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1 In the oesophageal muscularis mucosae, we examined the e�ects of endothelin-1 (ET-1), endothelin-2
(ET-2), endothelin-3 (ET-3) and sarafotoxin S6c (SX6c) as agonists, and FR139317, BQ-123 and RES-
701-1 as endothelin receptor antagonists.

2 All of the endothelins produced tonic contractions which were frequently superimposed on rhythmic
motility in a concentration-dependent manner. The order of potency (7log EC50) was ET-1
(8.61)=SX6c (8.65)4ET-2 (8.40)4ET-3 (8.18).

3 FR139317 (1 ± 3 mM) and BQ-123 (1 mM) caused parallel rightward shifts of the concentration-
response curve to ET-1, but at higher concentrations caused no further shift. RES-701-1 (3 mM) caused a
rightward shift of the concentration-response curve to ET-1, while RES-701-1 (10 mM) had no additional
e�ect. RES-701-1 (0.1 ± 1 mM) concentration-dependently caused a rightward shift of the concentration-
response curve to SX6c. The contraction to ET-1 (10 nM) in preparations desensitized to the actions of
SX6c was greatly inhibited by pretreatment with FR139317 (10 mM).
4 Modulation of the Ca2+ concentration in the Krebs solution caused the concentration-response curve
to ET-1 or SX6c to shift to the right and downward as external Ca2+ concentrations decreased. Verapamil
(30 mM) abolished rhythmic motility induced by ET-1 or SX6c. Ni2+ (0.1 mM) weakly inhibited ET-1- or
SX6c-induced tonic contraction. SK&F 96365 (60 mM) completely inhibited ET-1-induced contractions.

5 We conclude that there are two types of ET-receptors, excitatory ETA- and ETB-receptors in the
oesophageal muscularis mucosae. These receptors mediate tonic contractions predominantly by opening
receptor-operated Ca2+ channels (ROCs) and partly by opening T-type Ca2+ channels, and mediate
rhythmic motility by opening L-type Ca2+ channels.
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Introduction

ET-1 is the most potent vasoconstrictor polypeptide of
mammalian origin (Yanagisawa et al., 1988). ET-1 also has a

potent contractile activity on non-vascular smooth muscles
from the respiratory, gastro-intestinal and urogenital tracts
(Rae et al., 1995). Two ET-receptor subtypes, ETA and ETB,

have been cloned from mammalian tissues (Ohlstein et al.,
1996). Previous studies have indicated that the external smooth
muscles of gut wall have excitatory ETA- or ETB-receptor

subtype linking with L-type Ca2+ channels (Rae et al., 1995). In
addition, the coexistence of ETA- and ETB-receptors have been
found in the ileal smooth muscle of the guinea-pig (Yoshinaga

et al., 1992; Warner et al., 1993). In the gastro-intestinal tract,
ETs probably have an important physiological role in motility
of the external smooth muscle layers. On the other hand, an
autoradiographic study has demonstrated that 125I-ET binds in

the mucosal layer of the rat stomach, intestine and colon
(Koseki et al., 1989). ETs possibly produced by mucosal
epithelial cells are present in the rat gastro-intestinal tracts and

cause contraction of gastro-intestinal smooth muscles (Taka-
hashi et al., 1990). ETs also stimulate electrogenic Cl7 secretion
in the colonic mucosa, and ET-1 induces mucosal hypoxia and

ulcer (Rae et al., 1995). Thus, ETs are thought to have
important physiological and pathophysiological roles in both
absorptive and secretory functions of the gastro-intestinal

mucosa. Their exact physiological functions on the mucosal
layer, however, have not yet been established.

The muscularis mucosae, a thin band of smooth muscle
located at the base of the gastro-intestinal mucosa, has

received very little attention when compared with the external
smooth muscle layers. The muscularis mucosae probably has a

great in¯uence on the absorptive and secretory functions of the
mucosa (King et al., 1922). We have investigated the
autonomic innervation and receptor systems of the muscularis

mucosae in the guinea-pig oesophagus. The oesophageal
muscularis mucosae is innervated chie¯y by excitatory
cholinergic nerves and sparsely by inhibitory adrenergic

nerves, but not by non-adrenergic and non-cholinergic nerves
(Kamikawa & Shimo, 1979; Kamikawa et al., 1982). It is
already known that the receptor systems in this tissue for

catecholamines, 5-hydroxytryptamine, acetylcholine and his-
tamine are di�erent from those in the external smooth muscles
(Uchida, 1983; Uchida et al., 1983; Kamikawa & Shimo, 1983;
Kamikawa et al., 1985; Fujinuma et al., 1985). ET-1 elicits

contractions of the isolated oesophageal muscularis mucosae,
but the receptor mechanisms and subtypes involved in this
e�ect are still uncharacterized. The present experiments were

designed to clarify the receptor mechanisms underlying
contractions induced by ETs in the muscularis mucosae
isolated from the guinea-pig oesophagus.

Methods

Preparations

After adult male guinea-pigs (250 ± 400 g) were euthanized by

anaesthetizing with overdose sevo¯urane (Maruishi Pharma-
ceutical Co.) and exsanguinized. Then, the oesophageal body2Author for correspondence.
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was excised. Brie¯y, the excised oesophagus was pinned on a
cork mat immersed in an oxygenated (95% O2 and 5% CO2)
Krebs solution. The oesophagus was cleaned of fat and

connective tissue. The outer striated muscle coat was cut
longitudinally, and gently peeled away leaving an inner tube
(Uchida, 1983). The tube including longitudinal muscularis
mucosae was about 10 ± 15 mm long without a load and was

immersed in a 10 ml organ bath ®lled with a modi®ed Krebs
solution of the following composition (mM): NaCl 120, KCl
4.7, CaCl2 2.5, MgCl2 1.2, NaHCO3 25, KH2PO4 1.2, glucose

14, disodium edetate (EDTA) 0.03 and ascorbic acid 0.12. The
Krebs solution was bubbled with 95% O2 and 5% CO2, and
maintained at 378C.

Measurement of contractile response

The preparation was suspended under a 0.5 g load and 60 min
was allowed to elapse before experiments were started. During
this equilibration period, the preparation was washed with a
fresh Krebs solution every 20 min. Responses of the long-

itudinal muscularis mucosae were recorded by an isotonic
transducer (TD-112S, Nihon Kohden Inc., Tokyo, Japan)
connected to a chart recorder (RJG-4124, Nihon Kohden Inc.,

Tokyo, Japan). After the 60 min equilibration period, the
preparation was maximally contracted with a single concentra-
tion of carbachol (10 mM) (Kamikawa et al., 1985) and was

allowed to equilibrate for 30 min after washout. The
concentration-response relationships for contractions to ETs
were obtained by the cumulative dose technique. Contractions

to ETs were measured as a percentage of 10 mM carbachol-
induced contraction. E�cacy (Emax) and potency (7log EC50)
of ETs were calculated from individual concentration-response
curves. Emax (the maximal response of each agonist) was

expressed as a percentage of 10 mM carbachol-induced
contraction. EC50 (molar concentration eliciting 50% of Emax)
was determined by linear interpolation for each curve. ETA-

and ETB- antagonists, verapamil, Ni
2+ and indomethacin were

pretreated to the tissue for 20 min. The slope of Schild plot and
pA2 value were calculated by the method of Arunlakshana &

Schild, (1959).

Statistics

Responses were averaged at each concentration of the agonist.
The data obtained are expressed as means+s.e.mean. Each
experimental group consisted of 4 ± 14 preparations taken from

di�erent animals. Student's t-test was used for statistical
evaluation of the di�erence between two groups. Values of P
less than 0.05 were considered to be signi®cant.

Drugs

The following drugs were used: endothelin-1, endothelin-2,
endothelin-3, sarafotoxin S6c (Peptide Institute, Osaka,
Japan); FR139317 ((R)2-[(R)-2-[(S)-2-[ [1- (hexahydro -1H-
azepinyl)] carbonyl] amino-4 -methylpentanoyl] amino-3- [3- (1-

methyl- 1H -indoyl) ] propionyl] amino- 3- (2- pyridyl) propionic
acid) (Sogabe et al., 1993) (a gift from Fujisawa Pharmaceu-
tical Co., Osaka, Japan); RES-701-1 (cyclic (Gly1-Asp9)(Gly-

Asn- Trp-His-Gly- Thr-Ala- Pro-Asp- Trp- Phe-Phe-Asn-Tyr-
Tyr-Trp)) (Tanaka et al., 1994) (a gift from Kyowa Hakko
Kogyo Co., Tokyo, Japan); BQ-123 (cyclo(-D-Asp-L-Pro-D-

Val-L-Leu-D-Trp-)) (Ihara et al., 1992) (Research Biochemicals
Inc., Natick, U.S.A.); SK&F 96365 (BIOMOL Research
Laboratories Inc., Plymouth Meeting, U.S.A.); verapamil
hydrochloride (Eisai Co. Ltd., Tokyo, Japan); indomethacin,

carbamylcholine chloride (carbachol) (Sigma Chemical Co.,
St. Louis, U.S.A.); nickel chloride hexahydrate, nicardipine
hydrochloride (Wako Pure Chemical Industries Ltd., Osaka,

Japan). ETs were dissolved in and diluted with 0.1% aqueous
acetic acid solution. FR139317 was dissolved in equimolar 1N
NaOH and diluted with physiological saline. RES-701-1 was
dissolved in dimethyl sulphoxide and diluted with Krebs

solution. BQ-123, nickel chloride and nicardipine were
dissolved in and diluted with distilled water. SK&F 96365,
verapamil and carbachol were dissolved in and diluted with

physiological saline. Indomethacin was dissolved in distilled
water containing equimolar Na2CO3 and diluted with
physiological saline. We have ascertained that these solvents,

at the concentrations used in the present experiments, did not
a�ect the contractility of the muscularis mucosae by
themselves. The molar concentrations of drugs described in

this paper refer to the ®nal bath concentrations.

Results

Responsiveness to ETs

Contractile responses to ETs of the muscularis mucosae
isolated from the guinea-pig oesophagus consisted of a tonic
contraction which was frequently superimposed on rhythmic

motility (Figure 1). ET-1 (0.1 ± 3 nM), ET-2 (0.3 ± 3 nM), ET-3
(0.3 ± 3 nM) and SX6c (0.1 ± 3 nM) produced tonic contractions
superimposed on rhythmic motility, but rather reduced

rhythmic motility at higher concentration (10 ± 300 nM)
(Figure 1). All of ET-1, ET-2 and SX6c produced contractions
of the muscularis mucosae in a concentration-dependent
manner, and their cumulative concentration-response curves

were sigmoid (Figure 2). The maximum contraction induced
by the highest concentration of ET-1 (30 nM) gradually
decreased even in the presence of this peptide (Figures 1 and

8), and nearly returned to the resting level after 150 ± 180 min.
SX6c-induced maximum contraction was more quickly
restored to the resting level at 30 ± 40 min after the drug

application, and SX6c (30 nM) readily desensitized to the
subsequent application of SX6c (Figures 1 and 8). When the
contraction to SX6c (30 nM) had reached to the maximum,
further addition of a higher concentration (100 nM) rather

depressed the preceding one (data not shown). ET-3 also
produced a concentration-dependent contraction of the
oesophageal muscularis mucosae, but its concentration-

response curve was bimodal sigmoid (Figures 1 and 2). The
order of potency (7log EC50) was ET-1=SX6c4ET-24ET-3,
but their e�cacies (Emax) were not signi®cant (Table 1). On the

other hand, ET-1 (0.1 ± 30 nM) and SX6c (0.1 ± 100 nM) did
not produce signi®cant relaxations of the oesophageal
muscularis mucosae precontracted with carbachol (3 mM)
(n=3, data not shown).

In¯uence of ET-receptor antagonists

FR139317 (1 ± 3 mM) and BQ-123 (1 mM) caused parallel
rightward shifts of the concentration-response curve to ET-1,
but at higher concentrations of FR139317 (10 mM) and BQ-123
(3 mM) the curve was no further shifted (Figure 3). RES-701-1
(3 mM) also caused a rightward shift of the curve to ET-1 with
a slight reduction in the maximal response, but at a higher

concentration of RES-701-1 (10 mM) the curve was no further
shifted (Figure 4). Combined treatments with 10 mM
FR139317 and 3 mM RES-701-1 more e�ectively caused a
rightward shift of the concentration-response curve to ET-1
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with a slight reduction in the maximal response (Figure 5).
FR139317 (1 ± 10 mM) caused only a slight rightward shift of
the lower part (1 ± 30 nM) of the concentration-response curve

to ET-3, but not shift of the higher part (30 ± 300 nM) (Figure
6A). In contrast, RES-701-1 (0.3 ± 3 mM) caused a markedly
rightward shift of the curve to ET-3 with a slight reduction in
the maximal response (Figure 6B). However, the higher

concentration of RES-701-1 (10 mM) caused no further shift
(Figure 6B). RES-701-1 (0.1 ± 1 mM) also caused a rightward

shift of the concentration-response curve to SX6c with a slight
reduction in the maximal response (Figure 7A). The pA2 value
of RES-701-1 against SX6c was estimated as 6.83, and the

slope (1.05) of Schild plot for RES-701-1 was not signi®cantly
di�erent from unity (Figure 7B).

Responses to ET-1 in SX6c-desensitized preparations

As shown in Figure 8, SX6c (30 nM)-induced contraction of
the oesophageal muscularis mucosae was transient and

returned to the resting level after 30 min. When SX6c
(30 nM)-induced contraction returned to the resting level, a
subsequent application of SX6c (30 nM) did not produce any

contraction (Figure 8A). In contrast, an application of ET-1
(10 nM) still produced a sustained contraction of SX6c-
desensitized preparation (Figure 8B). The contraction to ET-

1 in SX6c-desensitized preparation was greatly inhibited by
pretreatment with 10 mM FR139317 (Figure 8C). Such
desensitization to SX6c or pretreatment with FR139317 did
not a�ect carbachol (10 mM)-induced contraction of the

muscularis mucosae (Figure 8).

Role of Ca2+ on ET-1 or SX6c-induced contraction

When the oesophageal muscularis mucosae was incubated for
30 min in a Krebs solution containing various Ca2+

concentrations (1.25, 0.625, 0 mM), the concentration-response

Figure 1 Typical tracings of endothelin-1-, endothelin-3- and
sarafotoxin S6c-induced contractions of the guinea-pig oesophageal
muscularis mucosae. Endothelins and sarafotoxin S6c were applied to
the muscularis mucosae with the cumulative dose technique. Vertical
calibrations show 50% contraction induced by 10 mM carbachol
(CCh). Horizontal calibration is 10 min.

Figure 2 Cumulative concentration-response curves to endothelins
in the guinea-pig oesophageal muscularis mucosae. Endothelin-1 (ET-
1,*), endothelin-2 (ET-2,~), endothelin-3 (ET-3,&) and sarafotoxin
S6c (SX6c,^). Ordinate scale shows the amplitude of contraction as
a % of the maximum contraction induced by carbachol (CCh,
10 mM). Each point represents means+s.e.mean. Numbers of
observations indicate in parenthesis.

Table 1 Responsiveness to endothelins of the muscularis mucosae isolated from the guinea-pig oesophagus

Endothelins n 7log EC50 Emax (% of 10 mM CCh)

endothelin-1 12 8.61+0.07 77.61+2.29
endothelin-2 7 8.40+0.04* 76.90+2.98NS

endothelin-3 11 8.18+0.06*** 72.18+4.35NS

sarafotoxin S6c 14 8.65+0.06NS 73.17+2.28NS

Each 7log EC50 and Emax value represents means+s.e.mean. *P50.05; ***P50.001; these were signi®cantly di�erent from the value
to endothelin-1. NS, not signi®cant. CCh, carbachol.
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curves to ET-1 and SX6c were shifted to the right and
downward as external Ca2+ concentrations decreased (Figure
9). The maximum contraction to ET-1 (30 nM) and SX6c

(30 nM) were completely abolished after only a 10 min
incubation with a Ca2+-free EGTA (1 mM)-containing
medium (n=3, data not shown). Pretreatment with 30 mM
verapamil completely inhibited rhythmic motility super-

imposed on ET-1 or SX6c-induced tonic contraction, but
caused only a slight rightward shift of the curves to ET-1 and
SX6c (Figure 10). Ni2+ (0.1 ± 0.3 mM) did not inhibit rhythmic

motility, but weakly caused a shift to the right and a slight
downward (Figures 10 and 11). In contrast, SK&F 96365
(60 mM) completely reversed Ni2+ (0.3 mM)- and nicardipine

(1 mM)-resistant contraction to ET-1 (Figure 11).

Figure 3 E�ects of FR139317 (A) and BQ-123 (B) on the
cumulative concentration-response curve to endothelin-1 of the
guinea-pig oesophageal muscularis mucosae. Preparations were
pretreated with given concentrations of FR139317 or BQ-123 for
20 min before the addition of endothelin-1. Ordinate scales show the
amplitude of contraction as a % of the maximum contraction
induced by carbachol (CCh, 10 mM) in the absence of antagonist.
Each point represents means+s.e.mean. Numbers of observations
indicate in parenthesis. (A) control,(*); +FR139317(1 mM,~);
+FR139317(3 mM,&); +FR139317(10 mM,^). (B) control,(*);
+BQ-123(1 mM,~); +BQ-123(3 mM,&).

Figure 4 E�ect of RES-701-1 on the cumulative concentration-
response curve to endothelin-1 of the guinea-pig oesophageal
muscularis mucosae. Preparations were pretreated with RES-701-1
for 20 min before the addition of endothelin-1. Ordinate scale shows
the amplitude of contraction as a % of the maximum contraction
induced by carbachol (CCh, 10 mM) in the absence of RES-701-1.
Each point represents means+s.e.mean. Numbers of observations
indicate in parenthesis. Control,(*); +RES-701-1(3 mM,~); +RES-
701-1(10 mM,&). **P50.01; compared with the maximal response
induced by endothelin-1 in the absence of RES-701-1.

Figure 5 E�ect of combined treatments with FR139317 (10 mM) and
RES-701-1 (3 mM) on the cumulative concentration-response curve to
endothelin-1 of the guinea-pig oesophageal muscularis mucosae.
Preparations were pretreated with both antagonists for 20 min before
the addition of endothelin-1. Ordinate scale shows the amplitude of
contraction as a % of the maximum contraction induced by
carbachol (CCh, 10 mM) in the absence of antagonists. Each point
represents means+s.e.mean. Control,(*,n=12); FR139317+RES-
701-1,(~,n=8). **P50.01; compared with the maximal response
induced by endothelin-1 in the absence of antagonists.
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E�ect of indomethacin on ET-1- or SX6c-induced
contraction

Pretreatment with 2 mM indomethacin did not modify the
concentration-response curves to ET-1 and SX6c (Figure 10).

Discussion

Previously, Eglen et al. (1989) have reported that ET-1 is a

potent contractile agonist with a pD2 value of approxi-
mately 8.4 in the guinea-pig oesophageal muscularis
mucosae and is a partial agonist with respect to carbachol.

Our present study con®rmed these ®ndings. In general, ET
receptors can be divided into at least two types by the
a�nity rank order of three isopeptides (Masaki et al.,

1994). ETA-receptor is more selective to ET-1 than ET-3,
ETB-receptor shows equal a�nity for all the isopeptides. In
the present experiments using the muscularis mucosae

isolated from the guinea-pig oesophagus, the order of
potency was ET-14ET-24ET-3 suggesting the involvement
of ETA-receptor. However, the potency of SX6c, a selective
ETB-agonist, was almost the same with that of ET-1 in this

tissue. Moreover, the order of potency of ETs was ET-1
(8.02)=ET-3 (8.08) in the presence of FR139317 (10 mM), a
selective ETA-antagonist (Sogabe et al., 1993), and the rank

order was ET-1 (8.37)4ET-3 (7.48) in the presence of
RES-701-1 (10 mM), a selective ETB-antagonist (Tanaka et
al., 1994). Combined treatments with FR139317 and RES-

701-1 more e�ectively antagonized ET-1-induced contrac-
tions. Contractions to ET-1 in SX6c-desensitized prepara-
tions were greatly inhibited by FR139317. In addition, the

Figure 6 E�ects of FR139317 (A) and RES-701-1 (B) on the
cumulative concentration-response curve to endothelin-3 of the
guinea-pig oesophageal muscularis mucosae. Preparations were
pretreated with given concentrations of FR139317 or RES-701-1
for 20 min before the addition of endothelin-3. Ordinate scales show
the amplitude of contraction as a % of the maximum contraction
induced by carbachol (CCh, 10 mM) in the absence of antagonist.
Each point represents means+s.e.mean. Numbers of observations
indicate in parenthesis. (A) control,(*); +FR139317(1 mM,~);
+FR139317(10 mM,&). (B) control,(*); +RES-701-1(0.3 mM,~);
+RES-701-1(1 mM,&); +RES-701-1(3 mM,^); +RES-701-
1(10 mM,!). *P50.05; **P50.01; compared with the maximal
response induced by endothelin-3 in the absence of antagonist.

Figure 7 (A) E�ect of RES-701-1 on the cumulative concentration-
response curve to sarafotoxin S6c of the guinea-pig oesophageal
muscularis mucosae. Preparations were pretreated with RES-701-1
for 20 min before the addition of sarafotoxin S6c. Ordinate scale
shows the amplitude of contraction as a % of the maximum
contraction induced by carbachol (CCh, 10 mM) in the absence of
RES-701-1. Each point represents means+s.e.mean. Numbers of
observations indicate in parenthesis. (A) control,(*); +RES-701-
1(0.1 mM,~); +RES-701-1(0.3 mM,&); +RES-701-1(1 mM,^). (B)
Schild plot for RES-701-1. **P50.01; compared with the maximal
response induced by sarafotoxin S6c in the absence of RES-701-1.
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concentration-response curve to ET-3 was bimodal sigmoid,
suggesting two di�erent a�nity sites, and ET-3-induced

contractions were weakly antagonized with FR139317 but
markedly antagonized with RES-701-1. These ®ndings
indicate that in the muscularis mucosae of the guinea-pig
oesophagus ET-1 activates both ETA- and ETB-receptors,

ET-3 seems to weakly activate ETA-receptors and moder-
ately activate ETB-receptors, and SX6c acts as a selective
and potent ETB-receptor agonist. Recently, He et al. (1995)

reported that synthetic RES-701-1 was a non-selective ET-
receptor antagonist. In the present experiments, contrac-
tions to SX6c were concentration-dependently antagonized

with RES-701-1, and the slope of Schild plot for RES-701-
1 (0.1 ± 1 mM) was not signi®cantly di�erent from unity,
indicating the competitive antagonism. However, high

concentration of RES-701-1 reduced maximum contractions
to ETs, suggesting the weak non-speci®c inhibitory action.
We conclude that the oesophageal muscularis mucosae of
the guinea-pig has both excitatory ETA- and ETB-receptors

and ETB-receptors are readily desensitized by the applica-
tion of SX6c. ETs might regulate the absorptive and
secretory functions of the gut through movements of the

muscularis mucosae.
The coexistence of excitatory ETA- and ETB-receptors

have been suggested in the pulmonary artery and vein

(Cardell et al., 1993; Sudjarwo et al., 1995). In the isolated
gall bladder of the guinea-pig, Battistini et al. (1994)
suggested that ET-1 activated two ET-receptor subtypes, an
ETB-receptor and an atypical ET-receptor. Our present study

is the ®rst report showing heterogeneity of excitatory ETA-
and ETB-receptors in the muscularis mucosae of the gastro-
intestinal tract, but atypical ET-receptors are not involved in

contractions induced by ET-1 and SX6c. Previous studies
have shown that the ileal smooth muscle of the guinea-pig
has both excitatory and inhibitory ETA- and ETB-receptors

(Yoshinaga et al., 1992; Warner et al., 1993; Karaki et al.,

1994; Shan et al., 1996). The present study indicates that the
oesophageal muscularis mucosae did not have inhibitory
ETA- and ETB-receptors, because ET-1 and SX6c had no

relaxations in the preparation precontracted with carbachol
(3 mM). More recently, the existence of ETA1-, ETA2-, ETB1-
and ETB2-receptor subtypes has been suggested from

pharmacological studies, but these subtypes were not cloned
(Ohlstein et al., 1996). ETA-receptors have been subclassi®ed
as a BQ-123-sensitive ETA1 and a BQ-123-insensitive ETA2

subtypes, and ETB-receptors are thought to subclassify as
ETB1 and ETB2 subtypes based on the sensitivity to ETB

antagonist, RES-701-1 or IRL 1038 (Sudjarwo et al., 1994;
Hori et al., 1994). In the present study, ET-1-induced

contractions were antagonized with BQ-123, a selective

Figure 8 Typical tracings of contractions induced by endothelin-1
(ET-1) in the sarafotoxin S6c (SX6c)-desensitized guinea-pig
oesophageal muscularis mucosae. (A) SX6c (30 nM) readily desensi-
tized to the subsequent application of SX6c, but carbachol (CCh,
10 mM)-induced contraction was una�ected by such pretreatment. (B)
ET-1 (10 nM) still produced a sustained contraction in the SX6c-
desensitized preparation. (C) ET-1-induced contraction in the SX6c-
desensitized preparation was greatly inhibited by pretreatment with
FR139317 (10 mM), but carbachol (10 mM)-induced contraction was
not a�ected by such pretreatment. Vertical calibrations show a 5 mm
shortening of the preparation. Horizontal calibration is 10 min.
W.O.; wash out of drug.

Figure 9 Cumulative concentration-response curves to endothelin-1
(A) and sarafotoxin S6c (B) in the guinea-pig oesophageal muscularis
mucosae after incubation with Krebs solution containing various
Ca2+ concentrations. Ca2+ 2.5 mM,(*); Ca2+ 1.25 mM,(~); Ca2+

0.625 mM,(&); Ca2+ 0 mM,(^). Ordinate scales show the amplitude
of contraction as a % of the maximum contraction induced by
carbachol (CCh, 10 mM) in normal Krebs solution (Ca2+, 2.5 mM).
Each point represents means+s.e.mean. Numbers of observations
indicate in parenthesis. *P50.05; **P50.01; ***P50.001; signi®-
cantly di�erent from the response in normal Krebs solution (Ca2+,
2.5 mM).
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ETA-antagonist (Ihara et al., 1992), and SX6c-induced
contractions were concentration-dependently antagonized
with RES-701-1. These results suggest that contractile

responses to ETs in the oesophageal muscularis mucosae are
mediated via both ETA1- and ETB1-receptor subtypes.

L- and T-type voltage-dependent Ca2+ channels (VDCs)

have been found in a variety of smooth muscles (Bolton et al.,
1988; Spedding & Paoletti, 1992). It has been reported that
ET-1 produced contractions mainly by opening L-type Ca2+

channels in gastro-intestinal smooth muscles (Rae et al., 1995).

Although ET-1- and SX6c-induced contractions of the
oesophageal muscularis mucosae were dependent on extra-
cellular Ca2+ concentrations, verapamil, a selective L-type

Ca2+ channel blocker (Spedding & Paoletti, 1992), abolished
only rhythmic motility, but not tonic contractions induced by
ETs. Ni2+, a T-type Ca2+ channel blocker at low concentra-

tion (Hagiwara et al., 1988), weakly inhibited ETs-induced
tonic contractions, while SK&F 96365, both VDCs and ROCs
blocker (Merritt et al., 1990; Li et al., 1997), strongly inhibited

Ni2+- and nicardipine-resistant contraction induced by ET-1.
We have recently reported that SK&F 96365 concentration-
dependently inhibited the ET-1- and SX6c-induced tonic
contractions of the oesophageal muscularis mucosae (Uchida

et al., 1998). From these ®ndings, ETs are thought to produce
tonic contractions of the oesophageal muscularis mucosae
predominantly by opening ROCs and partly by opening T-

type VDCs, but produce rhythmic motility by opening L-type
VDCs. Previously, Blackburn & Highsmith, (1990) have
reported that Ni2+ markedly inhibited ET-1-induced tonic

contractions of porcine coronary artery, suggesting the
activation of T-type Ca2+ channels. Since ETs-induced tonic
contractions were weakly inhibited by Ni2+ in the present

experiments, T-type Ca2+ channels may have a minor role on
the oesophageal muscularis mucosae. Recently, Sudjarwo et al.
(1995) have suggested that ETA-receptor is coupled to Ca2+

release and Ca2+ in¯ux but ETB-receptor is coupled to Ca2+

in¯ux in the pulmonary vein. From our results, both ETA- and
ETB-receptors are mainly coupled to Ca2+ in¯ux in the
oesophageal muscularis mucosae.

There are some reports showing that contractions to ET-1
of the isolated airway smooth muscle were inhibited by
indomethacin (Filep et al., 1991) and SK&F 96365 inhibited

prostanoid formation (Leis et al., 1995). Our previous studies
on the oesophageal muscularis mucosae (Uchida, 1983;
Uchida et al., 1983) also indicate that catecholamine-induced
contractions were probably mediated by endogenous prosta-

glandin production. In the present study, however, indometha-
cin had no e�ect on ETs-induced contractions. The role of
endogenous prostaglandins on ETs-induced contractions

Figure 10 E�ects of verapamil, Ni2+ and indomethacin on the
cumulative concentration-response curves to endothelin-1 (A) and
sarafotoxin S6c (B) of the guinea-pig oesophageal muscularis
mucosae. Ordinate scales show the amplitude of contraction as a
% of the maximum contraction induced by carbachol (CCh, 10 mM).
Each point represents means+s.e.mean. Numbers of observations
indicate in parenthesis. Control,(*); +verapamil(30 mM,~);
+Ni2+(0.1 mM,&); +indomethacin(2 mM,^). *P50.05; **P50.01;
signi®cantly di�erent from the value of control for same concentra-
tion.

Figure 11 E�ects of nicardipine and SK&F 96365 on endothelin-1-induced contraction of the guinea-pig oesophageal muscularis
mucosae in the presence of Ni2+ (0.3 mM). Vertical calibration shows 50% contraction induced by 10 mM carbachol (CCh).
Horizontal calibration is 10 min. SK&F 96365 completely reversed Ni2+- and nicardipine-resistant contraction induced by
endothelin-1.
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might be negligible in the muscularis mucosae of the guinea-
pig oesophagus.

In conclusion, the muscularis mucosae of the guinea-pig

oesophagus has both ETA- and ETB-receptors which mainly
link with ROCs and partly link with VDCs (L- and T-type).
Our results represent the ®rst report of the involvement of

ROCs in ET-induced contractions of gastro-intestinal smooth
muscle.

Authors thank Fujisawa Pharmaceutical Co. and Kyowa Hakko
Kogyo Co. for supplying FR139317 and RES-701-1, respectively.

References

ARUNLAKSHANA, O. & SCHILD, H.O. (1959). Some quantitative
uses of drug antagonists. Br. J. Pharmacol., 14, 48 ± 58.

BATTISTINI, B., O'DONNELL, L.J.D., WARNER, T.D., FOURNIER, A.,

FARTHING, M.J.G. & VANE, J.R. (1994). Characterization of
endothelin (ET) receptors in the isolated gall bladder of the
guinea-pig: evidence for an additional ET receptor subtype. Br. J.
Pharmacol., 112, 1244 ± 1250.

BLACKBURN, K. & HIGHSMITH, R.F. (1990). Nickel inhibits
endothelin-induced contractions of vascular smooth muscle.
Am. J. Physiol., 258, C1025 ±C1030.

BOLTON, T.B., AARONSON, P.I. & MACKENZIE, I. (1988). Voltage-
dependent calcium channel in intestinal and vascular smooth
muscle cells. Ann. N.Y. Acad. Sci., 522, 32 ± 42.

CARDELL, L.O., UDDMAN, R. & EDVINSSON, L. (1993). A novel
ETA-receptor antagonist, FR 139317, inhibits endothelin-
induced contractions of guinea-pig pulmonary arteries, but not
trachea. Br. J. Pharmacol., 108, 448 ± 452.

EGLEN, R.M., MICHEL, A.D., SHARIF, N.A., SWANK, S.R. &

WHITING, R.L. (1989). The pharmacological properties of the
peptide, endothelin. Br. J. Pharmacol., 97, 1297 ± 1307.

FILEP, J.G., BATTISTINI, B. & SIROIS, P. (1991). Pharmacological
modulation of endothelin-induced contraction of guinea-pig
isolated airways and thromboxane release. Br. J. Pharmacol.,
103, 1633 ± 1640.

FUJINUMA, S., KAMIKAWA, Y. & SHIMO, Y. (1985). Pharmacolo-
gical characterization of the histamine receptor in the isolated
muscularis mucosae of the guinea-pig oesophagus. Br. J.
Pharmacol., 86, 619 ± 625.

HAGIWARA, N., IRISAWA, H. & KAMEYAMA, M. (1988). Contribu-
tion of two types of calcium currents to the pacemaker potentials
of rabbit sino-atrial node cells. J. Physiol., 395, 233 ± 253.

HE, J.X., CODY, W.L., FLYNN, M.A., WELCH, K.M., REYNOLDS, E.E.

& DOHERTY, A.M. (1995). RES-701-1, synthesis and a reevalua-
tion of its e�ects on the endothelin receptors. Bioorg. Med. Chem.
Lett., 5, 621 ± 626.

HORI, M., SUDJARWO, S.A., ODA, K., URADE, Y. & KARAKI, H.

(1994). Two types of endothelin B receptors mediating relaxation
in the guinea-pig ileum. Life Sci., 54, 645 ± 652.

IHARA, M., NOGUCHI, K., SAEKI, T., FUKURODA, T., TSUCHIDA,

S., KIMURA, S., FUKAMI, T., ISHIKAWA, K., NISHIKIBE, M. &

YANO, M. (1992). Biological pro®les of highly potent novel
endothelin antagonists selective for the ETA receptor. Life Sci.,
50, 247 ± 255.

KAMIKAWA, Y. & SHIMO, Y. (1979). Cholinergic and adrenergic
innervations of the muscularis mucosae in guinea-pig esophagus.
Arch. Int. Pharmacodyn. Ther., 238, 220 ± 232.

KAMIKAWA, Y. & SHIMO, Y. (1983). In direct action of 5-
hydroxytryptamine on the isolated muscularis mucosae of the
guinea-pig oesophagus. Br. J. Pharmacol., 78, 103 ± 110.

KAMIKAWA, Y., SHIMO, Y. & UCHIDA, K. (1982). Inhibitory actions
of catecholamines on electrically induced contractions of the
submucous plexus-longitudinal muscularis mucosae preparation
of the guinea-pig oesophagus. Br. J. Pharmacol., 76, 271 ± 277.

KAMIKAWA, Y., UCHIDA, K. & SHIMO, Y. (1985). Heterogeneity of
muscarinic receptors in the guinea pig esophageal muscularis
mucosae and ileal longitudinal muscle. Gastroenterology, 88,
706 ± 716.

KARAKI, H., SUDJARWO, S.A., HORI, M., TANAKA, T. & MATSUDA,

Y. (1994). Endothelin ETB receptor antagonist, RES-701-1:
e�ects on isolated blood vessels and small intestine. Eur. J.
Pharmacol., 262, 255 ± 259.

KING, C.E., ARNOLD, L. & CHURCH, J.G. (1922). The physiological
role of the intestinal mucosal movements. Am. J. Physiol., 61,
80 ± 92.

KOSEKI, C., IMAI, M., HIRATA, Y., YANAGISAWA, M. & MASAKI, T.

(1989). Autoradiographic distribution in rat tissues of binding
sites for endothelin: a neuropeptide? Am. J. Physiol., 256, R858 ±
R866.

LEIS, H.J., ZACH, D., HUBER, E., ZIERMANN, L., GLEISPACH, H. &

WINDISCHHOFER, W. (1995). On the inhibition of prostanoid
formation by SK&F 96365, a blocker of receptor-operated
calcium entry. Br. J. Pharmacol., 114, 598 ± 601.

LI, L., KANKAANRANTA, H., VAALI, K., PAAKKARI, I. & VAPAA-

TALO, H. (1997). Econazole, miconazole and SK&F 96365 inhibit
depolarization-induced and receptor-operated contraction of
guinea-pig isolated trachea in vitro. Eur. J. Pharmacol., 331,
221 ± 225.

MASAKI, T., VANE, J.R. & VANHOUTTE, P.M. (1994). V. Interna-
tional union of pharmacology nomenclature of endothelin
receptors. Pharmacol. Rev., 46, 137 ± 142.

MERRITT, J.E., ARMSTRONG, W.P., BENHAM, C.D., HALLAM, T.J.,

JACOB, R., JAXA-CHAMIEC, A., LEIGH, B.K., MCCARTHY, S.A.,

MOORES, K.E. & RINK, T.J. (1990). SK&F 96365, a novel
inhibitor of receptor-mediated calcium entry. Biochem. J., 271,
515 ± 522.

OHLSTEIN, E.H., ELLIOTT, J.D., FEUERSTEIN, G.Z. & RUFFOLO, Jr.,

R.R. (1996). Endothelin receptors: receptor classi®cation, novel
receptor antagonists, and potential therapeutic targets. Med.
Res. Rev., 16, 365 ± 390.

RAE, G.A., CALIXTO, J.B. & D'ORLEANS-JUSTE, P. (1995). E�ects
and mechanisms of action of endothelins on non-vascular
smooth muscle of the respiratory, gastrointestinal and urogenital
tracts. Regulatory Pepti., 55, 1 ± 46.

SHAN, L-H., NISHIYAMA, M., SHIBASAKI, T., MOROI, K., GOTO, K.,

MASAKI, T. & KIMURA, S. (1996). Endothelin ETA and ETB

receptors mediate endothelin-1-induced apamin-sensitive relaxa-
tion in the guinea-pig ileum. Jpn. J. Pharmacol., 70, 259 ± 267.

SOGABE, K., NIREI, H., SHOUBO, M., NOMOTO, A., AO, S., NOTSU,

Y. & ONO, T. (1993). Pharmacological pro®le of FR139317, a
novel, potent endothelin ETA receptor antagonist. J. Pharmacol.
Exp. Ther., 264, 1040 ± 1046.

SPEDDING, M. & PAOLETTI, R. (1992). III. Classi®cation of calcium
channels and the sites of action of drugs modifying channel
function. Pharmacol. Rev., 44, 363 ± 376.

SUDJARWO, S.A., HORI, M., TANAKA, T., MATSUDA, Y. & KARAKI,

H. (1995). Coupling of the endothelin ETA and ETB receptors to
Ca2+ mobilization and Ca2+ sensitization in vascular smooth
muscle. Eur. J. Pharmacol., 289, 197 ± 204.

SUDJARWO, S.A., HORI, M., TANAKA, T., MATSUDA, Y., OKADA, T.

& KARAKI, H. (1994). Subtypes of endothelin ETA and ETB

receptors mediating venous smooth muscle contraction. Bio-
chem. Biophys. Res. Commun., 200, 627 ± 633.

TAKAHASHI, K., JONES, P.M., KANSE, S.M., LAM, H-C., SPOKES,

R.A., GHATEI, M.A. & BLOOM, S.R. (1990). Endothelin in the
gastrointestinal tract. Gastroenterology, 99, 1660 ± 1667.

TANAKA, T., TSUKUDA, E., NOZAWA, M., NONAKA, H., OHNO, T.,

KASE, H., YAMADA, K. & MATSUDA, Y. (1994). RES-701-1, a
novel, potent, endothelin type B receptor-selective antagonist of
microbial origin. Mol. Pharmacol., 45, 724 ± 730.

UCHIDA, K. (1983). Pharmacological characterization of the
adrenoceptors in the muscularis mucosae of the guinea-pig
esophagus. Folia Pharmacol. Jpn., 82, 223 ± 235.

UCHIDA, K., KAMIKAWA, Y. & SHIMO, Y. (1983). Time-dependent
augmentation of the contractile responses to adrenaline and
noradrenaline of the guinea-pig esophageal muscularis mucosae
in vitro. Naunyn-Schmiedeberg's Arch. Pharmacol., 323, 114 ±
120.

UCHIDA, K., YUZUKI, R. & KAMIKAWA, Y. (1998). The role of
receptor-operated Ca2+ in¯ux in endothelin-induced contraction
of the muscularis mucosae. J. Cardiovasc. Pharmacol., 31 (Suppl.
1), S504 ± S506.

WARNER, T.D., ALLCOCK, G.H., MICKLEY, E.J. & VANE, J.R. (1993).
Characterization of endothelin receptors mediating the e�ects of
the endothelin/sarafotoxin peptides on autonomic neurotrans-
mission in the rat vas deferens and guinea-pig ileum. Br. J.
Pharmacol., 110, 783 ± 789.

Endothelin-receptors in muscularis mucosae856 K. Uchida et al



YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y.,

KOBAYASHI, M., MITSUI, Y., YAZAKI, Y., GOTO, K. & MASAKI,

T. (1988). A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature, 332, 411 ± 415.

YOSHINAGA, M., CHIJIIWA, Y., MISAWA, T., HARADA, N. &

NAWATA, H. (1992). EndothelinB receptor on guinea pig small
intestinal smooth muscle cells. Am. J. Physiol., 262,G308 ±G311.

(Received April 15, 1998
Revised July 28, 1998

Accepted July 29, 1998)

Endothelin-receptors in muscularis mucosae 857K. Uchida et al


