
Mechanical and electrophysiological e�ects of endothelin-1 on
guinea-pig isolated lower oesophageal sphincter circular
smooth muscle

1Kenro Imaeda, 1Stephen J. Trout & *,1Thomas C. Cunnane

1Department of Pharmacology, University of Oxford, Mans®eld Road, Oxford OX1 3QT

1 The e�ects of endothelin-1 (ET-1) on guinea-pig lower oesophageal sphincter (LOS) circular
smooth muscle were investigated by using intracellular microelectrodes and isometric tension
recording techniques.

2 ET-1 produced biphasic mechanical responses; an initial transient relaxation followed by a
sustained contraction. The initial relaxation was not inhibited by either tetrodotoxin (TTX, 1 mM) or
L-NG-nitroarginine (L-NOARG, 100 mM). The sustained contraction was greatly attenuated by
nifedipine (1 mM).

3 ET-1 (1 ± 30 nM) induced a concentration-dependent hyperpolarisation that was una�ected by
TTX or L-NOARG. The ETA receptor antagonist, BQ123 (0.3 mM) abolished the ET-1-induced
hyperpolarisation, whereas the ETB receptor antagonist, BQ788 (0.3 mM) had no detectable e�ect.
Sarafotoxin S6c (10 nM) did not change the membrane potential.

4 The ET-1-induced hyperpolarisation was abolished by apamin (0.1 mM). Interestingly, apamin
abolished the ET-1-induced transient relaxation but potentiated the sustained contraction.

5 In Ca2+-free Krebs solution, the ET-1-induced hyperpolarisation was greatly attenuated and
returned to the control value when the tissue was reperfused with Krebs solution containing Ca2+.
The ET-1-induced hyperpolarisation was insensitive to nifedipine but was attenuated by SK&F
96365 (1 - {b-[3-(4 -methoxy - phenyl)propoxy] - 4 -methoxyphenethyl} - 1H-imidazole hydrochloride,
50 mM), an inhibitor of receptor-mediated Ca2+ entry. The residual component of the ET-1-induced
hyperpolarisation was sensitive to thapsigargin (1 mM).

6 These results demonstrate that, in guinea-pig LOS circular smooth muscle, ET-1 hyperpolarizes
the membrane by activating apamin-sensitive K+ channels, mainly as a result of receptor-mediated
Ca2+ entry and partly by Ca2+ release from intracellular stores. The hyperpolarisation triggers the
initial transient relaxation, which acts to oppose the sustained contraction.
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Introduction

Endothelin-1 (ET-1) is a potent endogenous vasoconstrictor
composed of 21-amino acids and is one of a family of three
isopeptides, namely ET-1, ET-2 and ET-3 (Yanagisawa et al.,

1988; Inoue et al., 1989). The functional e�ects of endothelins
are mediated through at least two distinct subtypes of
receptors, the ETA and ETB receptors (Arai et al., 1990;
Sakurai et al., 1990). It is generally accepted that in smooth

muscle, ET-1 increases intracellular free Ca2+ by triggering
Ca2+ in¯ux and Ca2+ release from intracellular stores
(Rubanyi & Poloko�, 1994). Voltage-dependent Ca2+ channels

(Goto et al., 1989; Inoue et al., 1990) and voltage-independent
Ca2+ channels (Simpson et al., 1990; Chen & Wagoner, 1991;
Enoki et al., 1995; Minowa et al., 1997; Iwamuro et al., 1998;

1999) have been proposed as Ca2+ in¯ux pathways.
Recently, it has been reported that ET-1 has diverse e�ects

on vascular and non-vascular smooth muscle. Some studies
indicate that ET-1 produces a transient vasodilation through

the release of nitric oxide (NO) from endothelial cells (De
Nucci et al., 1988; Higashi et al., 1997) or by the activation of
ATP-sensitive K+ (KATP) channels (Hasunuma et al., 1990;

Eddahibi et al., 1993). It has also been reported that ET-1
can induce an endothelium-derived hyperpolarisation in rat
mesenteric artery (Nakashima & Vanhoutte, 1993). In patch-
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clamp studies of smooth muscle cells isolated from guinea-pig
mesenteric arterioles (Hill et al., 1997), it has been
demonstrated that ET-1 can activate large conductance

Ca2+-activated K+ (BKCa) channels. In di�erent regions of
the gastrointestinal tract, ET-1 elicits a biphasic mechanical
response consisting of a transient relaxation followed by
sustained contraction in guinea-pig ileum (Lin & Lee, 1990;

Miasiro & Paiva, 1990), rat stomach (Allcock et al., 1995),
rat duodenum (Irie et al., 1995) and opossum internal anal
sphincter (Chakder & Rattan, 1999). The activation of

apamin-sensitive K+ channels was suggested as the mechan-
ism of the ET-1-induced transient relaxation in the guinea-pig
ileum (Lin & Lee, 1992).

It is important to maintain a high level of tone in the lower
oesophageal sphincter (LOS) to prevent gastro-oesophageal
re¯ux; a transient relaxation of the LOS allows the passage of

food and liquid into the stomach (Goyal & Paterson, 1989).
Small conductance Ca2+-activated K+ (SKCa) channels play
an important role in the generation of the inhibitory junction
potential evoked by intrinsic nerve stimulation in this region

(Imaeda et al., 1998; Yuan et al., 1998). Since ET-1 causes
both relaxation and contraction of gastrointestinal smooth
muscle, ET-1 may be involved in the mechanism of the

transient relaxation, or the sustained contraction, of LOS.
However, the pharmacological properties of ET-1 in LOS
have not been well characterized.

In the present inquiry, we have studied the e�ects of ET-1
on the circular smooth muscle of the guinea-pig LOS using
both intracellular microelectrode recording and isometric

contraction techniques. The aims of the study were to
investigate the mechanisms responsible for the ET-1-induced
biphasic mechanical responses and to elucidate the relation-
ship between ET-1-induced changes in membrane potential

and mechanical responses. A preliminary account of some of
the data has been presented elsewhere (Imaeda et al., 2000).

Methods

Tissue preparation

Male guinea-pigs, weighing 250 ± 400 g, were killed by
stunning and cervical dislocation, a procedure approved by

the Animal Ethics Committee of the University of Oxford.
The stomach, including a portion of oesophagus, was quickly
excised and placed in Krebs solution at room temperature.

The oesophagus and stomach were cut open in the
longitudinal direction along the greater curvature and pinned
¯at with the mucosal side up. The mucosa was removed with

micro-scissors. Transverse strips (1 ± 2 mm wide and 8 ±
10 mm long) were cut from the area of the LOS, which
was identi®ed as a thickened region between the lower

oesophagus and the fundus.

Intracellular recording

Preparations were immobilized by pinning them to the
Sylgard covered base of a 3 ml Perspex organ bath,
superfused at a rate of 3 ml min71 with warmed (378C)
Krebs solution bubbled with 95% O2 ± 5% CO2 to pH 7.4.
The ionic composition of Krebs solution was (mM): NaCl
118.4, NaHCO3 25.0, NaH2PO4 1.13, CaCl2 2.4, KCl 4.7,

MgCl2 1.3, glucose 11.1. Ca2+-free Krebs solution was
prepared by simply omitting the CaCl2. Conventional
intracellular recording techniques were used to measure the

changes in membrane potential of circular smooth muscle
cells of the guinea-pig LOS. Changes in membrane potential
were recorded using glass microelectrodes (outer diameter
1.5 mm, ®lled with 1 M KCl, resistances 80 ± 150 MO)
connected to the high input impedance headstage of an
Axoclamp-2A (Axon Instruments) and displayed on a
cathode-ray oscilloscope (2430A, Tektronix). After low-pass

®ltering (cut o� frequency, 1 kHz), potential changes were
digitized and stored on a Macintosh computer (MacLab,
Chart version 3.3.3, ADI Instruments) for subsequent

analysis. The criteria for an acceptable impalement of a
smooth muscle cell were a rapid change in potential upon
impalement and withdrawal, and a stable recording for at

least 3 min prior to each experimental procedure.

Mechanical responses

In the majority of experiments, mechanical responses were
recorded separately from membrane potential recordings.
Each strip of LOS was tied at each end with ®ne polyester

thread and set up in a 5 ml organ bath, containing warmed
(378C), gassed (95% O2 ± 5% CO2) Krebs solution. One end
of the strip was ®xed at the bottom of the organ bath and the

other was attached to a force transducer (TRI 201, Letica
Scienti®c Instruments) for measurement of the isometric
tension of circular smooth muscle. An initial passive tension

of 9.8 mN was applied to each strip, which was then allowed
to equilibrate for at least 1 h before starting experiments,
with regular washings at 15 min intervals.

In some preparations, electrical and mechanical responses

were recorded simultaneously. In these cases, one end of the
preparation was attached to a lever of the mechano-
transducer. The muscle was stretched gently (approximately

9.8 mN) and the membrane potentials of smooth muscle cells
in the immobilized region measured.

Drugs

Drugs used were 4-aminopyridine (4-AP), atropine sulphate,
apamin, endothelin-1 (ET-1), glibenclamide, guanethidine

sulphate, L-NG-nitroarginine (L-NOARG), nifedipine, phen-
tolamine mesylate, propranolol hydrochloride, suramin,
tetraethylammonium chloride (TEA chloride), tetrodotoxin

(TTX), thapsigargin (all from Sigma), BQ123, BQ788 (RBI),
sarafotoxin S6c, SK&F 96365 (1-{b-[3-(4-methoxy-phenyl)-
propoxy]-4-methoxyphenethyl}-1H-imidazole hydrochloride)

(TOCRIS, Bristol, U.K.). Individual drugs were dissolved
in distilled water or dimethyl sulphoxide (DMSO; Sigma), at
concentrations at least 1000 times higher than used in the

experiments and serially diluted in Krebs solution to the
required ®nal bath concentration.

Statistical analysis

Measured values were expressed as means+s.e.mean, unless
stated otherwise. The n value refers to the number of

preparations. Statistical signi®cance was determined using a
paired or unpaired Student's t-test. Probabilities of less than
5% (P50.05) were considered signi®cant.
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Results

Mechanical responses produced by ET-1

Smooth muscle strips of the guinea-pig LOS maintained their
resting tone at 4.0+1.7 mN (mean+s.d., n=6) and showed
oscillatory contractions, with an amplitude of 4.5+1.5 mN

(mean+s.d., n=6) and a frequency of 0.4+0.1 Hz
(mean+s.d., n=6) (Figure 1A). These oscillatory contrac-
tions were insensitive to TTX (1 mM; n=5), atropine (1 mM;

n=3) and guanethidine (5 mM; n=3), suggesting that they
were myogenic in origin. Nifedipine, an L-type Ca2+ channel
blocker (1 mM) abolished them (n=5) and reduced the

maintained tone from 3.8+0.5 mN (n=5) to 1.1+0.2 mN
(n=5, P50.05) (Figure 1B). ET-1 (10 nM) abolished the
oscillatory contractions and induced a biphasic mechanical

response composed of an initial transient relaxation
(1.7+0.8 mN, mean+s.d., n=9) followed by a sustained
contraction (9.0+2.6 mN, mean+s.d., n=9) (Figure 1C).
The initial transient relaxation was not inhibited by TTX

(1 mM; control, 1.9+0.2 mN; TTX, 2.2+0.1 mN, n=5,
P40.1), L-NOARG, an inhibitor of nitric oxide synthase
(100 mM; control, 2.0+0.2 mN; L-NOARG, 2.6+0.2 mN,

n=5, P40.1) or guanethidine (5 mM; control, 2.0+0.4 mN;
guanethidine, 2.0+0.2 mN, n=3, P40.1). Nifedipine (1 mM)
signi®cantly attenuated the ET-1-induced sustained contrac-
tion (control, 8.7+1.4 mN; nifedipine, 1.0+0.2 mN, n=5,

P50.05) (Figure 1D). After 1.5 ± 2 h of washing with normal
Krebs solution, the oscillatory contraction and the ET-1-
induced biphasic mechanical responses returned (data not

shown).

Membrane potential changes produced by ET-1

At rest, it was noted that the membrane potential underwent
spontaneous ¯uctuations (about 45 mV, seven out of 24

preparations) at a frequency of 2.0+0.2 Hz, (mean+s.d.,
n=7). The spontaneous ¯uctuations were nifedipine sensitive
(1 mM; n=3) (Figure 2A,B). As spontaneous electrical and
mechanical activities were inhibited by nifedipine, it was

tempting to speculate that both were related phenomena. In
separate experiments, simultaneous recordings of electrical
and mechanical activities showed a dissociation between these

Figure 1 E�ects of nifedipine and ET-1 on mechanical responses of
the guinea-pig LOS circular smooth muscle. (A) Representative trace
of spontaneous oscillatory contractions. The resting tone of smooth
muscle was 2.8 mN. (B) Representative trace of the e�ect of
nifedipine (1 mM) on the oscillatory contractions. The resting tone
was 2.8 mN in the absence of nifedipine. The tone in the presence of
nifedipine was 1.3 mN. (C) Representative trace of biphasic
mechanical responses produced by ET-1 (10 nM). The resting tone
was 3.1 mN. (D) Representative trace of mechanical responses
produced by ET-1 (10 nM) in the presence of nifedipine (1 mM).
The tone in the presence of nifedipine was 1.1 mN.

Figure 2 E�ects of nifedipine and ET-1 on the membrane potential
of the guinea-pig LOS circular smooth muscle. (A) Representative
trace showing spontaneous irregular ¯uctuations in membrane
potential. The resting membrane potential was 741 mV. (B)
Representative trace showing quiescence of the membrane potential
in the presence of nifedipine (1 mM). The resting membrane potential
was 741 mV. (C) Example of the hyperpolarisation produced by
ET-1 (10 nM). The resting membrane potential was 744 mV. (D)
E�ects of nifedipine (1 mM) on the ET-1-induced (10 nM) hyperpolar-
isation. The resting membrane potential was 745 mV.
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two parameters (n=4). The control resting membrane
potential ranged between 738 to 752 mV and was not
signi®cantly altered by nifedipine (control, 744.8+0.5 mV,

n=24; nifedipine, 744.2+0.4 mV, n=52, P40.1). ET-1
(10 nM) induced a sustained hyperpolarisation with an
amplitude of 12.3+1.1 mV (n=6) (Figure 2C). The ampli-
tude of the ET-1 induced hyperpolarisation was not a�ected

by 1 mM nifedipine (12.3+0.7 mV, n=6, P40.1) (Figure
2D). Therefore, intracellular membrane potential recordings
were made in the presence of nifedipine (1 mM) to prevent

contraction. The ET-1-induced hyperpolarisation was also
una�ected by TTX (1 mM; n=3), atropine (1 mM; n=4),
guanethidine (5 mM; n=3) and suramin (100 mM; n=3),

suggesting that acetylcholine, NA and ATP respectively were
not involved. L-NOARG (100 mM) did not inhibit the ET-1-
induced hyperpolarisation (control, 11.8+1.0 mV; L-

NOARG, 11.3+1.3 mV, n=4, P40.1), suggesting that NO
is not involved in the generation of the membrane
hyperpolarisation either. The results in Figure 3 clearly
demonstrate that ET-1 produced a concentration-dependent

(1 ± 30 nM) hyperpolarisation of the smooth muscle mem-
brane (n=3± 9). Interestingly, simultaneous recordings of
membrane potential and mechanical responses showed that

ET-1 (10 nM) hyperpolarized the membrane and produced a
sustained contraction following an initial brief relaxation.
The sustained contractions were increased in the repolarizing

phase after ET-1 was removed (n=4, data not shown).

ET receptors

The e�ects of BQ123, a selective ETA receptor antagonist and
BQ788, a selective ETB receptor antagonist, on membrane

potential were also investigated. BQ123 (0.3 mM) did not alter
the resting membrane potential (control, 745.5+2.0 mV;
BQ123, 745.3+1.1 mV, n=4, P40.1). Similar results were

obtained with BQ788 (0.3 mM) (control, 744.8+2.2 mV,
BQ788, 745.3+1.3 mV, n=4, P40.1). However, BQ123
(0.3 mM) abolished the ET-1-induced hyperpolarisation (Fig-
ure 4Aa;B). Interestingly, BQ788 (0.3 mM) prolonged the time

to reach the maximum hyperpolarisation (control,
3.9+0.4 min; BQ788, 7.1+0.6 min, n=4, P50.05), but did
not attenuate the amplitude of the hyperpolarisation (Figure

4Ab;B). Sarafotoxin S6c (10 nM), a selective ETB receptor
agonist, had no detectable e�ect on the resting membrane
potential (control, 746.3+0.3 mV; sarafotoxin S6c,

746.0+0.6 mV, n=3, P40.1).

Effect of K+ channel blockers on the ET-1-induced
hyperpolarisation

Under control conditions, the amplitude of the ET-1-induced
hyperpolarisation was 12.0+0.8 mV (n=6). When apamin,

an inhibitor of SKCa channel (0.1 mM) was applied alone, a
small but signi®cant membrane depolarization was recorded
(control; 744.1+1.1 mV, apamin; 741.0+0.9 mV, n=7,

P50.05). Interestingly, apamin (0.1 mM) abolished the ET-1-
induced hyperpolarisation and signi®cantly depolarized the
membrane by about 3 mV (Figure 5). The ET-1-induced

hyperpolarisation was insensitive to TEA (1 mM; n=3),
glibenclamide (10 mM; n=3), 4-AP (1 mM; n=3) and Ba2+

(0.3 mM; n=3).

Effects of apamin on ET-1-induced mechanical responses

To investigate the possible relationship between hyperpolar-

isation and biphasic mechanical responses, the e�ects of
apamin (0.1 mM) on ET-1-induced mechanical responses were
studied in a separate series of experiments. Apamin elevated

the resting tone from 3.5+0.2 to 5.4+0.4 mN (n=5,
P50.05) and increased the amplitude of the spontaneous
oscillatory contractions from 4.2+0.3 to 7.6+1.3 mN (n=5,

P50.05). In the presence of apamin, the initial relaxation
was not observed (n=5) and the amplitude of the sustained
contraction, measured from the original resting level of tone,
was enhanced to about twice that of the control (Figure 6).

Role of extracellular Ca2+ in the ET-1-induced
hyperpolarisation

ET-1 was applied in Ca2+-free Krebs solution to elucidate the
mechanisms involved in the activation of apamin-sensitive

Ca2+-activated K+ channels. The smooth muscle membrane
was depolarized in Ca2+-free Krebs solution (control,
744.6+1.1 mV; Ca2+-free, 739.8+1.5 mV, n=5, P50.05).

In Ca2+-free Krebs solution, ET-1 (10 nM) caused a small
hyperpolarisation, and following the re-introduction of Krebs
solution containing 1.8 mM Ca2+, the ET-1-induced hyper-
polarisation recovered to values comparable to those elicited

under control conditions (Figure 7A). These data suggest that
apamin-sensitive K+ channels are activated mainly by Ca2+

entry from the extracellular ¯uid, and partly by the release of

Ca2+ from intracellular stores. Since the hyperpolarisation
was resistant to nifedipine, the candidate pathway for Ca2+

in¯ux was a Ca2+ channel other than the L-type. SK&F

Figure 3 Concentration-dependence of the ET-1-induced hyperpo-
larisation. (A) Representative trace showing cumulative application
of increasing concentrations (1 ± 10 nM) of ET-1. Nifedipine (1 mM)
was present throughout the recording. The resting membrane
potential was 743 mV. (B) Mean membrane potential in the
presence of ET-1 (1 ± 30 nM). Values are mean+s.e.mean (n=3±9).
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Figure 4 E�ects of BQ123 and BQ788 on ET-1-induced hyperpolarisation. (A) Representative traces of the e�ects of (a) BQ123
(0.3 mM) and (b) BQ788 (0.3 mM) on ET-1-induced hyperpolarisation. BQ123 (a) or BQ788 (b) was applied for 10 min before ET-1
(10 nM). Nifedipine (1 mM) was present throughout the recording. The resting membrane potentials were 742 mV (a) and 743 mV
(b) respectively. (B) Amplitude of the ET-1-induced hyperpolarisation in the absence and presence of BQ123 (0.3 mM) or BQ788
(0.3 mM). Values are mean+s.e.mean (n=4). *P50.05 vs ET-1.

Figure 5 E�ects of apamin on the ET-1-induced hyperpolarisation.
(A) Representative trace of ET-1-induced hyperpolarisation and the
e�ect of apamin on the hyperpolarisation. Apamin (0.1 mM) was
applied in the presence of ET-1 (10 nM). Nifedipine (1 mM) was
present throughout the recording. The initial resting membrane
potential was 750 mV. (B) Each column indicates the maximum
change from the resting membrane potential in the presence of ET-1
(10 nM) or ET-1 (10 nM) plus apamin (0.1 mM). Values are mean+
s.e.mean (n=6). *P50.05 vs ET-1.

Figure 6 E�ect of apamin on ET-1-induced biphasic mechanical
responses of LOS. (A) Representative traces of ET-1-induced
mechanical responses in the absence and presence of apamin
(0.1 mM). Apamin was applied 10 min before ET-1. The resting tone
was 4.6 mN. (B) ET-1-induced a sustained contraction in the absence
and presence of apamin. Each column indicates the amplitude of
contraction from the resting tone. Values are mean+s.e.mean (n=5).
*P50.05 vs ET-1.
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96365 (50 mM), an inhibitor of receptor-mediated Ca2+ entry
(RMCE, Merritt et al., 1990) signi®cantly attenuated the ET-
1-induced hyperpolarisation (Figure 7Ba,b). This result

suggests that RMCE is involved in the genesis of the ET-1-
induced hyperpolarisation.

Role of intracellular Ca2+ in the ET-1-induced
hyperpolarisation

To investigate the possible involvement of intracellular Ca2+

stores in the ET-1-induced hyperpolarisation, thapsigargin,
an inhibitor of sarcoplasmic reticulum (SR) Ca2+-ATPase
(Treiman et al., 1998), was tested on the SK&F 96365-

insensitive component of the ET-1-induced hyperpolarisation.
Pretreatment with thapsigargin (1 mM) for more than 30 min
signi®cantly reduced the residual component of the ET-1-

induced hyperpolarisation (Figure 8).

Discussion

The e�ects of ET-1 on membrane potential and mechanical

responses of the circular smooth muscle cells of the guinea-
pig LOS have been investigated. The results showed
contrasting aspects between membrane potential changes
and mechanical responses. For example, ET-1 induced an

initial transient relaxation followed by a sustained contrac-
tion, actions which have been observed in other gastro-
intestinal smooth muscles (Lin & Lee, 1990; Miasiro & Paiva,

1990; Allcock et al., 1995; Irie et al., 1995; Chakder &
Rattan, 1999). In contrast, and quite unexpectedly, ET-1
produced a sustained hyperpolarisation of the smooth muscle

cells with a similar time course to the ET-1-induced sustained
contraction.

Spontaneous oscillatory contractions

Under resting control conditions, the circular smooth muscle

cells of the guinea-pig LOS exhibited spontaneous oscillatory
contractions that were abolished by nifedipine, indicating
that L-type Ca2+ channels are necessary to produce the

oscillatory contractions. In separate experiments, some but
not all LOS preparations exhibited spontaneous, irregular
¯uctuations in membrane potential that were abolished by
nifedipine. These results suggest that spontaneous contrac-

tions of LOS are triggered by L-type Ca2+-channel activated
oscillatory depolarizations of the membrane. However,
electrical rhythms occurred at a higher frequency than

mechanical oscillations. Moreover, not all preparations
exhibited spontaneous electrical oscillations in the membrane
potential. The dissociation between spontaneous electrical

and mechanical responses has also been con®rmed in some
preparations. The balance of evidence suggests that sponta-
neous electrical events at the membrane are not causally

related to the mechanical properties of LOS. In the present
study, ET-1 hyperpolarized the smooth muscle membrane
and abolished the oscillatory contractions and conversely,
apamin depolarized the membrane and potentiated the

amplitude of the oscillatory contractions. Interestingly, the
frequency of the oscillations was decreased (data not shown).
These observations suggest that L-type Ca2+ channels are

functionally deactivated by hyperpolarisation and activated
by depolarization (Nelson et al., 1990), providing a powerful
mechanism to modulate smooth muscle tone.

Figure 7 Role of extracellular Ca2+ in the ET-1-induced hyperpolarisation. (A(a)) Representative trace showing inhibition of the
ET-1-induced hyperpolarisation in Ca2+-free Krebs solution and its recovery following reperfusion with Krebs solution containing
1.8 mM Ca2+. Nifedipine (1 mM) was present throughout the recording. The resting membrane potential was 744 mV. (b)
Amplitude of the ET-1-induced hyperpolarisations in Ca2+-free or 1.8 mM Ca2+ Krebs solution (1.8-Ca2+). Values are
mean+s.e.mean (n=5). *P50.05 vs 1.8-Ca2+. (B(a)) Representative trace of the e�ect of SK&F 96365 (50 mM) on ET-1-induced
hyperpolarisation. SK&F 96365 (50 mM) was applied for 10 min before ET-1 (10 nM). Nifedipine (1 mM) was present throughout the
recording. The resting membrane potential was 741 mV. (b) Amplitude of the ET-1-induced hyperpolarisation in the absence or
presence of SK&F 96365. Values are mean+s.e.mean (n=6). *P50.05 vs ET-1.
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Initial relaxation

NO is a likely candidate as the mediator of ET-1-induced
relaxation in the vascular smooth muscle (De Nucci et al.,

1988; Higashi et al., 1997) and the opossum internal anal
sphincter (Chakder & Rattan, 1999). However, the initial
relaxation was insensitive to TTX, guanethidine or L-

NOARG, suggesting the relaxation is not due to inhibitory
neurotransmitters such as NO, NA or ATP released from
nerves, nor NO release from non-neural tissues. Apamin

abolished the initial relaxation suggesting that the activation
of apamin-sensitive K+ channel is a major mechanism
involved in the production of the initial relaxation. These

®ndings are consistent with previous reports on the e�ects of
ET-1 in guinea-pig ileum (Lin & Lee, 1992) and rat
duodenum (Irie et al., 1995).

Hyperpolarisation

The sustained hyperpolarisation induced by ET-1 was

insensitive to TTX, guanethidine, suramin and L-NOARG,
indicating that NA, ATP and NO, which are candidates for
the neurotransmitter(s) causing inhibitory junction potentials

in this tissue (Imaeda et al., 1998), are not involved in this
hyperpolarisation. BQ123, an ETA receptor antagonist
abolished, but BQ788, an ETB receptor antagonist did not

reduce the ET-1-induced hyperpolarisation. In addition,
sarafotoxin S6c, a selective ETB receptor agonist did not
change the membrane potentials. These observations indicate
that ET-1 acts mainly at ETA receptors in this tissue, and

that ET-1 acts, not by triggering transmitter release from
nerves but rather, by direct action at ETA receptors located
on the circular smooth muscle cells.

The ET-1-induced hyperpolarisation was reversibly abol-
ished by apamin, an inhibitor of SKCa channel, showing that
the hyperpolarisation was produced by the activation of

apamin-sensitive K+ channels. The activation of KATP

channels (Hasunuma et al., 1990; Eddahibi et al., 1993),
BKCa channels (Hill et al., 1997; Betts & Kozlowski, 2000) or

delayed rectifying K+ (KV) channels (Betts & Kozlowski,
2000) by ET-1 has been reported in vascular smooth muscle.
However, because of the ine�ectiveness of TEA, glibencla-
mide, 4-AP or Ba2+, it is probable that BKCa, KATP, KV and

inward rectifying K+ channels are not involved to any
signi®cant extent in the generation of the ET-1-induced
hyperpolarisation in the guinea-pig LOS.

ET-1 is known to elevate intracellular free Ca2+ concentra-
tion by release from SR and/or in¯ux (Rubanyi & Poloko�,
1994). In the present study, removal of extracellular Ca2+

reduced most of the ET-1-induced hyperpolarisation, and the
residual component was sensitive to thapsigargin. These
observations suggest that apamin-sensitive K+ channels were

activated mainly by Ca2+ entry from the extracellular ¯uid
but also partially by Ca2+ release from the SR. The pathways
of Ca2+ in¯ux due to ET-1 in smooth muscle cells are under
discussion. L-type Ca2+ channels (Goto et al., 1989; Inoue et

al., 1990) are one of the candidates. However, it is unlikely
that L-type Ca2+ channels are responsible for the ET-1-
induced hyperpolarisation in this tissue, because nifedipine

did not attenuate it. SK&F 96365 was originally reported as
an inhibitor of RMCE (Merritt et al., 1990). RMCE acts
through various mechanisms, namely: (1) receptor-channel

complex; (2) receptors coupled to channel via a G protein; (3)
second messenger operated channel; (4) store-regulated entry
(Rink, 1990). Receptor mediated non-selective cation chan-
nels have been identi®ed in various kinds of smooth muscle

cells. For example, non-selective cation channels (NSCCs)
were activated by ATP in rabbit ear arterial smooth muscle
cells (Benham & Tsien, 1987) or by muscarinic receptor

activation in guinea-pig jejunal (Pacaud & Bolton, 1991) and
canine gastric smooth muscle cells (Sims, 1992). ET-1 also
activates NSCCs in cultured vascular smooth muscle cells

(Simpson et al., 1990; Chen & Wagoner, 1991; Iwamuro et
al., 1998) and also in freshly dispersed smooth muscle cells of
rat aorta (Minowa et al., 1997) and rabbit aorta (Enoki et al.,

1995). Store-operated Ca2+ channels (SOCCs) may be
involved in the ET-1-induced Ca2+ in¯ux. Depletion of the
SR acts as the stimulus for the activation of SOCCs
(Berridge, 1995; Gibson et al., 1998). Since the ETA receptor

is a G protein-coupled receptor, its stimulation results in
increased formation of IP3 and hence, mobilization of Ca2+

from the SR (Rubanyi & Poloko�, 1994). Thus, it is probable

that SOCC is activated following stimulation of the ETA

receptor (Iwamuro et al., 1999). Recently, SK&F 96365 was
shown to have suppressive e�ects on NSCC and SOCC

Figure 8 Role of intracellular Ca2+ stores in the ET-1-induced
hyperpolarisation (A) Representative traces of the ET-1-induced
hyperpolarisation after pretreatment of either SK&F 96365 (50 mM)
or a combination of thapsigargin (1 mM) and SK&F 96365 (50 mM).
Thapsigargin was applied for 30 min before ET-1. Nifedipine (1 mM)
was present throughout the recording. The resting membrane
potential was 743 mV. (B) Amplitude of the ET-1-induced
hyperpolarisation after pretreatment with either SK&F 96365
(50 mM) or a combination of thapsigargin (1 mM) and SK&F 96365
(50 mM). Values are mean+s.e.mean (n=4). *P50.05 vs SK&F
96365.
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(Gibson et al., 1994; Wayman et al., 1996; Iwamuro et al.,
1998; 1999). In the present study, the ET-1-induced
hyperpolarisation was greatly attenuated by SK&F 96365,

suggesting that the Ca2+ in¯ux pathway is by RMCE,
including NSCC and/or SOCC.

Relationship between hyperpolarisation and sustained
contraction

ET-1 showed two contrasting responses with similar time

courses in guinea-pig LOS, namely a sustained hyperpolar-
isation and a sustained contraction. Nifedipine did not inhibit
the ET-1-induced hyperpolarisation, but greatly attenuated

the ET-1-induced contraction in this tissue, indicating that
Ca2+ in¯ux through L-type Ca2+ channels is essential for
contraction but not for hyperpolarisation. Simultaneous

recording showed that ET-1-induced contraction was in-
creased in the repolarizing phase after ET-1 was removed,
supporting the necessity of L-type Ca2+ channels for ET-1-
induced contraction. Further studies will be needed to clarify

this point. However, one possible explanation is that Ca2+

entry by RMCE can elevate the Ca2+ level just under the
surface membrane of the smooth muscle cells and can

activate apamin-sensitive K+ channels in the membrane,
resulting in hyperpolarisation. In arterial smooth muscle cells,
local increases in intracellular Ca2+ can trigger Ca2+-

activated K+ channel activity that produces relaxation of
arterial smooth muscle (Nelson et al., 1995). It remains
unclear whether this mechanism operates in smooth muscle of

the LOS. Indeed, in porcine coronary artery, it has been
suggested that ET-1 has a direct action on the L-type Ca2+

channel (Goto et al., 1989).
Apamin abolished the ET-1-induced hyperpolarisation, and

in so doing provided a useful tool to clarify the relationship
between the two responses. In the presence of apamin, the
ET-1-induced contraction increased to about twice that of the

control. This ®nding indicates that the ET-1-induced

hyperpolarisation acts to suppress the sustained contraction,
possibly by reducing the activity of L-type Ca2+ channels.

One remaining question is whether ET-1 is produced in the

LOS under physiological conditions. In the rat gastrointest-
inal tract (from stomach to colon), endogenous ET-1
production has been reported to occur not only in vascular
endothelial cells but also in mucosal epithelial cells (Takaha-

shi et al., 1990). The LOS possesses endothelial cells in
intramuscular arterioles and mucosal epithelial cells, which
may be possible sites for the local production of ET-1.

Further investigations are required to determine whether
endogenous production of ET-1 occurs in LOS. Thus, the
physiological role of ET-1 in LOS remains uncertain. It is

unlikely that the action of ET-1 at ETA receptors has a major
role in maintaining high tone and/or producing oscillatory
contractions under physiological conditions, since BQ123 had

no e�ect on spontaneous tone or oscillatory contractions of
guinea-pig LOS (data not shown).

In conclusion, ET-1 elicits biphasic mechanical responses,
composed of an initial transient relaxation followed by a

sustained contraction, but paradoxically produces a concen-
tration-dependent, sustained membrane hyperpolarisation in
smooth muscle of the guinea-pig LOS. ET-1, acting mainly

through ETA receptors, produces a hyperpolarisation by
activating apamin-sensitive Ca2+-activated K+ channels. K+

channel activity is triggered mainly by extracellular Ca2+,

through RMCE, and partially by Ca2+ release from
intracellular stores. The ET-1-induced hyperpolarisation
triggers an initial transient relaxation and acts to oppose

the subsequent sustained contraction.

The authors are grateful to Dr S. Kajioka and Dr V.M. Jackson
for their helpful comments. This project was supported by the
Wellcome Trust and the Uehara Memorial Medical Research
Foundation of Japan.

References

ALLCOCK, G.H., BATTISTINI, B., FOURNIER, A., WARNER, T.D. &

VANE, J.R. (1995). Characterization of endothelin receptors
mediating mechanical responses to the endothelins in the isolated
stomach strip of the rat. J. Pharmacol. Exp. Ther., 275, 120 ± 126.

ARAI, H., HORI, S., ARAMORI, I., OHKUBO, H. & NAKANISHI, S.

(1990). Cloning and expression of a cDNA encoding an
endothelin receptor. Nature, 348, 730 ± 732.

BENHAM, C.D. & TSIEN, R.W. (1987). A novel receptor-operated
Ca2+-permeable channel activated by ATP in smooth muscle.
Nature, 328, 275 ± 278.

BERRIDGE, M.J. (1995). Capacitative calcium entry. Biochem. J.,
312, 1 ± 11.

BETTS, L.C. & KOZLOWSKI, R.Z. (2000). Electrophysiological e�ects
of endothelin-1 and their relationship to contraction in rat renal
arterial smooth muscle. Br. J. Pharmacol., 130, 787 ± 796.

CHAKDER, S. & RATTAN, S. (1999). Mechanisms and sites of action
of endothelins 1 and 2 on the opossum internal anal sphincter
smooth muscle tone in vitro. J. Pharmacol. Exp. Ther., 288, 239 ±
246.

CHEN, C. & WAGONER, P.K. (1991). Endothelin induces a non-
selective cation current in vascular smooth muscle cells. Circ.
Res., 69, 447 ± 454.

DE NUCCI, G., THOMAS, R., D'ORLEANS-JUSTE, P., ANTUNES, E.,

WALDER, C., WARNER, T.D. & VANE, J.R. (1988). Pressor e�ects
of circulating endothelin are limited by its removal in the
pulmonary circulation and by the release of prostacyclin and
endothelium-derived relaxing factor. Proc. Natl. Acad. Sci.
U.S.A., 85, 9797 ± 9800.

EDDAHIBI, S., SPRINGALL, D., MANNAN, M., CARVILLE, C.,

CHABRIER, P.-E., LEVAME, M., RAFFESTIN, B., POLAK, J. &

ADNOT, S. (1993). Dilator e�ect of endothelins in pulmonary
circulation: changes associated with chronic hypoxia. Am. J.
Physiol., 265, L571 ± L580.

ENOKI, T., MIWA, S., SAKAMOTO, A., MINOWA, T., KOMURO, T.,

KOBAYASHI, S., NINOMIYA, H. & MASAKI, T. (1995). Long-
lasting activation of cation current by low concentration of
endothelin-1 in mouse ®broblasts and smooth muscle cells of
rabbit aorta. Br. J. Pharmacol., 115, 479 ± 485.

GIBSON, A., MCFADZEAN, I., TUCKER, J.F. & WAYMAN, C. (1994).
Variable potency of nitrergic-nitrovasodilator relaxations of the
mouse anococcygeus against di�erent forms of induced tone. Br.
J. Pharmacol., 113, 1494 ± 1500.

British Journal of Pharmacology vol 135 (1)

ET-1-induced hyperpolarisation in LOSK. Imaeda204



GIBSON, A., MCFADZEAN, I., WALLACE, P. &WAYMAN, C.P. (1998).
Capacitative Ca2+ entry and the regulation of smooth muscle
tone. Trends. Pharmacol. Sci., 19, 266 ± 269.

GOTO, K., KASUYA, Y., MATSUKI, N., TAKUWA, Y., KURIHARA, H.,

ISHIKAWA, T., KIMURA, S., YANAGISAWA, M. & MASAKI, T.

(1989). Endothelin activates the dihydropyridine-sensitive,
voltage-dependent Ca2+ channel in vascular smooth muscle.
Proc. Natl. Acad. Sci. U.S.A., 86, 3915 ± 3918.

GOYAL, R.K. & PATERSON, W.G. (1989). Esophageal motility. In
Handbook of Physiology, The Gastrointestinal System, ed. Wood
J.D. Vol. 1, pp. 865 ± 908. Bethesda: Waverly Press,

HASUNUMA, K., RODMAN, D.M., O'BRIEN, R.F. & MCMURTRY, I.F.

(1990). Endothelin 1 causes pulmonary vasodilation in rats. Am.
J. Physiol., 259, H48 ±H54.

HIGASHI, T., ISHIZAKI, T., SHIGEMORI, K., YAMAMURA, T. &

NAKAI, T. (1997). Pharmacological characterization of endothe-
lin-induced rat pulmonary arterial dilatation. Br. J. Pharmacol.,
121, 782 ± 786.

HILL, C.E., KIRTON, A., WU, D.D. & VANNER, S.J. (1997). Role of
maxi-K+ channels in endothelin-induced vasoconstriction of
mesenteric and submucosal arterioles. Am. J. Physiol., 273,
G1087 ±G1093.

IMAEDA, K., JOH, T., YAMAMOTO, Y., ITOH, M. & SUZUKI, H.

(1998). Properties of inhibitory junctional transmission in
smooth muscle of the guinea pig lower esophageal sphincter.
Jpn. J. Physiol., 48, 457 ± 465.

IMAEDA, K., TROUT, S.J. & CUNNANE, T.C. (2000). Endothelin-1-
induced hyperpolarisation of smooth muscle cells in the guinea-
pig lower oesophageal sphincter. Br. J. Pharmacol., 131, 214P.

INOUE, A., YANAGISAWA, M., KIMURA, S., KASUYA, Y., MIYAU-

CHI, T., GOTO, K. & MASAKI, T. (1989). The human endothelin
family: three structurally and pharmacologically distinct isopep-
tides predicted by three separate genes. Proc. Natl. Acad. Sci.
U.S.A., 86, 2863 ± 2867.

INOUE, Y., OIKE, M., NAKAO, K., KITAMURA, K. & KURIYAMA, H.

(1990). Endothelin augments unitary calcium channel currents on
the smooth muscle cell membrane of guinea-pig portal vein. J.
Physiol., 423, 171 ± 191.

IRIE, K., UCHIDA, Y., FUJII, E. &MURAKI, T. (1995). Developmental
changes in response to endothelins and receptor subtypes of
isolated rat duodenum. Eur. J. Pharmacol., 275, 45 ± 51.

IWAMURO, Y., MIWA, S., MINOWA, T., ENOKI, T., ZHANG, X.-F.,

ISHIKAWA, M., HASHIMOTO, N. & MASAKI, T. (1998). Activa-
tion of two types of Ca2+-permeable nonselective cation channel
by endothelin-1 in A7r5 cells. Br. J. Pharmacol., 124, 1541 ± 1549.

IWAMURO, Y., MIWA, S., ZHANG, X.-F., MINOWA, T., ENOKI, T.,

OKAMOTO, Y., HASEGAWA, H., FURUTANI, H., OKAZAWA, M.,

ISHIKAWA, M., HASHIMOTO, N. & MASAKI, T. (1999). Activa-
tion of three types of voltage-independent Ca2+ channel in A7r5
cells by endothelin-1 as revealed by a novel Ca2+ channel blocker
LOE 908. Br. J. Pharmacol., 126, 1107 ± 1114.

LIN, W.W. & LEE, C.Y. (1990). Biphasic e�ects of endothelin in the
guinea-pig ileum. Eur. J. Pharmacol., 176, 57 ± 62.

LIN, W.W. & LEE, C.Y. (1992). Intestinal relaxation by endothelin
isopeptides: involvement of Ca2+-activated K+ channels. Eur. J.
Pharmacol., 219, 355 ± 360.

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.

MIASIRO, N. & PAIVA, A.C. (1990). E�ects of endothelin-1 on the
isolated guinea-pig ileum: role of Na+ ions. Naunyn. Schmiede-
bergs. Arch. Pharmacol., 342, 706 ± 712.

MINOWA, T., MIWA, S., KOBAYASHI, S., ENOKI, T., ZHANG, X.-F.,

KOMURO, T., IWAMURO, Y. & MASAKI, T. (1997). Inhibitory
e�ect of nitrovasodilators and cyclic GMP on ET-1-activated
Ca2+-permeable nonselective cation channel in rat aortic smooth
muscle cells. Br. J. Pharmacol., 120, 1536 ± 1544.

NAKASHIMA, M. & VANHOUTTE, P.M. (1993). Endothelin-1 and -3
cause endothelium-dependent hyperpolarisation in the rat
mesenteric artery. Am. J. Physiol., 265, H2137 ±H2141.

NELSON, M.T., CHENG, H., RUBART, M., SANTANA, L.F., BONEV,

A.D., KNOT, H.J. & LEDERER, W.J. (1995). Relaxation of arterial
smooth muscle by calcium sparks. Science, 270, 633 ± 637.

NELSON, M.T., PATLAK, J.B., WORLEY, J.F. & STANDEN, N.B.

(1990). Calcium channels, potassium channels, and voltage-
dependence of arterial smooth muscle tone. Am. J. Physiol., 259,
C3 ±C18.

PACAUD, P. & BOLTON, T.B. (1991). Relation between muscarinic
receptor cationic current and internal calcium in guinea-pig
jejunal smooth muscle cells. J. Physiol., 441, 477 ± 499.

RINK, T.J. (1990). Receptor-mediated calcium entry. FEBS Lett.,
268, 381 ± 385.

RUBANYI, G.M. & POLOKOFF, M.A. (1994). Endothelins: molecular
biology, biochemistry, pharmacology, physiology, and patho-
physiology. Pharmacol. Rev., 46, 325 ± 415.

SAKURAI, T., YANAGISAWA, M., TAKUWA, Y., MIYAZAKI, H.,

KIMURA, S., GOTO, K. & MASAKI, T. (1990). Cloning of a cDNA
encoding a non-isopeptide-selective subtype of the endothelin
receptor. Nature, 348, 732 ± 735.

SIMPSON, A.W.M., STAMPFL, A. & ASHLEY, C.C. (1990). Evidence
for receptor-mediated bivalent-cation entry in A10 vascular
smooth-muscle cells. Biochem. J., 267, 277 ± 280.

SIMS, S.M. (1992). Cholinergic activation of a non-selective cation
current in canine gastric smooth muscle is associated with
contraction. J. Physiol., 449, 377 ± 398.

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. Presence of endothelinlike immunoreactiv-
ity, endothelin-1 messenger RNA, endothelin receptors, and
pharmacological e�ect. Gastroenterology, 99, 1660 ± 1667.

TREIMAN, M., CASPERSEN, C. & CHRISTENSEN, S.B. (1998). A tool
coming of age: thapsigargin as an inhibitor of sarco-endoplasmic
reticulum Ca2+-ATPases. Trends. Pharmacol. Sci., 19, 131 ± 135.

WAYMAN, C.P., MCFADZEAN, I., GIBSON, A. & TUCKER, J.F. (1996).
Two distinct membrane currents activated by cyclopiazonic acid-
induced calcium store depletion in single smooth muscle cells of
the mouse anococcygeus. Br. J. Pharmacol., 117, 566 ± 572.

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.

YUAN, S., COSTA, M. & BROOKES, S.J. (1998). Neuronal pathways
and transmission to the lower esophageal sphincter of the guinea
pig. Gastroenterology, 115, 661 ± 671.

(Received July 25, 2001
Revised September 19, 2001
Accepted October 2, 2001)

British Journal of Pharmacology vol 135 (1)

ET-1-induced hyperpolarisation in LOSK. Imaeda 205


	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	fig_xref8
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xref
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39
	bib_xrefR40
	bib_xrefR41
	bib_xrefR42
	bib_xrefR43

