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Mechanism of barium-induced contraction in the
vascular smooth muscle of rabbit aorta
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1 In a solution containing 1.5mM Ca?*, cumulative application of 0.3-10.0 mM Ba?* induced a
concentration-dependent contraction of the rabbit aorta. This contraction was reduced by the Ca®*
channel inhibitors, verapamil (10~°M), nifedipine (10~’M) and lanthanum (2.0mM), and was
potentiated by the Ca?* channel facilitator, Bay K 8644 (107 m).

2 Ina Ca®*-free solution containing EGTA (1.0 mM), cumulative application of Ba2* still induced a
concentration-dependent contraction, the maximum contractile tension of which was comparable to
that in the presence of 1.5mM Ca?*.

3 The Ba?*-induced contraction which was not dependent on the external Ca?* was also inhibited by
verapamil, nifedipine and lanthanum and was potentiated by Bay K 8644. A high concentration
(65.4mM) of K* potentiated this Ba®*-induced contraction whereas noradrenaline (10~°M) did not
have such an effect.

4 In order to deplete the releasable Ca®* store in the cell, the muscle strip was treated with
noradrenaline (10~%M) and/or caffeine (20.0mM) in a Ca?*-free solution. In such a Ca?*-depleted
muscle, Ba?* still induced a contraction of a similar magnitude to that without such treatment.
Further, the second application of Ba* in a Ca*-free solution induced a similar contraction to that
induced by the first application of Ba?*.

§ These results suggest that Ba?* depolarizes the cell membrane and opens the voltage-dependent
Ca?* channels resulting in a Ca®* influx in the presence of Ca?*. In the absence of external Ca®*, Ba?*
may enter the cell through the voltage-dependent Ca?* channels and induce contraction without

mobilizing the Ca2* store which is sensitive to noradrenaline and caffeine.

Introduction

Barium ion (Ba?*) has been known to induce contrac-
tion in various smooth muscle tissues such as intestine
(Yukisada & Ebashi, 1961; Karaki et al., 1967), uterus
(Daniel, 1963) and blood vessels (Somlyo et al., 1974).
Ba?* depolarizes the smooth muscle membrane
(Suzuki et al., 1964; Hotta & Tsukui, 1968; Biilbring &
Tomita, 1969). In intestinal smooth muscle, Karaki ez
al. (1967, 1969) compared the contractions induced by
Ba?* and high concentrations of K* and concluded
that both contractions are due to Ca* influx although
higher concentrations of Ba>* induce a contraction
which is not dependent on the external Ca* concen-
trations. In the present experiments, it was found that
a larger portion of the Ba?*-induced contraction was
not dependent on the external Ca* in the vascular
smooth muscle of rabbit aorta and the mechanisms of
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this contraction were examined.
Some of these results have been briefly reported
(Karaki et al., 1986).

Methods
Tissue preparations

Male New Zealand rabbits, weighing 2.0—2.5 kg, were
killed by a rapid injection of sodium pentobarbitone
(25mgkg~") and air into an ear vein. The thoracic
aorta was rapidly removed, cut into a spiral strip and
muscle preparations, 3—4 mm wide and 5—8 mm long,
were prepared. In some experiments, the adventitial
layer was separated from the media-intimal layer as
described by Karaki and Urakawa (1977) in order to
avoid the possible involvement of endogenous cate-
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cholamines (Karaki et al., 1984). However, the charac-
teristics of the Ba2*-induced contraction in these two
types of preparations did not differ and the results with
these preparations are not described separately.

Solutions

Since high concentrations of Ba>* produced precipita-
tion in a bicarbonate-buffered solution, the bicarbon-
ate-free solution of the following composition was
used as normal solution (mM): NaCl 136.9, KCl 5.4,
CaCl, 1.5, MgCl, 1.0, glucose 5.5 and tris(hydroxy-
methyl)aminomethane (Tris) 23.8, adjusted to pH 7.4
at 37°C with 6 N HC1. Muscle contractions induced by
high concentrations of K* or noradrenaline in this
solution did not change from those in bicarbonate-
buffered solution, as reported earlier (Karaki et al.,
1981). High K* solution (65.4 mM) was made by
substituting 60 mM NaCl with equimolar KCI and
Ca?*-free solution was made by removing CaCl, and
adding 1.0 mM ethyleneglycol bis(B-aminoethylether)-
N,N,N’,N’-tetra acetic acid (EGTA) to the above
solution. These solutions were aerated with 100% O,.

Muscle tension

Muscle tension was recorded isometrically undera l g
resting tension with a force-displacement transducer
connected to a Nihon Kohden polygraph. BaCl, was
cumulatively added to the bath. When the Ba’*-
induced contraction was repeated, especially in a
Ca?*-free solution, the relaxation induced by the wash
with a Ba%*-free solution gradually became less com-
plete. It was found that washing the muscle with a high
K*, Ca**-free solution induced more complete relaxa-
tion than with a Ca?*-free solution. However, the
relaxation of the third or the fourth contraction was
sometimes less complete even if the muscle was washed
with a high K*, Ca?*-free solution. Therefore, only
one or two Ba?* -induced contractions were induced in
one muscle strip in most of the experiments. Results
were expressed in terms of actual contractile tension
(g)- In order to compare the contractions in different
muscle strips, all the preparations were stimulated
during the preincubation period with noradrenaline
107°M and the strips which developed contractile
tension between 1.8g and 2.0g (average of
1.90 £ 0.04g, n=90) were used in the present ex-
periments. Agents to be tested were added 10 min
before the application of Ba?* and the incubation with
a Ca?*-free solution was started at least 30 min before
the application of Ba®*.

Statistics

Results of the experiments are expressed as mean
+ s.e.mean. Student’s ¢ test was used for statistical

analysis of the results and a P value less than 0.01 was
taken as significant.

Drugs and chemicals

(%)-Verapamil hydrochloride (donated by Eisai),
nifedipine (donated by Pfizer), Bay K 8644 (Schramm
et al., 1983; donated by Miles Pharmaceuticals), (- )-
noradrenaline bitartrate (Wako Pure Chemical Indus-
tries), Tris (Sigma), EGTA (Sigma) and caffeine
(Wako) were used.

Results
Ba?*-induced contraction in normal solution

Cumulative application of 0.1-10.0 mM Ba®* induced
a concentration-dependent contraction in rabbit
aorta, as shown in Figure 1. The second application of
Ba?* induced a contraction similar to that induced by
the first application of Ba’*.

Pretreatment of the muscle with verapamil (10~% M)
shifted the concentration-response curve for Ba’* to
the right (Figure 1). Nifedipine, 10~"M, showed a
similar inhibitory effect to verapamil (10~®Mm) (data
not shown). LaCl;, 2.0 mM, had a stronger inhibitory
effect than verapamil 10~®M (Figure 1). In contrast,
Bay K 8644, 10~7M, shifted the concentration-res-
ponse curve for Ba?* to the left and increased
maximum contractile tension by 16.2%, as shown in
Figure 1, while having no effect on the resting tension.
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Figure1 Effects of verapamil 10~°M (A), LaCl; 2.0 mM
(®) and Bay K8644 10~ "M (M) on the contraction
induced by cumulative applications of BaCl, in rabbit
aorta; (@) control. Agents to be tested were added 10 min
before the addition of Ba?*. Each curve was obtained on
different muscle strips as described in the Methods. Each
point represents mean of 4 experiments and s.e.mean is
indicated by an error bar when it is greater than the
symbol.



Bd**-induced contraction in Ca®* -free solution

In a Ca®*-free solution (containing 1.0mM EGTA),
cumulative application of 0.3-30.0 mM Ba?* induced
a concentration-dependent contraction (Figure 2).
The concentration-response curves for Ba?* ina Ca?*-
free solution were shifted to the right of the curve in a
normal medium in a parallel manner without affecting
the maximum tension. The second application of Ba*
in a Ca?*-free solution induced a contraction similar
to the first Ba®>*-induced contraction (Figure 2).

Effects of verapamil (10~®m), LaCl, (2.0 mM) and
Bay K 8644 (10~7 M) on the Ba*-induced contraction
in a Ca®*-free solution are shown in Figure3. The
effects of these agents on the Ba*-induced contrac-
tion in the absence of external Ca?* were similar to
those in the presence of external Ca?*; both verapamil
and La’* inhibited whereas Bay K 8644 augmented
the Ba?*-induced contraction. Nifedipine, 1077M,
showed a similar inhibitory effect to verapamil 10~ M
(data not shown).

Effects of high K* and noradrenaline on the Ba** -
induced contraction

Effects of high K* (654mM) and noradrenaline
(10~°M) on the Ba?*-induced contraction in a Ca®*-
free solution are shown in Figure4. In a Ca®*-free
solution with high K*, the concentration-response
curve for Ba?* shifted to the left. In a Ca’*-free
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Figure2 Effects of Ca’*-free solution on the Ba’*-
induced contraction in the aorta. The muscle strip was
incubated with a Ca®*-free solution containing EGTA
1 mM for 30 min and then Ba2* was applied cumulatively
(first). After the application of Ba**, the muscle was
washed with a high K*, Ca’*-free solution to obtain
complete relaxation (see Methods). The muscle was then
incubated with a Ca’*-free solution for 10 min and then
the second application of Ba* was performed (second).
The control curve (1.5mM Ca?*) was obtained with
different muscle strips as described in the Methods. Each
point represents mean * s.e.mean of 4 experiments.
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Figure3 Effects of verapamil 10~%M (A), LaCl, 2.0 mm
(®) and Bay K8644 10~"M (M) on the Ba?*-induced
contraction of rabbit aorta in a Ca*-free solution : (@)
control. The muscle strip was incubated in a Ca?*-free
solution for 30min and then Ba’* was cumulatively
applied. Agents to be tested were applied 10 min before
the addition of Ba**. Each curve was obtained with
different muscle strips as described in the Methods. Each
point represents mean of 4 experiments; vertical lines
show s.e.mean.

solution containing 10~°M noradrenaline, however,
the concentration-response curve for Ba** did not
differ from the control curve obtained in a Ca?*-free
solution.
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Figured4 Effects of high concentration (65.4 mm) of K*
and noradrenaline 10~%M on the Ba®*-induced contrac-
tion of rabbit aorta in a Ca?*-free solution. The muscle
strip was incubated with either a high K*, Ca®*-free
solution (V) or a Ca’*-free solution containing
noradrenaline for 30min () and then Ba?* was
cumulatively applied; (@) control. Each curve was
obtained on different muscle strips as described in the
Methods. Each point represents mean of 4 experiments;
vertical lines show s.e.mean.
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Effects of depletion of stored Ca’* on the Ba’* -induced
contraction

In a Ca*-free solution, addition of noradrenaline
(10~%M) induced a transient contraction. The second
application of noradrenaline induced only a small
contraction, as shown in Figure 5, possibly because the
Ca’* store is depleted (Karaki et al., 1979). In such a
Ca?*-depleted muscle, cumulative application of Ba?*
induced a contraction similar to that induced in a
muscle without noradrenaline pretreatment. The
second application of Ba?* also induced a similar
contraction to the first Ba’*-induced contraction
(Figure S). Similar results were obtained when either
caffeine (20.0 mM) or the simultaneous application of
noradrenaline (10-°M) and caffeine (20.0 mM) was
used instead of noradrenaline (10~® M) to deplete the
cellular Ca®* store (data not shown). The Ba®*-in-
duced contraction in the Ca?*-depleted aorta was
potentiated by Bay K 8644 and was inhibited by
verapamil and La**, as was the case with the aorta
simply treated with a Ca*-free solution in Figure 3.

Discussion

In the vascular smooth muscle of rabbit aorta, Ca’*
channel inhibitors like verapamil and nifedipine are
known to inhibit selectively the voltage-dependent
Ca’* channel (Karaki & Weiss, 1984). In contrast,
Bay K 8644,a Ca’* channel facilitator (Schramm e?
al., 1983), is reported to activate selectively the
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voltage-dependent Ca’* channel (Yamamoto et al.,
1984). Further, La’* is a nonselective inhibitor of
Ca’* influx in smooth muscle (Weiss, 1974). The
finding that the Ba?*-induced contraction in rabbit
aorta was inhibited by verapamil, nifedipine and La**
and was enhanced by Bay K8644 suggest that Ba>*
activates the voltage-dependent Ca?* channels and
increases Ca?* influx to induce muscle contractions.
In the intestinal smooth muscle of guinea-pig taenia
coli, Ba?* has been shown to increase both muscle
tension and “*Ca uptake (Karaki et al., 1967, 1969). On
the effect of Bay K 8644, this facilitator not only
shifted the concentration-response curve for Ba’* to
the left but also increased the maximum contractile
tension in the presence and absence of external Ca’*
(Figures 1 and 3). In contrast, high K *-depolarization
which also activates the voltage-dependent Ca®* chan-
nel shifted the concentration-response curve for Ba’*
to the left but did not affect the maximum contractile
tension (Figure 4). We do not have available data to
explain this discrepancy except to suggest that Bay
K 8644 might have other effects in addition to facilita-
tion of voltage-dependant Ca>* channels.

Influx of external Ca?* is, however, only partly
responsible for the Ba%*-induced contraction in rabbit
aorta because removal of external Ca®* inhibited only
a part of the Ba*-induced contraction. Present results
indicate that, in a Ca®*-free solution, Ba* enters the
cell through the voltage-dependent Ca?* channels;
when the voltage-dependent Ca?* channel is inhibited
by verapamil, nifedipine or La**, the Ba?*-induced
contraction is inhibited and when the channel is
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Figure5 Effects of pretreatment with noradrenaline on the Ba’* -induced contraction of rabbit aorta in a Ca?*-free
solution. The muscle was incubated in a Ca2*-free solution for 10 min and then noradrenaline 10-¢m (NA) was
applied; 10 min later, the muscle was washed with a Ca?*-free solution for 10 min and then noradrenaline was applied
again for another 10 min. The muscle was then washed with a Ca?*-free solution and Ba?* was cumulatively applied.
After the completion of the cumulative application of Ba>*, the muscle was washed with a high K*, Ca?*-free solution
until complete relaxation was obtained (See Methods). The external medium was then changed to a Ca?* -free solution

and 10 min later, Ba>* was applied again.



activated by Bay K 8644, the Ba2*-induced contrac-
tion was enhanced. Further, the findings that high K*
(which activates voltage-dependent Ca?* channels),
but not noradrenaline (which activates receptor-lin-
ked Ca?* channels), enhanced the Ba*-induced con-
traction indicate that the receptor-linked Ca®* chan-
nels are not permeable to Ba’*. In various excitable
cells including smooth muscle, it has been known that
the voltage-dependent Ca* channels are more per-
meable to Ba’* than to Ca’* (Hagiwara, 1983;
Yoshino & Yabu, 1985). Thus, the influx of Ba’*
through the voltage-dependent Ca?* channel seems to
be essential for the Ba?*-induced contraction in the
absence of external Ca?*.

As a mechanism for the Ba*-induced contraction
in the absence of external Ca*, one could speculate
that intracellular Ba** mobilizes the cellular Ca?*
store. There is a cellular Ca?* store in rabbit aorta
which is mobilized by noradrenaline to induce a
contraction. The amount of Ca?* in the store is so
small that application of noradrenaline induces only a
transient contraction and since the store is depleted by
a brief exposure to noradrenaline, the second applica-
tion of noradrenaline is almost ineffective (Deth & van
Breemen, 1977; Karaki et al., 1979). Caffeine also
depletes this Ca’* store (Deth & Lynch, 1981; Leijten
& van Breemen, 1984). In vascular smooth muscle,
Bond et al. (1984) reported that sarcoplasmic re-
ticulum is the only intracellular Ca®* store and both
noradrenaline and caffeine release Ca®* from this
store. In the present experiments, it was found that , in
the aorta of which the Ca2* store had previously been
depleted by the repeated applications of noradrenaline
and/or caffeine, Ba®* stillinduced a sustained contrac-
tion similar to that in the muscle without such
pretreatment. Further, the first and the second
applications of Ba?* induced similar contractions in
the Ca?*-depleted muscle as well as in the non-de-
pleted muscle. These results suggest that the Ca?*
store which is mobilized by noradrenaline or caffeine is
not involved in the Ba?*-induced contraction.
However, these results do not exclude the possibility
that Ba?* mobilizes the Ca’?* store which is not
depleted by noradrenaline and caffeine.
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