized in the rat isolated gastric
mucosa. In particular, the mechanisms underlying fade, declining response upon continued stimu-
lation, and tachyphylaxis, progressively reduced responses upon repeated stimulation, were investi-
gated.
2 Pentagastrin, 10--1O-7M, resulted in concentration-related increases in acid secretion, with a
mean maximum of 2.65ymolcm-2h-1 in response to pentagastrin, 10-7M. Higher concentrations
of pentagastrin produced sub-maximal secretory rates; we define this as auto-inhibition. The
responses to all concentrations of pentagastrin demonstrated fade. The rate of fade was correlated
with the maximum acid secretory rate, declining at about 36% of the peak over the first 16 min.
3 The Po2, Pco2, [HCO3-j, pH, [glucose], [lactate], [Na'] and [K+] did not decline during
the fade of the acid secretory response to pentagastrin, 10-7M. Addition of a second aliquot of
pentagastrin was not able to reverse fade, but these tissues were responsive to histamine. Replace-
ment of the serosal solution, before addition of a second aliquot of pentagastrin, increased the acid
response from 3% to 24% of the first response.
4 Serosal solution from donor tissues, allowed to respond to pentagastrin and then the acid secre-
tion to fade, was able to stimulate secretion in fresh recipient tissues, although at lower rates.
5 Acid secretory responses to a second dose of pentagastrin were not significantly different,
whether the tissues were previously unstimulated, or stimulated with pentagastrin washed out after
attaining its peak secretory response (after 10-20min). The second response was significantly
reduced if the first response was allowed to fade with the pentagastrin in contact for 100min; i.e.
fade significantly influenced the extent of tachyphylaxis.
6 Proglumide, 10-2 M, a gastrin receptor antagonist, and omeprazole, 10- M, an inhibitor of the
gastric (H+ + K+)-ATPase, both inhibited pentagastrin-stimulated acid secretion to similar extents.
The second response to pentagastrin after pentagastrin alone, or pentagastrin plus omeprazole were
both reduced compared to responses after no stimulation or omeprazole alone, respectively. After
pentagastrin plus proglumide, the second response to pentagastrin was not lower than after proglu-
mide alone. Proglumide, but not omeprazole, therefore, prevented pentagastrin tachyphylaxis.
7 It is concluded that gastrin fade and tachyphylaxis are related phenomena. Part of the fade may
be due to release of an inhibitor(s). The major proportion of tachyphylaxis is a result of specific
interaction of gastrin with its receptors.

Introduction

Gastric acid secretion in response to continuous been termed 'fade', and has been observed in the rat
infusion of gastrin declines with time. This effect has (Emas et al., 1981) as well as other mammalian

species in vivo (e.g. Hirschowitz & Sachs, 1969; Hirst
Present address: Norwich-Eaton Ltd, Newcastle upon et al., 1978; Hirst, 1988). Fade of the acid secretory

Tyne. response is a particular feature of stimulation with
2 Present address: Smith Kline & French Research, Phila- gastrin, and is much less evident with histamine-
delphia, U.S.A. stimulated secretion (Hirschowitz & Sachs, 1969;
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Albinus et al., 1977; Hirst, 1988). The acid secretory
response to pentagastrin in the rat in vitro, as well as
in vivo, demonstrates fade (Main & Pearce, 1978;
Boughton-Smith & Whittle, 1981). Tachyphylaxis,
the phenomenon of progressively reduced responses
upon repeated stimulation by the same secretagogue,
of pentagastrin-stimulated acid secretion has also
been observed in the rat isolated stomach and
gastric mucosa (Bunce et al., 1976; Main & Pearce,
1978). Fade and tachyphylaxis are common to all
gastrin peptides (Hirst et al., 1978; Hirst, 1988).

Studies in the cat in vivo have indicated that fade
of the acid secretory response to gastrin may be
related to release of an inhibitor (Izzat & Waton,
1987), a limiting gastric mucosal blood flow (Reed &
Smy, 1976), and/or inactivation or desensitization of
gastrin receptors (Albinus et al., 1977; Hirst et al.,
1978; Hirst, 1988). In the present experiments, we
have characterized acid secretory responses to penta-
gastrin in vitro, in the absence of vascular and exter-
nal neural influences, in the rat isolated gastric
mucosa. In particular, we have focussed on the
mechanisms underlying fade, the relationship
between fade and tachyphylaxis, and tested the
hypothesis that tachyphylaxis is due to gastrin recep-
tor inactivation or desensitization.

Methods

Wistar (Porton) strain male rats, 10-14 weeks old
and weighing between 180 and 220g, were allowed
free access to water, but food was withheld overnight
before experiments. Animals were anaesthetized with
sodium pentobarbitone (60mgkg-' i.p.; Sagatal,
May & Baker). The dissection technique was modi-
fied from the method of Forte et al. (1975) for the
piglet, and is essentially as described by Main &
Pearce (1978). The isolated mucosa was mounted
over a plastic cup, mucosal surface inwards, 1 cm2
area, and placed in an organ bath containing 60ml
of serosal solution at 37°C. The mucosal surface was
perfused at 1 ml min-1 with warmed unbuffered
mucosal solution. Acid secretion was recorded con-
tinuously by monitoring the pH of the mucosal per-
fusate, and converting this to H+ activity by an
antilog function generator as described by Hirst et
al. (1984). Serosal Na+ and K+ concentrations were
determined by flame photometry (Instrument Labor-
atory, IL543), and serosal pH, P02 and Pco2 using a
blood-gas analyser (Radiometer, ABL 3). Serosal
glucose was measured by the glucose oxidase
method, and serosal and mucosal lactate by the
lactate dehydrogenase method, were analysed using
an automatic oxidase analyser (Alpha Laboratories,
Analox GM6).

Experimental protocols

After mounting in the organ bath, tissues were
allowed to stabilize over 30-60min. In experiments
investigating fade, the tissue was incubated in the
presence of pentagastrin for 100 min. When a second
response to pentagastrin was investigated, a stan-
dard washing routine commenced at 100 min, con-
sisting of five changes of serosal solution each
separated by 5 min. The second dose of pentagastrin
was added at 120 min. In some experiments the
washing procedure was omitted. For each given pro-
tocol, mucosae were randomly allocated to test and
control groups.

Donor-recipient experiments A (donor) mucosa was
dissected and mounted, and the acid secretory rate
allowed to stabilize. At Omin, pentagastrin, 10-7M,
was added to the serosal solution, and the acid
response monitored for 120min. During this time, a
fresh (recipient) mucosa was dissected and mounted
at approximately 60min, and its response allowed to
stabilize. The serosal solution from the donor
mucosa was then added to the recipient mucosa at
120 min, and the acid response of the recipient
mucosa monitored.

Influence offade on tachyphylaxis Tissues were ran-
domly allocated to one of three groups. All mucosa
were allowed to equilibrate. In group A, tissues were
left unstimulated until 100 min, followed by the stan-
dard washing routine, and the addition of pentagas-
trin, 10-7M, at 120min. In group B, pentagastrin,
10-7M, was added at Omin, and at the peak of the
response the pentagastrin was washed out by three
changes of the serosal solution (at approximately 10-
20min). This was followed by the standard washing
routine and addition of pentagastrin, 10-7M, at 100
and 120 min, respectively. The protocol for group C
was similar to group B, except that the first dose of
pentagastrin was allowed to remain in contact with
the tissue, and the response to fade, until 100min,
when the protocol for groups A and B was followed.

Influence of inhibition of the first response on
tachyphylaxis Tissues were randomly allocated to
three groups, and in each group tissues were allo-
cated to control or test experiments. In control
experiments, tissues were incubated for 100min in
the absence of pentagastrin, whilst in test experi-
ments pentagastrin, 10-7M, was present. At 100 min,
all tissues were subjected to the standard washing
routine, and at 120min, pentagastrin, 10-7M, was
added. Tissues allocated to group A were either
unstimulated or incubated with pentagastrin alone
for the first 100min. In group B, proglumide, 10-2 M,
was added to all tissues 10min before the addition of
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pentagastrin or at an equivalent time in the
unstimulated tissues. In group C, omeprazole,
10-'M, was added to all tissues 20min before the
start of the experiment at 0 min.

Treatment ofresults

Acid secretory rates were calculated from the H+
activity, and expressed as pmol H + cm2h-'. In
most cases the acid secretory responses are presented
as the increase in secretory rate above pre-
stimulation unstimulated rates, A acid secretory rate,
pmolcm- 2h- .

Results are expressed as mean + 1 s.e.mean (n).
Significance of difference between means was
analysed by Mann-Whitney U-test, or where appro-
priate Kruskall-Wallis analysis of variance followed
by Mann-Whitney U-test. Correlation coefficients (r)
between two variables were calculated by the
method of least squares. Significance was set at
P < 0.05.

Materials

The serosal solution, a modified Krebs-Henseleit
solution (in mM: NaCI 113, KCI 4.7, MgSO4 1.2,
CaCl2 2.5, NaHCO3 25, KH2PO4 1.0, glucose 11.1;
pH 7.4) was gassed vigorously with a 95% 02, 5%
CO2 gas mixture. The mucosal solution was of
similar composition except that it was unbuffered,
made isotonic with NaCl (in mM: NaCl 141.2, KCl
4.7, MgSO4 1.2, CaC12 2.5, glucose 5.6) and was con-
tinuously gassed with 100% 02*

Pentagastrin was supplied as a solution
(Peptavlon; ICI Pharmaceuticals). Histamine acid
phosphate (BDH) was dissolved in serosal solution
immediately before use. Proglumide (sodium salt;
Rotta Research Laboratorium) was prepared imme-
diately before use by dissolving in saline. Omepraz-
ole (AB Hassle) was dissolved in polyethylene glycol
400, and diluted in NaHCO3, 6.7mm, immediately
before use. Compounds were added to the serosal
solution in volumes of less than 0.5 ml.

Results

Time course and pattern ofacid secretory responses to
pentagastrin

Examples of traces of acid secretory responses to
pentagastrin 109-_10-6M with time are illustrated
in Figure 1. The responses to the various doses of
pentagastrin displayed different characteristics such
as peak secretory rate, initial rate of fade after peak,
time for the response to fade back to pre-stimulation
levels, and the change in basal acid secretory rate
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Figure 1 Typical traces of acid secretory responses to
pentagastrin added at Omin. Acid concentration in the
mucosal effluent is given on the left axis, and this is
converted to acid secretory rate on the right axis. Pre-
stimulation values are plotted as zero. The four traces
illustrate the responses to different concentrations of
pentagastrin; (a) 10-9M, (b) 10-8M, (c) 10-7M and (d)
10-6M.

following fade. These variables were quantified
(Table 1), and their relationship to either the dose of
pentagastrin, or the magnitude of the increase in acid
secretory rate investigated.
The dose-response relationship between log10

molar concentration of pentagastrin and the abso-
lute maximum acid secretory rate is illustrated in
Figure 2. Maximum acid secretion was observed
with pentagastrin, 10 7M, and higher concentrations
produced successively lower responses. The absolute
acid secretory rates are paralleled by the increase in
acid secretion above basal (A acid secretory rate;
Table 1).

After obtaining a peak, the acid secretory response
to all concentrations of pentagastrin demonstrated
fade. The rate of fade of secretion over the first
16min following attainment of the peak was signifi-

40r



1050 B.H. HIRST et al.

Table I Calculated time course and pattern of acid secretory responses by rat isolated gastric mucosa to a range
of serosal concentrations of pentagastrin.

Serosal concentration
ofpentagastrin

(M)

10-9

10-8

3 x 10-

10-7

3 x 10-7

10-6

Acid
secretory rate

(pmolcm 2h-1)
0.24 ± 0.06

(6)
0.47 + 0.06

(6)
1.52 ± 0.45

(6)
2.65 ± 0.35

(7)
2.13 + 0.42

(6)
1.33 + 0.12

(6)

Fade
(%)

45.0 ± 13.7
(5)**

43.5 ± 10.0
(6)

35.7 + 14.7
(6)

26.6 ± 5.0
(7)

36.2 + 9.1
(6)

32.8 + 5.2
(6)

Post-stimulation
Fade time secretory rate

(min) umolcm-2h-1)

30.8 ± 8.7
(5)**

35.0 + 9.8
(6)

56.8 + 11.2
(6)

73.3 ± 4.5
(7)

67.7 + 17.5
(6)

48.8 + 14.2
(5)

-0.13 ± 0.23
(6)

-0.32 ± 0.29
(6)

-0.26 + 0.22
(6)

-0.38 + 0.15
(7)

-0.92 + 0.24
(6)*

-0.84 ± 0.43
(5)*

Each value is the mean + s.e.mean of 5, 6 and 7 observations in 5, 6 or 7 gastric mucosae. Only first acid responses
in freshly mounted tissues were considered. Acid secretory rate is expressed as the peak increase above pre-
stimulation rates. Fade is the percentage decrease in acid secretory rate over the 16min after peak secretory rate.
Fade time is the time taken for acid secretory rate to decline to unstimulated rates, measured from peak acid
secretory rate. Post-stimulation secretory rate is the difference between the pre-stimulation unstimulated rate, and
the plateau value achieved after pentagastrin stimulation.
* Significantly different from the change in basal acid secretory rate over the same time period in unstimulated
controls (+0.16 ± 0.13 (16) ymolcmn2h-').
** One tissue failed to produce an acid response.

cantly correlated with the peak acid secretory rate
(Figure 3). Expressed as a percentage of the peak
acid response, fade did not significantly differ with
the varying concentrations of pentagastrin, declining
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Figure 2 Relation between the log molar concentra-
tion of pentagastrin and the absolute acid secretory
responses (uncorrected for pre-stimulation acid secre-

tory rates). The peak acid response in tissues not pre-
viously exposed to pentagastrin is illustrated. The
shaded area includes ± 1 s.e. about the mean pre-
stimulation secretory rate for each group of tissues.
Results illustrated as mean with vertical lines indicating
1 s.e.mean (n = 6 or 7).

by approximately 36% of the peak response over the
first 16min (Table 1). The time for the response to
fade to prestimulation basal levels was also signifi-
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Figure 3 Relation between the increase in acid secre-
tory rate in response to pentagastrin, 10- -10-6M, and
the initial rate of fade of the response over the first
16min after attaining peak acid secretory rate, calcu-
lated as the difference between rates at the peak and
after 16 min. Results are illustrated as mean and the ver-
tical and horizontal lines represent +±1 s.e.mean (n = 6
or 7). The two variables were significantly correlated
(r = 0.717).



GASTRIN ACID RESPONSE IN VITRO 1051

cantly correlated with the magnitude of the acid
secretory response (Figure 4), the maximum time
being observed with pentagastrin, 10 7M (Table 1).

After an initial stabilization period of 30-60 min
subsequent to mounting the tissue in the organ bath,
mean unstimulated acid secretory rates were stable
over a 2 h period. The difference in basal acid secre-
tory rate at 120 min compared with 0min was
+0.16 + 0.13pmolcm-2h- (n = 16). Acid secre-
tory responses to pentagastrin, 1O-9-10-7M, were
followed by a return to values not significantly differ-
ent from those before addition of pentagastrin.
Responses to pentagastrin, 3 x 1i0 and 10-6M,
were followed by a significantly depressed rate of
secretion (Table 1 and Figure 1). The post-
stimulation acid secretory rate was not related to the
dose of pentagastrin nor the magnitude of the acid
secretory response to pentagastrin.

In all subsequent experiments, the dose of penta-
gastrin was standardized at 10-7M, the concentra-
tion that produced maximum acid secretory rates
(Figure 2 and Table 1).

Composition of the serosal solution during
pentagastrinfade

The composition of the serosal solution was moni-
tored throughout the stimulation of acid secretion
with pentagastrin, to investigate whether any
changes could account for a component of fade. Pen-
tagastrin, 10-7M, was added to the serosal solution,
and the acid secretory response allowed to reach a
maximum and then fade to a plateau. A second dose
of pentagastrin, 10-7M, was then added without
changing the serosal solution, and the acid response
again followed until it faded to a plateau. Finally, in
order to investigate the ability of the tissue to secrete
acid, histamine, 10-4M, was added to the same
serosal solution. The peak acid secretory response
to the first dose of pentagastrin was
1.3 + 0.29ymolcm-2h-1 (n = 7), and after the
response had faded, the response to the second dose
of pentagastrin was significantly lower (0.06
+ 0.04 Pmol cm 2 h-1 (n = 7). However, the tissues
were still able to secrete acid, as exemplified by the
response to histamine (1.11 + 0.33 ymolcm-2h-';
n = 7) which was not significantly different from
the first response to pentagastrin. The composition
of the serosal solution remained relatively stable
throughout these experiments. Neither mean P02
(540 mmHg) nor glucose (14.1 mM) declined during
these experiments. Mean Pco2 fluctuated between 28
and 40mmHg, but HCO- (22.5 mM) and pH (7.4)
remained stable. Mean Na+ and K+ concentrations
tended to rise throughout the experiment ([Na+],
140 to 144mM; [K+], 5.76 to 5.88mM) which might
be explained by losses due to evaporation over the
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Figure 4 Relation between the increase in acid secre-
tory rate in response to pentagastrin, 10-9_10-6M, and
the time taken for the response to fade to pre-
stimulation values from the peak acid response. Results
are illustrated as mean and the vertical and horizontal
lines represent +1 s.e.mean (n = 6 or 7). The two vari-
ables were significantly correlated (r = 0.554).

> 135 min time course of the experiments.
In a separate series of experiments, mucosal and

serosal lactate concentrations were measured.
Serosal lactate concentrations were low, even 60min
after stimulation with pentagastrin, and did not
increase during stimulation with pentagastrin
(0.07 + 0.03mg lOOml-i (n = 6) at 30min of
stimulation). Mucosal lactate concentrations tended
to be greater than serosal (0.18 ± 0.14mg IO0ml0
(n = 6) at 30min), but did not vary from pre-
stimulated values during stimulation by pentagastrin
and subsequent fade.

Acid stimulative capacity ofpentagastrin-containing
serosal solution before and afterfade

Fade of the acid response to pentagastrin cannot be
explained by the progressive inactivation of penta-
gastrin, since addition of a second quantity of penta-
gastrin did not reverse fade (see above and next
section). However, fade may be associated with the
release of acid secretory inhibitors by the tissue. In
addition, some inactivation of pentagastrin in the
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serosal solution may have occurred. The contribu-
tion of these latter two factors was investigated by
donor-recipient experimental protocols (see
Methods). The serosal solution, to which pentagas-
trin, 10 7M, had been added to stimulate acid secre-
tion and its subsequent fade in donor tissue, was
removed and added to a freshly dissected recipient
tissue, and the acid response recorded. The peak
response of the donor tissue (2.54 + 0.301pmol
cm- 2h - l; n = 14) was significantly greater than that
of the recipient tissue (0.98 + 0.25 pmolcm2h-;
n = 14).

Influence ofreplacement ofserosal solution on second
response to pentagastrin

The extent of tachyphylaxis following fade of the
acid secretory response to pentagastrin was investi-
gated with and without replacement of the serosal
solution. Tissues were incubated with pentagastrin,
1O-7M, until fade was complete. A second dose of
pentagastrin, 10-7M, was then added to the tissues,
either to the original serosal solution, or to fresh
serosal solution after a washing regime of five
changes of solution separated by 5 min intervals.
Without replacement, the second response was only
3.3 + 1.7% (n = 7) of the first response. With
replacement, the second response was increased to
23.9 + 8.2% (n = 7) of the first (Figure 5). These
observations are consistent with the possibility that
a serosal factor may be released during fade, which
subsequently depresses the second response.
However, this could not fully account for the tachy-

a b
3.0

2.0-20

Cn,0
E 1.0 - 1

0

Figure 5 Effect of replacement of the serosal solution
on a second response to pentagastrin (tachyphylaxis).
Tissues were stimulated with pentagastrin, 10-KM, and
the response (I) allowed to fade. In (a), the serosal solu-
tion was replaced at 100min followed by four further
changes of solution, and the addition of a second dose
of pentagastrin, 10-7 M, (II). In (b), the second dose of
pentagastrin, 10-7M, was added at 120min without
changing the serosal solution. Results are illustrated as

mean peak increases in acid secretory rate and vertical
lines indicate + 1 s.e.mean (n = 7). *Significantly differ-
ent from first acid secretory response.

phylaxis, since even after extensive washing, the
second response is markedly depressed.

Influence offade on tachyphylaxis

The acid secretory response to a dose of pentagas-
trin, 10-7M, given at 120min was not significantly
different whether the tissue had previously been
unstimulated (Figure 6a), or been stimulated by pen-
tagastrin, which had subsequently been washed out
after a peak secretory response had been attained
(Figure 6b). If, however, the first dose of pentagastrin
was allowed to remain in contact with the mucosa
for 100 min, the first response faded, and the
response to a second dose of pentagastrin was sig-
nificantly reduced (Figure 6c) compared with that of
the control tissue (Figure 6a). Thus the process of
fade significantly influences the extent of tachy-
phylaxis.

Influence of inhibition of thefirst response on
tachyphylaxis

An attempt was made to determine whether tachy-
phylaxis was a result of activation of gastrin recep-
tors, or due to the process of acid secretion. The first
acid secretory response to pentagastrin was inhibited
by proglumide or omeprazole. Proglumide is
believed to be a gastrin receptor antagonist. In con-
trast omeprazole exerts its acid-inhibitor effect by
directly inhibiting the gastric (H+ + K+}ATPase,
and therefore pentagastrin should still have access to
its receptors.

Six experimental protocols were investigated, and
the results are illustrated in Figure 7. Compared with
the first response to pentagastrin (2.35 ± 0.38 umol
cm-2 h-1; n = 12), proglumide (0.47 + 0.18 umol
cm- 2 h- 1; n = 8) and omeprazole (0.44 + 0.20 pmol
cm 2 h-1; n = 8) significantly reduced the response
by 80%. In tissues which had been exposed to pro-
glumide or omeprazole, and then stimulated by
pentagastrin after 120 min (control experiments)
the acid responses (1.17 + 0.39 (n = 8) and
1.59 + 0.50 jimol cm-2 h-1 (n = 8)) were significantly
reduced compared with tissues not exposed to the
inhibitors (2.25 ± 0.52 pmolcm 2 h-i; n = 12). Thus
there was some degree of carry-over of the inhibitors,
but this was similar for the two agents (i.e. the
responses after proglumide and omeprazole were not
significantly different).
The second response to pentagastrin at 120min

(0.47 + 0.1 Imolcm-2h-1; n = 12), after an initial
response had been allowed to fade, was significantly
reduced compared to the control response to penta-
gastrin at 120 min (Figure 7a). Similarly, the second
response to pentagastrin after pentagastrin plus
omeprazole (0.83 + 0.40Opmol cm-2 h-1; n = 8), was
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Figure 6 Influence of previous stimulation by penta-
gastrin on a second response to pentagastrin
(tachyphylaxis). The mean (with bars indicating ± 1
s.e.mean) (n = 6 or 7) (left) and individual (right) acid
secretory responses to the first (I) and second (II) doses
of pentagastrin, 10-'7 , are illustrated. In all tissues the
second dose of pentagastrin was added at 120min after
the standard five changes of serosal solution between
100-120min. The initial stimulation differed for the
three groups: (a) unstimulated; (b) pentagastrin, I0- 7 ,
washed out after attaining peak; (c) pentagastrin,
10-7M, remained in contact with mucosa until 100min.
*Significantly different from response II in (a).

significantly reduced compared to the control
response to pentagastrin after incubation with omep-
razole alone (Figure 7c). In contrast, the response to
pentagastrin after pentagastrin and proglumide
(1.56+0.50 molcm-2h1; n=8) was not signifi-
cantly different from the response after proglumide
alone (Figure 7b). Thus proglumide, but not omepra-
zole, prevented the tachyphylaxis of the pentagastrin
response.

Discussion

The present study has quantified and characterized
the gastric acid secretory response to pentagastrin in

a b c
Proglumide Omeprazole
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O N oF| [ [ [ [ ] ~Control

2) ° [JTest

Figure 7 Influence of inhibition of the first response (I)
by proglumide and omeprazole upon the extent of
tachyphylaxis to a second dose of pentagastrin, 10- 7 M,
(II). The control tissues remained unstimulated until
120min when pentagastrin was added after the stan-
dard serosal solution changes between 100-120min.
The test tissues received pentagastrin, 10- 7M, at Omin
(open columns) followed by standard changes of serosal
solution at 100-120min, and a second dose of pentagas-
trin at 120 min (hatched columns). The tissues were allo-
cated to three groups: (a) no inhibitor; (b) proglumide,
10-2M, added at -10min; (c) omeprazole, 10-5M
added at -20 min. Results are illustrated as mean and
bars indicate +1 s.e.mean (n = 12 (group a) or 8
(groups b and c)). *Significantly different from response
in control experiments in same group.

the rat isolated gastric mucosa. This in vitro prep-
aration demonstrates the phenomena of fade and
tachyphylaxis. Evidence is presented that fade may
be in part related to release of acid secretory inhibi-
tors into the serosal medium, whilst tachyphylaxis is
a result of gastrin interaction with its receptors.

Acid secretory response to pentagastrin

Pentagastrin caused a concentration-related increase
in the acid secretory rate over the range 10-9-
10-7M (Figures 1 and 2). The mean maximal acid
secretory rate to pentagastrin 10-7M (administered
as the first stimulant to fresh tissues) was around
2 pmol cm-I h- 1. This value is similar to values pre-
viously found in this preparation (Main & Pearce,
1978; 1982). The response to concentrations of pen-
tagastrin greater than 10- 7M evoked lower acid
responses (Figures 1 and 2). The biphasic nature of
the dose-response curves to pentagastrin and gastrin
has been observed in other preparations in vitro,
including the mouse, rat, cat and dog (Bunce et al.,
1978; Kuo & Shanbour, 1978; Davison & Najafi-
Farashah, 1982; Spencer, 1982; Hirst et al., 1984;
Lotti et al., 1986) and rabbit isolated gastric parietal
cells (Magous & Bali, 1983). In addition, supra-
maximal concentrations of other stimulants
(bethanechol, histamine and theophylline) resulted in
reductions of acid secretion in the rat stomach in
vitro (Spencer, 1982). Sub-maximal acid secretory
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rates in response to large doses of gastrin have also
been obtained in the dog and cat in vivo (Emas &
Grossman, 1967; Hirst et al., 1978). It has been pro-
posed that the auto-inhibition observed with high
concentrations of gastrin is the result of an inter-
action with low-affinity inhibitory receptors (Ariens,
1964; Prugh et al., 1975; Davison & Najafi-
Farashah, 1982). This postulated second receptor
may not be localised to the parietal cell (Soll et al.,
1984a). In the piglet isolated gastric mucosa, concen-
trations of pentagastrin above 4 x 10-6M reversibly
inhibited the acid secretory response to histamine
(Forte et al., 1975), consistent with the second inhibi-
tory receptor hypothesis, and similar effects have
been demonstrated in the dog in vivo (Gillespie &
Grossman, 1963). However, only a single class of
gastrin receptors have been found in rat gastric
mucosa (Takeuchi et al., 1979). An alternative expla-
nation is that the auto-inhibition is related to de-
sensitization of gastrin receptors (Hirst et al., 1978;
Magous & Bali, 1983).
The auto-inhibition exhibited by high concentra-

tions of gastrin may be related to the phenomena of
fade and tachyphylaxis. As well as exhibiting sub-
maximal secretory rates, the concentrations of penta-
gastrin greater than 10- 7M were also associated with
a significantly depressed acid secretory rate, com-
pared to pre-stimulation values, after fade (Table 1).
This might be taken as evidence in favour of the
release of inhibitory substances.

Mechanisms offade and tachyphylaxis

The secretory responses to all concentrations of pen-
tagastrin were transient (Figure 1). Both the initial
rate of decline of the response (Figure 3), and the
time taken for the response to decline to pre-
stimulation values (Figure 4) were related to the
magnitude of the initial acid response. The rate of
fade of the pentagastrin response expressed as a per-
centage of the peak response was not related to the
dose of pentagastrin, declining at about 36%
16min- . This value is considerably greater than
values, 4.6-7.8% 15min'1, obtained for the decline
of acid secretion in the anaesthetized and conscious
cat and conscious rat (Reed & Smy, 1976; Albinus et
al., 1977; Hirst et al., 1978; EmAs et al., 1981; Hirst,
1988). The fade of the response in vitro is unlikely to
be explained by depletion of an essential nutrient.
The glucose, oxygen and K+ concentrations were
stable, whilst there was no evidence for progressive
loss of tissue viability from the stable lactate concen-
trations. Moreover, after fade of the pentagastrin
response was complete, histamine could still stimu-
late acid secretion at rates not different from those
initially observed to pentagastrin, as has been pre-
viously demonstrated for frog isolated gastric

mucosa (Kasbekar et al., 1969; Kasbekar, 1972) and
cat in vivo (Hirst, 1988). The very transient nature of
the response to pentagastrin has been noted in other
studies in isolated stomach and gastric mucosa of the
rat (Main & Pearce, 1978; Boughton-Smith &
Whittle, 1981), but it appears less marked in other
species, e.g. the mouse, ferret, cat and dog (Kuo &
Shanbour, 1978; Yates et al., 1978; Black & Shank-
ley, 1985). However, a more systematic study would
be required to determine if these differences are spe-
cific or methodological.

Inactivation of gastrin cannot explain fade in vitro,
or in vivo (Hirst et al., 1980; Hirst, 1988). Addition of
a second aliquot of pentagastrin to the same serosal
solution did not elicit a secretory response similar to
the first addition (Figure 5). That the serosal solution
still contained acid-stimulating activity, albeit
reduced, was demonstrated by the donor-recipient
experiments.
The rapid fade of the acid secretory responses in

vitro, as compared with in vivo, might suggest the
progressive accumulation of inhibitory factors. In the
anaesthetized cat evidence has been presented that
pentagastrin releases 5-hydroxytryptamine, and that
this may be responsible for fade of the acid secretion
in this preparation (Izzat & Waton, 1987). This sug-
gestion may find support in the observations of a
reduced acid stimulating activity of donor serosal
solution, and that changing the serosal solution sig-
nificantly increased the acid secretory response to a
fresh addition of pentagastrin (Figure 5); i.e. chang-
ing the serosal solution reduced tachyphylaxis. Both
these experiments, however, also indicate that release
of inhibitory factors into the serosal solution cannot
entirely explain fade and the subsequent tachy-
phylaxis. In addition, inactivation of pentagastrin in
the donor serosal solution, and recovery of gastrin
responsiveness during the 20min required to change
the serosal solution are alternative explanations for
these results. In the conscious cat, fade cannot
be satisfactorily ascribed to release of 5-
hydroxytryptamine (Hirst, 1988), and in rat isolated
gastric mucosa 5-hydroxytryptamine reduced the
fade of pentagastrin-stimulated acid secretion
(Holland, 1983).
That fade influences tachyphylaxis is demon-

strated by marked tachyphylaxis if the response to
pentagastrin is allowed to fade (Figure 6). However,
this tachyphylaxis is markedly alleviated if, after the
initial peak response, the pentagastrin is washed out.
Thus tachyphylaxis is increased by the continued
presence of pentagastrin, even after an extensive
washing routine.

Stimulation of acid secretion by pentagastrin in
rat isolated gastric mucosa is associated with mobi-
lization of histamine (Main & Pearce, 1982). Thus
the decline in acid secretion may be related to deple-
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tion of endogenous histamine stores. We did not
investigate this possibility in the present studies.
However, histamine is able to reverse gastrin tachy-
phylaxis in frog isolated gastric mucosae (Kasbekar,
1972), and in the anaesthetized cat (Pearson, 1966).
In contrast, histamine was not able to prevent fade
or tachyphylaxis of pentagastrin-stimulated acid
secretion in the conscious cat (Hirst, 1988).

Based on experiments in the conscious cat, we
have argued that fade of the gastrin response may be
explained by receptor inactivation or desensitization
(Albinus et al., 1977; Hirst et al., 1978; Hirst, 1988).
Proglumide is a specific gastrin-receptor antagonist,
which prevents gastrin binding to its receptors, and
selectively inhibits gastrin stimulation of parietal cell
function (Magous & Bali, 1983; Soll et al., 1984b;
Lotti et al., 1986). Addition of proglumide to penta-
gastrin inhibited the acid secretory response, and
also prevented the tachyphylaxis to a second dose of
pentagastrin (Figure 7). Omeprazole, is a specific
inhibitor of the (H' + K+)-ATPase (Wallmark et
al., 1985). Although omeprazole was equally effective
with proglumide in inhibiting the initial response to
pentagastrin, the subsequent response showed
marked tachyphylaxis (Figure 7). These data are
consistent with a general model accounting for
receptor desensitization (Swillens & Dumont, 1977),

and are supported by observations on auto-
regulation of gastrin receptors (Takeuchi et al., 1980).

In conclusion, we have shown that fade and tachy-
phylaxis of the responses to gastrin are related. Part
of the fade may be due to the local mucosal release
of inhibitor agents. These inhibitors may include 5-
hydroxytryptamine (Pilot, 1979; Izzat & Waton,
1987), somatostatin (Soll et al., 1984c) or prostaglan-
dins (Pilot, 1979; Reeves & Stables, 1985). In this
respect, indomethacin 10-'M significantly reduced,
while methysergide 10-6 M significantly increased,
the rate of fade of pentagastrin-stimulated acid secre-
tion in rat isolated gastric mucosae (Holland, 1983).
This would suggest that local prostaglandin, but not
5-hydroxytryptamine, release may contribute
towards the fade mechanism. However, the major
proportion of the tachyphylaxis is a result of the spe-
cific interaction of gastrin with its receptors. The
tachyphylaxis may occur at the level of the gastrin
receptor, as argued before, or at the level of a
gastrin-specific coupling mechanism.

Omeprazole and proglumide were gifts from Dr M.J. Daly,
Astra Clinical Research, Edinburgh, and Professor I. Setni-
kar, Rotta Research Laboratorium, Milan, respectively.
J.H. was a SERC-CASE scholar.
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