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1 The so-called enterochroma�n-like (ECL) cells constitute 65 ± 75% of the endocrine cells in the acid-
producing part of the rat stomach. They produce and secrete histamine and pancreastatin, a
chromogranin A (CGA)-derived peptide, in response to gastrin. Cholecystokinin (CCK)B/gastrin
receptor blockade is known to suppress their activity.

2 We have examined the time course of the deactivation of the ECL cells following treatment with the
selective CCKB receptor antagonists RP73870 and YM022. The drugs were given by continuous
subcutaneous infusion for a time span of 1 h to 3 weeks and the serum gastrin concentration and various
ECL cell parameters were measured (oxyntic mucosal histidine decarboxylase (HDC) activity, histamine
and pancreastatin concentrations, HDC mRNA and CGA mRNA levels, and circulating pancreastatin
concentration).

3 The two antagonists caused a prompt and dramatic decline in the oxyntic mucosal HDC activity and
HDC mRNA level. The HDC activity started to decline after 1 ± 2 h, was reduced by 60 ± 70% after 6 h
and was maximally suppressed (80 ± 90%) after 24 ± 48 h. The HDC mRNA level was reduced after 12 h
and was at about 20% of the pretreatment level after 2 ± 4 days of infusion. The ECL cell histamine
concentration was lowered by about 50% after 7 ± 10 days.

4 RP73870 and YM022 lowered the serum pancreastatin concentration and the oxyntic mucosal CGA
mRNA level. The serum pancreastatin concentration was reduced by 40% after 6 h and the reduction
was maximal after 2 ± 3 days. A decline in the oxyntic mucosal CGA mRNA level was noted after 12 h
with a maximal reduction after 2 ± 4 days of infusion. The ECL cell pancreastatin concentration was
reduced by 30 ± 40% after 3 weeks.

5 The infusion of RP73870 and YM022 induced hypergastrinaemia. The serum gastrin concentration
started to rise after 2 ± 4 h, there was a 2 fold increase after 6 h and maximal increase (3 ± 4 fold) after
2 ± 3 days of treatment.

6 In conclusion, CCKB/gastrin receptor blockade promptly deactivates the ECL cells. Deactivation,
manifested in a greatly reduced HDC activity, was apparent after 1 ± 2 h of the infusion. The serum
pancreastatin concentration and the oxyntic mucosal HDC mRNA and CGA mRNA levels were greatly
reduced after 1 ± 2 days. The ECL cell concentrations of histamine and pancreastatin declined quite
slowly by comparison.
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Introduction

The enterochroma�n-like (ECL) cells constitute 65 ± 75% of
the endocrine cells in the oxyntic mucosa of the rat stomach
(HaÊ kanson et al., 1992; 1994). They respond to gastrin sti-
mulation by the release of histamine and pancreastatin, a
chromogranin A (CGA)-derived peptide, and by the acceler-
ated synthesis of the histamine-forming enzyme histidine dec-
arboxylase (HDC, EC 4.1.1.22) (HaÊ kanson et al., 1992; 1993;
1994; 1995; Prinz et al., 1993; Chen et al., 1994). In fact, the
HDC and CGA mRNA abundance in the ECL cells is regu-
lated by circulating gastrin (Dimaline & Sandvik, 1991; Di-
maline et al., 1993; Chen et al., 1994; Sandvik et al., 1994;
HoÈ cker et al., 1996). The ECL cells represent a major source of
circulating pancreastatin-like peptides (HaÊ kanson et al., 1995;
Kimura et al., 1997; NorleÂ n et al., 1997). The functional sig-
ni®cance of pancreastatin in the ECL cells is not clear although
CGA and CGA-derived peptides are thought to play a role in
the formation and stabilization of secretory granules in neu-
roendocrine cells (Winkler et al., 1986; Winkler & Fischer-
Colbrie, 1992). ECL cell histamine is known to play an im-
portant role in the control of gastric acid secretion (Black &
Shankley, 1987; Waldum et al., 1991; Andersson et al., 1996a).

The ECL cells possess cholecystokinin (CCK)B/gastrin re-
ceptors (Chiba et al., 1991; Roche et al., 1991a; b; Asahara et

al., 1994), displaying high a�nity binding for both sulphated
and nonsulphated CCK-8 and for gastrin. By use of selective
CCKB/gastrin receptor antagonists, it has been shown that the
gastrin-evoked histamine release and HDC activation of the
ECL cells are mediated by CCKB/gastrin receptors (Kawabata
et al., 1991; Sandvik & Waldum, 1991; Prinz et al., 1994; Ding
et al., 1995; Ding & HaÊ kanson, 1996a). This conclusion has
received substantial experimental support. We have shown
that sustained CCKB/gastrin receptor blockade for 7 days,
with the potent and selective receptor antagonists RP73870
(Pendley et al., 1995) and YM022 (Nishida et al., 1994; 1995),
will deactivate the ECL cells as re¯ected in the decrease in
oxyntic mucosal HDC activity and serum pancreastatin con-
centration (Ding et al., 1997). The present study was designed
to study how quickly the ECL cells become deactivated in
response to sustained CCKB/gastrin receptor blockade with
RP73870 and YM022.

Methods

Animals

Male Sprague-Dawley rats, weighing 200 ± 220 g at the start of
the experiments, were kept in plastic Macrolon cages (4 ± 6
animals in each cage) with free access to standard rat food1Author for correspondence.
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pellets (ALAB, Stockholm, Sweden) and water throughout the
study.

RP73870, dissolved in 0.9% saline (1 mg in 7.5 ml), and
YM022, dissolved in polyethylene glycol (PEG) 300 (1 mg in
8.5 ml), were given to rats for various periods of time, from 1 h
to 3 weeks, by subcutaneous infusion via osmotic minipumps
(ALZET 2001, Alza Corporation, Palo Alto, CA, U.S.A.),
implanted in the neck under Brietal anaesthesia (50 mg kg71,
intraperitoneally). Vehicle (PEG 300) was given to control rats
for 6 h, 7 days or 3 weeks. The dose used for both RP73870
and YM022 was 1 mmol kg71 h71 which has been found to be
maximally e�ective in deactivating the ECL cells (Ding et al.,
1997). The food intake was followed during the ®rst 24 h of the
infusion and the rats were weighed daily during the ®rst week
and then once a week to verify a normal food intake.

The rats were killed by exsanguination via the abdominal
aorta under chloral hydrate anaesthesia (300 mg kg71, intra-
peritoneally). Serum was collected and stored at 7208C until
determination of gastrin and pancreastatin. The stomachs were
removed, opened along the major curvature and rinsed with
ice-cold 0.9% saline. Each stomach was ¯attened on a glass
plate with the mucosa upwards and the oxyntic mucosa was
scraped o� with a scalpel and stored at 7808C until analysed
for HDC activity, for histamine and pancreastatin concentra-
tions and for HDC mRNA and CGA mRNA levels.

Determination of gastrin and pancreastatin

Serum gastrin was measured by radioimmunoassay (Stadil &
Rehfeld, 1973). Rat gastrin-17 (Research Plus, Bayonne, NJ,
U.S.A.) was used as standard. The serum gastrin concentration
was expressed as pmol equivalents l71.

Serum pancreastatin was measured by radioimmunoassay
(HaÊ kanson et al., 1995). Rat pancreastatin (CGA 264-314,
Peninsula Europe, St. Helens, Merseyside, U.K.) was used as
standard. The concentration of pancreastatin-like peptides in
the serum was expressed as nmol equivalents l71.

Pancreastatin in the oxyntic mucosa was extracted by
boiling in redistilled water for 10 min followed by centrifuga-
tion at 4000 g for 20 min. The supernatant was lyophilized and
redissolved in 1 ml of 0.05 M sodium phosphate bu�er (pH
7.4) containing 0.2% sodium azide, 0.25% bovine serum al-
bumin, 0.25% ethylenediaminetetracetic acid, 500 iu ml71

aprotinin (Trasylol; Bayer, Leverkusen, Germany) for deter-
mination of pancreastatin by radioimmunoassay as described
above. The pancreastatin concentration in the oxyntic mucosa
was expressed as pmol equivalents of synthetic rat pancreast-
atin g71 wet weight.

Determination of histamine and HDC

The oxyntic mucosa was homogenized in ice-cold 0.01 M so-
dium phosphate bu�er, pH 7.4, to a concentration of a 100 mg
wet weight ml71. Aliquots (80 ml) of the oxyntic mucosal
homogenates were incubated with L-[1-14C]-histidine (sp.act.
50 mCi mmol71), 0.5 mM L-histidine, and 0.01 mM pyridoxal-
5-phosphate in a total volume of 160 ml at 378C for 1 h as
described previously (Larsson et al., 1986). The HDC activity
was expressed as pmol 14CO2 mg

71 h71. The histamine con-
centration in the oxyntic mucosa was measured as described by
RoÈ nnberg & HaÊ kanson (1984) and expressed as mg g71 (wet
weight).

Determination of HDC and CGA mRNA

Total RNA was extracted from the oxyntic mucosa by a
modi®ed Chomczynski and Sacchi method (Monstein et al.,
1995). The integrity of the isolated total RNA was analysed
electrophoretically on a denaturing 1% agarose-formaldehyde
gel, followed by staining in ethidium bromide and transfer
onto a positively charged nylon membrane (Boehringer Man-
nheim, Mannheim, Germany). The gels were loaded with 5 mg
RNA in each lane. Speci®c complementary RNA (cRNA)

probes for HDC and CGA were generated by in vitro tran-
scription of DNA templates (Andersson et al., 1996b) in the
presence of digoxigenin (Dig)-UTP (DIG RNA Labelling Kit,
Boehringer Mannheim). Prehybridization and hybridization
with the speci®c RNA probes were carried out as described
elsewhere. The membranes were washed with 26SSC and 1%
SDS for 20 min at 658C, for 20 min at 708C and with
0.16SSC and 1% SDS for 20 min at 758C (16SSC=150 mM

trisodium citrate, 15 mM sodium chloride; SDS=sodium do-
decyl sulphate). After the membranes had been washed, che-
miluminescence was developed according to the Boehringer
Mannheim manual. The signal was visualized by exposure for
2 ± 5 min to Amersham MP X-ray ®lm, by use of a DuPont
intensifying screen. For internal controls the membranes were
recycled in 0.5% SDS, 0.16SSC at 1008C for 1 h and rehy-
bridized with a Dig-labelled-18S rRNA probe (Ambion, Aus-
tin, TX, U.S.A.). The individual bands were quanti®ed with
the image analysis system UVP SW 5000 (Ultraviolet Products
Ltd., Cambridge, U.K.). The area under the curve (AUC) was
calculated for CGA (one band) and for HDC (two bands) and
divided by the AUC for the corresponding 18S rRNA band.
Controls (rats killed at zero time) were set at 100. Results are
expressed as % of control.

Chemicals

RP73870 (([N - (methoxy - 3 - phenyl) -N-(N-methyl-N-phenyl-
carbamoylmethyl) - carbamoy l-methyl]-3-ureido)-3-phenyl)-2-
ethylsulphonate-(RS) was provided by Dr C. Guyon (RhoÃ ne-
Poulenc Rorer, Vitry-Sur-Seine, France). YM022 ((R)-1-[2,3-
dihydro-1-(2'-methylphenacyl)-2-oxo-5-phenyl-1H-1, 4-benzo-
diazepin-3-yl]-3-(3-methylphenyl)urea) was provided by Dr K.
Miyata (Yamanouchi Pharmaceutical, Ibaraki, Japan).

Statistical analysis

Results are expressed as means+s.e.mean. Untreated rats (at
zero time) were compared to drug-treated rats. Statistical sig-
ni®cance was determined by analysis of variance (ANOVA)
followed by Fisher's least signi®cant di�erence test or Sche�eÂ 's
F test. P50.05 was considered signi®cant.

Results

Time course of changes in body weight, oxyntic mucosal
HDC activity, HDC mRNA level and histamine
concentration

Infusion of RP73870, YM022 or vehicle did not a�ect the body
weight (data not shown) but RP73870 and YM022 promptly
reduced the oxyntic mucosal HDC activity. The HDC activity
was reduced by about 30 ± 40% (P50.05) 1 ± 2 h after the start
of the infusion of RP73870 or YM022. After 6 h of infusion
the HDC activity was 30 ± 35% of the pretreatment level
(P50.01). Maximal inhibition (80 ± 90%) was observed after
1 ± 2 days of infusion (Figure 1). The oxyntic mucosal HDC
mRNA concentration started to decline after 12 h (P50.05)
and was lowered maximally (about 80% reduction) after 2 ± 4
days of infusion of RP73870 or YM022 (Figure 2). In contrast
to the rapid decline in HDC activity and HDC mRNA level,
the histamine concentration in the oxyntic mucosa was re-
duced much more slowly. The histamine concentration did not
begin to decline until after 4 days of treatment with RP73870
and YM022. The ECL cell histamine concentration was low-
ered by about 50% after 7 ± 10 days (P50.05) (Figure 3).

Time course of reduction in serum pancreastatin
concentration and in oxyntic mucosal CGA mRNA and
pancreastatin concentrations

The serum pancreastatin concentration was reduced by about
40% (P50.05) after 6 h of infusion with RP73870 and
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YM022. The maximum reduction (about 70%) was seen after
2 ± 3 days of treatment (Figure 4). The oxyntic mucosal CGA
mRNA level was lowered after 12 h (P50.05), and maximal
reduction (about 80%) was seen after 2 ± 4 days (Figure 5). The
oxyntic mucosal pancreastatin concentration was moderately
reduced (30 ± 40%, P50.05) only after 3 weeks of infusion of
YM022 (Figure 6).

Time course of hypergastrinaemia

Infusion of RP73870 or YM022 induced hypergastrinaemia.
The serum gastrin concentration started to rise after 2 ± 4 h
and was increased almost 2 fold after 6 h of infusion
(P50.05). It was elevated 3 ± 4 fold after 2 ± 3 days of in-
fusion (Figure 7).
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Figure 1 Time-course of the decrease in the rat oxyntic mucosal
histidine decarboxylase (HDC) activity in response to CCKB/gastrin
receptor blockade. RP73870, YM022 (1 mmol kg71 h71) and vehicle
(PEG 300) were given by continuous subcutaneous infusion for
di�erent time periods. Means+s.e.mean (vertical lines) are shown
(®ve to eight rats in each group).
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Figure 2 (a) Representative Northern blots: 5 mg of total oxyntic
mucosal RNA from rats treated with RP73870 or YM022 for
di�erent time periods or with vehicle (PEG 300) for 7 days. The
membranes were hybridized with speci®c probes for histidine
decarboxylase (HDC) mRNA and after recycling for 18 S ribosomal
RNA; 28 S and 18 S indicate the positions of the ribosomal RNAs.
Only one of the two HDC mRNA bands can be seen in the
photograph. Veh-vehicle. (b) Time-dependent e�ect of CCKB/gastrin
receptor blockade on the expression of HDC mRNA (signal densities
for HDC mRNA divided by those for 18 S rRNA). The values in
control rats (time zero) were set at 100. RP73870, YM022 (1 mmol
kg71 h71) and vehicle (PEG 300) were given by continuous
subcutaneous infusion. Means+s.e.mean (vertical lines) are shown
(®ve or six rats in each group).
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Figure 3 Time-course of the changes in the rat oxyntic mucosal
histamine concentration in response to CCKB/gastrin receptor
blockade. RP73870, YM022 (1 mmol kg71 h71) and vehicle (PEG
300) were given by continuous subcutaneous infusion for di�erent
time periods. Means+s.e.mean (vertical lines) are shown (®ve or six
rats in each group).
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Figure 4 Time-course of the decline in serum pancreastatin
concentration in response to CCKB/gastrin receptor blockade.
RP73870, YM022 (1 mmol kg71 h71) and vehicle (PEG 300) were
given by continuous subcutaneous infusion for di�erent time periods.
Means+s.e.mean (vertical lines) are shown (®ve or six rats in each
group).
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Discussion

Gastrin activates the ECL cells by interacting with CCKB/
gastrin receptors. The development of speci®c and potent

CCKB/gastrin receptor antagonists has provided useful phar-
macological tools for the study of how gastrin controls the
ECL cells. YM022, a benzodiazepine derivative, and RP73870,
an ureidoacetamide compound, have been shown to bind to
CCKB/gastrin receptors within the nanomolar concentration
range and to antagonize gastrin-evoked gastric acid secretion
in anaesthetized rats (Nishida et al., 1994; Pendley et al., 1995).
Previously, we have evaluated a series of novel CCKB/gastrin
receptor antagonists and showed that both YM022 and
RP73870 e�ectively antagonized the gastrin-evoked activation
of the ECL cells (Ding & HaÊ kanson, 1996a) and the gastrin-
evoked acid secretion in chronic gastric ®stula rats (Ding &
HaÊ kanson, 1996b). Sustained CCKB/gastrin receptor blockade
was found to deactivate the ECL cells, as indicated by the
reduced oxyntic mucosal HDC activity, histamine concentra-
tion and HDC mRNA and CGA mRNA levels, and by the
reduced serum pancreastatin concentration (Ding et al., 1997).
The deactivation of the ECL cells by CCKB/gastrin receptor
blockade supports the view that they depend on circulating
gastrin for maintained activity. The close gastrin control of the
ECL cell HDC activity (HaÊ kanson et al., 1992; 1994; Chen et
al., 1994) suggest that by comparison the vagal input might be
less important for HDC activity. It should be noted that al-
though the ECL cells seem to be under vagal control (HaÊ -
kanson et al., 1994), the cholinomimetics carbachol and
bethanechol failed to stimulate histamine and pancreastatin
secretion from isolated ECL cells (LindstroÈ m et al., 1997).

In this study we showed that HDC activity and the serum
pancreastatin concentration declined promptly in response to
CCKB/gastrin receptor blockade. A decline in HDC activity
was noted as early as 1 ± 2 h after start of infusion and it was
maximal (about 80 ± 90% reduction) after 1 ± 2 days. The de-
cline in serum pancreastatin concentration probably re¯ects
inhibition of pancreastatin secretion from the ECL cells, since
they represent the major source of circulating pancreastatin in
the rat (HaÊ kanson et al., 1995; Kimura et al., 1997; NorleÂ n et
al., 1997). The serum gastrin concentration increased 2 fold
after 6 h of infusion, reaching a maximum (3 fold increase)
after 2 ± 3 days of infusion. Nishida et al. (1995) described
hypergastrinaemia after 13 weeks treatment with YM022,
while the dipeptoid compound PD136450 failed to a�ect the
serum gastrin concentration (Eissele et al., 1992), perhaps due
to its agonistic rather than antagonistic activity (Schmassmann
et al., 1994; Ding et al., 1995). The hypergastrinaemia that
ensues upon CCKB/gastrin receptor blockade may re¯ect the

28 S

18 SCGA

18 S

Veh 12 h 24 h 2 days 7 days

125


100


75


50


25


0
0 1 2 3 4 5 6 7

Days

C
G

A
 m

R
N

A
 le

ve
ls

 (
%

 o
f 

co
n

tr
o

l)

YM022

RP73870

× Vehicle

a

b

Figure 5 (a) Representative Northern blots: 5 mg of total oxyntic
mucosal RNA from rats treated with RP73870 or YM022 for di�erent
time periods or with vehicle (PEG 300) for 7 days. The membranes
were hybridized with speci®c probes for chromogranin A (CGA)
mRNA and after recycling for 18 S ribosomal RNA; 28 S and 18 S
indicate the positions of the ribosomal RNAs. Veh=vehicle. (b) Time-
dependent e�ect of CCKB/gastrin receptor blockade on the expression
of CGA mRNA (signal densities for CGA mRNA divided by those
for 18 S rRNA). The values in control rats (time zero) were set at 100.
RP73870, YM022 (1 mmol kg71 h71) and vehicle (PEG 300) were
given by continuous subcutaneous infusion. Means+s.e.mean (vertical
lines) are shown (®ve or six rats in each group).
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Figure 6 Oxyntic mucosal pancreastatin concentration at di�erent
times during the CCKB/gastrin receptor blockade. RP73870, YM022
(1 mmol kg71 h71) and vehicle (PEG 300) were given by continuous
subcutaneous infusion. Means+s.e.mean (vertical lines) are shown
(®ve or six rats in each group).
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Figure 7 Time-course of the rise in serum gastrin concentration in
response to CCKB/gastrin receptor blockade. RP73870, YM022
(1 mmol kg71 h71) and vehicle (PEG 300) were given by continuous
subcutaneous infusion. Means+s.e.mean (vertical lines) are shown
(®ve or six rats in each group).
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inhibition of acid secretion and the consequent abolishment of
the acid feed-back inhibition of gastrin release. In addition, the
elevated serum gastrin concentration may re¯ect attenuation
of CCKB/gastrin receptor-mediated autofeed-back inhibition
of gastrin release.

For a long time, the target cells for gastrin in the stomach
have been debatable. The lack of demonstrable CCKB/gastrin
receptors on rat parietal cells (Song et al., 1996) and the fact
that depletion of ECL cell-histamine completely abolishes
gastrin-evoked acid secretion (Andersson et al., 1996a) seem to
favour the view that the ECL cells rather than the parietal cells
are the major targets for gastrin. If this is the case, the an-
tagonist-evoked rise in serum gastrin concentration may re¯ect
inhibition of histamine release from the ECL cells rather than a
direct inhibitory e�ect of the antagonists on the parietal cells.
The decrease in the pancreastatin concentration and the in-
crease in the gastrin concentration in the circulation following
CCKB/gastrin receptor blockade occurred along the same time
course with a rapid and quite dramatic change within 6 h,
reaching a maximum after 2 ± 3 days. Indeed, it has been
shown that gastrin induces a parallel release of histamine and
pancreastatin from isolated ECL cells and that YM022 e�ec-
tively inhibits the gastrin-evoked release of both histamine and
pancreastatin (LindstroÈ m et al., 1997).

CCKB receptor blockade lowered the HDC mRNA and
CGA mRNA expression in the ECL cells. The concentra-
tions of HDC mRNA and CGA mRNA in the oxyntic
mucosa were reduced after 12 h of treatment, with a maxi-
mal reduction after 2 ± 4 days. These observations support
the view that gastrin is important for the transcription of
both the HDC and the CGA genes (Dimaline & Sandvik,
1991; Dimaline et al., 1993; HoÈ cker et al., 1996).

The oxyntic mucosal histamine and pancreastatin concen-
trations decreased only slowly after CCKB receptor blockade.
The histamine concentration was unchanged until 4 days of
treatment and reduced by about 50% after 7 ± 10 days. In
contrast, the inhibition of histamine synthesis was manifest
already after a few hours of infusion. The concentration of
pancreastatin in the oxyntic mucosa remained una�ected for at
least two weeks, probably re¯ecting the simultaneous sup-
pression of CGA synthesis and pancreastatin secretion. It
seems that CCKB/gastrin receptor blockade prevents both the
formation and the release of secretory products from the ECL
cells (resulting in a very gradual loss of secretory products in
general). Further, the results suggest that the ability of the
ECL cells to maintain the pancreastatin concentration is
greater than its ability to maintain histamine.

CCKB/gastrin receptors in the central nervous system are
thought to be involved with anxiety and/or the control of
feeding (Willis et al., 1986; Garlichi et al., 1990). However, the
body weight of the rats was una�ected by the CCKB/gastrin
receptor blockade, suggesting that the food intake did not
di�er between untreated rats and rats receiving the drugs.

In conclusion, CCKB/gastrin receptor blockade deactivates
the ECL cells. Deactivation was apparent after only 1 ± 2 h
(reduced HDC activity) but required several weeks before it
was fully manifested (lowered histamine and pancreastatin
content).

This study was supported by grants from the Swedish MRC (04X-
1007), Riksforeningen mot Cancer (RmC) (2542-395-07XCC), the
Wallenberg Foundation, the A. PaÊ hlsson Foundation and the
Medical Faculty of Lund University, Sweden.
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