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= ABSTRACT =

We have reported that dopamine potentiates spontaneous contractions dose-dependently in guinea-pig an-
tral circular muscle strips (Hwang et al, 1991). To clarify the underlying excitatory mechanism of dopamine
on the gastric smooth muscle, the effects of dopamine on voltage-dependent Ca’* currents and Ca’*-depen-
dent K* currents were observed in enzymatically dispersed guinea-pig gastric myocytes using the whole-cell
voltage-clamp technique. Experiments were also done using isometric tension recording and conventional in-
tracellular microelectrode techniques.

1) The effect of dopamine on the spontaneous contraction of antral circular muscle strips of the guinea-
pig was excitatory in a dose-dependent manner, and was blocked by phentolamine, an e-adrenoceptor
blocker. ]

2) The slow waves were not changed by dopamine.

3) The voltage-operated inward Ca’>* current was not influenced by dopamine.

4) The Ca**-dependent K* outward current, which might reflect the changes of intracellular calcium con-
centration, was enhanced by dopamine. This effect was abolished by phentolamine.

5) The enhancing effect of dopamine on the Ca’*-dependent K* current disappeared with heparin which
is known to block the action of InsP;.

From these results, it is suggested that dopamine acts via InsP;-mediated Ca’* mobilization from intra-
cellular stores and such action potentiates the spontaneous contraction of guinea-pig gastric smooth muscle.
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INTRODUCTION

Dopamine is important neurotransmitter in
the central nervous system compound and is
also present in the peripheral autonomic nerv-
ous system, where it acts as a neurotransmitter
in the cardiovascular system and gastrointesti-
nal tract (Bech & Hovendal, 1982). Dopamine
is the precursor for norepinephrine synthesis in
the nervous system and is secreted from the
mucosal endocrine cells of the gastrointestinal
tract (Hakanson, 1970; Ahone & Penttila,
1974).
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The effects of dopamine on gastrointestinal
motility are known to vary depending upon an-
imal species, regions and muscle layers (Muk-
hopadhyay & Weisbrodt, 1977; Cox and Ennis,
1980; Sahyoun et al, 1982; Lefebvre et al,
1984). Moreover, the site and the mechanism
of action are unclear. For example, it is still un-
certain whether dopamine acts through its own
specific receptor (Schuurke et al, 1983) or acts
by binding to other catecholamine receptors
(Cox & Ennis, 1980; Costall et al, 1982).

From the fact that externally administered
dopamine inhibits gastrointestinal motility
(Thorner, 1975) and that dopamine is found in
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large amounts in human gastric juice, it is sug-
gested that endogenous dopamine might play a
physiological role in the regulation of gas-
trointestinal motility. Clinically, it is thought
that dopamine is one of the etiologic factors
eliciting gastroesophageal regurgitation and
vomiting in newborn infants (Miolan et al,
1983). But there remains controversy concern-
ing the site and mechanism of action of dopa-
mine on gastric motility (Schuurkes & Van
Neuten, 1983; Cox & Ennis, 1980).

Rhythmic contractions of the gastrointestinal
smooth muscles result from the myogenic elec-
trical activity (phenomenon of periodic depola-
rization-repolarization of smooth muscle mem-
brane; slow wave). They are modulated by in-
trinsic and extrinsic nerves as well as circulat-
ing hormones and drugs (Demole et al, 1989).
The autonomic nervous system is composed
not only of sympathetic and parasympathetic
nervous systems, but also of non-adrenergic
non-cholinergic (NANC) nervous system. It is
reported that dopamine is released from the
NANC nerve terminal and acts as a neurotrans-
mitter (Jorge & Valenzuela, 1976).

Although the mechanism of smooth muscle
contraction is quite different from that of skele-
tal muscle contraction, the increase of intracellu-
lar Ca>* ([Ca’*]) is still necessary. Two inte-
grated membrane systems are involved in the
control of smooth muscle [Ca**];: (a) the plas-
malemma, which is under the control of the
membrane potential (E,) and agonists such as
neurotransmitters hormones and autacoids, and
(b) the sarcoplasmic reticulum, which is under
the control of second messengers (van Breemen
& Saida, 1989).

Agonists are responsible for the generation of
intracellular messengers besides Ca?*. Inositol
phosphate, especially inositol 1,4,5-trisphospha-
te, releases Ca’* from the sarcoplasmic reti-
culum (Berridge & Irvine, 1984). Although the
regulation of [Ca’*]; is a complex process, it
is important to clarify the source of increased
[Ca?*]; for the elucidation of the mechanisms.

We have already reported results about the
effect of dopamine and the regional differences

of the action of dopamine on the contractility
of guinea-pig gastric smooth muscle (Hwang et
al, 1991). In this study, we tried to elucidate
the mechanisms of action of dopamine on the
contractility and electrical activity of the guin-
ea-pig antral circular muscle using conventional
microelectrode techniques and the whole cell
patch-clamp method.

METHODS

Preparation of tissue and intracellular recording
of electrical activity

Albino guinea-pigs of either sex, weighing
200~250 g, were stunned and bled. The stom-
ach was isolated and cut in the longitudinal di-
rection along the lesser curvature. The contents
of the stomach were removed, and the mucosal
layer was separated from the muscle layers in
phosphate-buffered Tyrode solution (NaCl 147,
KClI 4, MgCl,-6H,0O 1.05, CaCl.-2H,0O 2, NaH,
PO,-2H.0O 0.42. Na,HPO- 12H,0 1.81, glucose
5.5 mM, pH 7.35) at room temperature. Strips
of muscle (2 mm wide, 10 mm long) were cut
parallel to the circular fibers, and set in a 100
ml vertical chamber. One end was fixed and
the other was connected to a force transducer
(Isometric Transducer, Harvard Bioscience,
USA) to measure isometric contraction (Fig. 1-
A). Another strip was mounted in a 2 ml hori-
zontal chamber. The strips were pinned out at
one end with tiny pins on a rubber plate, and
the other end was connected to the force trans-
ducer (Fig. 1-B). The strip was constantly per-
fused at a rate of 2~3 ml/min with Tris-buff-
ered normal Tyrode solution (NaCl 147, KCl 4,
CaCl,-2H,O 2, MgCl,-6H,O 1.05, tris-HCI §,
glucose 5.5 mM, pH 7.35) bubbled with 100%
O, and maintained at 35°C. Electrical responses
of smooth muscle cells were recorded by means
of glass microelectrodes filled with 3 M KCL
Microelectrodes with a tip resistance of 40~ 80
MQ were used. Mechanical and electrical res-
ponses of smooth muscle cells were simul-
taneously recorded by a pen recorder (MX-6,
Device Ltd, Britain).
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Fig. 1. (A) A schematic representation of the 100 ml
vertical chamber and the isometric recording system.
The chamber was maintained at a constant tempera-
ture and saturated with 100% O..

(B) A schematic representation of simultaneous re-
cording system for isometric contractions and electri-
cal activity. The intracellular microelectrode was
used to record the changes of membrane potential,
while simultaneously recording isometric contrac-
tions with the tension transducer.

*CRO: cathode ray oscilloscope

Patch clamp experiments

Isolation of cells: The circular muscle layer
was dissected from the longitudinal layer and
small segments of the tissues were made. The
muscles were incubated in Ca’**-free PSS
(physiological salt solution) for 30 min at room
temperature. Then, small segments were incu-
bated for 20~30 min in Ca**-free PSS con-
taining 0.1% collagenase, 0.1% trypsin inhibi-
tor, and 0.2% bovine serum albumin at 35°C.
After digestion, single cells were dispersed by

gentle agitation with a gldss pipette in the
Krafts-Bruhe (KB) solution. Isolated gastric
myocytes were kept in KB medium at 4°C. All
experiments were carried out within 12 hours
of harvesting cells and performed at room tem-
perature (Fig. 6).

Membrane currents measurement: Isolated
cells were transferred to a small chamber on the
stage of an inverted microscope (IMT-2, Olym-
pus, Japan). The chamber was perfused with
PSS (2~3 ml/min). Glass pipettes with a
resistance of 2~5 M were used to make a
giga seal of 5~10 GQ. Standard patch clamp
techniques were used (Hamill et al, 1981). An
axopatch-clamp amplifier (Axon instruments,
USA) was used to record membrane currents.
The data were displayed on a digital oscillo-
scope (PM 3350, Philips, Netherland), a pen re-
corder (Recorder 220, Gould, USA) and stored
on a videotape recorder (BR-6400, Vicior,
USA) with a pulse code modulator (RP-880,
NF, USA).

Solutions: Ca**-free PSS contained (mM)
NaCl 134.8, KCl 6.2, CaCl; 0, glucose 12.2,
HEPES 0.4 and pH was adjusted to 7.3 by
Tris. PSS contained 2.3 mM CacCl, in the Ca?*-
free PSS. KB solution contained (in mM) L-glu-
tamate KCl 50, taurine 20, KH.PO, 20, MgCl,
3, glucose 10, HEPES 10, EGTA 0.5 and pH
was adjusted to 7.3 by KOH. Pipette solution
consisted of (in mM) K*-aspartate 110, Mg-
ATP 5, di-Tris-creatine phosphate 5, KCl 20,
MgCl, 1, ethyleneglycol-bis (S-aminoethyl
ether)N, N, N’, N’-tetraacetic acid (EGTA)
0.1, HEPES 5, pH 7.4. For studies in which K*
currents were blocked, pipette solution con-
tained (in mM) Cs-aspartate 110, Mg-ATP 5,
di-Tris-creatine phosphate 2.5, di-Na-creatine
phosphate 2.5, MgCl. 1, HEPES 0.1, tetra-
ethylammonium (TEA)-Cl 20, EGTA 5, pH
7.4.

RESULTS

Mechanical contractions

Dopamine increased the basal tone and the
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Fig. 2. The effect of dopamine on the spontaneous
contractions recorded from an antral circular muscle
strip of guinea-pig stomach. Dopamine enhanced the
spontaneous contractions in a dose-dependent man-
ner (A), and the excitatory effect of the dopamine
was completely suppressed by the a-blocker,
phentolamine (B). This dopamine-induced excitatory
effect was not blocked by TTX (C).

spontaneous contraction of the antral circular
muscle in dose-dependent manner, and exerted
a maximal effect at a concentration of 50 uM
(Fig. 2-A). Such effect was almost completely
blocked by 5uM phentolamine (e-adrenergic
blocker, Fig. 2-B), but not by TTX (tetro-
dotoxin, neuronal action blocker, Fig. 2-C). Do-
pamine increased the basal tension even in the
presence of nifedipine which abolished the
spontaneous contractions (Fig. 3).

S min

100mg

Nifedipine 106 M
Dopamine 103 M

Fig. 3. The effect of dopamine on the spontaneous
contractions in the presence of the Ca’* channel
blocker, nifedipine. However, dopamine (10 pM) in-
creased the tonic contractions even in the presence of
nifedipine.
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Fig. 4. The effect of dopamine on isometric tension
and membrane potential in an antral circular mus-
cle strip of guinea-pig stomach. The spontaneous
contractions were enhanced by the application of 10
uM dopamine (A), whereas the simultaneously re-
corded membrane potential was not altered (B).

Spontaneous electrical activity

Circular smooth muscles of the antral region
show spontanous electrical activity, which con-
sists of a slow depolarization, upstroke and pla-
teau potential and repolarization, sometimes
with superimposed spike potentials (Tomita,
1981). Dopamine had no effect on the ampli-
tude or frequency of the electrical activity of
this tissue (Fig. 4). But with a fast recording
speed, a little more depolarization of the pla-
teau potential was observed (Fig. 5).
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Fig. 5. The effect of dopamine on the contractile and electrical activity with a fast recording speed in antral circu-
lar muscle strip of guinea-pig stomach. In a detail view, the plateau portion of the slow wave was slightly depolar-

ized by dopamine (B-b) compared with control (A-b).

]

.

Fig. 6. The microscopic features of enzymatically dispersed single cells obtained from the guinea-pig stomach.
The single myocyte showed a typicl spindle shape, about 200 um in length and 10 pum in width. A glass
microelectrode approaches to the cells for whole-cell voltage clamp experiement.

Inward Ca’>" currents

Isolated single cells were 5~ 10 zm in diame-
ter and 100~200 #m in lenght. Figure 6 shows
the light microscopic appearance of single
smooth muscle cells of the antrum. Elec-
trophysiological properties of the isolated
myocytes were studied using the patch clamp

technique (Hamill et al, 1981). For recording
only inward currents, we used cesium-aspartate
solution with 20 mM TEA-Cl in the pipette
(Mitchell et al, 1987). At this condition, mainly
inward currents were observed by clamping
membrane potentials from the holding poten-
tial (—60 mV) to various levels (—40~60
mV). Because TTX (tetrodotoxin) had no effect
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Fig. 7. The effects of Ca**-free bathing solution and a Ca** channel blocker, nifedipine on the inward Ca** cur-
rents. Inward currents were completely abolished either by the elimination of Ca®* from the bathing solution or
by I uM nifedipine. This inward current was increased by 1 uM Bayk 8644 (C).

on the shape of these inward currents, we did
not used TTX to exclude Na*-currents. The in-
ward currents proved to be Ca** currents (Ic.)
because the currents were completely blocked
by removal of Ca®* in the bath solution or by
the application of nifedipine or verapamil (Fig.
.

A family of I, activated by different depolar-
izing pulses from a holding potential of —60
mV is shown in Fig. 8. I.. became apparent
near —30 mV, reached its maximum at 10
mV, and became outward at membrane voltag-
es between 40 and 50 mV. In the same cell, do-
pamine had no effect on these inward currents
(Fig. 8-B). Typical current-voltage relationships
for I¢. of this experimant are shown in Fig. 9.

Outward K+ currents

To record Ca’*-dependent K*-outward cur-
rent, the intrapipette solution changed to high
K*-low EGTA (0.1 mM)-solution. Depolari-
zation of cells to 0 mM from the holding poten-
tial of —60 mV for 3 seconds elicited a large
initial transient outward (TO) and following os-
cillatory outward (OO) currents which were su-
perimposed on sustained outward current (Fig.
10-A). These spontaneous transient outward
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Fig. 8. The effect of dopamine on voltage-dependent
inward Ca** currents in a guinea-pig gastric myo-
cyte. The Ca** currents were activated by various
levels of depolarizing pulses from the holding poten-
tial of —60 mV, using a Cs-TEA solution containing
SmM EGTA in the pipette and PSS (Physiological
salt solution) in the bath. These Ca** currents were
not influenced by 10 uM dopamine (B) compared
with control (A).
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Fig. 9. The current-voltage relationship of the volt-
age-dependent Ca** inward current before and after
the application of dopamine. The Ca** currents (®)
were not influenced by 10 uM of dopamine (0) in
the whole range of test potentials.
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Fig. 10. Ca**-dependent K*-outward currents and
their extracellular Ca** dependency. These currents
were elicited by a depolarizing pulse to 0 mV from a
holding potential of —60 mV, using a high K solu-
tion containing 0.1 mM EGTA in the pipette and
PSS in the bath. With the elimination of Ca** in the
bathing solution, the amplitude of the current was
diminished and also the frequency of the oscillatory
outward component (loo) was decreased (B).

currents (STOCs, Benham & Bolton, 1986)
have been described in many other smooth
muscle cells studied and at present are thought
to be due to the activation of Ca?*-dependent
K* channels by cyclic Ca’*-release from the
sarcoplamic reticulum (Benham & Bolton,
1986; Okabe et al, 1987; Boiton & Lim, 1989).
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Fig. 11. Cd**-dependent K*-outward currents and
their intracellular Ca** dependency. These currents
were elicited by a depolarizing pulse to 0 mV from
the holding potential of —60 mV, using a K-Asp so-
lution containing 0.1 mM EGTA in the pipette and
PSS in the bath. The outward currents were com-
pletely abolished by increasing the level of EGTA in
the pipette up to 10 mM from 0.1 mM using the in-
ternal perfusion technique (B).
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Fig. 12. The effect of a potassium channel blocker,
TEA-Cl on the Ca**-dependent K*-outward currents.
These currents were elicited by a depolarizing pulse
to OmV from the holding potential of —60 mV,
using a high K solution containing 0.1 mM EGTA
in the pipette and PSS in the bath. By increasing the
TEA-CI level in the bath solution, the outward cur-
rents decreased in a dose-dependent manner (4, B,
C). However, these effects were reversible by washing
out with PSS (D).
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Fig. 13. The effect of dopamine on the Ca**-dependent K*-outward currents. These currents were elicited by a de-
polarizing pulse to 0 mV from the holding potential of —60 mV, using a high K solution containing 0.1 mM
EGTA in the pipette and PSS in the bath. The outward currents were enhanced by 10 uM dopamine (B). The en-
hancing effect was abolished by adding 5 mM phentolamine (C).
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Fig. 14. The effect of heparin in the pipette on the dopamine-induced enhancing of Ca**-dependent K*-current.
There was no difference between control (A) and heparin in the pipette (B) using an internal perfusion technique.
But the enhancing effect of dopamine was abolished by the heparin (C).

To characterize these STOCs further, we omit-
ted Ca** from the extracellular fluid. In this
nominally Ca**-free state, both the size and fre-
quency of the STOCs were decreased (Fig. 10-
B). Also when we increased the concentration
of EGTA in the pipette solution (designed to
strongly -buffer intracellular Ca**), the STOCs
(TO and OO) were abolished almost completely
(Fig. 11). Both the sustained outward current
and STOCs were blocked in a dose dependent

manner by bathapplied TEA. This effect was
reversible, and STOCs were more sensitively
blocked by TEA (Fig. 12). From the above
results we conclude that the STOCs are K*-cur-
rents activated by the increase of intracellular
Ca’* concentration ([Ca®*}).

Effects of dopamine on the Ca’’-dependent K*
current

Figure 13 shows the effects of dopamine on
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the Ca’*-dependent K* currents elicited by a
commanding pulse from —60 mV to various
levels (—40 mV~+10 mV) with duration of
400 ms. By the application of dopamine
(10~ M) in the bath solution, transient and
spontaneous oscillatory outward currents were
increased. Such increases were blocked by treat-
ment with phentolamine, which was consistent
with the results from mechanical tension re-
cording (Fig. 2-B).

Recently, it was reported that heparin is a
specific blocker for the InsP; receptors of
sarcoplamsic reticulum (Kobayashi et al, 1989).
We thought that heparin could therefore be
used to block the InsP;-mediated Ca’*-release
which might be triggered by the activiation of
a-receptors by dopamine. Firstly, we observed
the control Ca’'-dependent K* currents, and
then, the pipette solution was changed to hepa-
rin-containing solution using the internal perfu-
sion technique. No change was found in the
shape of outward current, and in this condition,
dopamine could not evoke the increase of
STOCs (Fig. 14).

DISCUSSION

In this experiment, we found that dopamine
enhanced the contractility of guinea-pig stom-
ach. Dopamine receptors are classified into
CNS-type and peripheral type, and each of
them are subclassified according to their mode
of action. There are many conflicting classifica-
tions of CNS-type receptors (Cools & Van
Rossu, 1980; Kebabian, 1984; Seeman, 1980).
Dopamine receptors of the peripheral type have
been observed in many organs (Willems, 1973;
Enero & Langer, 1975; Hope et al, 1978) since
the first description in 1972 (Goldberg, 1972).
Although they were classified into DA1 or DA2
according to their mode of action, such classifi-
cation was done on the basis of the results from
blood vessels (Goldberg et al, 1979). In ad-
dition, there have been controversies about the
effect of dopamine on the contractility of G-I
smooth muscles {Sahyon et al, 1982; Costall et

al, 1983), and even about the presence of real
dopamine receptors in G-I smooth muscles
(Van Nueten et al, 1978; Schuurk et al, 1983;
Cox et al, 1980).

In our experiment, dopamine-induced en-
hancement of mechanical contraction was
almost completely reversed by the application
of phentolamine, an e-adrenoceptor blocker,
and these results were not influenced by the
pretreatment with TTX (Fig. 2). Therefore,
these results suggest either that e-adrenergic re-
ceptors in smooth muscle mediate the actions
of dopamine or that phentolamine blocked a
kind of dopamine receptor. We have not study
further the types of dopamine receptors in guin-
ea-pig stomach. Dopamine and norepinephrine
are both catecholamines, and their receptors are
both G protein-coupled receptors. G protein
coupled receptors constitute a superfamily of
proteins that includes the visual pigment rho-
dopsin, muscarinic ACh receptors, ¢- and -
adrenergic receptors, and receptors for seroto-
nin, dopamine, and a variety of neuropeptides.
All the receptor proteins of this superfamily
show homologous 7 transmembrane domains
and amino acid sequences (Barritt, 1992).
Therefore there can be nonspecific binding and
nonspecific actions within this receptor-agonist
superfamily, and the blockade of the action of
dopamine by phentolamine in this experiment
might be one such example of nonspecificity.
The e-adrenergic action of norepinephrine in
this tissue also showed potentiation of mechan-
ical contraction while its effect on electrical
activity was rather different (Jun et al, 1992).

We applied nifedipine to block the voltage-
activated Ca channel, which result in the inhi-
bition of the characteristic spontaneous phasic
contractions of this smooth muscle. With
nifedipine, dopamine could still increase the
tonic contraction (Fig. 3). Also dopamine had
little effect on the shape of stow waves (Fig. 4,
Fig. 5), and did not change the size of voltage
operated calcium current or their current-volt-
age relationships (Fig. 8). Such results suggest
that the increase of [Ca®*), which is necessary
for the dopamine-induced contraction, was not
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attained through the enhancement of the
activity of the L-type voltage operated calcium
channel (VOCC). Considering alternative ways
of increasing [Ca’'}, one possibility is to in-
crease the plasmalemma Ca®** permeability, and
the other is to increase the release of Ca** from
intracellular Ca** store site such as the sarco-
plasmic reticulum. Depending on the cell type
and the agonist, several hypotheses about the
receptor-operated  Ca’*-influx have been
advanced but the mechanisms and regulation of
Ca?* influx are still controversial and the na-
ture of such a pathway is still unknown (capaci-
tive Ca’* entry: Jacob, 1990, receptor-operated
channel: Benham & Tsien, 1987; Inoue, 1991;
Pacaud & Bolton, 1991, second messenger-me-
diated Ca-influx: Von Tscharner et al, 1986;
Kuno & Gardner, 1987; Morris et al, 1987).
But above hypotheses are controversial and be-
yond the aim of* this experiment, so we did not
do experiments to check those possibilities.

It is now widely accepted that inositol 1, 4,
S-trisphosphate (InsP;) is the intracellular mes-
senger which links cell surface receptor stimula-
tion to the release of intracellular Ca’* pools
(Berridge & Irvine, 1984; Berridge, 1987), and
it is known that the e-adrenergic action on the
smooth muscle occurs through InsP;-mediated
Ca’" release (Kitazawa et al, 1989). On the
other hand, the spontaneous transient outward
currents (STOCs) we have observed in our ex-
periments (Fig. 10, Fig. 11, Fig. 12) are thought
to be due to the activation of Ca**-dependent
K* channels by Ca** released from the sarco-
plasmic reticulum (Benham & Bolton, 1986;
Ohya et al, 1987; Bolton & Lim, 1989). And it
is known that heparin can be used as a blocker
for InsPsreceptors in the sarcoplasmic reticu-
lum (Kobyashi et al, 1989). From the above
facts, we postulated that if dopamine can in-
crease the size and frequency of STOCs, and if
such an increase is blocked by the intracellular
application of heparin, we would be able to
conclude that the effect of dopamine on the
contractility of gastric smooth muscle is due, at
least partly, to Ins;P-mediated release of intra-
cellular calcium. The experimental results sup-

port this hypothesis (Fig. 13, Fig. 14).

From these results, it is concluded that in the
guinea-pig stomach, dopamine produces excita-
tory effects on the contractility of mucosa-free
smooth muscle cells. These responses are
thought to be due to increase of intracellular
Ca’* mediated by InsP;-production which is
activated by ae-adrenoceptor stimulation by do-
pamine.
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