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Involvement of glutamate and y-amino-butyric acid receptor
systems on gastric acid secretion induced by activation of
x-opioid receptors in the central nervous system in rats
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1 Various neurotransmitters in the brain regulate gastric acid secretion. Previously, we reported that
the central injection of x-opioid receptor agonists stimulated this secretion in rats. Although the
existence of x—ks-opioid receptor subtypes has been proposed, the character is not defined. We
investigated the interactions between x-opioid receptor subtypes and glutamate, y-amino-butyric acid
(GABA) or 5-hydroxy tryptamine (5-HT) receptors in the rat brain.

2 Gastric acid secretion induced by the injection of U69593 (8.41 nmol, a putative x;-opioid receptor
agonist) into the lateral cerebroventricle was completely inhibited by the central injection of 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX, 10.9 nmol, an antagonist for non-N-methyl-D-aspartate (non-
NMDA) receptors) and by bicuculline infusion (222 ugkg™ per 10min, i.v., GABA, receptor
antagonist). The secretion induced by bremazocine (8.52 nmol, a putative x,-opioid receptor agonist)
was inhibited by bicuculline infusion, but not by CNQX. The secretion induced by naloxone
benzoylhydrazone (224nmol, a putative x;-opioid receptor agonist) was slightly and partially
inhibited by CNQX and bicuculline.

3 Treatment with CNQX and bicuculline inhibited gastric acid secretion induced by the
injection of dynorphin A-(1-17) into the lateral, but not the fourth, cerebroventricle. Antagonists
for NMDA, GABAg and 5-HT,,c receptors did not inhibit the secretions by x-opioid receptor
agonists.

4 In rat brain regions close to the lateral cerebroventricle, x-opioid receptor systems (k;> k3> K»)
are regulated by the non-NMDA type of glutamate receptor system, and x;- and x,-opioid
receptor systems are regulated by the GABA, receptor system. The present findings show
pharmacological evidence for x-opioid receptor subtypes that regulate gastric acid secretion in the
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rat brain.
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Introduction

Recent advances have shown that gastric functions including
acid secretion are regulated not only by the peripheral but also
by the central nervous system (CNS) (Fox & Burks, 1988;
Grijalva & Novin, 1990; Taché et al, 1991; Geoghegan &
Pappas, 1997). Many studies concerning the central effects of
various neurotransmitters and neuropeptides on gastric acid
secretion have revealed mechanisms by which the brain
regulates gastric acid secretion (Yang et al., 1993; Yoneda &
Taché, 1995; Geoghegan & Pappas, 1997). Glutamate is a
primary excitatory neurotransmitter in the CNS, and subtypes
of ionotropic glutamate receptors have been classified as
N-methyl-p-aspartic acid (NMDA), kainate and o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-
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tors. It has been reported that the central injection of NMDA
and kainate potently stimulated gastric acid secretion in rats
(Kaneko & Taché, 1995; Yang et al, 2000). In addition, we
reported that the injection of kainate, but not AMPA, into the
lateral cerebroventricle stimulated secretion in the perfused
stomach of urethane-anesthetized rats (Tsuchiya et al., 2001).
It was reported that the injection of muscimol, an agonist for
the A-type receptor of y-amino-butyric acid (GABA), into the
lateral cerebroventricle (i.c.v. administration) stimulated gas-
tric acid secretion in rats (Del Tacca et al., 1990; Namiki et al.,
1993; Lin, 1995). Neuroactive steroids and anesthetics such as
pentobarbital have been confirmed to bind potently and
selectively to ionotropic GABA, receptors in the CNS
(Lambert et al, 1995). Previously, we reported that i.v.
injection of anesthetics (Lin et al, 1988) and the injection
of neuroactive progesterone metabolites into the lateral
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cerebroventricle (Watanabe et al., 2000) stimulated gastric acid
secretion centrally in rats. The importance of the lateral
hypothalamus close to the lateral cerebroventricle in the
control of gastric function has been established (Taché, 1987;
Stanley et al., 1997). The NMDA and kainate receptors (Van
Den Pol et al., 1994; Vignes and Collingridge, 1997; Eyigor et
al,, 2001) and GABA, receptors (Pirker et al, 2000) are
distributed throughout the rat brain, including the hypo-
thalamus, although a heterogeneous distribution of the
receptor subunits was observed. These findings showed the
involvement of NMDA, kainate and GABA, receptors in the
CNS on gastric acid secretion.

Gastric acid secretion is also regulated by the opioid system
in the CNS. Fox & Burks (1988) reported that the i.c.v.
injection of p-opioid receptor agonists such as morphine
inhibited gastric acid secretion, and we reported that the
injection of morphine into the fourth cerebroventricle inhibited
secretion in rats (Ishihara er al, 2001a). Although Fox &
Burks (1988) reported that x-opioid receptor agonists did not
produce a significant change in gastric acid secretion after i.c.v.
injection in rats, we reported that the injection of dynorphin
A-(1-17) (an endogenous and nonselective agonist for k-opioid
receptors) into the lateral cerebroventricle stimulated gastric
acid secretion in rats (Ishihara ez al., 2001b). The mRNA and
the proteins of the x-opioid receptor are expressed at a high
density in the rat hypothalamus (Mansoure et al., 1995). The
existence of x-opioid receptor subtypes has been proposed;
arylacetamides, such as (5¢,7x,8)-(+ )-N-methyl-N-(7-[1-pyr-
rolidinyl]-1-oxaspiro[4.5]dec-8-yl)benzeneacetamide (U69593),
bind to a subset of sites (i), and the k, site has moderate
affinity for bremazocine, and naloxone benzoylhydrazone
(NBH) labels a population of distinct sites (k3) under x-opioid
receptor-selective conditions (Satoh & Minami, 1995; Dhawan
et al., 1996; Law & Loh, 1999). Although it was suggested that
the cloned x-opioid receptor corresponds to the x, subtype and
that the k, subtype resulted from a heterodimer of «,- and J-
(Jordan & Devi, 1999) or p-opioid receptors (Simonin et al.,
2001), cloning of each subtype and functional characterization
are necessary to support the proposed subtypes. We reported
that the injections of U69593 (a putative agonist for the k-
opioid receptor), bremazocine (for x,) and NBH (for k) into
the lateral cerebroventricle stimulated gastric acid secretion in
rats (Ishihara er al, 2001a,b). However, it has not been
established whether these three proposed agonists for r,—is-
opioid receptors activate the respective subtypes specifically in
the CNS. In addition, it has not been determined whether the
k-opioid receptor system interacts with other receptor systems
such as glutamate and GABA receptors in the CNS and thus
stimulates gastric acid secretion in rats.

In this study, we investigated the involvement of glutamate,
GABA and the 5-hydroxy tryptamine (5-HT) receptor system
on gastric acid secretion stimulated by the respective agonists
for k,—K;-opioid receptors in the CNS in the perfused stomach
of urethane-anesthetized rats. It is proposed that gastric acid
secretion induced by the injection of x-opioid receptor agonists
into the lateral cerebroventricle is mediated by the non-
NMDA type of glutamate receptor and GABA, receptor
systems, and that the contributions of both receptor systems
are different between the subtypes of the x-opioid receptors in
the CNS in rats. To our knowlege, this is the first report that
pharmacologically shows the existence of subtypes of x-opioid
receptors that regulate gastric acid secretion in the rat brain.

Methods
Animals

Male Wistar rats (Takasugi Exp. Animals, Kasukabe, Japan)
weighing 220400 g were used. The animals were housed under
controlled environmental conditions (temperature 24+2°C
and light between 7:00 a.m. and 7:00 p.m.) and fed
commercial rat chows (Oriental Yeast, Japan). The rats were
fasted overnight before each experiment with free access to
water. Animal experiments were performed in accordance with
the Guiding Principles for the Care and Use of Laboratory
Animals approved by the Japanese Pharmacological Society.

Drugs

Dynorphin A-(1-17) was purchased from Peptide Institute Co.
(Osaka, Japan). U69593, (+)-6-ethyl-1,2,3,4,5,6-hexahydro-3-
([1-hydroxycyclopropyl] methyl)-11,11-dimethyl-2,6-methano-
3-benzazocin-8-ol  hydrochloride (bremazocine), kainate
and (+)-3-[2-carboxypiperazin-4-yl]-1-propylphosphonic acid
(CPP) were obtained from RBI (Natic, MA, USA). NBH, 6-
cyano-7-nitroquinoxaline-2,3-dione sodium salt (CNQX), bi-
cuculline, 3-amino-2-(4-chlorophenyl)propylphosphonic acid
(phaclofen) and 3-[2-(4-[4-fluorobenzoyl]-1-piperidinyl)ethyl]
2,4 [1H. 3H]-quinazolinedione (ketanserin) were obtained from
Sigma Chemical Co. (St Louis, MO, USA).

The doses of respective antagonists were as previously
reported (Lin et al, 1989; Watanabe et al., 2000; Tsuchiya
et al., 2001). U69593 and phaclofen were dissolved in a
minimum of 0.1 N HCI and saline, and the final pH was about
4.5. NBH was dissolved in a minimum of 3% acetic acid and
saline (pH 4.5). Dynorphin A-(1-17), bremazocine, CNQX,
CPP and ketanserin were dissolved in saline. The agonists for
k-opioid receptors, CNQX, CPP, kainate, phaclofen and
ketanserin, were administered in a volume of 5ul over 30s
using a microliter syringe through a guide cannula positioned
in the brain. The vehicles and saline had no effect on gastric
acid secretion by themselves. Bicuculline was dissolved in a
minimum of 1N HCI, and diluted by saline, adjusted with 1 N
NaOH, and the final pH was about 4.5. Bicuculline
(222 ugkg™"' per 10 min) was infused through an i.v. cannula
inserted into the femoral vein.

Cannulation for central or i.v. injection

Cannulation for the central injection was performed as
previously reported (Ishihara et al., 2001a, b). Briefly, the rats
were anesthetized with urethane (1.35gkg™"!, i.p.). Then the
rats were placed on a stereotaxic instrument (SR-6, Narishige
Scientific Instrument Lab., Tokyo, Japan), and a 24-gauge
stainless-steel guide cannula for the microinjection of drugs
was implanted into the lateral cerebroventricle with the
following coordinates taken from the atlas of Paxinos &
Watson (1997): 1.0 mm posterior to the bregma, 1.3 mm right
lateral to the midsagittal suture, and 3.8 mm vertical to the
surface of the skull with the incisor bar set 3.3 mm below the
interaural line. For the injection into the fourth cerebroven-
tricle, the implanting coordinates were as follows: 11.5mm
posterior to the bregma, 0.0 mm lateral and 7.5mm vertical
from the surface of the skull. The cannula was secured with
dental cement. At the end of the experiments, Evans blue
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solution was injected to confirm that the solution had diffused
into each cerebral cavity. In some animals, the femoral vein
was cannulated for intravenous infusion.

Measurement of gastric acid secretion

Each experiment was started at least 1 h after the implantation
of the cannulas. This procedure is common in research
concerning short-term neuronal regulation of gastric acid
secretion (Watanabe er al, 2000; Garcia-Zaragoza et al.,
2000). Gastric acid secretion was determined by the gastric
perfusion methods as previously reported (Watanabe et al.,
2000; Ishihara et al., 2000a, b). The trachea was exposed, then
cannulated and the esophagus was ligated at the cervical level.
After laparotomy, the pylorus was ligated and a dual cannula
was inserted into the gastric lumen from the forestomach. The
stomach lumen was continuously perfused with saline
(adjusted to pH 5.0 with 0.1 N HCI, at 37°C) through the inlet
tube of the dual cannula connected to the perfusion pump at
the rate of 1mlmin~'. The stomach was maintained at a
pressure of 5cm H,O.

After the determination of basal acid secretion for 30 min,
each test compound was injected. Antagonists for each
receptor except bicuculline were administrated 10 min before
the injection of x-opioid receptor agonists. Bicuculline was
infused i.v. from 30min before injection of agonists for
k-opioid receptors and the infusion continued for 90 or
120 min. After 30 min of pre-perfusion, the perfusate flowing
from the outlet tube was collected as 10 min fractions with a
fraction collector and titrated to pH 5.0 with 0.02n NaOH
using an autonomic titrator (AUT-201, Toa Electronics,
Japan). The acid output was expressed in terms of uEq HCI
per 10min. In some experiments, the total acid output for
90 min was measured.

Statistical analysis

The values are expressed as means+s.e.m. for three to eight
rats. In the case of multiple comparisons, the statistical
significance of differences was determined using a one-way
analysis of variance followed by a post hoc test. P<0.05 was
considered to be statistically significant.

Results

Effects of antagonists of glutamate receptors on gastric
acid secretion stimulated by the injection of i-opioid
receptor agonists into the lateral cerebroventricle

Previously, we reported that the injection of various agonists
for x-opioid receptors into the lateral cerebroventricle
stimulated gastric acid secretion in a dose-dependent manner
in rats (Ishihara et al., 2001a, b). In the present study, we used
the indicated doses of respective agonists for x-opioid
receptors, which were almost maximal doses, and stimulated
gastric acid secretion to a similar degree. First, we investigated
the effect of CNQX (an antagonist for non-NMDA receptors)
on gastric acid secretion stimulated by x-opioid receptor
agonists. The injection of CNQX (10.9 nmol (3 ug) per rat) into
the lateral cerebroventricle inhibited gastric acid secretion
stimulated by the central injection of kainate (0.47 nmol

(0.1 ug) per rat) (Tsuchiya et al, 2001). The central injection
of CNQX (10.9 nmol) alone slightly stimulated gastric acid
secretion during the period of 040 min after administration
(Figure 1), as reported previously (Tsuchiya et al., 2001). The
injection of CNQX partially inhibited gastric acid secretions
stimulated by dynorphin A-(1-17) (0.47nmol) and NBH
(224nmol) (Figure la and d). The total acid outputs for
90 min stimulated by dynorphin A-(1-17) and NBH in the
CNQX-treated rats were about half those in the control rats
without CNQX (Table 1). The injection of CNQX almost
completely inhibited the secretion stimulated by U69593
(8.41 nmol, Figure 1b). However, the injection of CNQX did
not show an inhibitory effect on the secretion stimulated by
bremazocine (8.52 nmol, Figure 1c).

The injection of CPP (39.7nmol (10ug) per rat, an
antagonist for the NMDA receptor) into the lateral cerebro-
ventricle inhibited gastric acid secretion stimulated by the
central injection of NMDA, but not by kainate (Tsuchiya
et al., 2001). The central injection of CPP (39.7 nmol) did not
inhibit the secretions stimulated by dynorphin A-(1-17),
U69593 and NBH (Figure 2). The injection of CPP slightly
enhanced the secretion stimulated by bremazocine (Figure 2c).

Effects of antagonists of GABA receptors on gastric acid
secretion stimulated by the injection of k-opioid receptor
agonists into the lateral cerebroventricle

It was reported that bicuculline is a selective antagonist for
GABA, receptors and that peripheral injection of bicuculline
showed central effects (Mitsushima et al., 1999; Lapchak et al.,
2000). In the present study, we investigated the effect of i.v.
infusion of bicuculline (222 ugkg ' 10min~") from 30min
before the injection of agonists for k-opioid receptors (Figure 3).
The bicuculline infusion partially inhibited gastric acid
secretion stimulated by dynorphin A-(1-17) (panel a). Inter-
estingly, the inhibition of the secretion in the period of 0-
40 min after the injection of dynorphin A-(1-17) by bicuculline
infusion was limited and not significant; the total acid outputs
stimulated by dynorphin A-(1-17) for 0-40 min were 52.3+9.5
and 24.9+10.3 uEq HCI per 40 min (P =0.082, n =4-5) in the
control and bicuculline-treated rats, respectively. Bicuculline
infusion markedly decreased the secretion during the late
phase (during the period of 40-90 min following administra-
tion). The total acid output for 90min in the bicuculline-
treated rats was significantly inhibited compared with that in
the control rats without bicuculline (Table 2). Bicuculline
infusion almost completely inhibited the secretions stimulated
by U69593 and bremazocine (panels b and c). The bicuculline
infusion tended to show an inhibitory effect on the secretion
stimulated by NBH (panel d). Similar to the secretion
stimulated by dynorphin A-(1-17), bicuculline infusion did
not inhibit the secretion stimulated by NBH during the initial
phase; the total gastric acid outputs stimulated by NBH during
the period of 0-40min were 41.3+6.8 and 36.3+17.0 uEq
HC140min~! (P=0.79, n=15) in the control and the bicucul-
line-treated rats, respectively. Although bicuculline infusion
inhibited the secretion during the late phase, the total acid
output for 90min stimulated by NBH in the bicuculline-
treated rats was not significant compared with that in the
control rats (Table 2).

Next, we investigated the effect of phaclofen, a selective
antagonist for GABAg receptors (Del Tacca et al, 1990;
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Figure 1 Effect of the central injection of CNQX on gastric acid secretion stimulated by injections of dynorphin A-(1-17) and
selective agonists for k,—«;-opioid receptors into the lateral cerebroventricle. Vehicle (saline, 5 ul) or CNQX (10.9 nmol per rat, 5 ul)
was injected into the lateral cerebroventricle at 10 min before the central injection of dynorphin A-(1-17) (panel a, Dyn, 0.47 nmol),
U69593 (panel b, 8.41 nmol), bremazocine (panel c, 8.52nmol) or NBH (panel d, 224 nmol). Each value represents the amount of
gastric acid output for 10 min. Each value is the mean+s.e.m. for four to six rats. *P<0.05, **P<0.01, ***P<0.001, statistically
significant compared with the control (vehicle) group. ""P<0.01, ""P<0.001, statistically significant compared with the respective
agonist-treated group without CNQX. In Table 1, values are summarized as the total gastric acid output for 90 min.

Table 1 Effects of the central injection of CNQX and CPP
on gastric acid secretions stimulated by the injections of
agonists for x-opioid receptors into the lateral cerebroven-
tricle

Total acid output (uEq HCI 90 min™")

Table 2 Effects of antagonists for GABA, receptor and
GABAG receptor on gastric acid secretions stimulated by the
injections of agonists for x-opioid receptors into the lateral
cerebroventricle

Total acid output (uEq HCI 90 min™")

Treatment Vehicle CNQOX CPP Treatment Vehicle Bicuculline Phaclofen
Vehicle -1.842.6 9.0+23.2 39.1+£17.6 Vehicle 7.7+£5.6 1.4+1.4 59.7+53.0
Dynorphin 145.5+27.7* 84.0+28.1 99.5+26.9 Dynorphin ~ 145.54+27.7  35.6+21.3* 144.8+30.4
A-(1-17) A-(1-17)

U69593 159.3+32.2% 24.746.3*%*  1753+10.0 U69593 15934322 21.54+14.5%  Not determined
Bremazocine  122.0+17.1* 160.0+24.1 145.44+53.7 Bremazocine 122.04+17.1 —12.84+23.0%* Not determined
NBH 126.7+16.9* 78.4+30.6 115.6+17.5 NBH 126.7+16.9  70.54+28.9 177.1, 203.7

Values are summarized from Figures 1 and 2. Each value is
the total gastric acid output for 90 min and the mean +s.e.m.
for three to eight rats. *P<0.01, statistically significant
compared with the control group. **P<0.01, statistically
significant compared with the U69593-treated group without
CNQX.

Values are summarized from Figures 3 and 4. Each value is
the total gastric acid output for 90 min and the mean +s.e.m.
for three to six rats. *P<0.01, compared with the respective
agonist-treated group without bicuculline. The values for
NBH plus phaclofen were obtained from two rats (n=2).

Lambert et al., 1995). As shown in Figure 4, the injection of
phaclofen (120 nmol per rat) into the lateral cerebroventricle
did not inhibit gastric acid secretion stimulated by dynorphin

A-(1-17). The central injection of phaclofen also did not show
an inhibitory effect on the secretion stimulated by NBH
(Table 2).
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Effect of intravenous infusion of bicuculline on gastric
acid secretion stimulated by the injection of kainate into
the lateral cerebroventricle

Next, we investigated whether the non-NMDA receptor
system, which is activated by kainate, is located upstream
from the GABA, receptor system. The injection of kainate
(0.47 nmol) into the lateral cerebroventricle markedly stimu-
lated gastric acid secretion (Figure 5), as reported previ-
ously (Tsuchiya et al, 2001). The bicuculline infusion
(222 ugkg='10min~") significantly inhibited the secretion
stimulated by kainate. It inhibited secretion both during the
initial (0-40 min) and the late (40-90 min) phase.

Effect of ketanserin, an antagonist for SHT>,c receptor,

on gastric acid secretion stimulated by the injection of

dynorphin A-(1-17) into the lateral cerebroventricle

It was reported that the 5-HT receptor system regulated
gastric acid secretion in the CNS, and that among the 5-HT
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Table 3 Effects of CNQX and bicuculline on gastric acid
secretions stimulated by the injections of dynorphin A-(1-17)
and U69593 into the fourth cerebroventricle

AAcid output (WEQ HCI/10 min)

o

AAcid output (LEq HCI/10 min)

Total acid output (uEq HCI 90 min~')

Treatment Vehicle CNQX Bicuculline
Vehicle 4.6+5.4 55.6+9.4 1.4+1.3
Dynorphin  153.54+41.6%* 163.3+57.5 Not determined
A-(1-17)

U69593 132.0+33.8% 104.0+22.2 119.3+15.6

Vehicle (saline, 5 ul) or CNQX (10.9 nmol, 5 ul) were injected
into the fourth cerebroventricle at 10 min before the injection
of dynorphin A-(1-17) or U69593 into the fourth cerebroven-
tricle. In some cases, saline or bicuculline (222 pugkg™'
10min~"', i.v.) were infused from 30 min before the injection
of dynorphin A-(1-17) or U69593 into the fourth cerebroven-
tricle, and for 60 min. The doses of dynorphin A-(1-17) and
U69593 were 1.40nmol and 28.1 nmol, respectively. Each
value is the total acid output for 90 min and the mean +s.e.m.
for three to four rats. *P<0.01, compared with the control

group.
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Figure 2 Effect of the central injection of CPP on gastric acid secretion stimulated by injections of dynorphin A-(1-17) and
selective agonists for k—k3-opioid receptors into the lateral cerebroventricle. Vehicle or CPP (39.7 nmol) was injected into the lateral
cerebroventricle at 10 min before the central injection of dynorphin A-(1-17) (panel a, Dyn, 0.47 nmol), U69593 (panel b, 8.41 nmol),
bremazocine (panel ¢, 8.52 nmol) or NBH (Panel d, 224 nmol). Each value represents the amount of gastric acid output for 10 min.
Each value is the mean+s.e.m. for three to eight rats. *P<0.05, **P<0.01, ***P<0.001, compared with the control group. In
Table 1, values are summarized as the total gastric acid output for 90 min.
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Table 4 Subtype-dependent interactions between k-opioid, glutamate and GABA receptor systems in the brain regions, which regulate

gastric acid secretion close to the lateral cerebroventricle in rats

Glutamate receptor dependency

GABA receptor dependency

Subtypes NMDA Non-NMDA (kainate) GABA, GABAg
(0—40 min) (40-90 min)
Dynorphin A-(1-17) Not Half Half Largely Not
U69593 (k) Not Largely Largely Largely ?
Bremazocine (k») Not Not Largely Largely ?
NBH (x3) Not Half Not Half Not
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Figure 3 Effect of the intravenous infusion of bicuculline on gastric acid secretion stimulated by injections of dynorphin A-(1-17)
and selective agonists for x;—ks-opioid receptors into the lateral cerebroventricle. Vehicle (saline) and bicuculline (222 ug
(605nmol)kg~' 10min~", i.v.) were infused from 30min before the injection of dynorphin A-(1-17) (panel a, Dyn, 0.47 nmol),
U69593 (panel b, 8.41 nmol), bremazocine (panel c, 8.52 nmol) or NBH (panel d, 224 nmol) into the lateral cerebroventricle. Each
value represents the amount of gastric acid output for 10 min. Each value is the mean+s.e.m. for three to six rats. *P<0.05,
*%P<(.01, ***P<0.001, compared with the control group. "P<0.05, ""P<0.01, ""P<0.001, compared with the respective agonist-

treated group without bicuculline. In Table 2, values are summarized as the total gastric acid output for 90 min.

receptor subtypes the 5-HT, receptor is more important
(Yoneda and Taché, 1995; Chi et al, 1996; Yang et al,
2000). However, the injection of ketanserin (5.5 nmol per rat, a
selective antagonist for 5-HT, and 5-HT,c receptors) into the
lateral cerebroventricle affected neither the basal gastric acid
secretion (data not shown) nor the secretion stimulated by
dynorphin A-(1-17) (0.47nmol); the total acid outputs for
90 min were 154.1+36.2 and 137.4+30.5 uEq HCl (n =3-5) in
the control and ketanserin-treated rats, respectively.

Effects of CNQX and bicuculline on gastric acid secretion
stimulated by the injection of U69593 into the fourth
cerebroventricle

Previously, we reported that the injection of a higher dose
(3—10-fold) of agonists for k-opioid receptors into the fourth
cerebroventricle, compared with the injection into the lateral
cerebroventricle, stimulated gastric acid secretion in rats
(Ishihara et al, 200la,b). Injection of a higher dose of
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Figure 4 Effect of the central injection of phaclofen on gastric acid
secretion stimulated by the injection of dynorphin A-(1-17) into the
lateral cerebroventricle. Vehicle or phaclofen (120nmol) was
injected into the lateral cerebroventricle at 10 min before the central
injection of dynorphin A-(1-17) (Dyn, 0.47nmol). Each value
represents the amount of gastric acid output for 10 min. Each value
is the mean+s.e.m. for three to five rats. *P<0.05, compared with
the control group. In Table 2, values are summarized as the total
gastric acid output for 90 min.

U69593 (28.1 nmol) into the fourth cerebroventricle stimulated
gastric acid secretion (Table 3) to the same degree obtained by
the injection of a low dose (8.41 nmol) into the lateral
cerebroventricle (Table 1). The time course of gastric acid
secretion by the injection of U69593 into the fourth
cerebroventricle (data not shown, but see Ishihara ez al,
2001a) was similar to that by injection into the lateral
cerebroventricle. In both cases, gastric acid secretion began
to increase about 5-15min after the injection, and gradually
increased until the peak level was reached at 30-40 min. The
injection of CNQX (10.9 nmol) into the fourth cerebroventricle
stimulated secretion immediately after the injection of CNQX.
Although the reasons were unknown, the effect of CNQX
injected into the fourth cerebroventricle was marked compared
with that into the lateral cerebroventricle. The injection of
CNQX did not appear to inhibit the secretion stimulated by
U69593 (Table 3). In addition, total gastric acid secretion
stimulated by the injection of dynorphin A-(1-17) (1.40 nmol)
into the fourth cerebroventricle was not inhibited by CNQX.
An intravenous infusion of bicuculline (222 ugkg™' 10 min~")
did not inhibit gastric acid secretion stimulated by the injection
of U69593 into the fourth cerebroventricle. Gastric acid
secretion in the 90—150 min after the injection of U69593 was
not inhibited by CNQX and bicuculline treatment (data not
shown).

Discussion

Involvement of the kainate receptor system in gastric acid
secretion stimulated by the central injection of agonists for
K-opioid receptors

Glutamate receptor systems are involved in the central
stimulation of gastric acid secretion, because central injection

[
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Figure 5 Effect of the intravenous infusion of bicuculline on
gastric acid secretion stimulated by the injection of kainate into
the lateral cerebroventricle. Vehicle (saline) and bicuculline
(222 ugkg'10min~', i.v.) were infused from 30min before the
injection of kainate (0.47 nmol) into the lateral cerebroventricle. (a)
Each value represents the amount of gastric acid output for 90 min.
(b) Each value is the total gastric acid output for 90 min. Each value
is the mean+s.e.m. for three to five rats. *P<0.05, **P<0.01,
*#%P<(.001, compared with the control group. "P<0.05,
P<0.01, "1P<0.001, compared with the kainate-treated group
without bicuculline.

of kainate and NMDA stimulated gastric acid secretion (Yang
et al., 1993; Kaneko & Taché, 1995; Yoneda & Taché, 1995;
Tsuchiya et al., 2001). Although it was reported that kainate
and NMDA showed neurotoxic effects by microinjection into
several nuclei in rats (Hajnal et al., 1992; Landeira-Fernandez
& Grijalva, 1999), we reported that gastric acid secretion
induced by the injection of kainate and NMDA at the used
doses into the lateral cerebroventricle was not derived from
neurotoxicity such as destruction of cells (Tsuchiya et al,
2001). In the present study, it was found that CNQX, an
antagonist for non-NMDA receptors such as AMPA and
kainate receptors, completely inhibited gastric acid secretion
stimulated by the injection of U69593, an agonist for x,-opioid
receptor, into the lateral cerebroventricle (Figure 1). Treat-
ment with CNQX partially inhibited the secretion stimulated
by NBH, an agonist for x;-opioid receptor, but had no effect
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on the secretion by bremazocine, an agonist for k,-opioid
receptor. Gastric acid secretion stimulated by dynorphin
A-(1-17), which has similar affinity for x,—«;-opioid receptors
(Dhawan et al, 1996; Law & Loh, 1999), was partially
inhibited by CNQX. The injection of kainate (0.47 nmol) into
the lateral cerebroventricle stimulated the secretion markedly
(Figure 5 and Tsuchiya et al., 2001), but the effect of AMPA
was limited even at the higher dose (37.4nmol) (Tsuchiya et
al., 2001). Thus, an inhibitory effect of CNQX on the secretion
appeared to be derived from inhibition of the kainate receptor.
In contrast, treatment with CPP, an antagonist for the NMDA
receptor, did not affect gastric acid secretions stimulated by
dynorphin A-(1-17) and by the tested selective agonists for x,—
K5-opioid receptors (Figure 2). These findings suggest that (1)
among k-opioid receptors, the ;- and ks-opioid receptor
systems interacted with the kainate, but not the NMDA
receptor system, and stimulated gastric acid secretion, and (2)
the secretion stimulated by activation of the x,-opioid receptor
system was independent of the NMDA and kainate receptor
systems in the brain regions close to the lateral cerebroventricle
in rats (Table 4).

Although the k-opioid receptor system inhibited glutama-
tergic transmission and glutamate release in various brain
regions (McGinty, 1999; Ogura & Kita, 2000), some investi-
gators showed that activation of central x-opioid receptors
increased the amount of glutamate in the cerebrospinal fluid in
rats (Bakshi et al, 1990; Skilling et al, 1992). Kainate
receptors, specifically kainate receptor subunits (GIluR5-7,
KA1 and KA2), are widely distributed in the hypothalamus,
including the arcuate nucleus and paraventricular nucleus of
the hypothalamus (Van Den Pol er al, 1994; Vignes and
Collingridge, 1997; Eyigor et al., 2001). Thus, activation of ;-
and ks-opioid receptors may release glutamate as a following
neurotransmitter and thus stimulate gastric acid secretion via
activation of kainate receptors in the brain regions close to the
lateral cerebroventricle.

Involvement of the GABA,, but not GABAp, receptor
system on gastric acid secretion stimulated by the
injection of agonists for k-opioid receptors

GABA and its receptor systems in the CNS are important to
stimulate gastric acid secretion (Lin et al., 1988; Del Tacca et
al., 1990; Lin, 1995; Watanabe et al, 2000). Bicuculline
infusion completely inhibited gastric acid secretion stimulated
by the injections of U69593 and bremazocine into the lateral
cerebroventricle (Figure 3). Both the secretions stimulated by
NBH and dynorphin A-(1-17) were partially inhibited by
bicuculline infusion. Interestingly, the secretions in the initial
phase during 0—40 min induced by the injection of dynorphin
A-(1-17) and NBH were slightly, not significantly, inhibited by
treatment with bicuculline, and the secretions in the late phase
(during a period of 40-90 min after injections of agonists for
k-opioid receptors) were markedly inhibited by the treatment.
The central injection of phaclofen, an antagonist for the
GABAj receptor, did not affect the gastric acid secretion
induced by dynorphin A-(1-17) and NBH (Table 2). These
findings suggest that (1) the xk,—ks-opioid receptor systems
were dependent on activation of the GABA,, not GABAg,
receptor system in order to stimulate gastric acid secretion, and
(2) activation of k-opioid receptors by dynorphin A-(1-17), an
endogenous agonist, may have been due to the activation of

the x;-opioid receptor system, mainly in the brain regions close
to the lateral cerebroventricle in rats (Table 4). Bicuculline was
administrated systemically by intravenous infusion in the
present study, and it has been reported that activation of
peripheral GABA 4 receptors stimulated or potentiated gastric
acid secretion in rats (Harty et al, 1991; Lin, 1995). In the
present study, however, the GABA, receptor system func-
tioned centrally, not peripherally, to regulate gastric acid
secretion, because gastric acid secretion stimulated by the
injection of agonists for x-opioid receptors into the fourth
cerebroventricle was not inhibited by bicuculline treatment
(Table 3).

Many pharmacological findings showed that opioids exerted
their excitatory action in the brain indirectly, by inhibiting
release of the inhibitory neurotransmitter GABA (Mulder &
Schoffelmeer, 1993; Sbrenna et al, 1999). Thus, the exact
mechanisms for interactions between x-opioid receptors and
GABA receptor systems are unknown. It was reported that
k-opioid receptors present at the presynapses act as the
inhibitory regulator of the release of methionine-enkephalin,
an endogenous agonist for p-opioid receptor (Ueda et al,
1987). A contribution of inhibitory neurons activated by the
p-opioid receptor system may decrease and thus stimulate
GABA release in the brain regions close to the lateral
cerebroventricle. Another possibility is the involvement of
neurons, which can release glutamate by the activation of
k-opioid receptors. As described above, several studies
reported that the activation of central x-opioid receptors
increased glutamate release in the CNS (Bakshi ez al., 1990;
Skilling et al., 1992). Recent studies established that activation
of kainate receptors enhanced the release of GABA from some
brain regions including hippocampal interneurons (Cossart
et al., 2001; Jaffe & Figueroa, 2001; Kerchner et al., 2001). In
the present study, gastric acid secretion stimulated by the
central injection of kainate was inhibited by bicuculline
infusion (Figure 5). Thus, the glutamate released by activation
of k-opioid receptors may stimulate GABA release from
interneurons via activation of kainate receptors, and thus
stimulate gastric acid secretion via activation of GABA,
receptors in the CNS. It has to be determined whether
glutamate and GABA are released by activation of x-opioid
receptors in the brain regions close to the lateral cerebroven-
tricle.

Interaction of k-opioid and other receptor systems in the
respective brain regions regulating gastric acid secretion

Although there are differences in the subtypes, the x-opioid
receptor systems appeared to interact with the kainate receptor
system and thus stimulate gastric acid secretion in the rat brain
regions close to the lateral cerebroventricle (Table 4). In the
brain regions close to the fourth cerebroventricle, however,
the x-opioid receptor system appeared not to interact with the
kainate receptor system. The injection of CNQX into
the fourth cerebroventricle alone, but not into the lateral
cerebroventricle, markedly stimulated gastric acid secretion.
In addition, the GABA, receptor system regulated the
secretion stimulated by activation of k-opioid receptors in
the brain regions close the lateral, but not the fourth,
cerebroventricle. Thus, the interactions between k-opioid,
glutamate and GABA receptor systems are different, depend-
ing on each brain region.
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It was reported that excitation of the raphe pallidus by
microinjection of kainate induced a vagal-dependent stimula-
tion of gastric acid secretion that was mediated by endogenous
thyrotropin-releasing hormone in the dorsal vagal complex in
rats (Yang et al, 1993). Several studies have reported the
interactions between 5-HT and thyrotropin-releasing hormone
receptor systems in the medullary caudal raphe nuclei and the
dorsal vagal complex affecting gastric acid secretion (Chi et al.,
1996; Yang et al, 2000). The bilateral microinjection of
ketanserin (1 nmol) into the dorsal vagal complex inhibited
gastric acid secretion stimulated by the microinjection of
kainate (0.45nmol) into the raphe pallidus (Yoneda &
Taché, 1995). In the brain regions close to the lateral
cerebroventricle, however, the 5-HT,,c receptor systems at
least were not involved in the secretion by activation of k-
opioid receptors because ketanserin (5.5 nmol) did not show an
inhibitory effect. The interactions between the x-opioid and
other receptor systems should be determined in the respective
fine brain regions in future studies.

Summary and evidence for k-opioid receptor subtypes

The molecular nature of x,- and x3-opioid receptors is still
unclear because only a single x-opioid receptor clone (k) has
been detected within various species (Raynor et al., 1994). The
K,- and ks-opioid receptors may represent post-translational
modifications of one gene product (i), or the heterogeneous
association of other molecules. Recent findings suggest that
the k,-opioid receptors are in fact a mixed population of
k- and 0- (Jordan & Devi, 1999) or w-opioid receptors

References

BAKSHI, R., NEWMAN, A H. & FADEN, A.L. (1990). Dynorphin A-(1-
17) induces alternations in free fatty acids excitatory amino acids
and motor function through an opiate-receptor-mediated mecha-
nism. J. Neurosci., 10, 3793-3800.

BUTELMAN, E.R., HOLDEN KO, M.C., TRAYNOR, J.R., VIVIAN, J.A.,
KREEK, M.-J. & WOODS, J.H. (2001). GR89,696: a potent x-opioid
agonist with subtype selectively in rhesus monkeys. J. Pharmacol.
Exp. Ther., 298, 1049-1059.

CAUDLE, R.M., MANNES, A.J. & IADAROLA, M.J. (1997). GR89,696
is a k-2 opioid receptor agonist and a k-1 opioid receptor antagonist
in the guinea pig hippocampus. J. Pharmacol. Exp. Ther., 283,
1342-1349.

CHI, J., KEMERER, J. & STEPHENS Jr, R.L. (1996). 5-HT in DVC:
disparate effects on TRH analogue-stimulated gastric acid secre-
tion, motility, and cytoprotection. Am. J. Physiol., 271, R368—
R372.

COSSART, R., TYZIO, R., DINOCOURT, C., ESCLAPEZ, M., HIRSCH,
J.C., BEN-ARI, Y. & BERNARD, C. (2001). Presynaptic kainate
receptors that enhance the release of GABA on CAl hippocampal
interneurons. Neuron, 29, 497-508.

DEL TACCA, M., BLANDIZZE, C. & BERNARDINI, M.C. (1990).
Central GABA, excitatory and GABAj inhibitory receptors
regulate gastric acid secretion in rats. Eur. J. Pharmacol., 177,
189-194.

DHAWAN, B.N., CESSELIN, F., RAGHUBIR, R., REISINE, T.,
BRADLEY, P.B., PORTOGHESE, P.S. & HAMON, M. (1996).
International Union of Pharmacology. XII. Classification of opioid
receptors. Pharmacol. Rev., 48, 567-592.

EYIGOR, O., CENTERS, A. & JENNES, L. (2001). Distribution of
ionotropic glutamate receptor subunit mRNAs in the rat hypotha-
lamus. J. Comp. Neurol., 434, 101-124.

FOX, D.A. & BURKS, T.F. (1988). Roles of central and peripheral, mu
delta and kappa opioid receptors in the mediation of gastric acid
secretory effects in the rat. J. Pharmacol. Exp. Ther., 244, 456-462.

(Simonin et al., 2001). However, much evidence has shown the
existence of x-opioid receptor subtypes, at least pharmacolo-
gically (Satoh & Minami, 1995; Dhawan et al., 1996; Law and
Loh, 1999; Heyliger et al., 1999). For example, bremazocine
(k»), but not U69593 (x,), caused a decrease in synaptically
evoked NMDA receptor-mediated currents and thus produced
the antihyperalgesic effect (Ho et al., 1997). A synthesized
agent GR89696 acted as an agonist and antagonist for x,- and
K,-opioid receptors, respectively, in the guinea-pig hippocam-
pus (Caudle et al., 1997), and showed an agonist profile
consistent with an action through x,-opioid receptors in vitro
and in vivo in rhesus monkeys (Butelman et al., 2001). Pan
et al. (1995) reported that there was a clone of the «;-related
opioid receptor in the mouse brain, although it is still unclear
whether the clone is the k;-opioid receptor itself.

The present findings suggest the existence of three pharma-
cologically different subtypes of x-opioid receptors, which are
all positively coupled to gastric acid secretion, having different
interactions with other receptor systems, in the brain regions
close to the lateral cerebroventricle in rats: (1) the x;-opioid
receptors largely interacted with kainate and GABA, recep-
tors; (2) the k,-opioid receptors interacted with GABA,4, but
not with kainate, receptors; and (3) the xs-opioid receptors
partially, but not significantly, interacted with kainate and
GABA, receptors. A cloning of each subtype and more
biochemical characterization are necessary to support the
proposed subtypes of k-opioid receptors.

The authors thank Dr Masamichi Satoh (Kyoto University) for
providing bremazocine.

GARCiA-ZARAGOZA, E., BARRACHINA, M.D., MORENO, L. &
ESPLUGUES, J.V. (2000). Role of central glutamate receptors,
nitric oxide and soluble guanylyl cyclase in the inhibition by
endotoxin of rat gastric acid secretion. Br. J. Pharmacol., 130,
1283-1288.

GEOGHEGAN, J.G. & PAPPAS, T.N. (1997). Central peptidergic
control of gastric acid secretion. Gut, 40, 164—166.

GRIJALVA, C.V. & NOVIN, D. (1990). The role of the hypothalamus
and dorsal vagal complex in gastrointestinal function and patho-
physiology. Ann NY Acad Sci, 597, 207-222.

HAINAL, A., SANDOR, P., JANDO, G., VIDA, 1., CZURKO, A.,
KARADI, Z. & LENARD, L. (1992). Feeding disturbances and EEG
activity changes after amygdaloid kainate lesions in the rat. Brain
Res. Bull., 29, 909-916.

HARTY, R.F., BOHARSKI, M.G., BOCHNA, G.S., CARR, T.A.,
EAGAN, P.E., RINGS, M., LASSITER, D.C., POUR, M.P., SCHA-
FER, D.F. & MARKIN, R.S. (1991). y-Aminobutyric acid
localization and function as modulator of cholinergic neurotrans-
mission in rat antral mucosal/submucosal fragments. Gastroenter-
ology, 101, 1178-1186.

HEYLIGER, S.0., JACKSON, C., RICE, K.C. & ROTHMAN, R.B.
(1999). Opioid peptide receptor studies. 10. Nor-BNI differentially
inhibits kappa receptor agonist-induced G-protein activation in the
guinea pig caudate: further evidence of kappa receptor hetero-
geneity. Synapse, 34, 256-265.

HO, J., MANNES, A.J., DUBNER, R. & CAUDLE, R.M. (1997). Putative
k-2 opioid agonists are antihyperalgesic in a rat model of
inflammation. J. Pharmacol. Exp. Ther., 281, 136-141.

ISHIHARA, S., TSUCHIYA, S., HORIE, S., MURAYAMA, T. &
WATANABE, K. (2001a). Stimulatory effects of centrally injected
K-opioid receptor agonists on gastric acid secretion in urethane-
anesthetized rats. Eur. J. Pharmacol., 418, 187-194.

ISHIHARA, S., TSUCHIYA, S., HORIE, S., MURAYAMA, T. &
WATANABE, K. (2001b). Gastric acid secretion by central injection

British Journal of Pharmacology vol 138 (6)



1058 S. Minowa et al

k-Opioid receptor subtypes

of dynorphin A-(1-17), an endogenous ligand of x-opioid receptor,
in urethane-anesthetized rats. Jpn. J. Pharmacol., 87, 14-20.

JAFFE, E.H. & FIGUEROA, L. (2001). Glutamate receptor desensitiza-
tion block potentiates the stimulated GABA release through
external Ca’"-independent mechanisms from granule cells of
olfactory bulb. Neurochem. Res., 26, 1177-1185.

JORDAN, B.A. & DEVI, L.A. (1999). G-protein-coupled receptor
heterodimerization modulates receptor function. Nature, 399,
697-700.

KANEKO, H. & TACHE, Y. (1995). TRH in the dorsal motor nucleus of
vagus is involved in gastric erosion induced by excitation of raphe
pallidus in rats. Brain Res., 699, 97-102.

KERCHNER, G.A., WANG, G.D., QIU, C.S., HUETTNER, J.E. &
ZHUO, M. (2001). Direct presynaptic regulation of GABA/glycine
release by kainate receptors in the dorsal horn: an ionotropic
mechanism. Neuron, 32, 477-488.

LAMBERT, J.J., BELELLI, D., HILL-VENNING, C. & PETERS, J.A.
(1995). Neurosteroids and GABA, receptor function. Trends.
Pharmacol. Sci., 16, 295-303.

LANDEIRA-FERNANDEZ, J. & GRIJALVA, C.V. (1999). Infusion of
neurotoxic doses of N-methyl-p-aspartate into the lateral hypotha-
lamus in rats produces stomach erosions, hyperthermia, and a
disruption in eating behavior. Behav. Neurosci., 113, 1049-1061.

LAPCHAK, P.A., CHAPMAN, D.F., NUNEZ, S.Y. & ZIVIN, J.A. (2000).
Dehydroepiandrosterone sulfate is neuroprotective in a reversible
spinal cord ischemia model: possible involvement of GABA,
receptors. Stroke, 31, 1953-1957.

LAW, P.Y. & LOH, H.H. (1999). Regulation of opioid receptor
activities. J. Pharmacol. Exp. Ther., 289, 607-624.

LIN, W.-C. (1995). Stimulatory effect of muscimol on gastric acid
secretion stimulated by secretagogues in vagotomized rats under
anesthesia. Eur. J. Pharmacol., 279, 43-50.

LIN, W.-C., YANO, S. & WATANABE, K. (1988). Possible involvement
of central GABAergic system in pentobarbital-stimulated gastric
acid secretion in the perfused rat stomach preparation. Eur. J.
Pharmacol., 149, 33-39.

LIN, W.-C., YANO, S. & WATANABE, K. (1989). Inhibitory effects of
intravenous GABA antagonists on gastric acid secretion stimulated
by secretagogues in rats. Jpn. J. Pharmacol., 49, 267-274.

MANSOURE, A., FOX, V.A., AKIL, H. & WATSON, S.J. (1995). Opioid-
receptor mRNA expression in the rat CNS: anatomical and
functional implications. Trends. Neurosci., 18, 22-29.

McGINTY, J.F. (1999). Regulation of neurotransmitter interactions in
the ventral striatum. Ann. NY Acad. Sci., 877, 129-139.

MITSUSHIMA, D., FUNABASHI, T. & KIMURA, F. (1999). Fos
expression in gonadotropin-releasing hormone neurons by nalox-
one or bicuculline in intact male rats. Brain Res., 839, 209-212.

MULDER, A.H. & SCHOFFELMEER, A.N.M. (1993). Multiple opioid
receptors and presynaptic modulation of neurotransmitter release in
the brain. In Opioids I. Handbook of Experimental Pharmacology.
eds. Herz, A., Akil, H. & Simon, E.J. (Vol 104/1). pp. 125-144.
Berlin: Springer.

NAMIKI, T., EGAWA, M., TOMINAGA, S., INOUE, S. & TAKAMURA,
Y. (1993). Effect of GABA and L-glutamate on the gastric acid
secretion and gastric defensive mechanisms in rat lateral hypotha-
lamus. J. Auton. Nerv. Syst., 44, 217-223.

OGURA, M. & KITA, H. (2000). Dynorphin exerts postsynaptic and
presynaptic effects in the globus pallidus of the rat. J. Neurophysiol.,
83, 3366-3376.

PAN, Y.-X., CHENG, J., XU, J., ROSSI, G., JACOBSON, E., RYAN-
MORO, J., BROOKS, A.l., DEAN, G.E.,, STSNDIFER, K.M. &
PASTERNAK, G.W. (1995). Cloning and functional characterization
through antisense mapping of a xs-related opioid receptor. Mol.
Pharmacol., 47, 1180-1188.

PAXINOS, G. & WATSON, C. (1997). The Rat Brain in Stereotaxic
Coordinates. 3rd edn. pp. 1-79. San Diego: Academic Press.

PIRKER, S., SCHWARZER, C., WIESELTHALER, A., SIEGHART, W. &
SPERK, G. (2000). GABA, receptors: immunocytochemical dis-
tribution of 13 subunits in the adult rat brain. Neuroscience., 101,
815-850.

RAYNOR, K., KONG, H., CHEN, Y., YASUDA, K., YU, L., BELL, G.I.
& REISINE, T. (1994) Pharmacological characterization of the
cloned k- 0- and p-opioid receptors. Mol. Pharmacol., 45, 330-334.

SATOH, M. & MINAMI, M. (1995). Molecular pharmacology of the
opioid receptors. Pharmacol. Ther., 68, 343—-364.

SBRENNA, S., MARTI, M., MORARI, M., CALO, G., GUERRINI, R.,
BEANI, L. & BIANCHI, C. (1999). L-Glutamate and y-aminobutyric
acid efflux from rat cerebrocortical synaptosomes: modulation by
k- and u- but not J- and opioid receptor like-1 receptors. J.
Pharmacol. Exp. Ther., 291, 1365-1371.

SIMONIN, F., SLOWE, S., BECKER, J.AJ., MATTHES, HW.D.,
FILLIOL, D., CHLUBA, J., KITCHEN, 1. & KIEFFER, B.L. (2001).
Analysis of [*H]bremazocine binding in single and combinatorial
opioid receptor knockout mice. Eur. J. Pharmacol., 414, 189-195.

SKILLING, S.R., SUN, X., KURTZ, HJ. & LARSON, A.A. (1992).
Selective potentiation of NMDA-induced activity and release of
excitatory amino acids by dynorphin: possible roles in paralysis and
neurotoxicity. Brain Res., 575, 272-278.

STANLEY, B.G., BUTTERFIELD, B.S. & GREWAL, R.S. (1997).
NMDA receptor coagonist glycine site: evidence for a role in
lateral hypothalamic stimulation of feeding. Am. J. Physiol., 273,
R790-R796.

TACHE, Y. (1987). Central nervous system regulation of gastric acid
secretion. In Physiology of the Gastrointestinal Tract. ed. Johnson,
L.R. (Vol 2). pp. 911-930, New York: Raven Press.

TACHE, Y., YANG, H. & YANAGISAWA, K. (1991). Brain regulation
of gastric acid secretion by neuropeptides. In Brain—Gut Interac-
tions. eds. Taché, Y. & Wingate, D. pp. 169-186. Boca Raton, FL:
CRC Press.

TSUCHIYA, S., HORIE, S. & WATANABE, K. (2001). Stimulatory
effects of centrally injected kainate and N-methyl-D-aspartate on
gastric acid secretion in anesthetized rats. Brain Res., 914, 115-122.

UEDA, H., FUKUSHIMA, N., GE, M., TAKAGI, H. & SATOH, M.
(1987). Presynaptic opioid kappa-receptor and regulation of the
release of Met-enkephalin in the rat brainstem. Neurosci. Lett., 81,
309-313.

VAN DEN POL, A.N., HERMANS-BORGMEYER, 1., HOFER, M.,
GHOSH, P. & HEINEMANN, S. (1994). Ionotropic glutamate-
receptor gene expression in hypothalamus: localization of AMPA,
kainite, and NMDA receptor RNA with in situ hybridization. J.
Comp. Neurol., 343, 428-444.

VIGNES, M. & COLLINGRIDGE, G.L. (1997). The synaptic activation
of kainate receptors. Nature, 388, 179-182.

WATANABE, K., KAGAKURA, Y., HIURA, N., TSUCHIYA, S. &
HORIE, S. (2000). Stimulation of gastric acid secretion by
progesterone metabolites as neuroactive steroids in anesthetized
rats. J. Physiol. (Paris), 94, 111-116.

YANG, H., OHNING, G. & TACHE, Y. (1993). TRH in dorsal vagal
complex mediates acid response to excitation of raphe pallidus
neurons in rats. Am. J. Physiol., 265, G880-G886.

YANG, H., YUAN, P.Q., WANG, L. & TACHE, Y. (2000). Activation of
the parapyramidal region in the ventral medulla stimulates gastric
acid secretion through vagal pathways in rats. Neuroscience., 95,
773-7179.

YONEDA, M. & TACHE, Y. (1995). Serotonin enhances gastric acid
response to TRH analogue in dorsal vagal complex through 5-HT,
receptors in rats. Am. J. Physiol., 269, R1-R6.

(Received August 30, 2002
Revised November 1, 2002
Accepted November 4, 2002)

British Journal of Pharmacology vol 138 (6)



