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1 Cholecystokinin octapeptide (CCK-8) and gastrin-17 augment gastric mucosal blood flow in the rat.
The present study examined whether the gastric vasodilator effect of these peptides is mediated by CCKA
or CCKB receptors.
2 Intravenous injection of CAM-1481 (1 mg kg-'), a dipeptoid antagonist of CCKA receptors, or

CAM-1028, a dipeptoid CCKB receptor antagonist (1 mg kg-'), had no effect on basal gastric mucosal
blood flow as determined by the clearance of hydrogen in urethane-anaesthetized rats.
3 Intravenous infusion of CCK-8 or gastrin-17 (8-200 pmol min-') increased gastric mucosal blood
flow in a dose-dependent fashion. The CCKB receptor antagonist, CAM-1028, significantly attenuated
the hyperaemic response to CCK-8 and gastrin-17 whereas the CCKA receptor antagonist, CAM-1481,
did not antagonize CCK-8 but caused a slight attenuation of the vasodilator response to gastrin-17.
4 The selectivity of the two antagonists was proved by the findings that CAM-1028, but not CAM-
1481, inhibited gastric acid secretion evoked by CCK-8 or gastrin-17 (CCKB receptor assay) while CAM-
1481, but not CAM-1028, inhibited the CCK-8-induced contraction of guinea-pig isolated gall bladder
strips (CCKA receptor assay).
5 These data show that the actions of CCK-8 and gastrin-17 to increase mucosal blood flow in the rat
stomach are primarily mediated by CCKB receptors.
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Introduction

Cholecystokinin (CCK) causes intestinal vasodilatation (Bo-
wen et al., 1975; Fara et al., 1975) and has been implicated as
an endocrine messenger of postprandial hyperaemia (Chou et
al., 1977). CCK also increases blood flow in the human
(Demling & Classen, 1968) and feline (Guth & Smith, 1976)
gastric mucosa but the receptors responsible for this effect have
not yet been identified. Both CCKA and CCKB/gastrin re-
ceptors exist in the digestive tract, with CCKA receptors being
present in the pancreas and on the gall bladder and intestinal
muscle (Bishop et al., 1992; Gully et al., 1993; Hughes et al.,
1993), CCKB receptors being expressed by gastric en-
terochromaffin-like and parietal cells (Hughes et al., 1993;
Prinz et al., 1993; Soll & Berglindh, 1994) and both CCKA and
CCKB receptors occurring on vagal nerve fibres (Lin & Miller,
1992; Corp et al., 1993). Apart from its secretory effect which is
mediated by CCKB receptors (Forster et al., 1990), many of the
gastric effects of CCK including inhibition of gastric emptying
(Forster et al., 1990), inhibition of gastric acid secretion via
somatostatin release (Lloyd et al., 1992) and gastric mucosal
protection (Evangelista & Maggi, 1991) are predominantly
mediated by CCKA receptors. The systemic haemodynamic
alterations caused by CCK are also inhibited by a CCKA re-
ceptor antagonist (Janssen et al., 1991).

In view of this information it was the aim of the current
study to investigate whether CCK octapeptide (CCK-8) in-
creases mucosal blood flow in the rat stomach to a similar
extent as rat gastrin-17 and whether the gastric vasodilator
responses to CCK-8 and gastrin-17 are mediated by CCKA or
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CCKB receptors. This question was addressed by the use of
two novel water-soluble dipeptoid compounds, CAM-1481
and CAM-1028, which have been characterized as potent and
selective CCKA (Boden et al., 1993) and CCKB (Hughes et al.,
1990) receptor antagonists, respectively.

Methods

Measurement of gastric mucosal blood flow

All experiments of this study were approved by the Ministry of
Science and Research of the Federal Republic of Austria.
Female Sprague-Dawley rats, weighing 180-220 g, were fas-
ted for 20 h but were allowed free access to water. After the
induction of anaesthesia with urethane (1.5 g kg-' sub-
cutaneously) the rats were placed on a heated table, to main-
tain their rectal temperature at 370C, and fitted with a tracheal
cannula, to facilitate spontaneous respiration and to allow for
the administration of hydrogen. Mean arterial blood pressure
was recorded from a cannula in the right carotid artery by
means of a pressure transducer (ISOTEC; HSE, March, Ger-
many) and displayed on a chart recorder (SERVOGOR 464;
ABB-GOERZ, Vienna, Austria). A second cannula was placed
in the left jugular vein for continuous infusion of saline
(1.5 ml h-'), to avoid dehydration, and for the intravenous
administration of drugs. The stomach was exposed by a mid-
line laparotomy and fitted with an inflow cannula placed in the
forestomach and an outflow cannula inserted through the
pylorus (Holzer et al., 1991). Saline (kept at room temperature)
was perfused through the stomach at a rate of 0.7-
0.8 ml min-' throughout the whole experiment.
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Gastric mucosal blood flow was measured with the hydro-
gen clearance technique (Leung et al., 1984). The washout of
hydrogen gas was estimated by a needle-type platinum elec-
trode inserted from the serosa into the basal portion of the
gastric corpus mucosa and positioned at the submucosal bor-
der of the muscularis mucosae (Holzer et al., 1991). Determi-
nation of blood flow was discontinuous, as the experimental
protocol involved alternating 15 min periods of saturation and
desaturation of the tissue with hydrogen. The current re-
presenting the actual hydrogen concentration at the site of the
electrode was fed into a personal computer via an A/D con-
verter. The washout curve was then fitted to a mono-
exponential curve, the power of which was used to calculate
the average gastric mucosal blood flow (ml min-' 100 g-')
during the 15 min period of desaturation (Livingston et al.,
1989).

The alternating cycle of hydrogen saturation and desa-
turation was begun after a 45 min period of equilibration
(0 min). In the experiments, in which the dose-dependency of
the effects of CCK-8 and gastrin-17 on gastric mucosal blood
flow was studied, basal gastric mucosal blood flow was de-
termined during the period of 15-30min, and the effects of
CCK-8 and gastrin-17 on blood flow were recorded during the
period of 45 - 60 min. When the antagonistic actions of CAM-
1481 and CAM-1028 on the hyperaemic responses to CCK-8
and gastrin-17 were tested, basal gastric mucosal blood flow
was determined during the periods of 15-30 min (before the
administration of CAM-1481 or CAM-1028) and 45-60 min
(after the administration of CAM-1481 or CAM-1028), and
the effects of CCK-8 and gastrin-17 on blood flow were re-
corded during the period 75-90 min.

CAM-1481, CAM-1028 (1 mg kg-) or their vehicle (saline,
1 ml kg-') was injected intravenously 15 min before the ad-
ministration of CCK-8 or gastrin-17 was started. CCK-8 or
gastrin-17 was infused intravenously at a rate of 15 jl min-1,
the appropriate doses being selected in preliminary experi-
ments. Since the hyperaemic effect of CCK-8 was rapid in on-
set, it was sufficient to start the infusion of this peptide 5 min
before a desaturation curve was recorded. In contrast, gastrin-
17 was infused for a period of 15 min until a measurement of
gastric mucosal blood flow was taken in order to account for the
slow onset of action of this peptide. Only one dose of either
CCK-8 or gastrin-17 was examined in each experiment. The
gastric mucosal blood flow measured before the perfusion ofany
peptide was set as 100%, and the hyperaemia caused by CCK-8
or gastrin-17 was expressed as percentage increment of gastric
mucosal blood flow (peak values in percent minus 100%).

Measurement of gastric acid secretion

Gastric acid secretion was measured in some experiments in
order to test CAM-1481 and CAM-1028 for their activity on
gastric CCKB receptors stimulated by CCK-8 or gastrin-17.
The rats used for these experiments were handled as described
for the measurement of gastric mucosal blood flow. The gastric
effluent was collected in 4 fractions of 15 min, beginning
30 min prior to the administration of CCK-8 or gastrin-17.
The first fraction represented basal gastric acid secretion, and
the second fraction basal gastric acid secretion measured im-
mediately after intravenous injection of CAM-1481, CAM-
1028 (1 mg kg-' each) or their vehicle (saline, 1 ml kg-'). The
third and fourth fractions accounted for the acid output sti-
mulated by the intravenous infusion of CCK-8 or gastrin-17.
The volumes of the gastric perfusate fractions were de-
termined, 3 ml aliquots added to 3 ml of saline and then ti-
trated to a pH of 7.0 with 0.01 M NaOH. After correction for
the acidity of the blank perfusion medium (saline) determined
in a reference sample, the gastric secretion of H+ was com-
puted and expressed in Mmol min'. Total gastric acid output
was calculated as the net increment of acid secretion evoked by
CCK-8 or gastrin- 17 during the 30 min period after the start of
the peptide infusion (stimulated over baseline acid secretion)
and expressed in Mmol.

Contraction of the guinea-pig isolated gall bladder

CAM-1481 and CAM-1028 were tested for their activity on
CCKA receptors by studying their antagonism of CCK-8-in-
duced contractions of the guinea-pig isolated gall bladder. The
assay was based on the method described by Bishop et al.
(1992). In brief, guinea-pigs of either sex (350-450 g) were
killed by cervical dislocation and bleeding. Longitudinal strips
of smooth muscle were dissected from the gall bladder and
suspended in organ baths containing 2 ml of Krebs solution
(mM: NaCl 118.0, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4
1.2, NaHCO3 25.0 and glucose 11.0). This medium was gassed
with 95% 02 and 5% CO2 to give a pH of 7.4 and maintained
at 290C. The motor activity of the strips was recorded with an
isometric tension transducer (HSE, March, Germany) and
displayed on a chart recorder (ABB-GOERZ, Vienna, Aus-
tria). After the initial application of a tension of 0.1 mN the
tissues were allowed to equilibrate for 1 h. Then the strips were
challenged by a depolarizing K+ concentration (122.7 mM,
KCl replacing all NaCl in the bath medium), and the ensuing
contraction was used to normalize the subsequent contractile
responses to CCK-8. After washout of the high K+ con-
centration the strips were incubated with either CAM-1481,
CAM-1028 (1 pM each) or an equivalent volume of their ve-
hicle (saline). Five minutes later cumulative concentration-re-
sponse curves for CCK-8 (0.1 nM-1 jM) were recorded by
administering increasing doses of CCK-8 to the bath, the ap-
plications being spaced apart by intervals of 2-4 min after
which a stable response to each dose had been achieved. Only
one concentration-response curve was constructed with each
strip. The responses to CCK-8 were expressed as a percentage
of the contraction evoked by the high K+ concentration.

Substances

The saline solution used here was 0.15 M NaCl. Urethane
(Fluka, Buchs, Switzerland) was dissolved in water at a con-
centration of 25% (wt/wt). Rat gastrin-17 (gastrin-I, Pe-
ninsula, Heidelberg, Germany) and CCK-8 (sulphated,
Bachem, Bubendorf, Switzerland) were dissolved in 5%
NaHCO3 at a concentration of 100 gM. Further dilutions were
made with saline. CAM-1481 (N-[a-methyl-N-[(tricy-
clo[3.3.1.13'7]dec-2-yloxy)carbonyl]-L-tryptophyl]-D-3-(phenyl-
methyl)-f-alanine) and CAM-1028 (4-{[2-[[3-(lH-indol-3-yl)-
2-methyl-1 -oxo-2-[[[1.7.7-trimethyl-bicyclo(2.2.1)hept-2-yl]-ox-
y]carbonyl]amino]propyl]amino]-1-phenylethyl} amino-4-oxo-
{1S-lc.2fl[S*(S) 4a]}-butanoate N-methyl-D-glucamine) (Par-
ke-Davis, Cambridge, U.K.) were dissolved in saline.

Statistical analysis

All data are presented as mean±s.e.mean. Statistical evalua-
tion of the results was performed with the Wilcoxon test for
matched pairs, the Mann-Whitney U test or the Kruskal-
Wallis H test as appropriate. Probability values P<0.05 were
regarded as significant.

Results

Gastric mucosal blood flow

The basal values of gastric mucosal blood flow and mean ar-
terial blood pressure measured before administration of any
drug are shown in Table 1. Intravenous infusion of CCK-8 or
gastrin-17 resulted in a dose-dependent increase in gastric
mucosal blood flow, the increments evoked by the highest
peptide doses amounting to over 300% (Figure 1). The hy-
peraemic responses to either peptide took place in the absence
of any change in mean arterial blood pressure, with the ex-
ception of the highest dose of CCK-8 (0.2 nmol min-) which
caused a slight but significant (P< 0.05) rise of mean arterial
blood pressure from 93 ± 4 to 99 ± 2 mmHg (n = 7).
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Compared with the vehicle, neither the CCKA receptor
antagonist, CAM-1481 nor the CCKB receptor antagonist,
CAM-1028 (1 mg kg-' each) had any significant effect on
gastric mucosal blood flow and mean arterial blood pressure
under basal conditions (Table 1). CAM-1481 also failed to
alter the CCK-8-induced increment of gastric mucosal blood
flow, whereas the hyperaemia caused by gastrin- 17 appeared to
be attenuated by CAM-1481 (Figure 2). In contrast, CAM-
1028 inhibited the gastric hyperaemic responses to all doses of
CCK-8 and gastrin-17 to a significant extent when compared
with the responses recorded after injection of the vehicle
(Figure 2).

Gastric acid secretion

The secretory effect of gastrin-17 and CCK-8 was used as
CCKB receptor bioassay to study the selectivity and effective-
ness of CAM-1028, at the dose used here (1 mg kg-'), as a

CCKB antagonist versus CAM-1481 as a CCKA antagonist.
The ability of gastrin-17 to stimulate gastric acid secretion
(Figure 2) was shared by CCK-8 (Table 2). CAM-1028 had no
significant effect on basal gastric acid secretion but inhibited
the gastric acid secretory response to gastrin-17 (Figure 2) and
CCK-8 (Table 2). Conversely, neither basal gastric acid se-
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Table 1 Gastric mucosal blood flow (GMBF) and mean
arterial blood pressure (MAP) before and after administra-
tion of CAM-1481 and CAM-1028

Parameter
Treatment
vehicle CAM-1481 CAM-1028

o
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0.04 0.1
CCK-8 (nmol min-1)
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GMBF before 43.3 + 3.7 44.0+ 3.0 43.0 ± 3.3
GMBF after 40.5+3.7 45.6+2.7 44.1±3.6

MAP before 100.9 +2.3 102.4+ 2.5 100.8+3.1
MAP after 88.7+2.5 91.3+2.5 95.2+2.4

Gastric mucosal blood flow (ml min-' 100 g) and mean
arterial blood pressure (mmHg) were measured immediately
before, and 5 min after, the intravenous injection of vehicle
(saline, 1 ml kg-'), CAM-1481 or CAM-1028 (1 mg kg-' each).
Data are mean + s.e.mean, n = 17-19.

a
400 I-

m100

o-75

0)5E0 7
+C

I
300 H

200 F-

100 H

0
0.008

E
j.

0

I-

0.04
CCK-8 (nmol min-1)

b
250 1-

0

T
_

T

0.01 0.04
Gastrin-17 (nmol min-1)

*
*

-I
T

0.01 0.04
Gastrin-17 (nmol min 1)

I-_

l_

0.01 0.04
Gastrin-17 (nmol min1)

0.2

Figure 1 Increase in gastric mucosal blood flow (GMBF) caused by
(a) CCK-8 and (b) gastrin-17. The intravenous infusion of CCK-8
and gastrin-17 was started 5 and 15min prior to the measurement of
stimulated blood flow, respectively. The hyperaemic effects are
expressed as % increments of gastric mucosal blood flow. The values
shown are mean+s.e.mean, n=6-7 for each group.

Figure 2 Effects of vehicle (open columns, saline, 1 ml kg- ), CAM-
1481 (hatched columns) and CAM-1028 (solid columns) (1 mgkg-'
each) on (a) the CCK-8- and (b) gastrin-17-induced increments of
gastric mucosal blood flow (GMBF) and on (c) gastrin-17-stimulated
total gastric acid output (TGAO). The infusion of CCK-8 and
gastrin-17 was started 5 and 15min prior to the measurement of
stimulated blood flow, respectively. The hyperaemic effects are
expressed as % increments of gastric mucosal blood flow, and total
gastric acid output is calculated as the net secretion evoked by
gastrin-17 during the 30min period after the start of the peptide
infusion (stimulated over baseline acid secretion). The vehicle, CAM-
1481 or CAM-1028 was injected intravenously 15min before the
infusion of CCK-8 or gastrin-17 was begun. The values shown are
mean+s.e.mean, n=8-11 per group. *P<0.05, **P<0.01 versus
vehicle.
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Table 2 Basal gastric acid secretion (BGAS) before and
after injection of vehicle, CAM-1481 or CAM-1028 and total
gastric acid output (TGAO) evoked by CCK-8 after these
treatments

Parameter
Treatment
vehicle CAM-1481 CAM-1028

BGAS before 0.09 ± 0.03 0.06±0.02 0.07 ±0.02

BGAS after 0.08 ± 0.02 0.04±0.02 0.07 ± 0.01

TGAO after
CCK-8

10.7±1.4 11.0±1.2 3.6±0.4**

Basal gastric acid secretion is expressed as jumolmin-'. Total
gastric acid output (pmol H+) is the net secretion evoked by
CCK-8 (0.04nmolmin-f) during the 30 min period after the
start of the peptide infusion (stimulated over baseline acid
secretion). Vehicle (saline, mlkg-'), CAM-1481 or CAM-
1028 (1 mgkg-' each) was injected intravenously 15 min
before the intravenous infusion of CCK-8 was begun. Data
are mean±s.e.mean, n=8 for each group.** P<0.01 versus
vehicle.
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Figure 3 Effects of vehicle (0, saline), (a) CAM-1481 (-) and (b)
CAM-1028 (@) (1 JM each) on the CCK-8-induced increments of
isometric tension of guinea-pig isolated gall bladder strips. The
responses to CCK-8 are expressed as a percentage of the response to
122.7mMK+, which was determined at the beginning of each
experiment and used to standardize the strips. The values shown
are mean ± s.e.mean, n = 6 for each group.

cretion (Table 2) nor the secretory response to gastrin-17
(Figure 2) and CCK-8 (Table 2) was altered by CAM-1481
(1 mg kg-').
Gall bladder contraction

The CCK-8-induced contraction of the guinea-pig isolated gall
bladder was used as a CCKA receptor assay to prove the se-
lectivity and effectiveness of CAM-1481 as a CCKA antagonist
versus CAM-1028 as a CCKB antagonist. The concentration-
response curve for the contractile effect of CCK-8 was left
unaltered by CAM-1028 (1 yM) but was shifted to the right by
a factor of approximately 70 when CAM-1481 (1 kiM) was
present in the bath (Figure 3).

Discussion

The present data show that CCK-8 is very potent and effective
in increasing gastric mucosal blood flow in the rat, a finding
that extends previous observations in the human (Demling &
Classen, 1968) and feline (Guth & Smith, 1976) gastric mi-
crocirculation. CCK-8 appeared to be roughly equipotent as,

but somewhat more effective than, gastrin-17 in causing hy-
peraemia in the rat gastric mucosa. Since mean arterial blood
pressure either did not change or rose slightly in response to
CCK-8 or gastrin-17 it is inferred that the hyperaemic action
of either peptide results primarily from dilatation of gastric
mucosal arterioles. It follows that CCK-8 is not only able to
reduce vascular resistance in the small intestine of dogs and
cats (Bowen et al., 1975; Fara et al., 1975; Chou et al., 1977)
and to dilate the canine hepatic artery (Richardson & With-
rington, 1977) but can also relax gastric arterioles to increase
effectively mucosal blood flow in the rat stomach. In the in-
testine, CCK has been implicated as a mediator of post-
prandial hyperaemia (Chou et al., 1977), but the physiological
role of the peptide in the regulation of gastric blood flow has
not yet been explored. Because the potency with which CCK-8
increases gastric mucosal blood flow is comparable with that of
gastrin-17 it might be argued that gastric hyperaemia is among
the physiological actions of endogenous CCK released during
digestive activity.

The major aim of the current study was to characterize the
type of receptor by which CCK-8 and gastrin-17 increase
gastric mucosal blood flow. This question was addressed by
use of two novel receptor-selective dipeptoid antagonists of
CCKA and CCKB receptors, CAM-1481 (Boden et al., 1993)
and CAM-1028 (Hughes et al., 1990), respectively. These
substances were chosen because they are, unlike benzodiaze-
pine-derived CCK antagonists, readily solouble in water and
hence pose no problem in their intravascular administration.
They were furthermore shown to be effective antagonists of
CCK in appropriate CCKA and CCKB receptor bioassays.
Thus, the CCK-8-induced contraction of the guinea-pig gall
bladder, which is mediated by a homogeneous population of
CCKA receptors (Bishop et al., 1992), was inhibited by the
CCKA receptor antagonist, CAM-1481 but not by the CCKB
receptor antagonist, CAM-1028. Conversely, the gastric acid
secretion induced by gastrin-17 or CCK-8 was selectively
blocked by the CCKB receptor antagonist, CAM-1028 but was
not affected by the CCKA receptor antagonist, CAM-1481.
This observation is consistent with the reported findings that
the secretory responses to CCK and gastrin are solely mediated
by CCKB receptors (Forster et al., 1990; Hughes et al., 1993;
Soll & Berglindh, 1994; Walsh, 1994).

With the proven receptor selectivity of CAM-1028 and
CAM-1481 it was possible to demonstrate that the gastric
hyperaemic response to CCK-8 is solely due to activation of
CCKB receptors and does apparently not involve CCKA re-
ceptors. This result is unexpected inasmuch as it is the so-called
brain type of CCK receptor that mediates the gastric vasodi-
lator effect of CCK-8 while many other effects of CCK in the
stomach are brought about via activation of CCKA receptors,
the previously termed peripheral type of CCK receptors
(Walsh, 1994). CCKB receptors do likewise play an important
role in the rise of gastric mucosal blood flow evoked by gastrin-
17, since the gastric vasodilatation evoked by this peptide was
also inhibited by CAM-1028. Unlike the hyperaemia caused by
CCK-8, however, the hyperaemia induced by gastrin-17 was
also attenuated by CAM-1481. It is unlikely that this effect
reflects a nonspecific action of CAM-1481, because this an-
tagonist had no inhibitory influence on the secretory response
to gastrin-17 and on the hyperaemic reaction to CCK-8. It
follows that CCKA receptors seem to play some role in the
gastric vasodilatation caused by gastrin-17, but this conjecture
awaits further confirmation.

In summary, the current study has shown that intravascular
administration ofCCK-8 increases blood flow in the rat gastric
mucosa through a local vasodilator action and that the potency
and effectiveness of CCK-8 in causing gastric mucosal hyper-
aemia are comparable to that of gastrin-17. The vasodilator
action of CCK-8 is exclusively mediated by CCKB receptors as
shown by the use of receptor-selective antagonists of CCK. It
remains to be established whether CCK is involved in the
physiological regulation of gastric mucosal blood flow and
under which conditions CCK becomes operative in this respect.
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