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Noradrenaline inhibits pacemaker currents through stimulation of
fi-adrenoceptors in cultured interstitial cells of Cajal from murine
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1 Interstitial cells of Cajal (ICCs) are pacemaker cells that activate the periodic spontaneous inward
currents (pacemaker currents) responsible for the production of slow waves in gastrointestinal smooth
muscle. The effects of noradrenaline on the pacemaker currents in cultured ICCs from murine small
intestine were investigated by using whole-cell patch-clamp techniques at 30°C.

2 Under current clamping, ICCs had a mean resting membrane potential of —58+5mV and
produced electrical slow waves. Under voltage clamping, ICCs produced pacemaker currents with a
mean amplitude of —410+ 57 pA and a mean frequency of 16+ 2cyclesmin~'.

3 Under voltage clamping, noradrenaline inhibited the amplitude and frequency of pacemaker
currents and increased resting currents in the outward direction in a dose-dependent manner. These
effects were reduced by intracellular GDPSS.

4 Noradrenaline-induced effects were blocked by propranolol (f-adrenoceptor antagonist).
However, neither prazosin (¢;-adrenoceptor antagonist) nor yohimbine (¢,-adrenoceptor antagonist)
blocked the noradrenaline-induced effects. Phenylephrine (o;-adrenoceptor agonist) had no effect on
the pacemaker currents, whereas isoprenaline (f-adrenoceptor agonist) mimicked the effect of
noradrenaline. Atenolol (f;-adrenoceptor antagonist) blocked the noradrenaline-induced effects, but
butoxamine (f,-adrenoceptor antagonist) did not. In addition, BRL37344 (f;-adrenoceptor agonist)
had no effect on pacemaker currents.

5 9-(Tetrahydro-2-furanyl)-9H-purine-6-amine (SQ-22536; adenylate cyclase inhibitor) and a
myristoylated protein kinase A inhibitor did not inhibit the noradrenaline-induced effects and 8-
bromo-cAMP had no effects on pacemaker currents. 8-Bromo-cGMP and SNAP inhibited pacemaker
currents and these effects of SNAP were blocked by 1H-[1,2,4Joxadiazolo[4,3-a]quinoxalin-1-one
(ODQ; a guanylate cyclase inhibitor). However, ODQ did not block the noradrenaline-induced effects.

6 Neither tetracthylammonium (a voltage-dependent K* channel blocker), apamin (a Ca®"-
dependent K* channel blocker) nor glibenclamide (an ATP-sensitive K™ channel blocker) blocked
the noradrenaline-induced effects.

7 The results suggest that noradrenaline-induced stimulation of f;-adrenoceptors in the ICCs
inhibits pacemaker currents, and that this is mediated by the activation of G-protein. Neither
adenylate cyclase, guanylate cyclase nor a K* channel-dependent pathway are involved in this effect
of noradrenaline.
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Introduction

Gastrointestinal smooth muscles exhibit spontaneous contrac-
tions. These spontaneous contractions are mediated by the
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periodic generation of electrical slow waves. Slow waves have a
very important role in determining the activity of the muscle of
the gastrointestinal system, and their impairment is likely to
cause various motility disorders (Szurszewski, 1987). Gastro-
intestinal tract motility is regulated by these slow waves that
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are modulated by extrinsic and intrinsic autonomic neurones
as well as by circulating hormones and drugs (Demol et al.,
1989). The interstitial cells of Cajal (ICCs) are the pacemaker
cells in the gastrointestinal tract. They generate slow waves
and also mediate signals from enteric neurones to smooth
muscle (Ward et al., 1994; Huizinga et al., 1995; Sanders,
1996). This generation of slow waves is due to the activation
of spontaneous inward currents (pacemaker currents) (Koh
et al., 1998).

Catecholamines have an important role in regulating
smooth muscle contractility. They have both inhibitory and
excitatory effects in visceral smooth muscle (Bilbring &
Tomita, 1987). Stimulation of a-adrenoceptors mediates a
dual (excitatory and inhibitory) effect, whereas stimulation of
p-adrenoceptors mediates an inhibitory effect. The effect of
activating a-adrenoceptors depends on their location and the
species. For example, in the gastric antrum (Jun et al., 1993)
and intestinal smooth muscle (terminal ileum) (Bauer, 1981) of
guinea-pig, «-adrenoceptors mediate an excitatory effect.
However, in the taenia coli of guinea-pig, a-adrenoceptors
mediate an inhibitory effect (Bauer, 1982). In cat colon circular
muscle stimulation of a#-adrenoceptors increases the magnitude
of electrical slow waves and mechanical contractions, whereas
activation of f-adrenoceptors decreases them (Venkova &
Kirier, 1995). The relaxation of visceral smooth muscle induced
by catecholamines is associated with membrane hyperpolar-
ization mediated by a-adrenoceptors and cyclic AMP produc-
tion due to the stimulation of f-adrenoceptors (Biilbring &
Tomita, 1987). As these experiments were performed in intact
tissues, it was difficult to differentiate between the effects on
ICCs and those on smooth muscle. Therefore, in this study, we
investigated the effects of noradrenaline on the electrical
properties of cultured ICC cells, in order to elucidate the
mechanisms of the effects of catecholamines on intestinal
motility.

Methods
Preparation of cells and tissues

Balb/c mice (813 days old) of either sex were anaesthetized
with ether and killed by cervical dislocation. The small
intestines from 1cm below the pyloric ring to the caecum
were removed and opened along the mesenteric border.
Luminal contents were washed away with Krebs—Ringer
bicarbonate solution. The tissues were pinned to the base
of a Sylgard dish and the mucosa removed by sharp
dissection. Small tissue stripes of intestinal muscle (consisting
of both circular and longitudinal muscles) were equilibrated
in Ca®*-free Hank’s solution (containing in mM: KCI 5.36,
NacCl 125, NaOH 0.34, Na,HCO; 0.44, glucose 10, sucrose 2.9
and HEPES 11) for 30min. Then, the cells were dispersed
with an enzyme solution containing collagenase (Worthington
Biochemical Co, Lakewood, NJ, U.S.A.) 1.3mgml™!, bovine
serum albumin (Sigma Chemical Co., St Louis, MO, U.S.A.)
2mgml~', trypsin inhibitor (Sigma) 2mgml~' and ATP
0.27mgml~". Cells were plated onto sterile glass coverslips
coated with murine collagen (2.5ugml™!, Falcon/BD) in a
35mm culture dish. The cells were then cultured at 37°C in
a 95% 0,-5% CO, incubator in a smooth muscle growth
medium (SMGM, Clonetics Corp., San Diego, CA, U.S.A))

supplemented with 2% antibiotics/antimycotics (Gibco, Grand
Island, NY, U.S.A.) and murine stem cell factor (SCF,
Sngml™!, Sigma). ICCs were identified immunologically
with a monoclonal antibody for Kit protein (ACK?2) labelled
with Alexa Fluor 488 (molecular prove, Eugene, OR, U.S.A.)
(Koh et al., 1998; 2000). The morphologies of ICCs were
distinct from other cell types in the culture, so it was
possible to identify the cells with phase contrast microscopy
once the cells had been verified with ACK2-Alexa Fluor 488
labelling.

Patch-clamp experiments

The whole-cell configuration of the patch-clamp technique was
used to record membrane currents (voltage clamp) and
potentials (current clamp) from cultured ICCs. Axopatch
I-D (Axon Instruments, Foster, CA, U.S.A.) amplified
membrane currents and potentials. The command pulse was
applied using a IBM-compatible personal computer and
pClamp software (version 6.1; Axon Instruments). The data
were filtered at S5kHz and displayed on an oscilloscope, a
computer monitor, and with a pen recorder (Gould 2200,
Gould, Vally view, OF, U.S.A.).

Results were analysed using pClamp and Graph Pad
Prism (version 2.01) software. All experiments were performed
at 30°C.

Solutions and drugs

The cells were bathed in a solution containing (in mm): KCI 5,
NacCl 135, CaCl, 2, glucose 10, MgCl, 1.2 and HEPES 10,
adjusted to pH 7.2 with tris. The pipette solution contained (in
mM) KCI 140, MgCl, 5, K,ATP 2.7, Na,GTP 0.1, creatine
phosphate disodium 2.5, HEPES 5 and EGTA 0.1, adjusted to
pH 7.2 with tris.

Drugs used were: (—)-noradrenaline bitartrate, prazosine,
yohimbine hydrochloride, phenylephrine hydrochloride, pro-
pranolol hydrochloride, isoprenaline hydrochloride, atenolol,
butoxamine hydrochloride, (R*, R*)-(+)-4-[2-[(2-93-chloro-
phenyl)amino]propyl]phenoxy acetic acid sodium (BRL-
37344), tetraecthylammonium chloride, apamin, glibenclamide,
guanosine 5-O-(2-thio)diphosphate (GDPfS), 8-bromo-
cAMP, myristoylated protein kinase A inhibitor (mPKAI),
8-bromo-cGMP, SNAP, 9-(tetrahydro-2-furanyl)-9H-purine-
6-amine (SQ-22536) and 1H-[1,2,4]Joxadiazolo[4,3-a]quinoxa-
lin-1-one (ODQ). SQ-22536 and ODQ were purchased from
Calbiochem Co. (San Diego, CA, U.S.A.), and the others were
purchased from the Sigma Chemical Co.

All drugs were dissolved into DW or DMSO to prepare
stock solutions (10 or 100mMm), and were either added to
the bath solution or applied to the whole-cell preparations
by superfusion. The final concentration of DMSO was less
than 0.05%.

Statistical analysis

Data are expressed as means+standard errors (s.e.). Differ-
ences between the data were evaluated by Student’s t-test.
A P-value less than 0.05 was taken to indicate a statisti-
cally significant difference. The n values reported in the
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text refer to the number of cells used in the patch-clamp
experiments.

Results

Noradrenaline inhibits pacemaker currents in a dose-
dependent manner in ICCs

Under a voltage clamp at a holding potential of —70mV, ICCs
generated spontaneous inward currents, which are referred to
as ‘pacemaker currents’. The frequency of the pacemaker
currents was 16+ 1.4cyclesmin~' and the amplitude and
resting current levels were —410+57 and —22+18pA,
respectively (n=12). The addition of noradrenaline (0.1-
5 uM) decreased both the frequency and the amplitude of the
pacemaker currents, and increased the resting currents in an
outward direction in a concentration-dependent manner
(Figure la—c). In the presence of noradrenaline, the resting
currents were —18+11pA at 0.1uM (n=38), —9+2.0pA at
luM (n=06) and —5+3.04 pA at SuM (n=>5) (Figure 1d) and
the corresponding frequencies and amplitudes were 12+2.6,
2.740.9 and 1.24+0.2cyclesmin~!, and —260+ 52, —20.8+ 18
and —17+19 pA (Figure le and f). These values at 1 and 5 uM
were significantly different from control values. These results
suggest that noradrenaline inhibits pacemaker currents in a
dose-dependent manner in ICCs.

Noradrenaline inhibits pacemaker currents through
activation of B-adrenoceptors

Adrenoceptor antagonists and agonists were used to identify
the receptor subtype mediating the effects of noradrenaline.
Prazosin, a selective o-adrenoceptor antagonist, and yohim-
bine, an a,-adrenoceptor antagonist, were used. Pretreatment
with prazosin (5 uM) (n=135, Figure 2a) and yohimbine (5 uM)
(n=4, Figure 2c) for 10 min did not block the noradrenaline
(2 uM)-induced effects. Neither prazosin nor yohimbine alone
had any effect on pacemaker currents. In addition, pheny-
lephrine (2uM), an o-adrenoceptor agonist, showed no
significant effect on pacemaker currents (n=4, Figure 2b).
These results suggest that the effects of noradrenaline are not
mediated by o-adrenoceptors. In contrast, the noradrenaline-
induced effects were completely blocked by pretreatment with
propranolol, a nonselective f-adrenoceptor antagonist (n=35,
Figure 2d). Moreover, isoprenaline, a fi-adrenoceptor agonist,
inhibited the pacemaker currents in a way similar to
noradrenaline (n=5, Figure 2e). Isoprenaline decreased the
frequency and amplitude of the pacemaker currents and
increased the resting currents in an outward direction. Under
control conditions at a holding potential of —70mV, the
resting current was —29+18pA, and the frequency and
amplitude of the pacemaker currents were 16+ 1.4 cyclesmin™!
and —430+48 pA, respectively. In the presence of isoprenaline
(2 uMm), the resting current was —2+6.5 pA, and the frequency
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Figure 1 Concentration-dependent effect of noradrenaline on pacemaker currents in cultured ICCs of the murine small intestine.
(a—c) The slow waves of ICCs exposed to noradrenaline (0.1, I and 5 uM) at a holding potential of —70mV. Noradrenaline inhibited
spontaneous pacemaker currents in a concentration-dependent manner in ICCs and induced increased resting currents in the
outward direction. (d—f) A summary of the inhibitory effects of noradrenaline on pacemaker currents in ICCs. Each column
represents the mean +s.e. (n=9-12/group). *P<0.05, significantly different from the controls.
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Figure 2 Effects of «- and p-adrenoceptor antagonists on the
response to noradrenaline and of o- and S-adrenoceptor agonists on
pacemaker currents. (a) Prazosin (5 uM) and (c) yohimbine (5 uM),
selective o;- and a,-adrenoceptor antagonists, did not block the
noradrenaline-mediated inhibition of pacemaker currents. (b)
Phenylephrine (2 uM), an a;-adrenoceptor agonist, had no effects
on pacemaker currents. (d) Propranolol (5uM), a nonselective
p-adrenoceptor antagonist, significantly blocked the noradrenaline-
induced inhibition of pacemaker currents and (e) isoprenaline
(2 uM), a f-adrenoceptor agonist, mimicked the inhibitory effects
of noradrenaline on pacemaker currents. Pacemaker currents were
recorded from separate cells.

isopreterenol 2pM

and amplitude of the pacemaker currents were 1.1+0.4cy-
clesmin™' and —144+16pA (P<0.05), respectively. This
indicates that the inhibition of pacemaker currents by
noradrenaline is mediated by f-adrenoceptors.

Involvement of B;-adrenoceptors in the effects of
noradrenaline on pacemaker currents in ICCs

In the above results, in ICCs, noradrenaline inhibited pace-
maker currents through f-adrenoceptor activation. To deter-
mine the f-adrenoceptor subtype mediating this effect, the
ICCs were pretreated with either a f8,-, or a fi,-adrenoceptor
antagonist for 10 min before the application of noradrenaline
and the effect of a fj-adrenoceptor agonist was also
investigated. In the presence of atenolol (5uM), a selective
fi-adrenoceptor antagonist, noradrenaline-induced effects
were significantly inhibited (n =6, Figure 3a). Under control
conditions at a holding potential of —70mV, the resting
currents was —33 + 14 pA, and the frequency and amplitude of
the pacemaker currents were 1641.2cyclesmin~' and
—426+37pA, respectively. In the presence of atenolol, the
resting current was —28+15pA, and the frequency and
amplitude of the pacemaker currents induced by noradrenaline
were 16+ 1.4cyclesmin~! and —408+24pA, respectively.
These values were not significantly different from control
values. However, butoxamine (5uM), a f,-adrenoceptor
antagonist, did not block noradrenaline-induced effects
(n=4, Figure 3b). In the presence of butoxamine, noradrena-
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Figure 3 Effects of f;- and f,-adrenoceptor antagonists on the
response to noradrenaline and the effect of a fj-adrenoceptor
agonist on pacemaker currents. (a) Atenolol (5uM), a selective
fi-adrenoceptor antagonist, significantly blocked the noradrenaline-
mediated inhibition of pacemaker currents. (b) However, butox-
amine (5uM), a f,-adrenoceptor antagonist, did not block the
noradrenaline-mediated inhibition of pacemaker -currents. (c)
BRL37344 (5uM), a fs-adrenoceptor agonist, also had no effects
on pacemaker currents. Pacemaker currents were recorded from
separate cells.

line still inhibited the pacemaker currents. Neither atenolol nor
butoxamine alone had any effect on pacemaker currents. In
addition, BRL 37344 (5 uM), a fs-adrenoceptor agonist, had
no significant effects on pacemaker currents (n =5, Figure 3c).
These results suggest that f§,-adrenoceptors may mediate the
effects of noradrenaline on pacemaker currents in ICCs.

Involvement of G-proteins in noradrenaline-induced
inhibition of pacemaker currents

The effects of GDPfSS, a nonhydrolysable guanosine 5'-di-
phosphate analogue, which permanently inactivates GTP-
binding proteins (Komori et al., 1993), were examined to
determine whether the G-protein is involved in the effects of
noradrenaline in ICCs. The inhibitory effect of noradrenaline
was reduced when GDPSS (1mM) was in the pipette
(Figure 4a). Under control conditions at a holding potential
of —70mV, the frequency and amplitude were 16+0.4cy-
clesmin™' and —425+437pA, respectively; the addition of
noradrenaline (2 uM) decreased both the frequency and the
amplitude of the pacemaker currents (frequency: 2.7+0.9 cy-
clesmin™!; amplitude: —20.8+18pA). In the presence of
GDPfS in the pipette, the effects of naradrenaline on these
variables were attenuated; the frequency and amplitude were
164+0.4cyclesmin™' and —348+58pA, respectively (n=7)
(Figure 4b and c), values significantly different from those
obtained with noradrenaline alone. This indicates that
G-proteins have an essential role in noradrenaline-induced
effects on pacemaker currents in ICCs.

Adenylate cyclase and guanylate cyclase inhibitors and
noradrenaline-induced inhibition of pacemaker currents

The effects of SQ-22536, an inhibitor of adenylate cyclase, a
mPKAI and ODQ, an inhibitor of guanylate cyclase, were

British Journal of Pharmacology vol 141 (4)
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Figure 4 Effects of GDPfS on the response to noradrenaline. (a)
Pacemaker currents of ICCs exposed to noradrenaline (2 uM) in the
presence of GDPSS (1 mM) in the pipette. GDPJfS partially blocked
the noradrenaline-mediated inhibition of pacemaker currents. The
effect of noradrenaline in the presence of GDPfS but not in the
pipette is summarized in (b) and (c). Each column represents
the mean+s.e. (n="7).

examined to determine whether the cyclic nucleotide-depen-
dent pathway is involved in the effects of noradrenaline in
ICCs. The ICCs were pretreated with either SQ-22536, mPKAI
or ODQ for 10 min before the application of noradrenaline. In
the presence of SQ-22536 (10 uM) or mPKAI (1 uM), nor-
adrenaline (2 uM) still inhibited the pacemaker currents (n =5)
(Figure 5a and b). In the presence of SQ-22536, the resting
current was —4+7.3pA, and the frequency and amplitude of
the pacemaker currents were 1.24+0.4cyclesmin™' and
—12+18pA (P<0.05), respectively. In the presence of
mPKAI, the resting current was —1+9.5pA, and the
frequency and amplitude of the pacemaker currents were
140.8cyclesmin™" and —11+16 pA (P<0.05), respectively. In
addition, the cell-permeable 8-bromo-cAMP (100 uM) had no
effect on the generation of pacemaker currents (n=3)
(Figure 5c). In contrast, 8-bromo-cGMP inhibited the pace-
maker currents. Under control conditions at a holding
potential of —70mV, the resting current was —32+19pA,
and the frequency and the amplitude of the pacemaker
currents were 17.7+0.5cyclesmin~! and —412429 pA, respec-
tively. In the presence of 8-bromo-cGMP (100 uM), the
frequency and amplitude decreased to 2.140.5cyclesmin™
and —13+16pA, respectively (n=7, P<0.05) (Figure 6a).
Also, SNAP, a NO donor, inhibited the generation of
pacemaker currents (Figure 6b). Under control conditions at
a holding potential of —70mV, the resting current was
—32+19pA, and the frequency and the amplitude of the
pacemaker currents were 16.7+1.1cyclesmin~' and
—4214+38pA, respectively. In the presence of SNAP
(100 u™m), the frequency and amplitude decreased to
2.7+ 1.4cyclesmin™' and —10+11pA, respectively (n=6,
P<0.05). These effects were blocked by ODQ (Figure 6¢). In
the presence of ODQ (10uM), the resting current was
—28+20pA, and the frequency and amplitude of the pace-
maker currents were 17+0.6cyclesmin~' and —420+ 24 pA,
respectively. These values were not significantly different from
control values. However, ODQ did not block the inhibitory
effects of noradrenaline (n=15) (Figure 6d). Under control
conditions at a holding potential of —70mV, the resting
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Figure 5 Effects of adenylate cyclase and a protein kinase A
inhibitor on the noradrenaline-mediated inhibition of pacemaker
currents. (a) Effect of noradrenaline on pacemaker currents in the
presence of SQ-22536 (10um). SQ-22536 did not block the
noradrenaline-mediated inhibition of pacemaker currents. (b) Effect
of noradrenaline on pacemaker currents in the presence of mPKAI
(1 um). mPK AT did not block the noradrenaline-mediated inhibition
of pacemaker currents. (c) Effect of §-bromo-cAMP (100 uM) on
pacemaker currents. 8-bromo-cAMP had no effect on pacemaker
currents. Pacemaker currents were recorded from separate cells.
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Figure 6 Effects of a guanylate cyclase inhibitor on the noradrena-
line-mediated inhibition of pacemaker currents. (a) Effect of 8-
bromo-cGMP (100 uM) on pacemaker currents. 8§-Bromo-cGMP
inhibited pacemaker currents. (b) Effect of SNAP (100uM) on
pacemaker currents. (c) Effect of SNAP in the presence of ODQ
(10 um). SNAP also inhibited the pacemaker current and this effect
was antagonized by the pretreatment with ODQ. (d) Effect of
noradrenaline on pacemaker currents in the presence of ODQ
(10 um). ODQ did not block the noradrenaline-mediated inhibition
of pacemaker currents. Pacemaker currents were recorded from
separate cells.

current was —28 +23 pA, and the frequency and the amplitude
of the pacemaker currents were 16.441.6cyclesmin~' and
—436+27pA, respectively. In the presence of ODQ (10 um),
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the frequency and amplitude decreased to 1.140.7 cycles min~!

and —10+6.8 pA, respectively (n=6, P<0.05). Neither SQ-
22536, mPKAI nor ODQ alone had any effect on pacemaker
currents. These observations suggest that neither cyclic AMP
nor cyclic GMP mediate the inhibition of pacemaker currents
induced by noradrenaline.

Effect of K+ channel blockers on noradrenaline-induced
inhibition of pacemaker currents

In previous reports, f-adrenoceptors have been shown to effect
membrane hyperpolarization by increasing K* conductances
(Watson et al., 1996). Therefore, we tested whether the
noradrenaline-induced inhibition of pacemaker currents is
mediated by the activation of K* channels by using K%
channel blockers. In the presence of either TEA (a voltage-
dependent K* channel blocker) (10mM; n=4), apamin (a
Ca’>*-dependent K* channel blocker) (0.1 uM; n=4), or
glibenclamide (an ATP-sensitive K™ channel blocker)
(10 uM; n=13), noradrenaline (2 uM) still inhibited the pace-
maker currents (Figure 7a—).

Also, we carried out membrane potential studies to examine
the effect of current clamping in ICCs. The ICCs generated
slow waves under a current clamp. The resting membrane
potential was —58+5mV and amplitude 25+6mV and slow
wave frequency 16+2cyclesmin~! (n=13). The addition of
noradrenaline (2 uM) completely abolished the generation of
slow waves, but was unable to hyperpolarize the resting
membrane potential (Figure 7d). In the presence of noradrena-
line, the resting membrane potential was —62+2mV. Thus, it
is unlikely that K™ channels are associated with the inhibition
of pacemaker currents in ICCs.
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Figure 7 Effects of K* channel blockers on noradrenaline-
mediated inhibition of pacemaker currents. (a) TEA (10mM)
(a voltage-dependent K* channel blocker), (b) apamin (0.1 uM)
(a Ca®*-dependnet K* channel blocker) and (c) glibenclamide
(10 uM) (an ATP-sensitive K™ channel blocker) did not block the
noradrenaline-mediated inhibition of pacemaker currents. (d) Slow
waves of ICCs exposed to noradrenaline (2uM) in the current-
clamping mode (/=0). Noradrenaline abolished the generation of
slow waves, but did not induce the hyperpolarization of membrane
potential. Pacemaker currents were recorded from separate cells.

Discussion

ICCs regulate visceral smooth muscle activity by producing
electrical slow waves. The generation of slow waves in ICCs is
due to the periodic activation of spontaneous inward currents
(pacemaker currents). In this study, noradrenaline was found
to inhibit the pacemaker currents through activation of
pi-adrenoceptors in cultured ICCs from murine small intestine.

Adrenoceptors are classified into o- and f-adrenoceptors. In
our study, the noradrenaline-induced inhibition of pacemaker
currents was not blocked by prazosin, an o;-adrenoceptor
antagonist, and phenylephrine, an o;-adrenoceptor agonist,
had no effects on pacemaker currents. Also, yohimbine, an
ay-adrenoceptor antagonist, did not block the noradrenaline-
induced effects. In contrast, propranolol, a nonselective
p-adrenoceptor antagonist, completely blocked noradrena-
line-mediated inhibition of pacemaker currents, and isoprena-
line, a f-adrenoceptor agonist, inhibited pacemaker currents.
In gastrointestinal tract, f-adrenoceptors are subdivided into
three subtypes, f§;-, - and fs-adrenoceptor (Manara et al.,
1995). The relaxation of the guinea-pig ileum (Grassby &
Broadley, 1984) and rabbit duodenum (Lands ez al., 1967) by
catecholamines is mediated only via the f;-adrenoceptor.
However, other experiments have revealed the existence of
the f,-adrenoceptor subtype. In rat colon, the fi,-adrenoceptor
subtype is predominant (Ek & Nahorski, 1986) and activation
of f,-adrenoceptors relaxes guinea-pig taenia caecum (Aki-
moto et al., 2002). In addition, a typical f;-adrenoceptor
subtype has been found in gastrointestinal smooth muscles of
various species (Manara et al., 1995). Koike et al. (1995)
reported that f-adrenoceptor-mediated relaxation induced by
noradrenaline is not inhibited by propranolol, and BRL37344,
a selective fj-agonist, relaxes smooth muscle in guinea-pig
taenia caecum. In this study, butoxamine, a selective
pr-adrenoceptor antagonist, did not block the noradrenaline-
mediated inhibition of pacemaker currents, whereas atenolol, a
selective f§;-adrenoceptor antagonist, completely blocked these
effects. In addition, BRL37344 had no effects on pacemaker
currents. These results suggest that noradrenaline mediates its
inhibitory action on pacemaker currents by activating
pi-adrenoceptors.

Stimulating the f-adrenoceptors with catecholamines in-
creases cyclic AMP levels by activating adenylate cyclase via
the G-protein (Guan et al., 1995). In these experiments, when
GDPpS was present in the pipette, the inhibition of pacemaker
currents by noradrenaline was suppressed. This means that
pi-adrenoceptors are coupled with G-proteins in ICCs. The
relaxation of gastrointestinal smooth muscle caused by cyclic
AMP is mediated through the activation of cyclic AMP-
dependent protein kinase. Tsugeno et al. (1995) reported that,
in guinea-pig gastric smooth muscle, an increase in cyclic AMP
reduces slow-wave frequency without changing either the
membrane potential or the slow-wave configuration. Dick et al.
(2000) reported that SQ-22536 (0.001-1 uM) inhibited relaxa-
tions induced by isoprenaline (100 uM) in a concentration-
dependent manner in isolated smooth muscle cells of guinea-
pig gastric fundus. Koh et al. (2000) found that forskolin
inhibited pacemaker currents, whereas 8-bromo-cAMP did not
affect the generation of pacemaker currents. These forskolin-
induced effects were not blocked by either SQ-22536 or a
protein kinase A inhibitor in cultured ICCs from small
intestine. This suggests that these forskolin-induced effects
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are direct and that cAMP-dependent mechanisms are not
involved in the regulation of pacemaker currents. We also
found that neither SQ-22536 nor mPKAI blocked the
noradrenaline-induced effects and 8-bromo-cAMP had no
effect on pacemaker currents. These results demonstrate that
noradrenaline-mediated inhibition of pacemaker currents is
not mediated by cyclic AMP production. On the contrary,
pacemaker currents in cultured intestinal ICCs are modulated
by cyclic GMP (Koh et al., 2000). Sodium nitroprusside, a NO
donor, inhibited pacemaker currents and its effects were
blocked by ODQ (10 uM), a guanylate cyclase inhibitor. In
addition, 8-bromo-cyclic GMP mimicked the effect of sodium
nitroprusside, a NO donor. We also found that SNAP
inhibited pacemaker currents and these effects were blocked
by the pretreatment with ODQ. However, ODQ did not block
the noradrenaline-mediated inhibition of pacemaker currents
in this study. These results suggest that noradrenaline-induced
inhibition of pacemaker currents is mediated through a cyclic
nucleotide-independent pathway.

f-Adrenoceptor-mediated relaxation in various smooth
muscles is associated with membrane hyperpolarization caused
by an increase in K* conductance and the attenuation of
spontaneous activity, resulting in relaxation (Biilbring &
Tomita, 1987). In the proximal colon of the guinea-pig,
p-adrenoceptor agonists hyperpolarize the smooth muscle by
opening Ca’"-dependent K™ channels (Watson et al., 1996).
In addition, B-adrenoceptor agonists activate Ca®*-dependent
K* channels in airway smooth muscle by a cyclic AMP-
independent pathway (Kume et al., 1994) and activate ATP-
dependent K* channels in uterine smooth muscle (Harmada
et al., 1994). In rat aortic smooth muscle, iberitoxin and
4-aminopyridine inhibited relaxation by activating f-adreno-
ceptors (Satake et al., 1996). In this study, noradrenaline did
not produce hyperpolarization of the membrane in the current-
clamping mode. Furthermore, neither TEA, apamin, nor
glibenclamide blocked the noradrenaline-mediated inhibition
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