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Abstract

The effects of Ba>*

on receptor-mediated sustained contraction of rat pulmonary artery and

guinea-pig oesophageal muscularis mucosae were studied in-vitro.

It is well known that extracellular Ba’" can

In rat isolated pulmonary artery, sustained contraction induced by noradrenaline (1 uM)
was resistant to nicardipine (1 uM), but this same sustained contraction was completely
inhibited by SK&F 96365 (30 M), a blocker of voltage-dependent L-type Ca*" channels
and receptor-activated Ca®" influx. The SK&F 96365- sensrtrve sustained contraction
induced by noradrenalrne (1 uM) may be due primarily to Ca** influx through receptor-
activated Ca>* channels resistant to nicardipine. Cumulatively applied BaCl, (0-1—10 mMm)
increased the noradrenaline (1 uM)-induced sustained contraction of the pulmonary arterial
preparation in the absence of nicardipine, but in the presence of nicardipine (1 um), BaCl,
(0-1-3mM) did not affect this contraction. A higher concentration of BaCl, (10 mMm),
however, weakly inhibited the noradrenaline (1 uM)-induced tone. In addition, BaCl, (3—
10 mM) increased the tone induced by KCI1 (60 mM), and the BaCl,-elevated KCI tone was
markedly inhibited by nicardipine (1 uM) treatment.

In the guinea-pig isolated oesophageal muscularis mucosae, sustained contraction
induced by acetylcholine (3 uM) was resistant to nicardipine (1 uM) but was returned to its
basal level by SK&F 96365 (30—60 uM). The SK&F 96365-sensitive, acetylcholine-
induced sustained contract10n of the oesophageal muscularis mucosae is also likely to link
with receptor-activated Ca®>" channels resistant to nicardipine. In contrast to the rat pul-
monary artery, cumulatively applied BaCl, (0-3—10mM) inhibited the acetylcholine
(3 um)-induced sustained contraction of the oesophageal muscularis mucosae in a con-
centration- dependent manner in the presence of nicardipine (1 uM).

In conclusion, Ba*" presumably activates voltage-dependent Ca”" channels by depo-
larizing plasma membrane and also passes through voltage- dependent Ca”" channels to
contract the pulmonary artery in the absence of nicardipine, and Ba*" also has a minor
effect on the nicardipine-resistant, SK&F 96365-sensitive sustained contraction induced by
noradrenaline in rat isolated pulmonary artery.

and Ca®" sensitization to contractile elements

permeate into smooth muscle cells through voltage-
dependent L-type Ca** channels (VDCs) and
behave as a substitute for Ca**, eliciting contrac-
tion of arterial smooth muscles (Hansen et al 1984;
Karaki et al 1986; Ebeigbe & Aloamaka 1987;
Satoh et al 1987). In arterial preparations the
receptor-mediated susta1ned contraction is due to
transmembrane Ca”" influx through ion channels
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(Karaki et al 1997). The exact effect of Ba’" on
this receptor-mediated contraction of the arterial
preparation is not yet clear.

Recently, we reported new evidence that BaCl,
selectively inhibits the receptor-mediated (ace-
tylcholine-induced) sustained contraction of gui-
nea-pig oesophageal muscularis mucosae pre-
treated with nicardipine (Uchida et al 1998a).
However, no information is available on the effect
of extracellular Ba** on receptor-mediated sus-
tained contraction of arterial smooth muscle. The
aim of this study was to examine the effect of
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BaCl, on receptor-mediated sustained contraction
of rat pulmonary artery, and to compare this effect
with that of the guinea-pig oesophageal muscularis
mucosae in-vitro.

Materials and Methods

Rat pulmonary artery preparation

Male Sprague-Dawley rats, 300-350g (n=33),
were anaesthetized with sevoflurane (Maruishi
Pharmaceutical Co., Osaka, Japan) and were killed
by bleeding from the carotid artery. The main
pulmonary artery was rapidly excised and placed in
a modified Krebs bicarbonate solution (mM: NaCl
120, KCl1 4.7, CaCl, 2-5, MgCl, 1.2, NaHCO; 25,
KH,PO, 1-2, glucose 14) at room temperature.
After removal of adhering connective tissue, the
artery was cut into rings (1-5-2 mm diameter, 1—
2 mm length). The arterial rings were sagittally cut
on one side, and were used as open-ring prepara-
tions (1-2mm width, 3—4 mm length) (Uchida et
al 1998b). Each open-ring preparation was sus-
pended in an organ bath containing 10mL of
modified Krebs solution. The solution was bubbled
with 95% 0,-5% CO, and maintained at 37°C. For
all of the preparations, the endothelium was
mechanically removed by gently rubbing with a
cotton swab. Removal of the endothelium was
confirmed by the absence of acetylcholine-induced
relaxation.

Guinea-pig oesophageal muscularis mucosae
preparation

The oesophageal muscularis mucosae isolated from
guinea-pigs was used. Longitudinal muscularis
mucosae preparations were obtained as described in
our previous report (Uchida 1983). After adult male
guinea-pigs, 300-400g (n=13), were anaes-
thetized with sevoflurane, they were killed by
bleeding from the carotid artery. The oesophagus
was excised and pinned on a cork mat immersed in
a modified Tyrode’s solution (mM: NaCl 136-8,
KCl1 2.7, CaCl, 1-8, MgCl, 1-05, NaHCO; 11-9,
NaH,PO, 0-42, glucose 5-56). The outer striated
muscle coat was cut longitudinally and gently
peeled away leaving an inner tube. This inner tube,
including the longitudinal muscularis mucosae, was
about 10—15mm long when unloaded and was
suspended in a 10-mL organ bath filled with
modified Tyrode’s solution. The solution was
continually bubbled with 95% 0,-5% CO, at 37°C.
In experiments using acetylcholine, Tyrode’s
solution contained physostigmine (20 nM) to inhibit
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cholinesterase activity in the oesophageal muscu-
laris mucosae.

Measurement of response

The open-ring preparation of rat pulmonary artery
was suspended vertically under a 1-0-g load, and
isometric tension responses of the preparation were
recorded on a polygraph (8K 22-1-S, NEC San-ei,
Tokyo, Japan) by a force-displacement transducer
(45196A, NEC San-ei). The longitudinal muscu-
laris mucosae of the guinea-pig oesophagus was
suspended under a 0-5-g load in an organ bath, and
responses of the muscularis mucosae were recorded
by an isotonic transducer (TD-112S, Nihon Koh-
den, Tokyo, Japan) connected to a chart recorder
(RJG-4124, Nihon Kohden).

Experiments were begun 60 min after the pre-
paration was suspended in an organ bath. During
this equilibration period, each preparation was
washed with fresh solution every 20 min. After the
60-min equilibration period, the preparation was
maximally contracted with a single concentration
of noradrenaline (1 uM, for the pulmonary artery) or
of carbachol (10 uM, for the muscularis mucosae).
In experiments on responsiveness to BaCl,, the
arterial preparation was pre-contracted with nora-
drenaline (1 uM) or KCl (60 mM), and the muscu-
laris mucosae was pre-contracted with acetyl-
choline (3 um). These spasmogens produced a
maximum sustained contraction of each prepara-
tion. After the sustained contraction induced by
noradrenaline, KCI or acetylcholine had reached its
plateau, BaCl, was added to the preparation
cumulatively. Responses to BaCl, were expressed
as a percentage of the plateau level of the pre-
contraction. In addition, the inhibitory response of
SK&F 96365 or nicardipine on the preparation pre-
contracted with noradrenaline (1 uM), KCI (60 mMm)
or acetylcholine (3 uM) was expressed as the
amplitude of relaxation by a percentage of the pre-
contraction plateau level.

Statistical analysis

Each experimental group consisted of 3—10 pre-
parations taken from different animals. The data are
expressed as the meanZs.e.m. Statistical sig-
nificance was determined by Student’s f-test.
Values of P <0-05 were considered significant.

Drugs

The following drugs were used: [-noradren-
aline bitartrate, carbachol chloride (Sigma, Chem-
ical Co., St Louis, MO), acetylcholine chloride
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(Dai-ichi Seiyaku, Tokyo, Japan), BaCl,-2H,O0,
nicardipine hydrochloride (Wako Pure Chemicals,
Osaka, Japan), SK&F 96365 (BIOMOL Res. Lab.,
Plymouth Meeting, PA). Concentrations of drugs in
this study refer to the final bath concentrations.

Results

Effect of BaCl, on rat isolated pulmonary artery

Noradrenaline (1 nM—1 uM) produced a concentra-
tion-dependent contraction of the rat isolated pul-
monary artery, and 1 uM noradrenaline caused the
maximum contraction in this preparation. This
noradrenaline (1 uM)-induced sustained contraction
was resistant to nicardipine (1 uM), but was com-
pletely inhibited by SK&F 96365 (30 um)
(95-6£2-65%; n=4) (Figures 1 and 2B). After the
sustained contraction induced by noradrenaline
(1 uM) had reached its plateau level, BaCl, (0-1—
10 mM) was added cumulatively to the organ bath
and increased the noradrenaline-induced tone of the
rat pulmonary artery in a concentration-dependent
manner (Figures 2A and 3). Such excitatory
responses to BaCl, were not seen in the arterial
preparation pre-treated with nicardipine (1 M), but
the higher concentration of BaCl, (10 mM) caused a
weak relaxation of this preparation (13-3+3-05%;
n=26) (Figures 2B and 3). The pulmonary artery
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Figure 1. Cumulative concentration—response curve to SK&F

96365 of the noradrenaline (1 uM)-pre-contracted pulmonary
artery isolated from rat. SK&F 96365 (1-30uM) caused a
concentration-dependent relaxation of the pulmonary artery
pre-contracted with noradrenaline (1 uM). The ordinate scale
shows the amplitude of relaxation as a percentage of the
plateau level of pre-contraction. Each point represents the
mean = s.e.m. of 4 observations.
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Figure 2. Typical traces showing the effect of cumulatively
increased concentrations of BaCl, on the pulmonary artery pre-
contracted with noradrenaline (NA 1uM, A and B) or KCI
(60mM, C) isolated from rat. A. BaCl, elevated the tone of
noradrenaline (1 uM)-pre-contracted pulmonary artery. B. In
the presence of nicardipine (1 uM), BaCl, (1-10 mM) did not
elevate the tone, but rather slightly inhibited the tone of
noradrenaline (1 uM)-pre-contracted pulmonary artery. C.
BaCl, elevated the tone of KCI (60 mMm)-pre-contracted pul-
monary artery. The BaCl,-elevated tone was inhibited by
nicardipine (1 um).

responded to an application of KCI1 (60 mM) with a
sustained contraction, and the magnitude was
almost the same as that induced by noradrenaline
(1 um). The magnitude of sustained contraction
induced by noradrenaline (1 uM) was 0-63+0-035¢g
(n=10) and that induced by KCl (60 mM) was
0-5240-085g (n=10). The KCI (60 mM)-induced
sustained contraction was almost abolished by
nicardipine (1 uM) (96:2+2-72%; n=3) (typical
trace not shown). Cumulatively applied BaCl, (3—
10mM) increased the KCI (60 mM)-induced tone
(Figures 2C and 3), and the BaCl,-elevated KCl
tone was markedly inhibited by treatment with
nicardipine (1 uM) (Figure 2C). This inhibition
caused by nicardipine (1 uM) was 92-6+2-70%
(n=06) of the plateau tension level induced by
BaCl, (10 mm).

Effect of BaCl, on guinea-pig isolated oesophageal
muscularis mucosae

The muscularis mucosae of the guinea-pig oeso-
phagus responded to an application of KCI (60 mM)
with a sustained contraction, which was completely
inhibited by nicardipine treatment (0-3—1 uM)
(99-8£0-76%; n=3) (Figure 4A). Acetylcholine
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Figure 3. Cumulative concentration-response curves to
BaCl, of rat isolated pulmonary artery. Effect on noradrenaline
(1 um)-pre-contracted pulmonary artery without nicardipine
(@); effect on noradrenaline (1 um)-pre-contracted pulmonary
artery with nicardipine (1 uM, A); effect on KCl (60 mM)-pre-
contracted pulmonary artery (l). The ordinate scale shows the
amplitude of contraction as a percentage of the plateau level of
pre-contraction. Each point represents the mean=+s.e.m. of 5—
6 observations. *P < 0-05, **P < 0-01, vs the plateau level of
the tone induced by noradrenaline (1 uM) or KCI (60 mMm).

(3 um) also produced the maximum sustained con-
traction of the oesophageal muscularis mucosae,
and this sustained contraction was not affected by
pre-treatment with nicardipine (1 uMm) (Figure 4A).
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In the muscularis mucosae pre-treated with nicar-
dipine (1 um), BaCl, (0-3—10mM) concentration-
dependently inhibited the acetylcholine-induced
tone, and at 10 mM the acetylcholine-induced tone
was almost abolished (94-1£2-07%; n=35) (Figure
4A). The nicardipine-resistant acetylcholine-
induced sustained contraction was completely
inhibited by SK&F 96365 (30-60 um) (99-1+
0-98%; n=5) (Figure 4B).

Discussion

The exact effect of Ba>" on noradrenaline-induced
sustained contraction of vascular smooth muscles is
not yet clear. Recently, in rat isolated thora01c
aorta, Noguera et al (1999) reported that Ba®"

(2-4-24mM) augmented the magnitude of the
residual contraction induced by noradrenaline after
nifedipine treatment. Non-selective cation channels
are permeable to Ba®'t (Byrne & Large 1988;
Amédée et al 1990), and Ba>" blocks K™ channels
(Benham et al 1985) on the plasma membrane of
vascular smooth muscles. Therefore, Ba*" pre-
sumably increased Ca®* influx through VDCs by
depolarizing the plasma membrane. In these
experiments, BaCl, produced a further contraction
of both noradrenaline- and KCl-induced tone of the
rat pulmonary artery. The BaCl,-elevated KCI tone
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Figure 4. Typical traces showing the effect of cumulatively increasing concentrations of BaCl, or SK&F 96365 on the
acetylcholine (ACh, 3 uM)-pre-contracted muscularis mucosae isolated from guinea-pig oesophagus. A. The KCI (60 mM)-induced
contraction of muscularis mucosae was completely inhibited by nicardipine (0-3—1 uM). In the presence of nicardipine (1 uMm),
BaCl, caused a concentration-dependent relaxation of the muscularis mucosae pre-contracted with acetylcholine (3 uM). B. SK&F
96365 (1-60 uM) caused a relaxation of the oesophageal muscularis mucosae pre-contracted with acetylcholine (3 uM) in a

concentration-dependent manner.
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was markedly inhibited by nicardipine treatment,
and BaCl, did not increase the noradrenaline-
induced tone in the presence of nicardipine. These
results suggest that Ba®" activates VDCs by
depolarizing the plasma membrane and permeates
into smooth muscle cells through VDCs to produce
a contraction of rat isolated pulmonary artery.
Nicardipine may block Ca*" and Ba®" influx
through VDCs that are opened by Ba*"-evoked
depolarization.

Agonist-induced contractions of vascular smooth
muscle are mediated by Ca®" release from intra-
cellular storage sites, transmembrane Ca®" influx
through ion channels and an increase in Ca®"
sensitivity of contractile elements (Rembold et al
1992; Orallo 1996; Karaki et al 1997). In our
experiment using rat isolated pulmonary artery, the
noradrenaline-induced sustained contraction was
resistant to nicardipine, a blocker of VDCs (Terai et
al 1981), but was almost completely inhibited by
SK&F 96365, a blocker of both VDCs and recep-
tor-activated Ca”>" influx (Merritt et al 1990; Gor-
enne et al 1998; Tosun et al 1998). Recently,
capacitative Ca®" entry, which is the Ca®" influx
through Ca®" channels activated in response to
Ca”" depletion within the intracellular Ca*" stores,
has been found to occur following receptor acti-
vation of smooth muscle (Gibson et al 1998). De La
Fuente et al (1995) reported that Ca>* depletion
within sarcoplasmic reticulum induced by thapsi-
gangin or cyclopiazonic acid seemed to facilitate
Ca”" influx through a verapamil-resistant pathway
in rat pulmonary artery, and there are some reports
that SK&F 96365 inhibits capacitative Ca®* entry
(Demaurex et al 1992; Burt et al 1995). The nora-
drenaline-induced sustained contraction of rat iso-
lated pulmonary artery is likely to be mediated
primarily by receptor-activated Ca”" influx resis-
tant to nicardipine. In this study, BaCl, caused a
weak relaxation of the noradrenaline-pre-con-
tracted arterial preparation with nicardipine treat-
ment. Ba>" has a minor effect on the SK&F 96365-
sensitive, receptor-mediated sustained contraction
induced by noradrenaline in rat isolated pulmonary
artery.

In the muscularis mucosae of guinea-pig oeso-
phagus, acetylcholine-induced sustained contrac-
tion was resistant to nicardipine but was completely
inhibited by SK&F 96365. The sustained contrac-
tion induced by acetylcholine was abolished in a
Ca’*-free solution containing EGTA (0-1 mMm)
(Kamikawa et al 1985). These observations suggest
that the acetylcholine-induced sustained contrac-
tion is primarily mediated by a nicardipine-resis-
tant, receptor-activated Ca®* influx. In contrast to
the pulmonary artery, the acetylcholine-induced
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sustained contraction of the oesophageal muscu-
laris mucosae was nearly returned to the basal level
by BaCl, (10mM) in the presence of nicardipine.
Murray & Kotlikoff (1991) reported that Ba®*
inhibited the Ca®'-channel antagonist-resistant,
receptor-activated Ca”" influx in airway smooth
muscle. In addition, Ohta et al (1995) reported that
the Ca®"-channel antagonist-resistant Ca*" entry in
rat ileal smooth muscle was inhibited by Ba**. In
the oesophageal muscularis mucosae of guinea-pig,
Ba®" may inhibit the nicardipine-resistant, recep-
tor-activated Ca>* influx and markedly inhibits the
SK&F 96365-sensitive, receptor-mediated sus-
tained contraction.

The difference in the inhibitory action of BaCl,
on the sustained contraction in the presence of
nicardipine in the pulmonary artery and the oeso-
phageal muscularis mucosae seems to be due to
different characteristics of the receptor-activated
Ca”" influx pathway to produce the contraction of
the smooth muscle. Our results suggest that the
SK&F 96365-sensitive, receptor-mediated sus-
tained contraction may be subclassified into con-
traction that is less sensitive to Ba*" (pulmonary
artery) and one that is Ba**-sensitive (oesophageal
muscularis mucosae).

In conclusion, Ba** presumably activates VDCs
by depolarizing the plasma membrane and it also
permeates into the cell through VDCs, increasing
the noradrenaline-induced tone of rat pulmonary
artery in the absence of nicardipine. In the presence
of nicardipine, Ba®" has a minor effect on the
noradrenaline-induced sustained contraction of rat
pulmonary artery.
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