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Functional comparisons of gastrin/cholecystokinin receptors in
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1 The gastrin cholecystokinin (CCK) receptors mediating stimulation of acid secretion in rat isolated
gastric mucosa (RGM) and contraction in guinea-pig isolated ileum longitudinal muscle-myenteric
plexus (GPI) have been characterized by use of peptide agonists and the non-peptide antagonists,
lorglumide, devazepide and L-365,260.

2 In RGM, gastrin peptides (sulphated gastrin heptadecapeptide (G-17), non-sulphated (ns) G-17 and
pentagastrin) were potent agonists of acid secretion (ECs, values of 4.3, 16 and 27 nM respectively).
Sulphated CCK octapeptide (CCK-8) was also a potent agonist, (ECs, = 0.9 nM), but was less
efficacious, producing a lower maximal response. In contrast, in GPI, CCK-8 was a potent full agonist
(ECso = 1.4 nM) and was more than 1000 times more potent than the gastrin peptides in producing a
sustained contractile response.

3 In GPI, CCK-8 (0.1 to 100 nM) produced sustained contractile responses, whilst CCK-4 (3 to
1000 nM) produced transient responses. These responses had different sensitivities to atropine (1 uMm),
suggesting that more than one receptor may mediate contraction in this tissue.

4 In RGM, L-365,260 was the most potent antagonist of pentagastrin-stimulated acid secretion
(pA, = 7.6). This functional affinity estimate was similar to that for 1-365,260 as an antagonist of
excitatory responses in rat ventromedial hypothalamic slices (Kemp et al., 1989) but differed from
binding affinity estimates in guinea-pig cortex and gastric glands (Freidinger, 1989).

5 In GPI, devazepide, L-365,260 and lorglumide yielded different affinity estimates when compared
against CCK-8 and CCK-4 or pentagastrin respectively. These studies were consistent with the view that
the sustained response produced by CCK-8 was mediated by CCK, receptors and the transient response
produced by CCK-4 and pentagastrin was mediated by CCKp receptors.

6 Affinity estimates for L-365,260 and lorglumide against CCK-4 or pentagastrin in GPI were
significantly different from corresponding estimates against pentagastrin in RGM. These studies are
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consistent with the view that gastrin/CCKpg receptors in GPI may differ from those in RGM.
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Introduction

Gastrin and cholecystokinin (CCK) share a high degree of
structural homology and have identical pentapeptide se-
quences at their biologically relevant carboxyl terminal (Reh-
feld, 1981). In the gastrointestinal tract, gastrin and CCK
have distinct physiological roles. Gastrin stimulates gastric
acid secretion and gastrointestinal mucosal cell growth,
whilst CCK stimulates pancreatic amylase secretion, gallblad-
der contraction and modifies gastrointestinal motility (Walsh,
1987).

The different physiological actions of gastrin and CCK
suggest that this peptide family mediates its effects via more
than one receptor. Binding studies based on the affinities of
gastrin/CCK peptides in pancreas and cortex have suggested
the existence of two receptor types (Innis & Snyder, 1980);
according to the nomenclature proposed by Moran et al.
(1986), these are termed CCK, and CCKgp receptors. CCK4
receptors have been demonstrated in pancreas (Innis & Sny-
der, 1980), gastrointestinal tissue and in discrete regions of
the central nervous system (CNS) (Hill er al., 1987). Func-
tional studies of CCK, receptors demonstrated marked
differences in agonist activity, with sulphated CCK octapep-
tide (CCK-8) being more than 1000 times more potent than
other gastrin/CCK peptides, including non-sulphated (ns)
CCK-8 (Jensen et al., 1982). Selective antagonists of CCKa
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receptors have been identified and include devazepide (Chang
& Lotti, 1986) and lorglumide (Makovec et al., 1985).

CCKgp receptors are more widely distributed in the CNS
(Innis & Snyder, 1980; Hill ez al., 1987) and recent studies in
small cell lung cancer cell lines suggest that CCKp receptors
may also be located peripherally (Lin et al., 1990). Com-
parisons of agonist potency ratios differ for CCK, and
CCKgj receptors with CCK-8 being less than 10 times more
potent than other gastrin/CCK peptides at CCKjp receptors
(Bohme et al., 1988; Boden & Hill, 1988; Lin et al., 1990).
The benzodiazepine, L-365,260 (Lotti & Chang, 1989) and
more recently, the dipeptoid PD134308 (Hughes ez al., 1990)
and the pyrazolidinone LY26684 (Howbert et al., 1991) have
been described as potent and selective CCKp receptor antag-
onists. Functional studies of acid secretion in dog parietal
cells (Soll et al., 1980) and smooth muscle contraction in
guinea-pig dispersed fundus (Bitar er al., 1982; Menozzi et
al., 1989) provide evidence for the existence of a third sub-
type, the gastrin receptor. In these studies, gastrin heptade-
capeptide (G-17) and CCK-8 are equipotent, but in contrast
to studies of CCKj receptors (Bohme et al., 1988; Boden &
Hill, 1988; Lin et al., 1900), CCK-4 is at least 300 times
weaker than CCK-8 (Bitar et al., 1982; Menozzi et al., 1989).
Binding studies using guinea-pig dispersed gastric glands
yield affinity estimates for antagonists similar to those ob-
tained for CCKjy receptor binding (Bock et al., 1989) and this
has led to the conclusion that gastrin and CCKj receptors do
not differ (Woodruff & Hughes, 1991).

Gastrin/CCK receptor classification has been decided lar-
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gely on the results of binding studies using homogenates of
pancreas (CCK, receptors), cerebral cortex (CCKj receptors)
and dispersed gastric glands (gastrin/CCKjp receptors) (Bock
et al., 1989; Hughes ez al., 1990). The purpose of the present
study was to evaluate the activity of gastrin/CCK agonists
and antagonists by use of functional responses in isolated
preparations. The preparations used were chosen to reflect
some of the actions of gastrin and CCK in the gastrointes-
tinal tract. These were rat isolated gastric mucosa (RGM),
where gastrin stimulates acid secretion and the longitudinal
muscle-myenteric plexus preparation of guinea-pig isolated
ileum (GPI) where CCK-8 induces contraction (Yau et al.,
1974).

Some of this work has been presented at meetings of the
British Pharmacological Society (Spraggs & Patel, 1989;
1990). The results obtained in these studies with gastrin/CCK
agonists and antagonists are consistent with the view that
both CCK, and CCKj receptors mediate contraction in GPIL.
In addition, comparisons of antagonist affinities suggest that
gastrin/CCKp receptors in GPI may differ from those in
RGM.

Methods

Rat isolated gastric mucosa

Acid secretion was measured from rat isolated gastric muc-
osa (RGM) prepared as described by Reeves & Stables
(1985). Sprague-Dawley rats weighing 90-110 g were anaes-
thetized with sodium pentobarbitone (60 mg kg™, i.p.). Fol-
lowing laparotomy, the stomach was freed from connective
tissue and the rumen was removed. The muscle layers overly-
ing the fundic region of the stomach were separated from the
mucosa by injection of saline (0.9% NaCl). The muscle layer
was then cut and peeled back to expose the mucosa. A
perfusion chamber (area = 1.54 cm?) was placed in the stom-
ach and the exposed mucosa was tied over the chamber. The
chamber with attached mucosa was then removed and placed
in a 20 ml organ bath which contained Krebs-Henseleit solu-
tion at 37°C gassed with 95% O, and 5% CO, (serosal
bathing solution). The mucosal surface which faced into the
perfusion chamber was superfused by means of a peristaltic
pump (Watson Marlow Ltd) at a rate of 0.5mlmin~' with
an unbuffered solution of similar ionic composition at 37°C
gassed with 100% CO, (mucosal bathing solution). The
mucosal effluent was passed over a combination pH electrode
(Russell) and pH recorded via a pH meter (Radiometer). All
acid output values were converted from pH to nmol min~"' of
hydrogen ion. The ionic compositions (mM) of the solutions
were:- serosal: NaCl 118.5, NaHCO; 25.0, KCl14.7, MgSO,
0.6, KH,PO, 1.2, CaCl, 1.3 and glucose 11.1. Indomethacin
has been shown previously to enhance the responsiveness to
secretagogues of the RGM (Reeves & Stables, 1985) and
consequently was included in all experiments at a concentra-
tion of 3 uM. The composition of the mucosal solution was
(mM) NaCl 144.5, KC14.7, MgSO, 0.6, CaCl, 1.3 and glu-
cose 11.1

Responses to pentagastrin and other secretagogues were
obtained by cumulative addition. In each preparation, a stan-
dard concentration-response curve to pentagastrin (1 to
300 nM) was constructed. For agonist studies this was fol-
lowed by a concentration-response curve to another gastrin/
CCK peptide. For antagonist studies this was followed by
incubation of antagonist for 30 min, before a second concen-
tration-response curve to pentagastrin was obtained. Pre-
liminary experiments established that concentration-response
curves to pentagastrin were repeatable, with no significant
change in EC5 or maximal response.

Guinea-pig isolated ileum longitudinal muscle-myenteric
plexus (GPI)

Male Dunkin-Hartley guinea-pigs weighing approximately
250 g were killed by cervical dislocation and 10 cm of ter-
minal ileum was rapidly removed and placed in Krebs-
Henseleit solution. A 3 cm length of ileum was placed over a
glass rod and the longitudinal muscle with adherent myen-
teric plexus was removed with a cotton tip. This muscle strip
was attached to an isometric force transducer and bathed in
Krebs-Henseleit solution (serosal, see above). The tissue was
washed, and adjusted to a resting tension of 0.8 g. Responses
to sulphated cholecystokinin octapeptide (CCK-8), cholecys-
tokinin tetrapeptide (CCK-4), pentagastrin and dimethyl-
phenylpiperazinium (DMPP) were obtained by sequential
addition with a contact time of 1 min and a cycle time of
S min. Preliminary experiments established that concentra-
tion-response curves to these agonists could be reproduced.
Therefore studies to investigate the effects of agonists and
alt{nctiaﬁonists employed a protocol identical to that used in

Analysis of data

Responses in these preparations were normalised by express-
ing the data as a percentage of the maximum response in the
control curve. ECs, values were determined graphically from
individual experiments and are expressed as geometric mean
with 95% confidence limits. For agonists, potency ratios
(APR) were determined from the ratio of ECs, values for test
and standard agonist (pentagastrin or CCK-8) in individual
experiments. For antagonist studies, equieffective concentra-
tion-ratios (CR) were determined from ECs, values in the
absence and following incubation of antagonist for 30 min.
These concentration ratios were subjected to Schild analysis
by linear regression to determine pA, and Schild slope values
for antagonists.

Compounds

The various gastrin/CCK peptide fragments used in these
studies were purchased from Peninsula Laboratories Ltd,
Bachem Inc or Research Plus Inc. Pentagastrin was dissolved
in dimethylsulphoxide (DMSO) at a concentration of 0.01 M.
The other peptides were dissolved in 0.05M NHHCO; at
either 0.01 or 0.001 M. Aliquots of peptides were stored at
—20°C and discarded after use.

The non-peptidic antagonists lorglumide, devazepide and
L-365,260 ((R)-(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1H-1,4-
benzodiazepin-3-yl)-N'-(3-methylphenyl)-urea) were synthe-
sised by the Chemistry Division, Glaxo Group Research Ltd.
These compounds were dissolved in DMSO at concentrations
of 0.1 M or less and subsequently diluted in Krebs-Henseleit
solution or DMSO. The bath concentration of DMSO in all
experiments did not exceed 1% and did not affect the res-
ponses to agonists in RGM or GPI. Histamine, dimethyl-
phenylpiperazinium (DMPP), atropine and tetrodotoxin
(TTX) were obtained from Sigma Chemical Co. and dis-
solved in saline. The peptidase inhibitors, bestatin and phos-
phoramidon, were obtained from Peninsula Laboratories Ltd
and dissolved in saline. All solutions were added to organ
baths in volumes of 1% or less.

Results

Agonist studies

Rat isolated gastric mucosa Rat isolated gastric mucosa
(RGM) spontaneously secreted acid and reached a stable
basal acid secretion rate of approximately 50 nmol H* min~!
after 90 min.

Following a priming concentration of pentagastrin (100
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nM), subsequent concentration-response curves were repro-
ducible with first and second curves producing ECs, values of
27 (15-49) and 21 (9-46) nM and maxima of 133 £ 34 and
136 £ 29 nmol H* min~! (n = 4) respectively. The effects of
gastrin/CCK peptides on acid secretion were determined in
the presence of the peptidase inhibitors phosphoramidon
(1 uMm) and bestatin (100 uM) (Stephens-Smith er al., 1988).
These inhibitors did not modify responses to pentagastrin,
producing a CR of 1.7 (0.9-3.3) and maximum responses of
137+12 and 125 8 nmol H* min~! (n=4) before and
after peptidase inhibition. Figure 1 shows the effects of
gastrin/CCK peptides on acid secretion and these data are
summarized in Table 1. The human gastrins (G-17 and non-
sulphated (ns) G-17) and pentagastrin were potent stimulants
of acid secretion, whilst nsCCK-8 was weaker. CCK-8 had
threshold effects similar to the gastrins but was a partial
agonist with a maximum response of 29+ 13% (n=4) at a
concentration of 10 nM. In addition, CCK-8 (100 nM) antag-
onized subsequent responses to pentagastrin at concentra-
tions up to 1puM (data not shown). CCK-4 was a weak
partial agonist, with a maximum response similar to that
observed with CCK-8.
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Figure 1 Effects of gastrin/CCK peptides on acid secretion in rat
isolated gastric mucosa. Increases in acid secretion are expressed as
percentages of the maximal response to pentagastrin in each tissue.
For clarity, only one of the concentration-response curves for pen-
tagastrin is shown and is representative of the others in this series of
experiments. Values are mean (vertical bars show s.e.mean), n = 4 for
the following peptides; G-17 (@), nsG-17 (M), pentagastrin (O),
CCK-8 (0O), nsCCK-8 (A) and CCK-4 (A). For abbreviations, see
text.

Table 1 Potencies of gastrin/CCK peptides in rat gastric
mucosa (RGM) and guinea-pig ileum (GPI)

Agonist Rat gastric mucosa Guinea-pig ileum
CCK-8 0.9 (0.2-5)* 1.4 (0.9-2.1)
nsCCK-8 384 (34-4337) >2000
CCK-4 613 (280—1341)* 31200 (17100-56900)
G-17 4.3 (3.6-5.1) 1170

nsG-17 16 (5-34) > 10000
Pentagastrin 27 (15-49) > 10000

Values are ECsy (in nM) expressed as geometric mean with
95% confidence limits (n>>4).

In RGM, some peptides produced maxima that were clearly
smaller than the standard agonist (pentagastrin) and are
denoted by *. In these cases the ECsy value is determined
from individual 50% responses for that peptide.

In GPI, some agonists produced a biphasic contractile
response (see Figure 2). The ECs, values for all the peptides
in GPI were determined from the sustained component of
the contractile response.

For abbreviations, see text.

Guinea-pig isolated ileum At all concentrations tested, CCK-
8 produced a biphasic contractile response consisting of a
transient ‘spike’ increase in tension followed by a sustained
contraction which was maintained until washout of the com-
pound (Figure 2). In contrast the contractile response profile
to CCK-4 differed from that observed for CCK-8 (Figure 2).
CCK-4 (3-1000 nM) stimulated a monophasic contraction
which was not sustained, unlike the biphasic contractile res-
ponse of CCK-8. At higher concentrations of CCK-4
(> 10 uM) a biphasic contraction, similar to that produced by
CCK-8 was observed. The mechanism of responses to both
of these agonists were investigated further by use of tetro-
dotoxin (TTX) and atropine. CCK-8 (0.1-100 nM) produced
sustained contractions of GPI with an ECs, value of 1.4
(09-2.1)nM and a maximum increase in tension of
1.28 £ 0.06 g at 100 nM (n = 6). These responses were rep-
roducible with a second CCK-8 curve producing an ECs,
value of 1.9 (1.4-2.6) nM and a maximal increase in tension
of 1.45%0.10 g at 100 nM. Tetrodotoxin (300 nM) inhibited
the sustained response to CCK-8 by 93%, whilst atropine (1
and 10 puM) reduced this response by only 50% (Figure 3a).
These results suggested that CCK-8 induced a sustained con-
traction indirectly, via a neuronal mechanism, which was
partly mediated by release of acetylcholine acting at mus-
carinic receptors. CCK-4 (1 nM-3 puM) produced transient
concentration related increases in tension with an ECsy of 49
(40-61) nM and a maximal response of 0.67 £0.07 g. Con-
centration-response curves for CCK-4 were reproducible
in individual tissues (CR=129, E_, for curve
2=10.65%0.05g). Both TTX (300 nM) and atropine (1 pM)
abolished responses to CCK-4 (Figure 3b) suggesting that
neuronally released acetylcholine was the sole mediator of the
effect of CCK-4 in GPI. Since this mechanism differed from
that for CCK-8, it was possible that the gastrin/CCK recep-
tor responsible for the contractile effect of CCK-4 was differ-
ent and this was investigated further with the antagonists
lorglumide, devazepide and L-365,260 (see later).

CCK-8, nsCCK-8, CCK-4 and the gastrin peptides were
tested as agonists in GPI by measuring their effects on the
sustained portion of the response in the presence of the
peptidase inhibitors phosphoramidon (1 pM) and bestatin
(100 uM). Preliminary studies in 6 preparations showed that
these inhibitors did not modify concentration-response curves
to CCK-8, (CR=1.1 (0.6-1.8) n=6). A striking difference
in agonist potencies was observed, with CCK-8 being more
than 1000 times more potent than the other agonists (Figure
4, Table 1).

Antagonist studies

Rat isolated gastric mucosa The effects of gastrin/CCK
receptor antagonists on pentagastrin stimulated acid secre-
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Figure 2 Tracings of representative responses to CCK-8 (10 nM)
and CCK-4 (3uM and 30 puM) in guinea-pig ileum. Peptides were
added at time points (A and A) and were removed from the bath
following a 60 s contact time (0). CCK-8 produced a biphasic con-
traction with a sustained phase that was maintained until washout.
In contrast, CCK-4 (3 uM) produced only a ‘spike’ contraction which
returned to basal levels before washout. Higher concentrations of
CCK-4 (30 um) produced a response that resembled CCK-8.
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Figure 3 Effects of tetrodotoxin and atropine on contractile res-
ponses to CCK-8 sustained response (a) and CCK-4 transient res-
ponse (b) in guinea-pig ileum. The format of these graphs is similar
to Figure 3. Values are mean (vertical bars shown s.e.mean), n =4
for the following treatments; CCK-8 or CCK-4 alone (0,). CCK-8 or
CCK-4 in the presence of tetrodotoxin (300 nM, M) or atropine
(1pM, @ and 10 M, A). For abbreviations, see text.

tion in RGM are summarised in Table 2. Lorglumide
(10-100 uM) produced concentration-related rightward dis-
placements of pentagastrin responses (Figure 5a). At a con-
centration of 10puM, lorglumide increased the maximal
response to pentagastrin (154 +28%, n=4), but at the
higher concentration of 100 pM a reduction in the maximum
response was observed. Schild analysis yielded a slope value
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Figure 4 Contractile responses to gastrin/CCK peptides in guinea-
pig isolated ileum. Sustained increases in tension were expressed as
percentages of the maximal response to CCK-8 in each tissue. For
clarity, only one of the concentration-response curves for CCK-8 is
shown and is representative of others in this series of experiments.
Values are mean (vertical bars show s.e.mean), n=4 to 6, for the
following peptides: CCK-8 (O), CCK-4 (A), G-17 (@), nsCCK-8
(A), nsG-17 (M) and pentagastrin (O). For abbreviations, see text.

which was significantly greater than unity (Table 2). The
steep Schild slopes encountered with this antagonist in RGM
did not appear to be due to loss of antagonist from the
biophase by enzymic degradation since repeating these exper-
iments in the presence of phosphoramidon (1 puM) and bes-
tatin (100 pM) and in silane-coated organ baths did not
modify the antagonist profile or potency of lorglumide (data
not shown).

The benzodiazepine analogue, L-365,260 (0.1-3 uM) was
the most potent antagonist of pentagastrin encountered in
these studies (Figure 5b) and, unlike lorglumide, was a com-
petitive antagonist with a Schild slope value not significantly
different from unity (Table 2). In contrast, the apparent
affinity of the CCK, receptor antagonist devazepide was
approximately 50 times less potent than L-365,260 (Figure
Sc, Table 2).

Secretory responses to pentagastrin in RGM were inhibited
by ranitidine (0.1-10puM) in an insurmountable manner
(data not shown), suggesting that these responses were
indirect, mediated via the release of histamine. Therefore, the
selectivity of gastrin receptor antagonists in RGM was inves-
tigated with histamine used as a secretagogue. Histamine
(1-300 uM) stimulated large increases in acid secretion

Table 2 Estimates of apparent affinity for antagonists in rat gastric mucosa (RGM) and guinea-pig ileum (GPI)

Antagonist affinities”

Preparation Agonist Devazepide L-365,260 Lorglumide
RGM Pentagastrin 5.77%£0.30 7.62%0.10 547%0.21
(1.11+0.11) (1.39 £ 0.28%)
GPI CCK-8 10.40 £ 0.30 7.7210.33 7.50+0.13
(sustained) 0.9410.13) (1.14+0.24) (1.50 £ 0.13%)
GPI® CCK+4 <73 8.35£0.26 6.47 £0.20
(transient) (1.17+£0.22) (1.16 £ 0.21)
GPI Pentagastrin <7 8.84 £ 0.24 6.39 £ 0.08
(transient) (1.29+£0.21) (1.71 £ 0.15%)

*pA, and Schild slope values (in parentheses), shown as mean * s.e.mean, were derived from linear regression of the respective §child
plots, n=12 to 15. Slope values marked * were significantly greater than unity. The values without slope values are pKp estimates
derived from a single concentration using the Gaddum equation (n =4 to 12).

YExcept for devazepide itself, these experiments were performed in the presence of devazepide (100 nM).
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Figure 5 Effects of gastrin/CCK receptor antagonists as inhibitors
of pentagastrin-stimulated acid secretion in rat isolated gastric
mucosa. The format of these graphs is similar to Figure 1. Values are
mean (vertical bars s.e.mean), n = 4. In (a) are shown the effects of
lorglumide at 10 pm (@), 30 um (M) and 100 um (A); (b) shows the
effects of L-365,260 at 0.01 pM (@), 0.1 uM (A), 1 uM (M) and 10 pm
(0O); (c) shows the effect of devazepide at 10 uM (@). Representative
examples of the pentagastrin concentration — response curves from
each of these series of experiments are shown (O).

with an ECs, value of 29 (20-44) uM and a maximum of
355+ 83nmol H* min~! (n=4). These responses to his-
tamine could be repeated in single tissues with no significant
change in EC5 (CR=1.4 (0.5-3.8)) or maximum. Lorg-
lumide (100 pM) produced a small displacement of the his-
tamine responses (concentration-ratio = 8) and some depres-
sion of maximum (E,=68%* 17%, n=4) which may
account for its insurmountable antagonist activity when pen-
tagastrin was used as agonist. A high concentration of L-
365,260 (10 um) produced a nine fold displacement and a
reduction in the maximum response to histamine
(Epax = 58 £ 12%, n=4).

Guinea-pig isolated ileum The effects of the gastrin/CCK
antagonists against CCK-8 induced sustained contractions in
GPI are summarized in Table 2. Lorglumide produced
concentration-related displacements in concentration-res-
ponse curves for CCK-8 with a pA, value of 7.50 and a
Schild slope value of 1.50 which was significantly greater
than unity (Figure 6a, Table 2). Devazepide (0.3-30 nM) was
extremely potent and competitive antagonist of CCK-8 in
GPI (Figure 6c, Table 2). L-365,260 (0.1-3 uM) was also a
competitive antagonist of CCK-8, but was approximately 300
times less potent than devazepide (Figure 6d, Table 2).

In contrast to its activity against CCK-8 in GPI, the CCK4
receptor antagonist, devazepide (100 nM) was a weak inhib-
itor of CCK-4-induced transient contractions (Table 2,
Figure 7b). Preliminary experiments demonstrated that con-
centrations of CCK-4 greater than 30 pM produced a res-
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Figure 6 Effects of gastrin/CCK receptor antagonists as inhibitors
of CCK-8-induced sustained contractions in guinea-pig isolated
ileum. The format of these graphs is similar to Figure 3. Values are
mean (vertical bars show s.e.mean), n =4 to 6. In (a) is shown the
effects of lorglumide at 0.1 um (@), 1 um (M) and 10 uM (A); (b)
shows the effects of L-365,260 at 0.1 um (@), 0.3 um (O), 1 uM (M)
and 10 pM (A); (c) shows the effects of devazepide at 0.3 nm (W),
3 nM (O) and 30 nM (@). Representative examples of control CCK-8
concentration-response curves are shown for each series of experi-
ments (O, A).
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Figure 7 Effects of lorglumide, devazepide and L-365,260 as inhibi-
tors of CCK-4-induced contraction in guinea-pig isolated ileum. The
format of these graphs is similar to Figure 3. Values are mean
(vertical bars show s.e.mean), n=3in (a), n=12in (b) and n=5 in
(c). In (a) is shown the effects of lorglumide at 1 um (@), 3 um (M)
and 10 uM (A); (b) shows the effects of devazepide (0.1 nM, @); (c)
shows the effects of L-365,260 at 30 nM (@) 100 nmM (M) and 300 nM
(A). Experiments with lorglumide and L-365,260 were performed in
the presence of devazepide (100 nM) to exclude interference from
CCK 5-mediated contractions. Control CCK-4 curves are shown (O).

ponse profile that resembled CCK-8 (Figure 2). Therefore the
potential for interference of CCK, receptor-mediated effects
on the transient responses to CCK-4 was excluded by inclu-
sion of devazepide (100 nM) in the bathing medium. In the
presence of devazepide, L-365,260 (30—300 nM) was a potent
antagonist of CCK-4 (Figure 7c, Table 2) and Schild analysis
of these data yielded a pA, value of 8.35 and a Schild slope
of 1.17 which was not significantly different from unity.
Under these conditions lorglumide was also a competitive
antagonist of CCK-4 (Figure 7a, Table 2) with a pA, value
of 6.47 and a Schild slope of 1.16.

In contrast to CCK-4, pentagastrin (1 nM to 100 uM) pro-
duced only transient contractile responses, the sustained res-
ponse being absent throughout the concentration-range.
Therefore antagonist affinities of devazepide, L-365,260 and
lorglumide (without pretreatment of devazepide) were also
determined in GPI against pentagastrin as agonist (Figure 8,
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Figure 8 Effects of lorglumide, devazepide and L-365,260 as inhibi-
tors of pentagastrin-induced transient contraction in guinea-pig
isolated ileum. The format of these graphs is similar to Figure 3.
Values are mean (vertical bars show s.e.mean), n = 4. In (a) is shown
the effects of lorglumide at 1 pm (O), 3 um (M) and 10 pM (O); (b)
shows the effects of devazepide at 0.1 um (O); (c) shows the effects
of L-365,260 at 3nm (O), 10nM (M), 30 nM (O0) and 100 nM (A).
Control pentagastrin curves are shown (@).

Table 2). In these studies, affinity estimates not significantly
different from those using CCK-4 (in the presence of deva-
zepide, 100 nM) were obtained.

The specificity of antagonists in GPI was determined by
use of the nicotinic agonist, DMPP. Contractile responses to
DMPP were inhibited by TTX and atropine by greater than
80% (data not shown) suggesting that the majority of the
effect of DMPP was mediated via neuronal release of acetyl-
choline. At a high concentration of 100 uM, lorglumide
abolished the contractile effects of DMPP (data not shown).
This non-selective action may account for the increasing
antagonist activity and maximal depression seen with lorg-
lumide as an antagonist of CCK-8 (Table 2). Devazepide and
L-365,260 appeared selective antagonists of CCK-8 and
CCK-4 responses in GPI since they did not modify responses
to DMPP at a concentration 300 times their respective pA,
values (data not shown).
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Discussion

Gastrin/CCK receptors have largely been characterized by
the affinities of agonists and antagonists in binding studies
using parietal cells, gastric glands, and homogenates of brain
cortex or pancreas (Makovec et al., 1986; Bock et al., 1989;
Hughes et al., 1990). However, different estimates of receptor
binding affinity for these antagonists have been observed in
other studies (Hill & Woodruff, 1989; Huang et al., 1989). In
the present studies we have attempted to characterize gastrin/
CCK receptors by determining the apparent affinities of
gastrin/CCK receptor antagonists in functional studies using
isolated preparations of rat gastric mucosa (RGM) and
guinea-pig ileum longitudinal muscle myenteric plexus (GPI).

Prior to investigating the actions of antagonists in these
preparations, information on the gastrin/CCK receptors that
may mediate the responses was gained by comparing the
agonist potencies of a range of peptides from the gastrin/
CCK family and these studies are summarized in Table 1. In
RGM, CCK-8 and CCK-4 were partial agonists, with a
lower maximal response than the gastrin peptides. The
differences in maximal responses encountered in RGM make
direct comparisons of agonist potency-ratios for gastrin/CCK
peptides in other tissues difficult and such comparisons
should be interpreted with caution. With this caveat, the
difference in potency in RGM between CCK-8 and CCK-4
(680 fold, Table 1) suggests that this response resembled
those mediated by gastrin-like receptors (Soll ez al., 1981;
Bitar et al., 1982; Menozzi et al., 1989) more than those
mediated by CCKp receptors, where CCK-8 is less than 10
times more potent than CCK-4.

The rank order of potency for agonists obtained in GPI
differed from RGM, with sustained contractions to CCK-8
being greater than 1000 times more potent than the other
peptides. The rank order of agonist potency for this response
in GPI resembled that described for stimulation of amylase
release in guinea-pig dispersed pancreatic acini (Jensen et al.,
1980; 1982) and is generally consistent with the sustained
contraction in GPI being mediated by CCK, receptors.

Non-peptidic antagonists with reported affinity for gastrin/
CCK receptors (Makovec et al., 1985; Bock et al., 1988) were
used to characterize further the actions of this peptide family
in RGM and GPI (Table 2). In GPI, where sustained con-
tractile responses to CCK-8 were measured, devazepide was
the most potent antagonist with an apparent affinity estimate
similar to that reported previously in this preparation (Chang
& Lotti, 1986). L-365,260 was also a competitive antagonist,
but was approximately 300 times less potent than devazepide.
These effects were consistent with the view that CCK-8-
induced sustained contractions of GPI are mediated by
CCK, receptors. The pA, value for lorglumide further sup-
ported this view (Makovec et al., 1985).

Although CCK-4 was approximately 3000 times less potent
than CCK-8 in producing a sustained contraction in GPI, the
tetrapeptide was only approximately 50 times less potent
than CCK-8 in producing a transient contraction. This latter
relative potency in GPI was not consistent with an action
solely at CCK, receptors (Jensen et al., 1982) and the effects
of CCK-4 were investigated further. The present studies
confirmed previous observations that the responses to CCK-8
in GPI were complex and mediated only in part by neuronal
acetylcholine release (Hutchison & Dockray, 1981; Chang et
al., 1984). In contrast, transient responses to CCK-4 ap-
peared to be mediated solely by neuronal acetylcholine
release, possibly suggesting activity at a different receptor.
When CCK-4 or pentagastrin were used as agonists instead
of CCK-8 and transient contractions measured, lorglumide,
devazepide and L-365,260 produced different antagonist
affinity estimates. The most striking difference was a loss of
potency of more than 3000 fold when devazepide was used as
an antagonist against CCK-4 and pentagastrin. This sug-

gested that the contractile effects of CCK-4 and pentagastrin
were not mediated by CCK, receptors and were more consis-
tent with activity at gastrin/CCKjy receptors (Chang & Lotti,
1986; Freidinger, 1989). Similar observations have recently
been made by others (D.G. Trist, personal communication;
Lucaites et al., 1991).

In RGM, L-365,260 was the most potent antagonist of
pentagastrin-stimulated acid secretion. In agreement with
previous studies (Black er al., 1985) pentagastrin-stimulated
responses were sensitive to blockade by histamine H, recep-
tor antagonists suggesting that pentagastrin stimulates acid
secretion indirectly, via release of histamine. In the present
studies, L-365,260 was a less potent antagonist of histamine-
induced acid secretion, possessing a 100 fold selectivity for
gastrin over histamine H, receptors. L-365,260 was approx-
imately 50 times less potent in RGM than would have been
predicted by its binding affinity in guinea-pig gastric glands
and at CCKjp receptors in guinea-pig cortex (Bock er al.,
1989). Furthermore, the affinity estimates for L-365,260 and
lorglumide versus pentagastrin in RGM were significantly
different from corresponding estimates against pentagastrin
in GPI (P<0.05 by no overlap of confidence limits) consis-
tent with the view that responses in RGM are mediated by a
receptor different from the gastrin/CCKj receptor type medi-
ating transient contraction in GPI.

Agonist potency-ratios have supported the view that gas-
trin and CCKgj receptors are distinct (e.g. Bohme ez al., 1988;
Menozzi et al., 1989). However, binding studies comparing
affinity estimates of gastrin/CCK antagonists in guinea-pig
cortex and gastric glands have been unable to disclose
differences in affinity in these two preparations (Bock et al.,
1989; Freidinger, 1989; Hughes et al., 1990). This is clearly
different from the present studies where affinity estimates for
L-365,260 and lorglumide in RGM and GPI (using CCK-4
and pentagastrin as agonists) differ significantly. Differences
in apparent affinity of antagonists in RGM and GPI may be
due to species differences in the gastrin/CCKjy receptor. For
example, affinity estimates for L-365,260 derived from gas-
trin/CCKp binding studies in rat spinal cord (Hill &
Woodruff, 1989) and functional studies in rat ventromedial
hypothalamus (Kemp et al., 1989) correspond to the present
value for L-365,260 in RGM. In addition, the present studies
demonstrate that L-365,260 has a 50 fold lower affinity for
gastrin/CCKjp receptors than is apparent from estimates in
guinea-pig gastric gland binding studies (Bock et al., 1989).
However, it is possible that binding studies in gastric glands
do not reflect interaction with receptors controlling acid
secretion. In this context, recent studies have suggested that
CCK may interact with more than one receptor type in
gastric glands, one of which resembles the CCKjp receptor
(Praissman & Brand, 1990). Corresponding functional studies
of acid secretion in guinea-pig gastric mucosa are required
for comparison with binding studies from this species to help
resolve this issue.

The present studies using gastrin/CCK agonists and
antagonists in functional isolated preparations are consistent
with the view that the actions of this peptide family may be
mediated by three receptor subtypes. Furthermore, the pres-
ent studies suggest it may be possible to distinguish gastrin/
CCKp receptors in preparations from different species.
Isolated preparations with which to study functional res-
ponses mediated by gastrin/CCKp receptors are not widely
available and additional information in other systems is now
required to confirm the view that these receptor subtypes
differ.
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