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To study the direct effect of somatostatin (SS) on calcium channel current (Is.) in guinea-pig gastric
myocytes, Ig. was recorded by using whole-cell patch clamp technique in single smooth muscle cells.
Nicardipine (1 M), a L-type Ca®" channel blocker, inhibited Iz, by 98+1.9% (n=5), however Iz, was
decreased in a reversible manner by application of SS. The peak Ig. at 0 mV were decreased to 95+1.1,
92+1.9, 82+4.0, 66+5.8, 10+2.9% at 10", 107°, 107°, 10", 10™°> M of SS, respectively (n=3~6; mean+
SEM). The steady-state activation and inactivation curves of Iz, as a function of membrane potentials
were well fitted by a Boltzmann equation. Voltage of half-activation (Vi) was —12+0.5 mV in control
and —11+1.9 mV in SS treated groups (respectively, n=5). The same values of half-inactivation were
—35+1.4 mV and —35+1.9 mV (respectively, n=5). There was no significant difference in activation
and inactivation kinetics of Is, by SS. Inhibitory effect of SS on Is, was significantly reduced by either
dialysis of intracellular solution with GDP S, a non-hydrolysable G protein inhibitor, or pretreatment
with pertussis toxin (PTX). SS also decreased contraction of guinea-pig gastric antral smooth muscle.
In conclusion, SS decreases voltage-dependent L-type calcium channel current (VDCCp) via PTX-

sensitive signaling pathways in guinea-pig antral circular myocytes.
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INTRODUCTION

Since its initial isolation from the ovine, somatostatin
(SS), tetradecapeptide, has been found in the central and
peripheral nervous systems (Brazeau et al, 1983). SS is
known to have a wide range of inhibitory actions as a
hormone and a neurotransmitter in neural sites (Ertan et
al, 1987). Within the gastrointestinal (GI) tract, SS is
widely distributed in specific mucosa cells, on neurons in
the mucosa and deeper level which project into smooth
muscle cells (Arimura, 1975; Messenger, 1993). SS in GI
tract is known to inhibit gastric endocrine and exocrine
secretions in all species, and to reduce blood flow and
absorptive activity (Gomez et al, 1975). With respect to GI
motility, action of SS seems to be complex. SS inhibits
migrating motor complexes in the stomach, but stimulates
those in the intestine (Thor et al, 1978; Poitras et al, 1980).
In longitudinal muscle of ileum, SS causes relaxation pro-
bably through inhibition of acetycholine release (Teitel-
baum et al, 1984). In addition to in vivo and tissue studies,
the presence of somatostatin receptors (SSTRs) has been
shown in many cell types, including guinea-pig gastric
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smooth muscle cells by molecular cloning and ligand bind-
ing studies, and this implies that SS could play a local
regulatory role in gastrointestinal tract (Sanders & Smith,
1986; Bell & Reisine, 1993; Gu et al, 1995; Corleto et al,
1997). In fact, SS inhibits agonist-induced contractions in
colonic smooth muscle cells, but inhibits relaxation in
gastric cells (Gu et al, 1992; Corleto et al, 1997). Therefore,
the effect of SS on calcium channels should be investigated.

Dihydropyridine-sensitive voltage-dependent L-type Ca®
channels (VDCCp) have been described in most excitable
tissues, including guinea-pig gastric circular myocyte (Hagi-
wara & Byerly, 1981; Katzka & Morad, 1989), and VDCC;,
are known to play a central role in the regulation of [Ca™];
in smooth muscles (Kim et al, 1997). In addition, the con-
tractile activity of GI smooth muscles is closely related to
electrical autorhythmicity which is termed as slow wave,
and the activation of plateau Ca®" current is necessary for
excitation-contraction coupling (Barajas & Huizinga, 1986).
Generally, calcium channels in smooth muscles are known
to be regulated by many factors such as a wide variety of
neurotransmitters, intracellular cyclic nucleotides (cAMP,
c¢GMP), stretch (cytoskeleton), and so on (Xiong et al, 1994;
Koh & Sanders, 1996; Xu et al, 1996). Neuropeptide and
neurotransmitters such as vasoactive intestinal peptide
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(VIP), acetylcholine (ACh) and norepinephrine (NE) are
also known to regulate Ca®" current of smooth muscle inclu-
ding gastrointestinal smooth muscle, through cyclic nucleo-
tide and protein kinase (Kamimura N et al, 1996; Koh &
Sanders, 1996; Wade GR et al, 1996; Seki T et al, 1999).

Effects of SS on VDCC in several types of neural cells
have been reported (Chen et al, 1989; Ikeda & Schofield,
1989). The mechanism underlying regulation of calcium
current by SS in neuronal cells has been suggested to be
responsible for activation of pertussis toxin (PTX) sensitive
G protein (Ikeda & Schofield, 1989; Hill, 1992). And the
effects of SS on calcium current are reversible and concen-
tration-dependent inhibitory (Ikeda & Schofield, 1989;
Meriney et al, 1995). In cardiac cells, inhibitory effect of
SS on L-type calcium current and Ca® influx through
calcium channels was also reported in guinea-pig atrium
(Diez J & Tamargo J, 1987; Ohmura T et al, 1990). Even
though the inhibitory effect of SS on vasoactive intestinal
peptide (VIP)-induced relaxation through Gi protein in
dispersed gastric smooth muscle cells was reported, no
direct effect of SS on ionic current in GI smooth muscle
cells has yet been reported (Gu et al, 1992). Therefore, the
aim of this experiment was to investigate the effect of SS
on Ca® channel in guinea-pig gastric myocytes and it's
possible mechanism.

METHODS
Preparation of cells

Guinea-pigs of either sex, weighing 300~ 350 g, were ex-
sanguinated after stunning. The antral portion of stomach
was cut, and the mucosal layer was separated from the
muscle layers in Ca**-free physiological salt solution (Ca®-
free PSS). The circular muscle layer was dissected from the
longitudinal layer using fine scissors and made into small
segments (2X3 mm). These segments were incubated in
Ca”™-free PSS for 30 min at 4°C. Then, they were incubated
for 15~25 min at 35°C in the digestion medium containing
0.1% collagenase (Wako, Japan), 0.05% dithioerythreitol,
0.1% trypsin inhibitor and 0.2% bovine serum albumin.
After digestion, the supernatant was discarded, and the sof-
tened muscle segments were transferred into modified
Kraft-Brithe (K-B) medium (Isenberg & Klisckner, 1982).
And single cells were then dispersed by gentle agitation
with a wide-bore glass pipette. Isolated gastric myocytes
were kept in K-B medium at 4°C until use. All experiments
were carried out within 8 hours of harvesting cells and
performed at room temperature.

Whole-cell voltage clamp

Isolated cells were transferred to a small chamber on the
stage of an inverted microscope (IMT-2, Olympus, Japan).
The chamber was perfused with PSS (2~3 ml/min). Glass
pipettes with a resistance of 2~5 M2 were used to make
a giga seal of 5~10 GQ. Standard patch clamp techniques
were used (Hamill et al, 1981). An axopatch-1C patch-
clamp amplifier (Axon instruments, USA) was used to
record membrane currents, and command pulses were ap-
plied by using IBM-compatible AT computer and pClamp
software v.5.5.1. The data were displayed on a digital oscil-
loscope and a computer monitor.

Preparation of muscle strips and conventional intra-
cellular recording

A horizontal chamber of 2 ml in the capacity was used
for the experiment, where continuous solution exchange
was needed (2~3 mlmin). The muscle strips (6X5 mm)
from the proximal part of antrum were cut parallel to cir-
cular fibers and mounted on a silicon rubber with pins in
a 2 ml horizontal chamber. The strip was constantly per-
fused at a rate of 2~3 ml/min with COg/bicarbonate-
buffered Tyrode solution (36°C). For the recording of elec-
trical activity, glass microelectrode was prepared by PUL-1
(World Precision Instruments, USA) and filled with 3 M
KCl (tip resistance of 40~80 MQ). Finally, electrical acti-
vity of tissue was recorded using intracellular electrometer
(IE-201, Warner Instrument Corporation, USA) and drawn
by a chart recorder (Gould, USA) and computer. For mea-
surement of isometric contraction, vertical chamber and
force transducer were used.

Solution and drugs

Ca® -free PSS, containing (in mM): NaCl 135, KCIl 5,
CaCly 1.8, MgCl; 1, glucose 10, and HEPES (N-[2-hydro-
xyethyl] piperazine-N-[2-ethanesulphonic acid]) 10, was
adjusted to pH 7.4 with NaOH. Modified K-B solution,
containing (mM) L-glutamate 50, KCl 50, taurine 20,
KH:PO, 20, MgCl; 3, glucose 10, HEPES 10, ethyleneglycol
bis-( #-aminoethyl ether- N,N,N,N-tetraacetic acid (EGTA)
0.5, was adjusted to pH 7.4 with KOH. Pipette solution,
containing (mM) CsCl 110, TEA 20, EGTA 10, HEPESI10,
NazATP 3, MgCl: 3.5, was adjusted to pH 7.3 with TRIZMA
or CsOH. Phosphate-buffered Tyrode solution contained (in
mM) NaCl 147, KCl 4, MgCl; 1, CaCl; 1.8, NaH.POy 0.42,
Na,HPO,; 1.81, and glucose 5.5 (pH 7.3). COqz/bicarbonate-
buffered Tyrode solution contained (in mM) NaCl 122, KCl
4.7, MgCl; 1, CaCly 2, NaHCO; 15, KH-PO4 0.93, and
glucose 11 (pH 7.3 ~7.4, bubbled with 5% CO0:/95% 02). All
drugs used in this study were purchased from Sigma.

Statistics

The data are expressed as means+SEM. Statistical
significance was estimated by paired and unpaired Stu-
dent’s t-test. p<0.056 was considered to be statistically
significant.

RESULTS

Effects of SS on the voltage activated calcium channel
current (Is.)

Extracellular Ca®** was replaced by 10 mM Ba®', and
membrane potential was held at —80 mV. Step to 0 mV
for 320 msec from —80 mV was applied to cells at every
15 sec to record Is.. Effect of SS on Ig, at 0 mV was studied
before and after application of SS to bath solution. Ten nM
SS decreased I, at 0 mV in a reversible manner and repre-
sentative raw current traces are shown in Fig. 1A. In Fig.
1B, peak values of Ig, were plotted as a function of time
during the application of SS. Reversible and inhibitory
effect of SS (10 nM) on Ig, is shown. Current/voltage
relationship of Iz, was studied in the absence and presence
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of SS (Fig. 1C). The membrane potential was held at —80
mV, and 10 mV step depolarization, ranging from —40 mV
to +50 mV, were applied to cell for 320 ms before and after
application of SS. Normalized responses obtained at 0 mV
against the peak value were averaged and plotted (Closed
circle Control, closed uptriangle 10 nM SS). And 10 nM SS
decreased Ip, at membrane potential range of —20~ +40
mV tested (n=5; p<0.05). Various concentrations of SS on
peak value of Ig, at 0 mV was studied, and the result is
shown in Fig 2. Peak values of Ig, at 0 mV were
significantly decreased to 95+ 1.1, 92+1.9, 82+4.0, 66+
5.8, 10+2.9% at 107", 107° 107° 107", 107° M SS,
respectively, compared to control (mean SEM, n=3~6; p<
0.05; IC50:140 nM)

Effect of SS on steady-state activation and inac-
tivation of Iz,

A modified double-pulse protocol was used to measure the
steady-state inactivation of I, as a function of membrane
potentials. Prepulse potential, ranging from —100 to +20
mV, were applied for a duration of 3.75 sec. Following a
7 msec interpulse interval at a potential of —60 mV, the
membrane potential was raised to a test potential of 0 mV
for 1 sec. The currents were then normalized to the current
obtained at —100 mV (I/Inq.) and plotted against each pre-
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Fig. 1. Effect of SS on Ig,. Ip. was recorded under the condition
in which extracellular Ca® was replaced by 10 mM Ba®". In A, raw
trace of In, blocked by 1 mM nicardipine is shown. Ig, was decreased
by SS and returned to control level by washout in B. In C, peak
values of Ig, were plotted as a function of time in the presence
and absence of SS. SS (10 nM) inhibited Ig, in a reversible manner.
Current/voltage relationship of Is, by SS is shown in D. Normalized
responses against the peak value obtained at 0 mV were averaged
and plotted (n=5; Closed circle Control, closed uptriangle 10 nM
SS).

pulse potential. Plotted data were well fitted by a Boltz-
mann equation, with a half-inactivation voltage (Vos) of —35
+1.4 mV in control and —35+1.9 mV in SS treated groups
(n=5), and slope factor (k) of 13+1.1 in control and 14+1.3
in SS treated cells (n=5; Fig. 3; p>0.05). Steady-state
activation curves were estimated from the I/V relations of
Ip. in the presence and absence of 10 nM SS. The peak
conductance at each potential was calculated by using the
following equation: Iza=gpa X (V-Eyev) where gra, V, and Eiev
are peak conductance, test potential and observed reversal
potential, respectively. The values of half-activation were
—12+0.5 mV and —11+1.9 mV (n=5, respectively) with
slope factors (k) of 6+0.6 and 5+0.2 in control and SS
treated groups, respectively (n=5; Fig. 3; p>0.05).

Effect of SS on Ig, in the presence of GDP;S
It is well known that SS inhibits Ic, via G-protein

mediated pathway in neuronal cells. Therefore, we tried to
elucidate whether the PTX-sensitive G-protein mediates
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Fig. 2. Concentration-response relationship of SS. When SS was
applied to the bath solution, Ip, at 0 mV was decreased by SS (1
pM~10 M) in a reversible manner. Relative currents at various
concentration of SS are plotted and fitted by the non-linear regres-
sion equation (mean+SEM, n=3~6).

1/Imax
S B 101 4.4
Inact. s S Act.
‘ 0k
] 0.6
A
] srsme isc g A
N ]._[ 0.4
B0 m’ ﬁ()z-
7 msec A -
A 0.04 8
1 T 1 L] T 1
-120 -90 -60 =30 0 30 60

Membrane potential (nV)

Fig. 3. Effects of SS on steady-state activation and inactivation
curves of Ip.. Steady-state activation and inactivation curves for
the cells exposed to control (a, e) and SS treated cells (&, o).
There were no significant difference in values of half-activation,
halfinactivation and slope factors (k) between control and SS
treated groups (n= 5, p>0.05).
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Fig. 4. Effects of GDP4S and PTX on SS-induced inhibition of Ig,.
(A) The inhibitory effect of SS on Ig, was significantly suppressed
after 10 min of cytosolic dialysis with GDP;S (5 mM) through
pipette solution (n=5, p<0.05). (B) Inhibitory effect of SS on I,
was significantly suppressed by pre-treatment with PTX for 6 hours
(n=5, p<0.05).

the inhibitory effect of SS on Ip.. As a first step, the effect
of non-hydrolysable analog, guanosine 5-O- 3 -thio diphosp-
hate (GDP;8S), on SS-induced inhibition of Iz, was studied
(Fig. 4A). GDP;S (5 mM) in the pipette solution was
dialysed for 10 min via breakthrough the patch membrane.
When SS was perfused to the bath solution after 10 min
of internal dialysis of GDP;S, decreasing effect of SS on
Iz, was significantly reduced (n=5; Fig. 4A; p<0.05). In
GDP;S treated groups, SS decreased Ip, to 78+3.8%,
compared to control groups (89+3.8%). For PTX pre-
treatment, dissociated antral gastric smooth muscle cells
were incubated with PTX (2 zg/ml) for 6 hours at 37°C. And
control cells were incubated at the same temperature with
normal solution including 1 mg of BSA. When cells was
incubated with PTX at 37°C, inhibitory effects of 10 and
100 nM SS on Ip. were significantly reduced (n=5, Fig. 4B;
p<0.05). In PTX pretreated groups, 10 and 100 nM SS
reduced /g, to 95+2.1 and 94+3.6% (n=5, respectively),
compared to control (76 7.5 and 63 +6.4; n=5, respectively).

Effect of SS on slow wave and contraction of guinea-
pig gastric antral smooth muscle

Resting membrane potential (RMP), frequency, ampli-
tude and slope of slow wave in the absence of SS were —62
+1.1 mV, 3.2+0.3 cycle/min, 30+1.0 mV and 0.13+0.01
V/sec, respectively. No significant changes of these factors

-40 mv

-60 mV
SS 10 nM

Fig. 5. Effects of SS on slow wave and contraction in guinea-pig
gastric circular smooth muscle. (A) Membrane potential was
recorded using conventional intracellular recording, and effects of
10 nM SS on slow wave were studied. SS did not show any
significant effect on slow wave in guinea-pig gastric circular muscle
(n=5, p>>0.05). (B) Effects of SS on contraction in guinea pig gastric
antral circular smooth muscle were studied. SS (1 nM~1 M)
decreased contraction.

were observed in the presence or absence of 10 nM SS. In
the presence of 10 nM SS, the above values were —61+
0.9 mV, 3.0+0.3 cycle/min, 28+0.9 mV and 0.13%+0.01
V/sec, respectively(n=5; Fig. 5A; p>0.05). Effect of SS on
isometric contraction of guinea-pig gastric antral smooth
muscle was studied. In four strips tested, 1 nM, 10 nM,
100 nM and 1 #M SS decreased the contraction by 12+7.3,
18+13, 2012, and 24+14% of the control, respectively
(n=4; Fig. 5B).

DISCUSSION

Voltage-dependent Ca®* channel (VDCC) in gastroin-
testinal (GI) tract plays an important role in the regulation
of [Ca®]; and contraction, including slow wave (Bauer &
Sanders, 1985; Barajas & Huizinga, 1986; Sanders &
Smith, 1986; Kim et al, 1997; Kim et al, 2002). Especially,
slow wave is a fundamental property in GI tract and is
essential for normal GI motility. This event regulates the
phasic contractions of the gut. Many studies indicate that
the interstitial cells of Cajal (ICC) are the pacemaker cells
that generate slow wave (Ward et al, 1994; Huizinga, 1995;
Kito & Suzuki, 2003). Recently, VDCCs in ICC of murine
GI tract were identified, and the propagation of slow wave
by Ca?* entry through VDCC in ICC has been reported (Kim
et al, 2002; Ward et al, 2004). Therefore, identification and
elucidation of regulatory factors of VDCC in smooth muscle
and ICC of GI tract appear to be very important. GI motility
and slow wave are also regulated by many neurotransmit-
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ters, including neuropeptides. And SS is also found in GI
tract, however, the role of SS in I, of GI has not yet been
studied (Arimura, 1975; Mihara & North, 1987b; Bell &
Reisine, 1993).

In this study, we tried to elucidate the effect of SS on
VDCC of guinea-pig gastric myocytes. As shown in Fig. 1
and 2, we found inhibitory effect of SS on Ig, in guinea-pig
gastric myocytes: SS significantly reversibly decreased I
in a concentration dependent manner (Fig. 2). These effects
are very similar to the effect of SS on cardiac and neuronal
cell: In neuronal cell, 8S (107*°~107% M) inhibits VDCC
(Ikeda & Schofield, 1989), and SS also decreased L-type
Ca® current in cardiac myocytes in a reversible manner
(Diez J & Tamargo J, 1987; Ohmura T et al, 1990). In
these reports, SS was shown to selectively reduce Ca®" cur-
rent without affecting Na™ and K* current. The effect of SS
to reduce Ca® current in cardiac myocytes was responsible
for negative inotropic effect (Ohmura T et al, 1990).

The effect of SS on steady-state activation and inacti-
vation curves of Ip, is shown in Fig. 3. Steady-state activa-
tion and inactivation curves were well fitted by a Bol-
tzmann equation as a function of membrane potentials.
However, there was no significant differences in half-acti-
vation and -inactivation values between control and SS
treated groups (Fig 3, p>>0.05). In addition, intracellular
application of GDP ;S which is known to compete with GTP
for binding, and pretreatment of PTX significantly reduced
the effect of SS on I, (Fig. 4). To the best of our knowledge,
there has been no report about G-protein involved in inhi-
bitory regulation of Ca® channels by SS in gastrointestinal
tract. Generally, G-proteins couple variety of plasma mem-
brane receptors to VDCCs: For example, it directly or indi-
rectly activates VDCCs via cytoplasmic second messengers
(Holz, 1986; Lewis et al, 1986). The results presented in
this study led us to suggest that PTX-sensitive G-protein,
which is also known to be involved in signal transduction,
mediated regulation of Ig, in guinea-pig gastric myocytes.

In this study, we also tried to elucidate the effect of SS
on slow wave in guinea-pig gastric antral smooth muscle.
In GI tract, blockers of VDCC, such as verapamil and dil-
tiazem, are known to reduce of maximum rate of rise (dV/
dT) of slow wave (Ishikawa et al, 1985). As shown in Figs.
1 and 2, we found inhibitory effect of SS on Ip, in guinea-pig
gastric myocyte. However, 10 nM SS did not show signi-
ficant effect on the slope of initial portion of slow wave (Fig.
5A). Even though not shown, 100 nM SS also showed
significant effect on the slope of slow wave. Slopes before
and after the treatment of SS were 0.13+0.03 V/sec and
0.120.01 V/sec, respectively (n=3, p>0.05). In general, SS
is known to be an inhibitory peptide in some GI smooth
muscles, including vascular smooth muscle (Corleto et al,
1997; Ruiz E et al, 2002). Since we suggested inhibitory
effect of SS on calcium current in GI tract, these mech-
anisms might be related to relaxation of smooth muscle.
To study this possibility, we tried to study the effect of SS
on contraction in guinea-pig antral circular muscle. As
shown in Fig. 5B, SS decreased contractions of antral
circular muscle, thus supporting the notion that SS might
play an inhibitory role in GI smooth muscle (Corleto et al,
1997). However, higher concentration of SS than that of
SS on I, was applied to the bath solution in order to
achieve inhibitory action of SS on contraction. In fact,
concentrations of SS on the cell directly and deeper level
in tissue might be different. Therefore, there is a possibility
that efficiencies of SS on Is, in a single cell and contraction,

including slow wave, in tissue level might be somewhat
different.

Finally, we investigated the effect of SS on voltage depen-
dent K™ current (Ika). Many studies have already reported
that electrical effects of SS appear to be mediated by K
conductance which produce hyperpolarization in mamma-
lian CNS neurons (Mueller et al, 1986; Pittman & Siggins,
1991). Similar results were also reported in guinea-pig
submucos plexus neurons, including GH3 pituitary cells,
and attributed to activation of inwardly rectifying K
channel (Mihara & North, 1987b). Therefore, we also stud-
jed the effect of SS on Ix4, in guinea-pig gastric myocytes.
When SS was applied 5 min before recording this current,
outward current was not significantly affected, compared
to control (data not shown, n=5, p>0.05). That implies that
SS may have selective effect on the regulation of calcium cur-
rent rather than K' channels in guinea-pig gastric myocytes.

In summary, this study provides evidence that SS dec-
reased [p, in concentration- and voltage-independent man-
ner, and its underlying mechanism responsible for decrea-
sing Ip. is the activation of PTX-sensitive G-protein in
guinea-pig gastric myocytes.
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