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Abstract. Effects of  2,3-butanedione-2-monoxime 
(BDM) on the contraction of  intact and skinned smooth 
muscles from guinea-pig portal vein were examined. In 
intact preparations loaded with fura-2, 5 - 1 0  mM BDM 
markedly suppressed Ca 2+ transients and force develop- 
ments induced by 154 mM potassium and by phenyleph- 
fine (0.1 mM). On the other hand, in Ca>-f ree  depolar- 
izing solution, BDM did not suppress phenylephrine 
(0.1 mM)-induced Ca 2+ transient and force develop- 
ment. In skinned preparations obtained with Staphylo- 
coccus aureus a-toxin treatment, BDM did not markedly 
affect active force development. The above results indi- 
cate that BDM suppresses contraction of  the portal vein 
mainly by the inhibition of voltage-dependent cytosolic 
Ca 2+ transients. An additional result suggests that BDM 
suppresses the force-enhancing effect of  al-adrenergic 
agents on the contractile elements. 
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Introduction 

The agent 2,3-butanedione-2-monoxime (BDM; CH3C 
:NOHCOCH3) is well known to suppress contraction of  
skeletal [5, 7, 10, 20], cardiac [1, 14, 15, 23] and smooth 
muscles [13, 17, 20] reversibly. In skeletal and cardiac 
muscles, BDM has been shown to affect not only con- 
tractile apparatus [7, 10, 14, 15] but also excitatiordcon- 
traction coupling [1, 5, 10] near the threshold dose for 
the suppression of contraction. In other words, BDM 
does not necessarily have a specific site of  action in skel- 
etal and cardiac muscles. In smooth muscles, on the 
other hand, little work has been done on the suppressive 
mechanisms. Recently Lang and Paul [13] reported that 

2 - 1 0 r a M  BDM inhibited voltage-dependent Ca 2+ 
channel currents in single cells of guinea-pig taenia 
caeci. They proposed that this inhibition could account 
for the suppression of  smooth muscle contraction. How- 
ever, no direct evidence of  whether BDM specifically 
suppresses Ca 2+ influx has yet been obtained. In the pre- 
sent study, to obtain such direct evidence, cytosolic Ca > 
transients were simultaneously recorded with force in 
fura-2-10aded intact preparations, and the effects of 
BDM on the contractile elements were also examined in 
skinned preparations obtained with a-toxin treatment. 
The results indicated that (a) BDM actually suppresses 
voltage-dependent cytosolic Ca 2+ transients, as proposed 
by Lang and Paul [13], and (b) BDM also suppresses 
the force-enhancing effect of phenylephrine on the con- 
tractile elements. Preliminary reports have been com- 
municated [21, 22]. 

Materials and methods 

Preparations of muscle strips. The dissection and experiments 
were performed at room temperature (20-25~ Guinea-pigs 
(Hartley, female, 400-600 g) were sacrificed by cervical bleeding 
under deep anaesthesia with ethyl ether. The portal vein was dis- 
sected and immersed in normal external solution [NES; in mM: 
150 NaC1, 4 KC1, 2 Ca(Ms)2, 1 Mg(Ms)2, 5.6 glucose, and 5 4-(2- 
hydroxyethyl)-l-piperazineethanesulphonic acid (HEPES) ad- 
justed with TRIS/H20 to pH 7.4 at 20~ where (Ms) stands for 
the methanesulphonate group]. After the perivenous tissues and 
endothelium had been cleaned, small strips (0.1-0.2 mm wide and 
1.5-2 mm long) were separated. 

Intact preparations. To load fura-2, muscle strips were treated for 
2 -3  h with 5 ~tM fura-2AM (the acetoxymethyl ester of fura-2: 
Dojin, Kumamoto, Japan) dissolved in NES with 0.5 % dimethyl- 
sulphoxide and 0.02% cremophor EL. After the strip had been 
washed with plain NES for 1 h, it was tied at both ends with silk 
monofilaments to stainless-steel hooks in an experimental chamber 
(stretched to 1.2-1.5 times the slack length). One of the hooks 
was attached to a force transducer (BG-10, Kulite Semiconductor, 
N. J., USA). The strip was alternately (50 Hz) exposed to 340-nm 
and 380-nm UV light to excite fura-2; the fluorescence at 510 nm 
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was detected by a fluorometer (CAM-220, Jasco, Tokyo, Japan). 
At the end of the experiment, each preparation was treated with 
Triton X-100 (0.5% w/w) to quench the fura-2 photosignal, and 
the autofluorescence of the preparation was measured [24]. It was 
noted that 20 mM BDM did not influence the autofluorescence. 
The ratio (R) of the fluorescence at 340 nm to that at 380 nm was 
adopted as an indicator of intracellular Ca 2+ concentration [6]. To 
evaluate R and the force of each preparation, (R-Ro) and the force 
were normalized to values at the peak of K + contracture, where 
Ro denotes the R values at rest [19]. 

High-K + solution was prepared by replacing NaC1 in NES 
with K(Ms) so as to keep [K+]• at 616mlVI. To prepare 
Ca2+-free high-K + solution, Ca(Ms)~ of the high-K + solution was 
replaced by [ethylenebis(oxonitrilo)]tetraacetic acid (EGTA). 
Phenylephrine and BDM were purchased from Sigma (Missouri, 
USA) and from Nacarai Tesque (Kyoto, Japan) respectively. 

Skinned preparations. To prepare a receptor-coupled skinned prep- 
aration, a-toxin was used [11, 16]. The toxin was purified from 
culture media of Staphylococcus aureus according to Sakurada et 
al. [3[8], and its activity was determined by haemolysis [4]. The 
protocol of skinning was the same as that described by Kitazawa 
et al. [11]. In brief, the strips were skinned with 400-1200 units/ 
ml a-toxin for 60-90 min. After the skinning, the strips were 
treated with 20 gM A23187 (a Ca 2+ ionophore; Sigma) to destroy 
intracellular Ca 2+ storage sites [12]. 

Solutions for skinned preparations were according to Horiuti 
[9]. All the solutions contained in common (mM) 1.5 Mg 2+, 
3.5 MgATP, 10 creatine phosphate and 20 t,4-piperazinediethanes- 
ulphonic acid (PIPES). The concentration of EGTA was 2 mM in 
standard relaxing solution (G2), 10 mM in Ca 2+ washing solution 
(G10), 0.1 mM in pre-activating solution (G0.1), and t0 mM in 
activating solution, which contained various concentrations of 
Ca(Ms)z (pCa = 6.5-4.4; pCa denotes the negative logarithm of 
the estimated Ca 2+ concentration). The apparent dissociation con- 
stant of CaEGTA was assumed to be 10 -~4 M. K(Ms) was added 
to keep the ionic strength at 0.20 M, and KOH to adjust the pH to 
7.0 at 20~ The bubble plate system [9] was used to change the 
incubating solution quickly. 

Results are presented as means _ standard errors of the mean 
(SEM). Statistical hypotheses on the differences between means 
were tested with Student's t-test for paired samples. The null hy- 
potheses was rejected when P was less than 0.05. 

Results 

Effect of BDM on the fluorescence of fura-2 

Borzak et al. [3] reported that high concentrations 
(40 raM) of BDM suppressed the fluorescence of  fura- 
2. Therefore, the effect of  BDM on the fluorescence of  
1 gM fura-2 was examined. Although the fluorescence 
was appreciably suppressed by BDM (10 mM BDM 
suppressed about 20% of the fluorescence both at 
340 nm and 380 nm emission; data not shown), the ex- 
tent of  the suppression was almost independent of  Ca 2+ 
concentration. Therefore, the ratio R at any concen- 
tration of  Ca 2+ was relatively insensitive to BDM (in 
G10 and pCa 4.4, R values at 10 mM BDM were 97% 
and 91% respectively of  those in the absence of BDM). 
Thus, R mainly reflects cytosolic Ca 2+ concentration: 
the larger the R value, the higher the Ca 2+ concentration. 
Detailed quantitative estimation of the Ca 2+ concen- 
tration is impossible at present because of  the lack of 

reliable calibration. Instead, any change in R with con- 
traction was expressed relative to the value at the peak 
of  K + contracture as described in Materials and methods. 

Experiments in intact preparations 

K § contracture. Transfer of  an intact preparation into 
high-K + solution (154mM)  induced K + contracture 
(Fig. I A). In the presence of  BDM, changes in R and 
force during K + contracture were suppressed in a dose- 
dependent manner (Fig. 1 B). The suppression was sig- 
nificant at concentrations of  5 m M  BDM and above 
(P < 0.05) and was completely reversible (data not 
shown). Note that the extent of  suppression of changes 
in R and force were almost parallel with each other. 

Phenylephrine-induced contractions. In the absence of 
BDM, phenylephrine (0.1 mM) induced a transient force 
development forming a spike on the trace (initial spike 
contraction; Fig. 2 A). Following this, the force slowly 
increased to a plateau level that was about 50% larger 
than the peak force of  K + contracture (after contraction). 

Regarding R, phenylephrine induced a spontaneous 
oscillation of R without an accompanying force oscil- 
lation, which was observed in one-third of  the prep- 
arations (Fig. 2 A). In these cases, three series of  analy- 
ses were performed to analyse R levels during phenyl- 
ephrine-induced contractions: by adopting the maxi- 
mum, middle and minimum points of  the oscillation a 
baseline for R levels was drawn. In Fig. 2 B, C, the re- 
suits obtained with the middle-point analyses are shown. 
However, the subsequent analyses were found to be valid 
if  maximum or minimal points were adopted instead. 

At the peak of the initial spike contraction, R reached 
8 5 % - 9 0 %  of  the value at the peak of K + contracture. 
At the plateau phase of the after contraction, R was not 
significantly different from that at the peak of  the initial 
spike contraction, while the force level was 1 0 0 % -  
110% larger at the plateau than at the spike peak 
(P < 0.05). These findings are consistent with those of  
Himpens and Somlyo [8] obtained in guinea-pig small 
intestine. 

BDM suppressed changes in R and force at the initial 
spike contraction was well as during the after-contrac- 
tion in a dose-dependent manner (Fig. 2 B, C). The sup- 
pression of changes in R and force was found significant 
at 10 mM BDM at the spike peak, and at or above 5 m M  
during the after-contraction (P < 0.05). It seemed that 
5 mM BDM selectively suppressed the after-contraction 
without appreciably affecting the initial spike contrac- 
tion. BDM also suppressed the spontaneous oscillation 
of R as shown in Fig. 2 A. 

Voltage-independent Ca 2+ release. During the phenyl- 
ephrine-induced contractions (Fig. 2 A), some of the 
cytosolic Ca 2+ may be released in a voltage-independent 
manner f rom the sites of  intraceUular Ca 2+ stores, since 
Himpens and Somlyo [8] reported voltage-independent 
Ca 2+ release f rom the intracellular Ca 2+ stores by chol- 
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Fig. 1. A Typical records of force (lower traces) and R (upper traces) 
in high-K + solution (154 raM) without (1) and with (2) 10 mM 2,3- 
butanedione monoxime (BDM). B Effects of BDM on the peak force 
(0) and (R-Ro) (C)) during K + contracture. Each point represents the 
mean of five experiments; vertical bar, SEM 
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inergic agents in guinea-pig small intestine. To examine 
the effect of BDM on this mechanism, the following 
experiments were performed. 

After evoking K + contracture in high-K + (154 raM) 
solution (for 3 rain), an intact preparation was trans- 
ferred to CaZ+-free high-K + solution. Two minutes after 
the transfer, R and the force completely returned to their 
original resting levels. Then 0.1 mM phenylephrine was 
introduced, which induced a transient increase of R and 
force, both of  which reached about the level induced by 
phenylephrine in NES. This increase in R would have 
been due mainly to Ca 2+ released in a voltage-indepen- 
dent manner from intracellular Ca z+ store sites since the 
specimen was kept depolarized after the K + contracture 
and was in the Ca2+-free solution. This protocol depletes 
extracellular Ca 2+ while maintaining Ca 2+ in the intra- 
cellular stores [2]. The changes in both R and force were 
not affected by 1 0 m M  BDM (P > 0.05, data not 
shown). Therefore, BDM would have had little effect on 
the voltage-independent Ca z+ release from the intracel- 
lular Ca 2+ stores. 

in skinned preparations. When the skinned preparation 
was transferred from G0.1 to the activating solution 
(pCa 6 .5-4 .4) ,  the force rapidly developed to a peak 
level and then gradually declined to a steady level 
(Fig. 3 A). Both the peak and the steady force were not 
significantly affected by BDM up to 20 mM (Fig. 3 B, 
C; P > 0.05); therefore, it is considered that BDM has 
no direct effect on the contractile elements. 

Indirect effects on the contractile elements. It has been 
reported that al-adrenergic agents modulate the force re- 
sponses of  the contractile elements to Ca 2+ in skinned 
vascular smooth muscle prepared with a-toxin [11, 16]. 
In the present skinned preparations, 0.1 mM phenyleph- 
fine enhanced the peak and steady force by about 40% 
at pCa 6 . 5 - 4 . 4  (Fig. 4 A, B). Although the enhancement 
of the peak force was not significantly affected by BDM 
up to 10 mM (P > 0.05), that of  the steady force was 
significantly suppressed in the presence of 10 mM BDM 
(P < O.05). 

Experiments with skinned preparations 

Direct effects on the contractile elements. The direct ef- 
fects of BDM on the contractile elements were examined 

Discussion 

BDM has been known to suppress the contraction of 
various smooth muscles. The main interest in the present 
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Fig. 2. A Typical records of force (lower trace) and R (upper trace) 
in 0.1 mM phenylephrine without (1)and with (2) 10 mM BDM. 
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fects on the steady force (0) and (R-Ro) (�9 in 0.1 mM phenyl- 
ephrine. The force and R are normalized to the values during K + 
contracture. Each point represents the mean of five experiments; 
vertical bar, SEM 

study is whether BDM affects excitation/contraction 
coupling and/or contractile elements of  guinea-pig portal 
vein, because BDM might affect both of  these in smooth 
muscles as in striated muscles. 

Before discussing the effects of  BDM on the cyto- 
solic Ca 2+ transients, the effects of  the agent on fura-2 
signals must be noted. BDM slightly decreased the R 
value of  artificial solutions. However,  this side-effect of  
BDM has little influence on the present analyses, since 
the effects of  BDM on R in intact preparations 
(Figs. 1 B, 2 B, 2 C) were much greater than this side- 
effect. Thus, it seems likely that R mainly reflects cyto- 
solic Ca 2+ concentration. 

In the fura-2-1oaded intact preparations BDM never 
suppressed force development without suppressing R. 
BDM showed no appreciable effect on the Ca2+-acti - 
vated force of  skinned preparations at less than 20 mM. 
These facts support the idea of Lang and Paul [13] that 
BDM suppresses smooth-muscle contraction by the inhi- 
bition of voltage-dependent Ca 2+ channel currents. How- 
ever, these facts do no necessarily indicate that BDM 

suppresses contraction entirely, or even mainly, by its 
action on the Ca 2§ transient. Let us discuss the sup- 
pressive mechanism in more detail. 

Suppression of  K § contracture 

In K + contracture, BDM was found to suppress the 
changes in R and force almost in parallel with each other. 
Such parallelism between the changes in R and force 
was also observed when K + contracture was induced by 
various concentrations of  K + (unpublished). I f  some ef- 
fect of  BDM on the contractile elements modifies K § 
contracture, the relationship between the changes in R 
and force under the effect of  BDM should differ from 
that obtained with various K + concentrations without 
BDM. Therefore, it can be assumed that BDM sup- 
presses K + contracture mainly by the suppression of the 
cytosolic Ca 2+ transient. 
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at pCa 4.4 in the absence of BDM. B Peak force and C steady 
force in 0 mM (O), 10 mM (Q) and 20 mM BDM (A). Each point 
represents the mean of five experiments; vertical bar, SEM 

Suppression of phenylephrine-induced contraction 

BDM suppressed both Ca 2+ transient and force develop- 
ment of phenylephrine-induced contractions. But the 
mechanisms of the inhibition must be much more com- 
plicated than that of K + contracture. 

The suppression of  the initial spike contraction 
would appear to be mainly due to the BDM effect on 
the cytosolic Ca 2+ transient, because R and force were 
observed to change in parallel (see above, Fig. 2 B). 

BDM suppressed the initial spike contraction less 
than K + contracture (Figs. 1 B, 2 B). That is, BDM af- 
fected the Ca a+ transient in K + contracture more than 
that in the initial spike contraction induced by phenyl- 
ephrine. This seems to suggest that the main site of 
BDM action in excitation/contraction coupling resides in 
the voltage-dependent Ca 2+ influx through Ca 2+ chan- 
nels, as Lang and Paul [13] discussed. The reasons are 
as follows. (a) K § contracture must be triggered by volt- 
age-dependent Ca 2+ influx. Therefore, the Ca z+ channel, 
which Lang and Paul [13] found susceptible to BDM, 
plays a critical role in K § contracture. (b) Phenyl- 

ephrine-induced contraction, on the other hand, should 
not critically depend on the Ca 2+ channel, since phenyl- 
ephrine-induced contraction in Ca2+-free depolarizing 
solution was comparable to that in NES. From the simul- 
taneous measurement of force and intracellular Ca 2+ 
concentration in fura-2-1oaded guinea-pig small intes- 
tine, Himpens and Somlyo [8] also concluded that the 
initial spike contraction primarily resulted from the Ca 2+ 
release from the intracellular Ca z+ storage sites. In ad- 
dition, the voltage-independent Ca 2+ release from the in- 
tracellular Ca 2+ sites induced by phenylephrine was 
shown to be unsusceptible to BDM in the present study. 

The suppression of  the after-contraction, on the other 
hand, appears to be partly due to the indirect effect of  
BDM on the contractile elements, even though the main 
cause of the suppression of the contraction is the inhibi- 
tion of the cytosolic Ca 2+ transient (Fig. 2 C). This is 
because BDM markedly suppressed the force-enhancing 
effect of phenylephrine at the steady state of Ca2+-acti - 
vated contraction in the skinned preparations (Fig. 4). 
Note that intracellular Ca 2+ stores of the present skinned 
preparations were destroyed with A23187. Investigation 
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of  the m e c h a n i s m  of  this indi rec t  effect  o f  B D M  on the 
contrac t i le  e lements  is now in progress .  

In  conclus ion,  B D M  migh t  suppress  cont rac t ion  o f  
gu inea -p ig  por ta l  ve in  b y  the inhib i t ion  o f  (a) the vol t -  
age -dependen t  cy toso l ic  Ca  2+ transient ,  and (b) the for-  
ce -enhanc ing  effect  o f  pheny lephr ine  on the contrac t i le  
e lements .  
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