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ABSTRACT—Effects of famotidine on neuronally evoked acid secretion were investigated by means of
vagal (at the lower esophagus level) and field-electrical stimulation (around the stomach) in the isolated
mouse whole stomach preparation. Each of the electrical stimulations caused a frequency-dependent (1 to
20 Hz) increase in acid output, and the secretory response was abolished by tetrodotoxin or atropine. In the
case of field stimulation, the acid secretion was not completely inhibited by hexamethonium. When 10 Hz
frequency was applied with either vagal or field-electrical stimulation, the acid secretion was only partly
inhibited by famotidine at doses of up to 30 #zM. In contrast, the acid response to 2 Hz stimulation was
almost completely inhibited by 1 #M famotidine. In the presence of neostigmine (30 nM), the 2 Hz vagally
stimulated acid secretion became partly resistant to the effect of famotidine (10 #M). These results suggest
that both vagally and field-electrically stimulated acid secretions have essentially the same characteristics
and that the secretory mechanism through histamine release is exclusively dominant with weak stimulation,
while the cholinergic mechanism on parietal cells is sufficient for reaching the maximal secretory response

with strong stimulation.

Keywords: Gastric acid secretion, Vagus nerve, Histamine, Famotidine, Stomach (mouse isolated)

Physiological roles of endogenous histamine in medi-
ating vagally stimulated acid secretion have been widely
studied for more than 50 years (1). At present, the most
accepted theory is the so-called “transmission hypothesis”
that muscarinic receptors exist on both parietal cells and
histamine containing cells, but the receptor that contrib-
utes to vagally stimulated acid secretion is mainly on the
histamine containing cells and is not on the parietal cells
under physiological conditions (2, 3). As for localization
of the muscarinic receptor, receptor binding and func-
tional studies (4—6) demonstrated that parietal cells pos-
$€Ss muscarinic receptors.

The isolated mouse whole stomach preparation is
known to be most suited for neuropharmacological study
of acid secretory regulation. This preparation is especially
beneficial for elucidating the acid secretory mechanisms
in the whole tissue level because it keeps cell-to-cell inter-
actions and autonomic nerves intact (7—9). Angus and
Black (10) first succeeded in measuring the acid secretion
in response to electrical field stimulation in mice. They,
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together with other researchers, reported that the acid
secretion evoked by field stimulation was completely in-
hibited by histamine H,-antagonists such as metiamide
(10), cimetidine (11) and tiotidine (8, 12}, suggesting that
the neuronally evoked acid secretion is via histamine re-
lease. Furthermore, Black and his co-workers found that
the acid response to a combination of field stimulation
and physostigmine, an acetylcholine esterase inhibitor,
was refractory to H,-antagonist treatment (3, 12). They
proposed that the muscarinic receptor density on hista-
mine containing cells is higher than the density on parietal
cells. However, our previous study, where vagal stimula-
tion was applied instead of field stimulation in the iso-
lated mouse whole stomach, demonstrated that famoti-
dine, an Hj-antagonist, only partly inhibited the acid
secretory response to electrical vagal stimulation without
physostigmine (13). This finding suggests the possibility
that the major secretory mechanism operating under
vagal stimulation may be direct activation of muscarinic
receptors on parietal cells.

To elucidate precise involvement of histamine in neu-
ronally evoked acid secretion, we investigated the effects
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of famotidine on vagally and field-electrically stimulated
acid secretory responses by using both types of submaxi-
mal and supramaximal electrical stimulations.

MATERIALS AND METHQODS

Materials

Drugs used were as follows: tetrodotoxin (Sankyo,
Tokyo), atropine sulfate and histamine dihydrochloride
(Nacalai Tesque, Inc., Kyoto), hexamethonium dichlo-
ride (Wako Pure Chemical Industries, Osaka), neostig-
mine bromide (Tokyo Kasei Kogyo, Tokyo), bethanechol
chloride and famotidine (Sigma Chemical Co., St. Louis,
MO, USA). Omeprazole was kindly given to us by
Yoshitomi Pharmaceutical (Osaka). All other chemicals
used were of special grade.

Methods for preparing the isolated mouse whole stomach
and measurement of acid secretion

Male mice, ddY strain (5 — 6-week-old, weighing 22— 32
g; Japan SLC Inc., Shizuoka), that were fasted for 3—4 hr
but allowed free access to water were used. Isolated whole
stomach was prepared as described in our previous report
(13). Briefly, under urethane (18 mg/10 g, i.p.) anesthe-
sia, the isolated stomach was placed in a 20-ml organ bath
containing a serosal side nutrient solution (128 mM Na(l,
4.8mM KCI, 1.2 mM MgSO, 1.3mM CaCl,, 30 mM
glucose and 10 mM HEPES; pH 7.0 adjusted with NaOH
and gassed with 95% O, and 5% CO,) that was kept at
37C. The stomach lumen was perfused at the rate of 1
ml/min with a mucosal site nutrient solution (137 mM
NacCl, 4.8 mM KCl, 1.2 mM MgS0O,, 1.3 mM CaCl,, 30
mM glucose; pH 5.0 adjusted with 0.1 N HCI and gassed
with 100% O,). Acid output was measured by titrating
hydrogen ion with 1/500 N NaOH to the end point of pH
5.0 (initial pH of mucosal solution) with an automatic
titrator (HM-5SES and HSM-10A; Toa Electronics Co.,
Tokyo). The digital pulse (2 #l/pulse) from the titrator
was sent to a personal computer (FM-77; Fujitsu, Tokyo)
equipped with a pulse counter (developed by our labora-
tory).

Vagal stimulation and experimental designs

Vagal stimulation was applied via a pair of platinum
electrodes (wire diam.: 0.25 mm, ring diam.: 1.2 mm, and
distance between two electrodes: 1.5 mm) at the position
of the lower esophagus as previously reported (13).
Square-wave pulses were delivered from an electronic
stimulator (SEN-7203; Nihon Kohden, Tokyo). After
equilibration for 30 min, the 1st vagal stimulation was
applied (10 Hz, 0.3 msec, 10 V, for 5 min). Acid secretion
was initiated within 10 min after the onset of stimulation.
At 30 min after the onset of the 1st vagal stimulation, the

2nd vagal stimulation (the same condition with the 1st
vagal stimulation) was applied. The response to the 2nd
vagal stimulation was used as a control response for the
following treatments. Thirty minutes after the 2nd vagal
stimulation, the 3rd vagal stimulation (1-20Hz) or a
secretagogue (histamine or bethanechol) was applied. In
the case of field stimulation, a pair of ring platinum elec-
trodes for field stimulation (wire diam.: 0.25 mm, ring
diam.: 1.2 mm} were placed at either side of the stomach
(2 mm apart from the stomach wall) after the 2nd vagal
stimuiation, and the field stimulation (1-20Hz, 0.3
msec, 20 V, for 5 min) was applied 30 min later. Each test
drug was applied at 10 min before the 3rd vagal or field
stimulation or secretagogue treatment. In some cases, the
3rd vagal stimulation was applied 70 min after the 2nd
stimulation, and famotidine was applied 50 min before
the 3rd stimulation. In some cases, omeprazole was ap-
plied at the end of experiments. The total volume of drug
solution added to the 20 ml organ bath did not exceed 0.4
ml. Famotidine was prepared in saline after being dis-
solved with a small volume of 0.1 N HCIl. Omeprazole
was prepared in 50% dimethyl sulfoxide (DMSO) solu-
tion, and the final concentration of DMSO, which was
less than 1% in the organ bath, did not affect basal or
secretagogue-induced acid secretion. All other drugs were
dissolved in saline.

Evaluation of acid secretory response

The time course of acid output was corrected for the
time delay due to a dead volume of about 3 ml in the
tubing from the stomach to the pH electrode. Acid secre-
tory response to electrical stimulation or secretagogues
was expressed as the net increase in acid output over basal
acid output for 10 min before the start of stimulation. If
the 2nd vagal response was less than 1 AxEq H* /stimula-
tion, the stomach preparation was considered not to be
suitable for experiments (such preparations were less than
2% of the total). The effect of each test drug on vagally or
field-electrically stimulated acid secretion was calculated
as the ratio to the 2nd vagally evoked response and ex-
pressed as a percentage. The maximal 10-min secretory
response to each secretagogue that occurred within 40
min after drug application was referred to as the drug’s
control secretory action. Furthermore, the value was ex-
pressed as a percentage of the response to the 2nd vagal
stimulation according to the previous report (13).

Statistics

All data are expressed as the mean*=S.E.M. of 4-5
experiments. Statistical analysis was performed by
Student’s #-test (unpaired, two-tailed) or one-way analysis
of variance (ANOVA, followed by Dunnett’s test).
Statistical significance was evaluated at a P value of not
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more than 0.05. The pA, values of atropine and famoti- RESULTS

dine were calculated from the dose-response curves for

each secretagogue in the presence or absence of the Characteristics of basal and vagally stimulated acid secre-
respective antagonist. tion

The basal secretory rate of acid was 50 to 100 nEq H*
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Fig. 1. Typical patterns of acid secretory response induced by vagal and field-electrical stimulation in the isolated mouse whole
stomach. The histogram represents the acid output for 1 min. The 1st and the 2nd vagal stimulations (1VS and 2VS; 10 Hz, 0.3
msec, 10 V, for 5 min) were applied in all preparations, and the 3rd vagal stimulation (VS) or field stirmulation (FS) was applied
at the indicated stimulation frequency. B, D and F: Famotidine (Fam) treatment was performed 15 min after the end of the 2nd
vagal stimulation, and VS or FS was applied 10 min after the Fam addition. Results are summarized in Figs. 3 and 4.
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/min, and the level of the basal output lasted at least 3 hr
without increasing or decreasing. This basal level was
completely abolished by 30 uM omeprazole, a proton
pump inhibitor, suggesting that the monitoring of acid
output means only monitoring proton output from
parietal cells without other organic acids or carbon di-
oxide in the organ bath or atmosphere. Some typical pat-
terns of acid secretion induced by electrical stimulation
are shown in Fig. 1. In vagally stimulated acid secretion, a
measurable change in acid secretion began in 2 min after
the onset of the 1st vagal stimulation, and the peak acid
secretion (200-400 nEq H* /min) took place after 5-7
min, then gradually decreased, and disappeared in about
15 min after the stop of vagal stimulation. The responses
to the 2nd and the 3rd stimulation were almost the same,
and they were greater than the 1st response (the peak
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value: 300—500 nEq H*/min). On the other hand, when
the stomach isolation was performed after killing the
animals by bleeding, the 2nd vagally stimulated acid
secretion was significantly lower than in the case of isola-
tion under anesthesia (the former, 1.25+0.20 A#zEq H*
/stimulation, N=35 versus the latter, 2.62+0.21 A4xEq
H*/stimulation, N=35, P<0.01). The same phenomenon
was also seen in 100 #M histamine-induced acid secretion
(isolation under anesthesia, 3.65+0.29 AxEq H*/10
min, N=135 versus isolation after killing, 1.5740.33 44Eq
H*/10 min, N=5, P<0.01).

Secretagogue induced acid secretion

Typical patterns of acid secretion induced by
bethanechol and histamine and their dose-response curves
are shown in Fig. 2. The bethanechol induced acid secre-
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Bethanechol or histamine induced acid secretion and effect of the respective receptor antagonist in the isolated mouse

whole stomach. Bethanechol (BeCh) or histamine (Hist) was applied 25 min after the end of the 2nd vagal stimulation (2VS),
and atropine (Atr) or famotidine (Fam) was applied 10 min before the BeCh or Hist addition, respectively. A and C: Typical
patterns of acid secretion induced by BeCh or Hist without antagonist. The histogram represents the acid output for 1 min.
B and D: Dose-response curves represent the acid secretion induced by BeCh or Hist with or without the respective receptor
antagonist. B: Control (O); Atr, 30 nM (@); Atr, 100 nM (). D: Control ((0); Fam, 0.3 M (@); Fam, 1 zM ([(J). Each value
is assessed as a percentage of the 2VS response. Results each represent the mean+S.E.M. of 4~ 35 experiments. The averaged
increases in acid secretion by 2VS in all groups were 1.93-3.14 44Eq H'/stimulation.
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tion was immediately initiated after application. In most
cases, the increased response was gradually reduced 20 to
40 min after treatment. The doses of 1 M to 100 oM
bethanechol evoked an increase in acid secretion in a
concentration-dependent manner. Atropine (30 and 100
nM) shifted the dose-response curve of bethanechol in-
duced acid secretion rightward, and the pA, value was
7.82 (7.60—-8.01; 95% confidence limits), which was con-
sistent to the value reported by others (pA,=7.65) (14).
However, this value was significantly lower than the pA,
value 8.98 (8.63—-9.33) that was estimated against con-
traction of the guinea pig longitudinal ileum by cur own
study.

The histamine induced acid secretion began slightly
later than the bethanechol response and was unchanged
for at least 30—40 min after treatment. The doses of 1 xM
to 1 mM histamine evoked an increase in acid secretion in
a concentration dependent manner. Famotidine (0.3
and 1 #M) shifted the dose-response curve of histamine-
induced acid secretion rightward, and the pA, value was
7.38 (7.04-7.69), which was consistent to the value
reported by others (pA;=7.50) (15).

The maximal responses to bethanechol and histamine
were almost the same (3.5-4 A¢Eq H' /10 min; 150% of
the 2nd vagal response).

Effects of autonomic drugs on vagally and field-electri-
cally stimulated acid secretion

Frequency dependent acid secretory responses to the
3rd vagal or field-electrical stimulation are shown in Fig.
3. The frequency dependent increase was observed at 1
Hz to 5 Hz, and the 20 Hz response was similar to the 5 to
10 Hz responses in both types of nerve stimulation,
indicating that the 2 Hz or 10 Hz stimulation evokes a
submaximal or a supramaximal acid secretory response,
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Fig. 3. Frequency-dependent curves of vagally and field-electrically
stimulated acid secretion in the isolated mouse whole stomach. The
3rd vagal stimulation (1 to 20 Hz} or field-electrical stimulation (1 to
20 Hz) was applied 25 min after the end of the 2nd vagal stimulation
(2VS; 10 Hz in common). Each curve represents the acid secretion
induced by vagal (O) or field-electrical (@) stimulation with chang-
ing frequency. Each value is assessed as a percentage of the 2VS
response. Results each represent the mean+S.E.M. of 4 experi-
ments. The averaged increases in acid secretion by 2VS in all groups
were 2.01-3.20 4¢#Eq H* /stimulation.

respectively. The maximal acid secretory response to field
stimulation was somewhat lower than that induced by
vagal stimulation.

Effects of tetrodotoxin, hexamethonium and atropine
on the vagally or field-electrically stimulated supramaxi-
mal (10 Hz) secretion are summarized in Table 1. Both
vagally and field-electrically stimulated acid secretions
were completely inhibited by tetrodotoxin (0.3 M) or
atropine (1 pM). Hexamethonium (100 M) completely

Table 1. Effects of tetrodotoxin, hexamethonium and atropine on vagally and field-electrically
stimulated acid secretion in the isolated mouse whole stomach

Dose Vagal (10 Hz) Ficld (10 Hz)
(M) inhibition inhibition
value (%) value (%)
Control — 103,947 — 76.4+6.8 —
Tetrodotoxin 0.3 —3.33.2%** 103 —3.9+3.6%* 105
Hexamethonium 100 6.5+3.0%** 94 27. 7+ 4470 H 64
Atropine 1 5.5 1.0%* 95 2.341.6%** 97

Treatment with tetrodotoxin, hexamethonium or atropine was performed 15 min after the 2nd vagal
stimulation (2VS), and the 3rd vagal stimulation (10 Hz) or field stimulation (10 Hz) was applied 10
min after the drug addition. Acid secretion elicited by electrical stimulation is assessed as a percent of
the 2VS response and also as an inhibitory percentage against the respective control group. Results
each represent the mean+S.E.M. of 4—6 experiments. ***P < 0.001 and *P < 0.01, significant differ-
ence from the respective control group and basal secretion (1.2+£2.9% of 2VS, N=4), respectively
(unpaired Student’s f-test). The averaged increases in acid secretion by 2VS in all groups were

2.04~2.85 4#Eq H™ /stimulation.
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Effect of famotidine on vagally and field-electrically stimulated (2 Hz and 10 Hz) acid secretion in the isolated mouse

whole stomach. Famotidine (Fam) treatment was performed 15 min after the end of the 2nd vagal stimulation (2VS; 10 Hz in
common), and the 3rd vagal stimulation or field stimulation was applied 10 min after the Fam addition. Each curve represents
the acid secretion induced by vagal (A) or field-electrical (B) stimulation at 2 Hz (@) or 10 Hz (). Each value is assessed as a
percentage of the 2VS response. Results each represent the mean + S.E.M. of 4 experiments. **P<0.01 and ***P < 0.001, sig-
nificant difference from the respective control (Fam absent) group (ANOVA, followed by Dunnett’s test). The averaged in-
creases in acid secretion by 2VS in all groups were 2.15—3.08 A¢Eq H" /stimulation.

inhibited the vagally stimulated acid secretion, but partly
depressed the field-electrically stimulated acid secretion.

Effect of famotidine on vagally and field-electrically
stimulated acid secretion

Typical patterns of effects of famotidine on the vagally
and field-electrically stimulated secretion are shown in
Fig. 1 and the results are summarized in Fig. 4. Famoti-
dine (1-30 #M), of which the concentrations were
30-1000 fold higher than the pA; values estimated above,
tended to inhibit the vagally and field-electrically stimu-
lated supramaximal (10 Hz) secretions, but the inhibition
was maximally about 20%. This tendency was not
changed by prolongation of incubation time from 10 min
to 50 min; the values of the 3rd vagal response in the ab-
sence or presence of 30 uM famotidine was 85.2+7.7%
(N=4) or 73.1+9.0% (N=4) of the 2nd vagal response,
respectively (14% inhibition), suggesting that after 10
min, further incubation with famotidine does not affect
the strength of incubation.

The vagally and field-electrically stimulated submaxi-
mal (2 Hz) secretions were almost completely inhibited
by famotidine (1 and 10 #M), and greater than 90% inhi-
bition was obtained even at 1 @M of famotidine (Fig. 4).
In the presence of neostigmine (30 nM), which did not

affect basal acid output, the vagally stimulated submaxi-
mal (2 Hz) secretion tended to increase, as compared
with the absence of neostigmine (the former, 71.6+5.7%
versus the latter, 50.1+7.5% of the 2nd vagal response,
P<0.1, N=4) (Figs. 4 and 5). However, the vagally
stimulated supramaximal (10 Hz) secretion was not
affected by the presence or absence of neostigmine.
Famotidine (10 #M) only moderately inhibited the 2 Hz
vagally stimulated acid secretion in the presence of neo-
stigmine (Fig. 5B). On the other hand, the 10 Hz vagally
stimulated acid secretion was not affected by famotidine
in the presence of neostigmine.

Effects of histamine and famotidine on bethanechol in-
duced acid secretion

Histamine {1 #M}, which did not affect basal secretion,
significantly shifted the dose-response curve of
bethanechol induced acid secretion leftward, but the
maximal acid response to bethanechol was not modified
(Fig. 6). In contrast, famotidine (10 zpM) shifted the
dose-response curve of bethanechol induced acid secre-
tion rightward, but the maximal acid response to
bethanechol was not changed (Fig. 6).
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Fig. 5. Effect of famotidine on vagally stimulated (2 Hz and 10 Hz) acid secretion in the presence of neostigmine in the isolated
mouse whole stomach. Neostigmine (Neo, 30 nM) and famotidine (Fam, 10 M) treatment was performed 13 and 15 min after
the end of the 2nd vagal stimulation (2VS, 10 Hz in common), respectively, and the 3rd vagal stimulation (VS) was applied 10
min after the Fam addition. A and B: Typical patterns of acid secretion induced by the 2 Hz vagal stimulation with Neo in the
absence and presence of Fam, respectively. The histogram represents the acid output for 1 min. C: Each value is assessed as a
percentage of the 2VS response: Control (open column) and Fam, 10 zM (closed column). Results each represent the
mean+S.E.M. of 4 experiments. *P<0.05, significant difference from the respective control (Fam absent) group (unpaired
Student’s f-test). The averaged increases in acid secretion by 2VS in all groups were 1.61-2.58 4¢Eq H™ /stimulation.
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Fig. 6. Effects of histamine and famotidine on bethanechol-in-
duced acid secretion in the isolated mouse whole stomach. Hista-
mine (Hist, 1 xM) or famotidine (Fam, 10 #M) treatment was per-
formed 15 min after the end of the 2nd vagal stimulation (2VS), and
bethanechol was applied 10min after the Hist or Fam addition.
Dose-response curves represent the acid secretion induced by
bethanechol in the absence () or presence of Hist (@) or Fam (lD).
Each value is assessed as a percentage of the 2VS response. Results
each represent the mean+S.E.M. of 4-6 experiments. *P <0.05,
**P<0.01 and ***P <0.001, significant difference from the respective
control group (unpaired Student’s ¢-test), The averaged increases in
acid secretion by 2VS in all groups were 1.57-2.75 A4uEq H*
/stimulation.

DISCUSSION

Electrical stimulation of the vagus nerve caused a
quantitative and reproducible increase in acid secretion
in the mouse whole stomach preparation. Qur stomach
preparation responded to both direct activation of mus-
carinic receptors by cholinergic stimulants and neuronal

100 activation by electrical stimulation. In the case of field
75_‘ stimulation, the secretory response probably occurs under

] ool % more complicated neuronal conditions (8, 10, 11), since

50 the stimulation is capable of acting on all kinds of neu-

25; 2 rons including the vagus nerves and sympathetic nerves,

regardless of whether they are pre- or post-synaptic fibers.
So, we first tried to develop a method for specifically
stimulating the vagus nerves by setting the electrodes at
the lower level of the esophagus. This vagally stimulated
acid response was completely inhibited by hexametho-
nium or atropine, suggesting that the vagal response was
elicited by selective stimulation of the parasympathetic
pre-ganglionic fibers. However, the acid secretory
response to field stimulation was completely inhibited by
atropine but partly refractory to hexamethonium, sug-
gesting that the field-electrical response was at least partly
evoked through the post-ganglionic fibers of cholinergic
neurons, although this finding is discrepant from the
previous report by others (8) that the field stimulation
response was completely abolished by hexamethonium.
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On the other hand, though most of previous investigators
isolated the stomach after killing by cervical dislocation,
we found that the vagal secretory response of the stomach
isolated after killing by bleeding was significantly
depressed as compared with the stomach isolated under
anesthesia. This phenomenon was also found in
histamine-induced acid secretion, suggesting that the
reduced secretory responsiveness originates in the parietal
cell itself. Although only 10 min are taken for the isola-
tion procedure, the short-time anoxia might influence the
subsequent secretory responses; therefore, stomach isola-
tion under anesthesia was conducted in the present study.
The vagally and field-electrically stimulated acid secre-
tions were frequency-dependent. Black and Shankley (16)
reported that the field stimulation under physostigmine
treatment could evoke stable acid secretion in mice by
cumulatively increasing frequency (the cumulative
method). In their experimental condition without physo-
stigmine, however, unstable responses with an initial peak
were often observed during continuous stimulation (8). In
spite of this fact, they also evaluated the secretory response
to the field stimulation by the cumulative method.
Moreover, the cumulative method may include time-de-
pendent changes in the secretory response. In fact, the
vagally stimulated acid secretion did not maintain its
maximal response for more than 20 min in frequent cases.
Secretagogue induced acid responses were also ob-
served in this preparation. The response to each secreta-
gogue was characterized by a different secretory pattern.
In the case of bethanechol, the increased response was
gradually reduced 20 min to 40 min after treatment;
therefore, the cumulative method was not suitable for
testing the effect of drugs that are not like histamine. The
pA, value (7.82) estimated from atropine-bethanechol
antagonism in the mouse stomach is consistent to that
previously reported by others (14). However, this value is
significantly lower than the pA; value (8.98) that is esti-
mated against guinea pig longitudinal ileum contraction.
The reason for such a difference is unknown, but some
investigators suspect that the steady-state loss of atro-
pine into the mucosal perfusate results in a lower concen-
tration of the antagonist at the receptor site (14, 17).
Cimetidine was most frequently used as a reference H,-
antagonist in the pharmacological experiments. However,
we previously found that cimetidine had a non-specific
(probably anti-muscarinic) antisecretory effect (13). Some
reports also showed that cimetidine and ranitidine had
pharmacological effects different from H,-antagonism
(18, 19). Famotidine probably is a relatively pure H,-
receptor antagonist compared with the above two drugs;
therefore, we preferred to use famotidine as an H,-an-
tagonist to clarify the role of endogenous histamine on
the vagally or field-electrically stimulated acid secretion.

Some previous investigators reported that the acid
secretion induced by electrical field stimulation was com-
pletely inhibited by H,-receptor blockade, even though
the stimulation frequency was changed broadly (8, 10).
This is very different from the present finding that the
vagally and field-electrically stimulated supramaximal (10
Hz) secretions were only slightly inhibited by famotidine
even at a concentration of 30 uM, which is approximately
1000-fold higher than the pA, value estimated from
histamine-famotidine antagonism. Therefore, we con-
sider that the vagal (and also field) stimulation, under an
intensely stimulating condition of 10 Hz, can directly
activate the muscarinic receptors on parietal cells and,
therein, acid secretion is maximally evoked without the
aid of histamine mediation. However, the vagally and
field-electrically stimulated submaximal (2 Hz) secretions
were almost completely abolished by 1 #M of famotidine
in our experimental condition.

Regarding the histamine mediation, Black and co-work-
ers (3, 12) have reported many interesting findings using
the mouse stomach assay. They finally proposed that the
muscarinic receptor density on histamine containing cells
is higher than that located on parietal cells. On the other
hand, in their experimental condition, the field-electrical-
Iy (1-30 Hz) stimulated acid secretion in mice was com-
pletely abolished by Hj-antagonist such as tiotidine (8).
Their results and hypothesis, however, could be explained
by the idea of submaximal (2 Hz) and supramaximal (10
Hz) nerve stimulation that is shown in our present study.
Namely, the amount of acetylcholine released by low fre-
quency stimulation is probably small, indicating that only
muscarinic receptors on histamine containing cells are ac-
tivated, while that of acetylcholine released by high fre-
quency stimulation is probably abundant, indicating that
both muscarinic receptors on histamine containing cells
and parietal cells are activated and thus, the acid secre-
tory response is hardly influenced by an H-antagonist. This
possibility is supported from the present result that in the
presence of neostigmine, the 2 Hz vagally stimulated acid
secretory response was partly refractory to famotidine
and also from the original findings of Black and Shankley
(12) showing refractoriness to tiotidine under physostig-
mine treatment. In this case, the concentration of acetyl-
choline at the receptor site by the 2 Hz vagal stimulation
is expected to be higher than in the absence of neostig-
mine; therefore, the muscarinic receptors on parietal cells
are also partly activated. Although it is not clear why
there exists such a discrepancy in the effect of an Hj-an-
tagonist between our results and the findings of others, a
possibility remains that this might be caused by differ-
ences in the experimental designs and stomach isolation
methods.

There exists a possibility that the acid secretory
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response to cholinergic stimulation is potentiated by con-
currently released histamine. In the present study,
bethanechol induced acid response was shifted rightward
by a high dose of famotidine and leftward by a low dose
of histamine, although the maximal acid response was not
changed by either of the treatments. The similar results
with H,-antagonists were previously reported by others
(20); and thus, it is deduced that relatively weak choliner-
gic stimulation activates only the muscarinic receptor on
histamine containing cells. On the other hand, the present
results with histamine may suggest that histamine has a
simple synergistic effect. However, this finding was not
consistent to the results obtained in isolated canine
parietal cells (21) where aminopyrine accumulation was
potentiated by the combination of carbachol and hista-
mine or dibutyryl cyclicc AMP, with an increase in the
maximal response. The reason for this difference is
unknown, but further studies are needed to establish
adequate experimental conditions including selection of
appropriate doses of histamine for the mouse stomach
assay.

It is physiologically important to think about the pos-
sibility that intense secretory responses through muscar-
inic receptors on parietal cells take place in whole animals
as well as in isolated mouse stomach. The acid response to
centrally acting secretagogues such as 2-deoxy-D-glucose
(2DG) and kainic acid is well-known to stimulate acid
secretion exclusively through the vagal pathway. In the
literature, the response to intravenous 2DG was partly
inhibited by H,-antagonists in rats (22). In our labora-
tory, the response to intracerebroventricular kainic acid
(0.1 or 1 pg/rat) was inhibited by 83% or 11%, respec-
tively, after famotidine (1 mg/kg, i.v.) in anesthetized
rats (unpublished data, K. Watanabe et al.}. Accordingly,
these findings strongly suggest that the extent of the
blocking effect of H,-antagonists is closely associated
with the strength of the acid secretory response to
cholinergic stimulation.

In conclusion, it is suggested that the vagally stimulated
acid secretory responses in our isolated mouse whole
stomach preparation are evoked by two distinct proc-
esses. One is mediation of histamine released from
histamine-containing cells that occurs with relatively
weak stimulation, and the other is direct activation of
muscarinic receptors on parietal cells that occurs with
relatively strong stimulation,
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