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Abstract

We studied the effects of histamine H receptor ligands on the release of endogenous acetylcholine from the isolated, vascularly
perfused rat stomach. The stomach was perfused via the celiac artery with modified Krebs—Ringer solution containing physostigmine.
Released acetylcholine from the portal vein was electrochemically measured using high-performance liquid chromatography and an
enzyme system. Vagus nerves were electricaly stimulated twice for 2 min (0.5 or 2.5 Hz). Acetylcholine release evoked at 2.5 Hz was
dightly inhibited by histamine and effectively potentiated by thioperamide, a histamine H, receptor antagonist. Acetylcholine release
evoked at 0.5 Hz in the presence of atropine was not influenced by thioperamide, but effectively inhibited by histamine, R-a-methylhista-
mine or imetit, histamine H 5 receptor agonists. These inhibitory effects were abolished by thioperamide or pertussis toxin. These results
suggest that histamine attenuates acetylcholine release from vagus nerves through histamine Hj receptor-mediated and pertussis
toxin-sensitive mechanisms in the rat stomach. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Histamine is an important physiological regulator in
central and peripheral tissues (Schwartz et al., 1991; Ran-
gachari, 1992). Its various effects are mediated by different
receptor subtypes of which three (H,, H, and H;) have
been identified (Hill et al., 1997). The third subtype of
histamine receptor (H,) was originally described in the
brain, where it negatively controls both histamine synthesis
and release (Arrang et al., 1983). Subsequently, following
the development of selective agonists and antagonists
(Arrang et al., 1987; Garbarg et al., 1992; Howson et al.,
1992; Van der Goot et a., 1992; Vollinga et al., 1994), the
histamine H, receptor was also discovered in peripheral
tissues such as perivascular nerves (Ishikawa and Spere-
lakis, 1987), ileum (Trzeciakowski, 1987; Menkveld and
Timmerman, 1990) and lung (Ichinose et al., 1989).

The discovery of histamine H; receptors promoted
investigators to re-examine the activity of histamine at a
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gastric level. In vivo studies carried out in conscious cats
indicated that the histamine H, receptor agonist R-a-
methylhistamine inhibits acid secretion stimulated by pen-
tagastrin or peptone meal (Bado et al., 1991) and also by
2-deoxy-D-glucose (Coruzzi et al., 1991). This effect of
R-a-methylhistamine was prevented by thioperamide, a
histamine H, receptor antagonist, suggesting the involve-
ment of histamine H 5 receptors in gastric acid secretion. In
an attempt to gain a deeper insight into the role of his-
tamine H; receptors in the cellular mechanisms regulating
acid secretion, many investigators carried out further stud-
ies using in vitro preparations; however, data obtained for
different preparations and species are controversia: R-a-
methylhistamine and thioperamide were ineffective in the
rat isolated stomach (Coruzzi et al., 1992), whereas in
isolated rabbit gastric gland, the presence of inhibitory
histamine H, receptors was demonstrated on histamine-
containing cells and parietal cells (Bado et al., 1992,
1995). In isolated mouse stomach, histamine inhibits so-
matostatin release via histamine H, receptors and aug-
ments acid secretion by eliminating the inhibitory influ-
ence of somatostatin (Vuyyuru and Schubert 1997).
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In the present experiments, we examined the effects of
histamine H, receptor ligands on acetylcholine release
from vagus nerves using the isolated, vascularly perfused
rat stomach.

2. Materials and methods
2.1. Perfusion experiments

Male Wistar rats weighing about 350 g were housed for
at least 2 weeksin a conditioned room and fasted overnight
before the experiments were performed. Details of the
experimental procedures were as described elsewhere
(Y okotani et al., 1993). Briefly, under urethane anesthesia,
the abdomen was opened with a midline incision. After
ligation of the abdominal aorta just above where the celiac
artery branches, a cannula was inserted into the celiac
artery via an incision placed on the opposite side of the
aorta and modified Krebs—Ringer solution bubbled with a
mixture of 95% O, and 5% CO, maintained at pH 7.4 and
37°C was perfused at a constant flow rate of 2.5 ml /min.
Modified Krebs—Ringer solution was composed of 117.5
mM NaCl, 4.7 mM KCI, 24 mM CaCl,, 1.1 mM MgCl,,
1.1 mM NaH,PO,, 25 mM NaHCO,, 11.1 mM glucose
and 100 wM physostigmine, a cholinesterase inhibitor.
Bilateral vagus nerves around the esophagus were care-
fully dissected and cut 1 cm above the cardia. The esopha-
gus, duodenum, spleen and pancreas were dissected after
ligation of the vessdls, and the vascularly perfused stomach
was kept in a chamber prewarmed at 37°C. After an
equilibration period of 60 min, each 2-min effluent from
the portal vein was collected in chilled tubes containing
200 pmol of isopropylhomocholine as an internal standard
and 250 pl of 1 M phosphoric acid to maintain the
samples at pH 3-4.

In each experiment, bilateral vagus nerves were €lectri-
caly stimulated twice with square-wave pulses at 0.5 or
2.5 Hz, supramaximal intensity (10 mA), 2 ms duration,
for 2 min using platinum ring electrodes. The first stimula-
tion was applied 4 min after the start of sampling and the
second stimulation was carried out 26 min after the first
stimulation. Perfusion medium containing test substances
was changed 14 min before the second stimulation.

In some experiments, rats were pretreated with pertussis
toxin (10 g per rat dissolved in 0.1 ml of sodium
phosphate-buffered saline, pH 7.0, 4 days before experi-
ments) or vehicle injected into the dorsal penic vein under
light ether anesthesia, as described in our previous paper
(Yokotani and Osumi, 1993).

2.2. Tissue analysis
At the end of each experiment, the stomach was ho-

mogenized in 20 ml of cold 0.1 N perchloric acid contain-
ing 16.8 mg of disodium EDTA and 50 nmol of isopropyl-

homocholine as an internal standard, using a Polytron
homogenizer. The homogenate was centrifuged for 10 min
with 14,000 X g at 4°C. An aliquot of the supernatant was
analyzed to determine the tissue level of acetylcholine (see
Section 2.3).

2.3. Acetylcholine determination

Acetylcholine released into the perfusate and that re-
maining in the stomach at the end of experiments were
measured with a combination of high-performance liquid
chromatography (HPLC), enzyme reaction and electro-
chemical detection (Potter et al., 1983). A solution that
consisted of 0.1 M Na,HPO,, pH 8.5, containing 300
mg/| sodium I-decanesulfonate and 65 mg/| tetrameth-
ylammonium chloride was delivered as the mobile phase at
a rate of 1.0 ml per min. After separation on a styrene
polymer column (AC-GEL, Eicom, Kyoto, Japan), acetyl-
choline was converted to hydrogen peroxide by a post-col-
umn enzyme reactor (AC-Enzympak, Eicom) with immo-
bilized acetylcholinesterase and choline oxidase. The
separation column and enzyme reactor were controlled
isothermally at 33°C. The hydrogen peroxide was detected
with an electrochemical detector (ECD-100, Eicom)
equipped with a platinum electrode. The electrode poten-
tial was set at +450 mV against an Ag/AgCl reference
electrode. The amount of acetylcholine was calculated by
using a peak height ratio relative to that of isopropylhomo-
choline. The least detectable amount was 0.5 pmol.

2.4. Evaluation and statistical analysis

The release of acetylcholine from the stomach is ex-
pressed as pmol /2 min stomach™! or percentage of its
tissue content in the stomach. Basal release was calculated
by averaging the amount released in two subsequent sam-
ples before stimulation. The amount of evoked release of
acetylcholine above the basal level during 12 min after the
first or second stimulation is expressed as S, or S,. The
effects of test substances applied during the second stimu-
lation are expressed as the ratio of S, to S;. All values are
expressed as means + SEM.

All data were analyzed by repeated-measure analysis of
variance, followed by post-hoc analysis with Bonferroni
method for comparing a control with al other means.
P-values of less than 0.05 were taken to indicate signifi-
cance.

2.5. Drugs

The substances used in this study included atropine
sulfate, histamine dihydrochloride, physostigmine hemisul-
fate (Sigma, St. Louis, MO, USA); imetit dihydrobromide,
pertussis toxin, R(—)-a- methylhistamine dihydrochloride,
thioperamide maleate (Research Biochemicals, Natick,
MA, USA); isopropylhomocholine iodide (Eicom); sodium
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1-decanesulfonate (Nakalai Tesgue, Kyoto, Japan); tetra-
methylammonium chloride (Aldrich, Milwaukee, WI,
USA).

All other reagents and solvents were of HPLC grade or
the highest grade available (Nakalai Tesque).

3. Results

3.1. Effects of histamine or thioperamide, a blocker of
histamine H; receptors, on the release of acetylcholine
evoked by vagal stimulation at 2.5 Hz

Basal release of acetylcholine was 7.45 + 0.75 pmol /2
min stomach ™! (0.05 + 0.01% of tissue content) (n = 29)
(Fig. 1). Electrical stimulation of the vagus nerves at 2.5
Hz evoked an increase of acetylcholine release (about 150
pmol /2 min stomach 1) that rapidly declined to the basal
level as described in our previous paper (Yokotani et al.,
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Fig. 1. Effects of histamine or thioperamide on the evoked release of
acetylcholine from the isolated stomach. The vagus nerves were stimu-
lated twice at 2.5 Hz for 2 min: the first stimulation was carried out in
normal medium; the second stimulation was carried out in the presence of
histamine (A) or thioperamide (B). The first and second stimulation-
evoked release of acetylcholine above the basal level is expressed as S;
and S,. Effects of these agents are expressed as theratio of S, to S. (A)
Control (Cont) (n= 6): Histamine; 1077 M (n=4), 107 M (n=4),
1075 M (n=4). (B) Contral (cited from A): Thioperamide; 10~ M
(n=4), 107° M (n=4), 3x10°% M (n=3). Vaues are the means
+ SEM.* A dignificant difference from the control (P < 0.05).
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Fig. 2. Effects of histamine (HIS) or thioperamide (THIO) on the evoked
release of acetylcholine from the isolated stomach. The vagus nerves
were stimulated twice at 0.5 Hz for 2 min in the presence of 107¢ M
atropine: the first stimulation was carried out in normal medium; the
second stimulation was carried out in the presence of histamine or
thioperamide. Control (Cont) (n= 4), Histamine; 10-7 M (n=4), 106
M (n=4), 10°° M (n=4). Thioperamide; 3X 107> M (n= 4). Other
conditions were the same as those for Fig. 1.

1993). Repetitive stimulation evoked consistent and repro-
ducible increases in acetylcholine release (Fig. 1A).

After the first stimulation of the vagus nerve, the
medium was changed to the next one containing histamine
(1007=10"° M) or thioperamide (107 6-3x 10°° M).
Basal release of acetylcholine was not significantly af-
fected by these agents. Histamine (10~ 7—10"% M) had no
effect, but a higher concentration (10~ M) of histamine
dlightly but significantly reduced the evoked release of
acetylcholine (Fig. 1A).

Thioperamide (107 6-3x 10°° M) concentration-de-
pendently potentiated the evoked release of acetylcholine
(Fig. 1B).

3.2. Effects of histamine or thioperamide on the release of
acetylcholine evoked by vagal stimulation at 0.5 Hz in the
presence of atropine

Basal release of acetylcholine in the presence of 108
M atropine was 10.42 + 1.46 pmol /2 min stomach™!
(0.05 + 0.01% of tissue content) (n=20) (Fig. 2). The
amount of acetylcholine released in response to vaga
stimulation at 0.5 Hz in the presence of atropine was
almost the same as that evoked by vagal stimulation at 2.5
Hz. Repetitive stimulation of the vagus nerves at 0.5 Hz
evoked reproducible increases in the release of acetyl-
choline.

After the first stimulation, the medium was changed to
the next one containing histamine (10°°-10"° M) or
thioperamide (3 X 10~° M). Basal release of acetylcholine
was not affected by these agents. Histamine (10~ 7-10"°
M) effectively inhibited the evoked release of acetyl-
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choline in a concentration-dependent manner (Fig. 2). Thi-
operamide (3x 107° M) had no effect on the evoked
acetylcholine release.

3.3. Effects of R-a-methylhistamine or imetit, agonists of
histamine H; receptors, on the release of acetylcholine
evoked by vagal stimulation at 0.5 Hz in the presence of
atropine

After the first stimulation of the vagus nerve at 0.5 Hz
in the presence of 107 M atropine, the medium was
changed to the next one containing R-a-methylhistamine
(1077-3x107° M) or imetit (10"8-10"° M). Basa re-
lease of acetylcholine was not affected by these agents.

R-a-methylhistamine effectively inhibited the evoked
release of acetylcholine in a concentration-dependent man-
ner (Fig. 3A). Imetit also effectively and concentration-de-
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Fig. 3. Effects of R-a-methylhistamine or imetit on the evoked release of
acetylcholine. The vagus nerves were stimulated twice at 0.5 Hz for 2
min in the presence of 10~® M atropine: the first stimulation was carried
out in normal medium; the second stimulation was carried out in the
presence of R-a-methylhistamine (A) or imetit (B). (A) Control (Cont)
(n= 4) (cited from Fig. 2): R-a-methylhistamine; 10~7 M (n= 4), 10~8
M (n=4), 10°° M (n=4), 3x10°°> M (n=5). (B) Control (Cont)
(n=4) (cited from Fig. 2): Imetit; 1078 M (n=4), 10=" M (n=4),
107® M (n=5), 1075 M (n=4). Other conditions were the same as
those for Figs. 1 and 2.
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Fig. 4. Effects of thioperamide on histamine (HIS)- or R-a-methylhista-
mine (a-MHIS)-induced inhibition of acetylcholine release. The vagus
nerves were stimulated twice at 0.5 Hz for 2 min in the presence of 10~ °
M atropine. (A) The effect of histamine (10™° M) or R-a-methylhista-
mine (10~° M) on the release of acetylcholine in normal medium.
Control (Cont) (n= 4) (cited from Fig. 2): 10~°> M Histamine (n= 4)
(cited from Fig. 2): 107° M R-a-methylhistamine (n= 6) (cited from
Fig. 3A). (B) The effect of histamine (107° M) or R-a- methylhistamine
(1075 M) on the release of acetylcholine in the presence of thioperamide
(3x107° M). Thioperamide was administered throughout the experi-
ment. Control (Cont) (n=5), 10™° M Histamine (n=6), 107° M
R-a-methylhistamine (n=5). Other conditions were the same as those
for Figs. 1-3.

pendently inhibited the evoked release of acetylcholine
(Fig. 3B). The inhibitory potency of imetit was greater
than that of a-methylhistamine.

3.4. Effects of thioperamide, a histamine H; receptor
antagonist, on histamine- or R-a-methylhistamine-induced
inhibition of the release of acetylcholine evoked by vagal
stimulation at 0.5 Hz in the presence of atropine

Thioperamide (3 X 10~° M) was administered through-
out the experiments (Fig. 4B). After the first stimulation,
the medium was changed to the next one containing
histamine (10°° M) or R-a-methylhistamine (10~° M).
Thioperamide (10~ M) abolished the inhibitory effect of
histamine or R-a-methylhistamine on the evoked release
of acetylcholine (Fig. 4B).
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Fig. 5. Effects of pertussis toxin on histamine (HIS)- or imetit (Imet)-in-
duced inhibition of acetylcholine release. The vagus nerves were stimu-
lated twice at 0.5 Hz for 2 min in the presence of 1078 M atropine. (A)
The effect of histamine (107° M) or imetit (10~° M) on acetylcholine
release from vehicle-treated stomach. Control (Cont) (n=4), 1075 M
Histamine (n=75), 10°° M Imetit (n= 4). (B) The effect of histamine
(107 M) or imetit (107% M) on acetylcholine release from pertussis
toxin (PTX)-treated stomach. Pertussis toxin (10 wg/rat) was intra-
venously applied 4 days before experiments. Control (Cont) (n=4),
1075 M Histamine (n=5), 107> M Imetit (n=4). Other conditions
were the same as those for Figs. 1-4.

3.5. Effects of pertussis toxin on histamine- or imetit-in-
duced inhibition of the release of acetylcholine evoked by
vagal stimulation at 0.5 Hz in the presence of atropine

In the preparations treated with vehicle alone, histamine
(107° M) or imetit (10~° M) also effectively inhibited the
evoked release of acetylcholine (Fig. 5A).

In the preparations treated with pertussis toxin, the
inhibitory effects of 107° M histamine or 10~°> M imetit
on the evoked release of acetylcholine disappeared.

4, Discussion

After the discovery of histamine H, receptors, it be-
came clear that histamine plays a fundamental role in the
control of gastric acid secretion. Immunological studies
have revealed histamine-storing cells in gastric tissue, i.e.,
mast cells in mammals including humans, enterochromaf-
fin-like cells in rodents (Hakanson et al., 1983; Panula et

al., 1985; Prinz et al., 1993). The location of these cells, in
the vicinity of the parietal cells, is consistent with a
paracrine route for triggering parietal histamine H, recep-
tors. Vagal nerve stimulation has been shown to increase
venous histamine release from the isolated, vascularly
perfused rat stomach by activation of muscarinic M, re-
ceptors (Sandvik et a., 1988). Gastrin release is aso
stimulated by the cholinergic nervous system (Schubert et
al., 1992; Y okotani et al., 1995) and released gastrin could
play arole in histamine release from these histamine-con-
taining cells (Berggvist and Obrink, 1979; Sandvik et al.,
1989).

Since the histamine H, receptor agonist R-a-methyl-
histamine had no effect on gastric secretion in pylorus-
ligated rats or on the secretion stimulated by histamine,
pentagastrin and 2-deoxy-D-glucose in the lumen-perfused
rat stomach, it has been suggested that the histamine H,
receptor is not involved in the regulation of acid secretion
in rats (Coruzzi et al., 1992). In the present study, his-
tamine also had a weak inhibitory effect on the release of
acetylcholine evoked by vagal stimulation at 2.5 Hz, but
thioperamide, an antagonist of histamine H, receptors
(Arrang et al., 1987; Hew et a., 1990), effectively potenti-
ated the evoked release of acetylcholine. From these re-
sults, a possibility arose that the vagally mediated release
of endogenous histamine had aready influenced the re-
lease of acetylcholine by activation of histamine H ; recep-
tors.

To examine this hypothesis, we examined the effect of
exogenous histamine in the presence of atropine to avoid
the effect of endogenous histamine. Since inhibitory mus-
carinic M, autoreceptors are present on the vagus nerve
terminals (Yokotani et al., 1993), the vagus nerves were
stimulated at 0.5 Hz in the presence of atropine. The
amount of acetylcholine released in response to vagd
stimulation at 0.5 Hz in the presence of atropine was
almost the same as that evoked by vagal stimulation at 2.5
Hz. The release of acetylcholine evoked under these condi-
tions was not influenced by thioperamide, but effectively
attenuated by histamine. The histamine H, receptor ago-
nists, R-a-methylhistamine (Arrang et al., 1987) and imetit
(Garbarg et al., 1992; Howson et a., 1992; Van der Goot
et a., 1992), aso effectively inhibited the evoked release
of acetylcholine. It has been reported that thioperamide
and imetit show relatively high affinity for the 5-hydroxy-
tryptamine 5-HT, receptor and sigma receptor in addition
to the histamine H, receptor (Jansen et al., 1994; Leurs et
al., 1995) and that thioperamide increases GABA release
from the rat hypothalamus by affecting neura GABA
uptake (Yamamoto et al., 1997). In contrast, histamine and
R-a-methylhistamine are selective for histamine H ; recep-
tor (Jansen et al., 1994). In the present experiment, the
histamine- or R-a-methylhistamine-induced inhibition was
abolished by thioperamide. From these results, it seems
likely that activation of histamine H, receptors, probably
located on the vagus nerves, attenuates the release of
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acetylcholine from vagus nerve terminals in the rat stom-
ach. Histamine H, receptor-mediated inhibition of acetyl-
choline release was also demonstrated in guinea pig myen-
teric plexus (Poli et al., 1991).

The histamine H ;-receptor, which was recently cloned
from the human thalamus library (Lovenberg et al., 1999),
belongs to the superfamily of G-protein-coupling recep-
tors. The direct evidence for a functional H ;—receptor—
G—protein linkage has come from studies of [*SIGTPyS
binding to rat cerebra cortical membranes (Clark and Hill,
1996). In the presence of H,- and H,-receptor-antago-
nists, both R-a-methylhistamine and N “-methylhistamine
produced a concentration-dependent stimulation of [*S]-
GTPyS binding in a pertussis toxin-sensitive manner, im-
plying direct coupling to a G; or G, protein. In the human
gastric cell line HGT1, R-a-methylhistamine inhibited
basal and carbachol-stimulated inositol phosphate forma-
tion in a pertussis toxin-sensitive manner (Cherifi et al.,
1992). In the present experiments, the histamine- or
imetit-induced inhibition of acetylcholine release was abol-
ished by pertussis toxin. Therefore, it is likely that his-
tamine inhibits acetylcholine release by histamine H re-
ceptor-G-protein-coupling mechanisms.

In conclusion, the observation reported here provides
evidence for the presence of a histamine H, receptor
subtype on the vagus nerves in the rat stomach. Activation
of this receptor inhibits the release of acetylcholine by a
pertussis toxin-sensitive mechanism.
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