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1 By mobilizing histamine in response to gastrin, the ECL cells in the oxyntic mucosa play a key
role in the control of the parietal cells and hence of gastric acid secretion. General anaesthesia
suppresses basal and gastrin- and histamine-stimulated acid secretion. The present study examines if
the e�ect of anaesthesia on basal and gastrin-stimulated acid secretion is associated with suppressed
ECL-cell histamine secretion.

2 A microdialysis probe was implanted in the submucosa of the ventral aspect of the acid-
producing part of the stomach (32 rats). Three days later, ECL-cell histamine mobilization was
monitored 2 h before and 4 h after the start of intravenous infusion of gastrin (5 nmol kg71 h71).
The rats were either conscious or anaesthetized. Four commonly used anaesthetic agents were given
1 h before the start of the experiments by intraperitoneal injection: chloral hydrate (300 mg kg71),
pentobarbitone (40 mg kg71), urethane (1.5 g kg71) and a mixture of ¯uanisone/fentanyl/midazolam
(15/0.5/7.5 mg kg71).

3 In a parallel series of experiments, basal- and gastrin-induced acid secretion was monitored in six
conscious and 25 anaesthetized (see above) chronic gastric ®stula rats. All anaesthetic agents lowered
gastrin-stimulated acid secretion; also the basal acid output was reduced (¯uanisone/fentanyl/
midazolam was an exception).

4 Anaesthesia reduced gastrin-stimulated but not basal histamine release by 55 ± 80%. The
reduction in gastrin-induced acid response (70 ± 95%) was strongly correlated to the reduction in
gastrin-induced histamine mobilization. The correlation is in line with the view that the reduced acid
response to gastrin re¯ects impaired histamine mobilization.

5 Rat stomach ECL cells were puri®ed by counter-¯ow elutriation. Gastrin-evoked histamine
mobilization from the isolated ECL cells was determined in the absence or presence of anaesthetic
agents in the medium. With the exception of urethane, they inhibited gastrin-evoked histamine
secretion dose-dependently, indicating a direct e�ect on the ECL cells.

6 Anaesthetized rats are widely used to study acid secretion and ECL-cell histamine release. The
present results illustrate the short-comings of such an approach in that a number of anaesthetic
agents were found to impair not only acid secretion but also the secretion of ECL-cell histamine ±
some acting in a direct manner.
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Introduction

Histamine in the stomach occurs in mast cells and ECL cells
(HaÊ kanson et al., 1986; 1994). In the rat, 80 ± 90% of gastric
histamine is in ECL cells (Andersson et al., 1992; 1996). Unlike

mast cells (Soll et al., 1988), ECL cells respond to gastrin by
mobilization of histamine that in turn stimulates acid secretion
from parietal cells (HaÊ kanson & Sundler, 1991; Waldum et al.,

1991; Andersson et al., 1996). This pathway has been referred
to as the gastrin-ECL cell-parietal cell axis (HaÊ kanson et al.,
1999).

General anaesthesia is known to suppress both basal and
gastrin- and histamine-stimulated acid secretion (Lee &
Thompson, 1967; Barret et al., 1978; Gra�ner et al., 1991;

Bastaki et al., 1995). It is however not known whether this
re¯ects a suppressive e�ect on parietal cells, vagus/enteric
neurons or ECL cells. By the use of in vivo microdialysis it has
become possible to study the gastrin-evoked mobilization of

ECL-cell histamine in conscious rats (Kitano et al., 2000). The
purpose of the present study was to examine if the suppressive
e�ect of anaesthetic agents on basal and gastrin-stimulated

acid secretion was associated with inhibition of ECL-cell

histamine secretion. The question whether anaesthetic agents
are capable of acting directly on the ECL cells was studied
using isolated rat stomach ECL cells.

Methods

Chemicals

The isolated ECL cells were cultured in 96-well plates coated
with Matrigel1(Collaborative Biomedical Products, Bedford,

MA, U.S.A.) diluted 1 : 10 with Dulbecco's modi®ed Eagle's
medium (DMEM)- Ham's F12 (Sigma, St. Louis, MO,
U.S.A.). Rat gastrin-17 was purchased from Research Plus,

Bayonne, NJ, U.S.A. Chloral hydrate was obtained from
Acros, Geel, Belgium, pentobarbitone from Apoteksbolaget,
UmeaÊ , Sweden and urethane from ICN, Aurora, OH, U.S.A.
A stock solution of ¯uanisone/fentanyl (HypNorm1) (Janssen,

Beerse, Belgium) and midazolam (Dormicum1) (Roche, Basel,
Switzerland) was freshly prepared for each experiment.
HypNorm1 and Dormicum1 were diluted with equal volumes

of saline and mixed (1 : 1). Final concentrations: 15
(¯uanisone), 0.5 (fentanyl) and 7.5 (midazolam) mg ml71.*Author for correspondence: E-mail: Rolf.Hakanson@farm.lu.se
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Animals

Male Sprague-Dawley rats (250 ± 300 g) were kept at a 12-h

light and 12-h dark cycle in plastic cages (4 ± 6 in each cage)
with free access to standard rat food pellets (B&K Universal,
Sollentuna, Sweden) and tap water. During fasting, they were
housed in individual cages with wire mesh bottoms for 48 h

without food but with free access to water. During the
experiments, the rats were kept in Bollman-type restraining
cages. Starting 2 weeks prior to the experiments all rats had

been thoroughly familiarized with the Bollman cages by daily
training for 1 ± 2 h. The rats were ®tted with microdialysis
probes on the ventral aspect of the acid-producing part of the

stomach (see below) 3 days before the experiments. A plastic
catheter was inserted into the right jugular vein at the same
time. Surgery was performed under chloral hydrate anaes-

thesia (300 mg kg71 intraperitoneally). The studies were
approved by the local Animal Welfare Committee, Lund/
MalmoÈ .

In vivo microdialysis

A ¯exible microdialysis probe (MAB3.8.10, AgnTho's AB,

Stockholm, Sweden, length 10 mm, outer diameter 0.57 mm,
35 kDa cut-o�) was used. Brie¯y, the microdialysis probe was
inserted into the submucosa of the ventral aspect of the acid-

producing part of the stomach and kept in place with sutures.
The inlet and outlet tubes were passed through the
abdominal opening and tunnelled under the skin to a point

at the nape of the neck (for details see Kitano et al., 2000).
Sampling of microdialysate was performed 3 days after the
implantation of the microdialysis probe. The inlet tube was
connected to a microinfusion pump (Model 361, Sage

instrument, ATI Orion, Boston, U.S.A.) and the outlet was
allowed to drain into 300 ml polypropylene vials. Perfusion of
the microdialysis probes with degassed saline (1.2 ml min71)

started at 07.00 h. Rats were given saline intravenously at a
rate of 1 ml h71 during the 2 h of basal microdialysate
sampling (one sample per hour). Synthetic human Leu15-

gastrin-17 (in 0.9% saline enriched with 1% bovine serum
albumine) was then infused intravenously at a dose of
5 nmol kg71 h71 for 4 h (1 ml h71). Microdialysis samples
were collected every 20 min during the ®rst hour and then

every hour. Each rat and each microdialysis probe was used
once only. Histamine in the microdialysates was determined
by radioimmunoassay using a commercially available kit

(Immunotech, Marseilles, France). The histamine concentra-
tion was expressed as nmoles per liter microdialysate or
pmoles per 4 h.

Chronic gastric ®stula

A chronic gastric ®stula was implanted in the rumen close to
the acid-producing part of the stomach (Bel et al., 1966). The
rats were allowed to recover for 2 weeks before the
experiments. On the day of the experiment, the fasted rats

were put in Bollman cages and the stomachs were washed
with 3620 ml of tepid 0.9% saline and drained for 1 h. Rats
received saline intravenously at a rate of 1 ml h71 during 1 h

of draining and 2 h of basal collection (one sample per hour).
Synthetic human Leu15-gastrin-17 was then infused intrave-
nously (5 nmol kg71 h71, 1 ml h71). Gastric juice was

collected (free drainage) through the ®stula every 20 min
during the ®rst hour and then every hour. Acid output was
determined by titration with 20 mM NaOH to pH 7.0 using
an automatic titration assembly (Metrohm Herisau, Switzer-

land). Acid secretion was expressed as mmoles H+ per hour
or mmoles H+ per 4 h.

Design of study: histamine and gastric acid secretion

Basal microdialysate samples or gastric juice were collected
during 2 h, followed by collection of further samples during

intravenous infusion of gastrin for 4 h. The rats were either
awake or anaesthetized. Four di�erent anaesthetic agents
were selected on the criteria that they have been used in

previous studies of ECL cells histamine secretion or gastric
acid secretion: chloral hydrate (300 mg kg71) (Gra�ner et al.,
1991), pentobarbitone (40 mg kg71) (Gerber & Payne, 1992;

Aurang et al., 1997), urethane (1.5 mg kg71) (Watanabe et
al., 1987; Kitamura et al., 1999) and a mixture of ¯uanisone/
fentanyl/midazolam (15/0.5/7.5 mg kg71, 1 mg kg71) (MaÊ r-

vik et al., 1995). The drugs were given by intraperitoneal
injection 1 h before collection of basal acid or microdialysate
histamine. The depth of the anaesthesia was monitored by
testing eyelid re¯exes. When rats responded to stimulation,

an additional 30% of the original dose was given by
intraperitoneal injection. Usually two additional injections
had to be given to rats anaesthetized with chloral hydrate (1

and 2 h after the ®rst injection) while one additional injection
was su�cient for the other anaesthetic agents (1 h after the
®rst injection). As a result the rats were under anaesthesia for

7 h. Rats that were conscious throughout the experiment
received intraperitoneal injections of 0.9% saline (1 ml). The
integrated basal histamine mobilization and basal acid output

was calculated by multiplying the total volume of micro-
dialysate (1.2 ml min71) or basal gastric juice with the mean
concentrations of histamine of H+ respectively during the 2 h
of basal sampling (data were taken from Figure 1A,B). The

gastrin-evoked acid and histamine responses were calculated
by integrating the amounts of H+ or histamine, respectively,
collected during 4 h of gastrin infusion while subtracting the

integrated basal values (see above) for the same time period.
The results were expressed as the increment (D) in H+ or
histamine mobilized during the 4 h stimulation period.

Isolation and primary culture of ECL cells

The ECL cells were puri®ed as described in detail
previously (LindstroÈ m et al., 1997). Brie¯y, cells were
harvested from the oxyntic mucosa of four rats at a time.

Repeated counter-¯ow elutriation resulted in an average
yield of 2,000,000 cells. The purity of the ECL cell
preparation was assessed by immunocytochemistry (for

details see LindstroÈ m et al., 1997), using a guinea-pig
anti-rat histidine decarboxylase antiserum (1 : 750, code no.
M9501, Dartsch et al., 1999, a kind gift from Dr L.

Persson, Department of Physiology, Institute of Physiologi-
cal Sciences, University of Lund, Sweden) and found to be
80+5% (n=8). The cells were cultured in 96-well plates
pre-coated with Matrigel1 (diluted 1 : 10 with DMEM-

Ham's F12) (5000 cells per well) in a humid atmosphere
with 5% CO2/95% air at 378C for 48 h until the start of
the experiments. The culture medium consisted of DMEM-

Ham's F12 (1 : 1) supplemented with 2% foetal calf serum,
glutamine 2 mM, penicillin 100 IU ml71, streptomycin
100 mg ml71, amphotericin B 250 ng ml71, insulin

10 mg ml71, transferrin 5.5 mg ml71, selenium 5 ng ml71,
bovine serum albumin 0.5 mg ml71, hydrocortisone 10 nM,
HEPES 15 mM, pyridoxal-5-phosphate 10 mM and, unless
otherwise stated, gastrin 0.1 nM.
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Histamine secretion from isolated ECL cells in primary
culture

After 48 h the culture medium was replaced with fresh serum-
free, gastrin-free culture medium. After equilibration for 2 h,
the medium was again aspirated and replaced with secretion
medium (mM): NaCl 150, KCl 5, CaCl2 2, HEPES 10 at

pH 7.0. Basal and stimulated (10 nM gastrin) histamine
secretion was measured (after 30 min incubation) in the
absence or presence of increasing amounts of the various

anaesthetic agents (for each agent the highest concentration
was in the same range as the one used to induce anaesthesia in
vivo (w v71). The incubation was interrupted by centrifuging

the plates at 2206g for 1 min and collecting the supernatants
for measurement of histamine (as above).

Statistics

Experimental data are expressed as means+s.e.mean. Di�er-
ences were statistically analysed by one way analysis of

variance (ANOVA) followed by the Dunnett multiple
comparison test. The relationship between suppressive e�ects
of anaesthetic agents on basal and stimulated histamine

secretion versus basal and stimulated acid secretion was
quanti®ed by calculating the correlation coe�cient (r), using

the Pearson correlation (GraphPad Prism version 3.00,
GraphPad Software, San Diego, CA, U.S.A.).

Results

Acid output: gastric ®stula rats

Basal acid output was reduced to a varying degree by the
di�erent anaesthetic agents (Figure 1A). While ¯uanisone/

fentanyl/midazolam failed to reduce the basal acid output,
urethane reduced it by 40% and pentobarbitone or chloral
hydrate almost abolished it. In conscious rats, infusion of

gastrin raised the acid output 4 fold within 1 h, the integrated
D acid response being 870+150 mmol H+ during the 4 h
stimulation period. Rats anaesthetized with chloral hydrate

responded poorly to gastrin (the integrated D H+ being
30+15 mmol), while rats given urethane, pentobarbitone or a

Figure 1 Time course of gastrin-induced acid secretion (A) and rise
in microdialysate histamine concentration (B) in conscious and
anaesthetized rats. The experiment was conducted as a parallel study
of one set of gastric ®stula rats (A) and one set of rats implanted
with a microdialysis probe in the gastric submucosa (B). The
microdialysis probe was inserted 2 days before the experiments.
Gastrin was given by continuous intravenous infusion
(5 nmol kg71 h71) (jugular vein), starting at time zero. Mean-
s+s.e.mean (6 ± 8 rats in each group). The mixture of ¯uanisone/
fentanyl/midazolam is abbreviated f/f/m.

Figure 2 The gastrin-evoked stimulation of acid (A) and histamine
(B) secretion in conscious and anaesthetized rats was expressed as the
integrated increment (D) in H+ and histamine during 4 h of gastrin
stimulation. The increment in response to gastrin was calculated by
multiplying the total volume of gastric juice of microdialysate with
their respective concentrations of H+ or histamine, while subtracting
the integrated basal secretion during the same time period. f/f/m
stands for ¯uanisone/fentanyl/midazolam. Results are given as
mean+s.e.mean (n=6±8 in each group). Statistical signi®cance was
calculated by ANOVA followed by Dunnett's multiple comparison
test. P50.05 (*) was considered signi®cant, P50.01(**).
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mixture of ¯uanisone/fentanyl/midazolam responded with
about 30% of the response of conscious rats (Figures 1A and
2A).

Histamine secretion: in vivo microdialysis

Basal histamine secretion was not a�ected by any of the

anaesthetic agents. In conscious rats, gastrin infusion increased
the microdialysate histamine concentration 3 ± 4 fold within
1 h (Figure 1B). All anaesthetic agents reduced the response to
gastrin. Pentobarbitone, urethane and the mixture of

¯uanisone/fentanyl/midazolam inhibited the gastrin-evoked
histamine release by 55 ± 65%, and chloral hydrate inhibited
it by about 80% (Figures 1B and 2B).

Plotting the basal acid output versus the amount of basal
microdialysate histamine for each of the four anaesthetic
agents (or mixture of such agents) revealed that the two

parameters were independent of each other (r2=0.001) (not
shown). In contrast, the reduction in the gastrin-induced acid
response was well correlated to the reduction in the gastrin-

induced mobilization of histamine (r2=0.98) (Figure 3).

Histamine secretion: isolated ECL cells in primary
culture

Basal histamine release from isolated ECL cells was 2.5+0.1
(n=26) pmol well71 (the secretion period was 30 min).

Histamine secretion with 10 nM gastrin in the medium was
10.3+0.3 (n=26) pmol well71. With the exception of
urethane, the anaesthetic agents tested reduced histamine

secretion from gastrin-stimulated ECL cells dose-dependently
(Figure 4A±D). Chloral hydrate and pentobarbitone reduced
histamine secretion from gastrin-stimulated cells by 75 ± 80%

(i.e., basal histamine release remaining), and ¯uanisone/
fentanyl/midazolam reduced histamine secretion by 60%.
None of the anaesthetic agents a�ected the viability of the

Figure 3 Relationship between acid output and microdialysate
histamine in conscious and anaesthetized rats. Data shown are the
integrated acid output versus the amount of histamine released
(calculated from the microdialysate histamine concentration) during
4 h of gastrin infusion (5 nmol kg71 h71). The increment in acid
output or histamine mobilization during 4 h of gastrin stimulation
was calculated as described in Figure 2. The relationship between
acid output versus histamine mobilization was estimated using the
Pearson correlation. f/f/m stands for ¯uanisone/fentanyl/midazolam.

Figure 4 E�ects of anaesthetic agents on isolated ECL cells in primary culture. Histamine secretion in response to gastrin (10 nM,
30 min) was determined in the absence or presence of the anaesthetic agents. The basal histamine secretion (no gastrin, 30 min) is
indicated as a horizontal line. The ®nal concentrations of the anaesthetic agents in the secretion medium are given in mM except for
¯uanisone/fentanyl/midazolam (f/f/m, see Methods), which is given in per cent of the stock solution (v v71). Results are expressed
as mean+s.e.mean (n=6±8 in each group). Statistical signi®cance was calculated by ANOVA followed by Dunnett's multiple
comparison test. P50.05 (*) was considered signi®cant, P50.01 (**).
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ECL cells as veri®ed by Trypan Blue exclusion (495%
viability at the conclusion of the experiments).

Discussion

Despite the antisecretagogue e�ect of general anaesthesia,

anaesthetic agents are widely used in studies of gastric acid
secretion and histamine mobilization. The inhibitory potential
of anaesthetic agents on both basal and gastrin- and histamine-

stimulated acid secretion has been demonstrated for many
commonly used anaesthetics such as diethyl ether, chloral
hydrate, urethane and barbiturates (Lee & Thompson, 1967;

Barret et al., 1978; Gra�ner et al., 1991; Bastaki et al., 1995).
In contrast, there are also reports of stimulatory e�ects of
pentobarbitone on acid secretion (Watanabe et al., 1987). It is

not known whether the e�ect of anaesthetics is exerted on
parietal cells directly or indirectly via depression (or excitation)
of other cells/neurons involved in the acid secretory pathway.
Histamine, released from the ECL cells in response to gastrin,

is a powerful stimulus of acid secretion, and ECL-cell
histamine is thought to play an important role in the
fundamental control of the parietal cells (Kahlson et al.,

1964; HaÊ kanson & Sundler, 1991; Waldum et al., 1991; Black,
1993; Andersson et al., 1996). Evidence that gastrin acts by
mobilizing gastrin histamine has come from studies of intact

rats (Kahlson et al., 1964; HaÊ kanson & Sundler, 1991; Chen et
al., 1994; Kitano et al., 2000) or vascularly perfused, isolated
rat stomachs (Sandvik et al., 1987; Waldum et al., 1991), from

studies in which histamine has been monitored in the portal
vein (Gerber & Payne, 1992; Aurang et al., 1997) and from
studies of isolated ECL cells (Prinz et al., 1993; LindstroÈ m et
al., 1997). Many of these experiments have been carried out on

anaesthetized animals. When this study was initiated it was not
known whether anaesthesia would a�ect the ability of the ECL
cells to secrete histamine and their ability to respond to gastrin

with histamine mobilization. Hence, it could not be excluded
that the well-known impairment of acid secretion during
anaesthesia re¯ected a reduced ability of the ECL cells to

secrete histamine. The present study compares the e�ect of
several anaesthetic agents on basal and gastrin-stimulated
ECL-cell histamine mobilization, using (1) rats ®tted with a
microdialysis probe in the submucosa of the acid-producing

part of the stomach, and (2) isolated ECL cells in primary
culture. Acid secretion in conscious and anaesthetized rats was
studied in rats equipped with a chronic gastric ®stula. The

technique of in vivo microdialysis has been shown to be useful
for monitoring the mobilization of histamine from the ECL

cells in conscious rats (Kitano et al., 2000). General
anaesthesia, induced by chloral hydrate, pentobarbitone,
urethane or a mixture of ¯uanisone/fentanyl/midazolam

(neurolept analgesia) was without e�ect on basal histamine
release but reduced gastrin-induced histamine mobilization by
55 ± 80% with chloral hydrate being the most e�ective. In
contrast, both the basal acid output and the gastrin-evoked

acid response were greatly reduced by the anaesthetic agents
tested, suggesting that anaesthesia inhibits not only ECL cells,
but also parietal cells. Chloral hydrate virtually abolished the

acid response to gastrin, and pentobarbitone, urethane and the
mixture of ¯uanisone/fentanyl/midazolam reduced the acid
response by about 70%. There was a high degree of correlation

between the suppressive e�ect of various anaesthetic drugs on
the gastrin-induced histamine mobilization and the gastrin-
induced acid response. Hence, while the basal acid output

seems to be independent of ECL-cell histamine secretion,
impaired ECL-cell histamine secretion may at least partly
explain the suppressive e�ects of anaesthesia on gastrin-
stimulated acid secretion. Since gastrin-evoked histamine

mobilization from isolated ECL cells was dose-dependently
inhibited by the anaesthetic agents used in this study (except
urethane), we propose that the suppressive e�ect is exerted

directly on the ECL cell. Kawakubo and co-workers (1999)
argued the urethane suppresses gastrin-induced acid secretion
by stimulating gastric somatostatin release (see also Yang et

al., 1990), an observation which makes it possible to explain
the fact that urethane impairs ECL-cell function in vivo but not
in vitro. It must be realized, however, that also histamine-

evoked acid secretion is suppressed by anaesthesia: urethane,
pentobarbitone and chloral hydrate almost completely
inhibited histamine-stimulated acid secretion (Lee & Thomp-
son, 1967; Gra�ner et al., 1991; Bastaki et al., 1995). Clearly,

therefore, anaesthetic agents are capable of inhibiting not only
the ECL cells but also the parietal cells.

Despite numerous reports that demonstrate inhibitory

e�ects of anaesthesia on acid output, anaesthetized and
surgically manipulated rats are still widely used in studies of
gastric acid secretion. The present results indicate that studies

of acid secretion and ECL-cell histamine mobilization are
seriously compromised by the use of anaesthetics, leading us to
argue that ECL-cell histamine mobilization (and the physiol-
ogy of gastric acid secretion) is best studied in conscious

subjects.

This study was supported by grants from the Swedish MRC (04X-
1007) and the A. PaÊ hlsson Foundation.
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