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Cyclopiazonic acid, an inhibitor of Ca2+-ATPase in sarcoplasmic
reticulum, increases excitability in ileal smooth muscle

Yoshiaki Uyama, 'Yuji Imaizumi & Minoru Watanabe

Department Chemical Pharmacology, Faculty of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabedori, Mizuhoku,
Nagoya 467, Japan

1 Effects of cyclopiazonic acid (CPA), a specific inhibitor of Ca2+-ATPase in endo- and sarcoplasmic
reticulum (ER/SR), on contractile responses, cytosolic Ca2+ concentration and spontaneous electrical
activity were examined in ileal longitudinal smooth muscle strips.
2 After intracellular stored Ca2" in intact ileal strips was depleted by application of 25 mM caffeine in
Ca2'-free solution, Ca2+-loading was performed in the absence or presence of 10 tLM CPA in a standard
solution containing 2.2 mM Ca2 . Subsequent application of caffeine in Ca2+-free solution induced a
phasic contraction which was significantly smaller in the strip pretreated with CPA than that in the
control.

3 Spontaneous and 20 mM K+-induced contractions in the presence of 1 tLM atropine were markedly
enhanced by 1-30 tLM CPA, whereas that induced by 80 mM K+ was not. The magnitude of repetitive
transient elevation of cytosolic Ca2+ concentration ([Ca2+]j) and concomitant phasic contractions were
markedly enhanced by CPA. The effects were abolished by 10 JLM verapamil and restored by 10 ytM Bay
K 8644.
4 Application of 10 JLM CPA depolarized the cell by about 5 mV, decreased the action potential (AP)
afterhyperpolarization and markedly increased the frequency of spontaneous AP. These effects were
mimicked by 100 nM charybdotoxin.
5 The rate of decay of [Ca2+]i and tension after the bathing solution was changed from one containing
140mM K+ and 2.2mM Ca2+ to one containing 5.9mM K+ and 0mM Ca2+ was significantly slowed
when 10 tM CPA was added to the latter solution.
6 These results indicate that CPA enhances ileal smooth muscle excitability and increases Ca2'-influx
through voltage-dependent Ca2+ channels. The effect may be consistent with the hypothesis that
CPA-induced decrease in stored Ca due to Ca-pump inhibition reduces the Ca2+-dependent K+ current
and indirectly enhances Ca2'-influx through membrane activity resulting from the increased excitability.
Direct evidence for the regulation of Ca2+ channel activity by intracellular Ca storage sites was not
obtained in the present study.
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Ca current; guinea-pig ileum; skinned fibre

Introduction

Cyclopiazonic acid (CPA), a mycotoxin from Aspergillus and
Penicillium, has been described as a highly selective inhibitor
of Ca2+-ATPase in skeletal, cardiac and smooth muscle
sarcoplasmic reticulum (SR) (Goeger & Riley, 1989; Seidler
et al., 1989) and inhibits Ca2"-uptake of SR in skeletal
muscle (Goeger et al., 1988; Kurebayasi & Ogawa, 1991).
Recently, we showed that CPA is a selective and reversible
inhibitor of ATP-dependent Ca2"-uptake of SR/ER in the
skinned fibre of ileal smooth muscle (Uyama et al., 1992).
Moreover, it has been suggested that CPA can inhibit Ca2+-
ATPase in intact preparations of aorta (Deng & Kwan,
1991), trachea (Bourreau et al., 1991) and mesenteric artery
(Low et al., 1992).

In intact smooth muscle tissue preparations, however, the
effects of CPA on the contractile responses to various types
of stimulation are complicated and not always consistent
between different smooth muscles. This may be due to differ-
ences in characteristics of intracellular Ca-storage sites and
also of Ca2"-influx and -extrusion through the plasma mem-
brane during stimulation. In addition, the function of intra-
cellular Ca storage sites as one of the important regulatory
factors of membrane ionic currents (Ohya et al., 1987; Wong,
1991) has not been taken into consideration. The effects of
CPA in intact preparations have been examined in electrically

' Author for correspondence.

quiescent muscles which do not show spontaneous myogenic
activity (Deng & Kwan, 1991; Bourreau et al., 1991; Low et
al., 1992).

In a previous paper, we showed that application of CPA
selectively inhibits Ca2'-dependent K+-current (IK-Ca) in
single smooth muscle cells of guinea-pig ileum and urinary
bladder (Suzuki et al., 1992). Activity of single large conduc-
tance Ca2"-dependent K+ channels (BK channels) are not
affected by 10 ILM CPA. The inhibition of IK-Ca may be
attributable to the suppression of SR/ER Ca2+-ATPase,
which presumably results in a marked decrease in releasable
Ca in storage sites. The large transient IK-Ca upon depolariza-
tion in these cells is induced by Ca-release from ryanodine-
sensitive Ca storage sites (Sakai et al., 1988), which is
triggered by Ca2"-influx through voltage-dependent Ca2"
channels (Ohya et al., 1987; Kitamura et al., 1989) via Ca2"-
induced Ca2' release mechanisms (Suzuki et al., 1992; Ganit-
kevich & Isenberg, 1992), which it has been suggested do not
have a functional role in skinned fibres (lino, 1989). This
current may be responsible for action potential (AP) repola-
rization and afterhyperpolarization (AHP) (Mitra & Morad,
1985; Ohya et al., 1987; Watanabe et al., 1989; Wong, 1991).
Moreover, IK-Ca significantly contributes to the regulation not
only of APs, but also of the resting membrane potential (Hu
et al., 1989) and muscle tone (Brayden & Nelson, 1992) in
some kinds of smooth muscle cells. The inhibition of IK.Ca,
therefore, may depolarize the cell membrane, increase AP
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duration, decrease AHP and possibly increase spontaneous
spike generation and membrane excitability of smooth mus-
cle cells.

Based upon these results, it can be speculated that the
decrease in IK-Ca by CPA may result in an increase in mem-
brane excitability and, therefore, spontaneous spike generation.
It is, however, not clear whether spontaneous contractile
activity is increased or decreased under conditions where
stored Ca is significantly decreased by CPA. The present
study was undertaken to examine how CPA affects electrical
activity, [Ca2+]i concentration and mechanical activity in an
intact tissue preparation of ileal longitudinal muscle.

Methods

Male Hartley guinea-pigs, weighing about 200 g, were killed
by a blow on the head. The terminal portion of the ileum
was isolated.

Intact preparation and tension measurement

Longitudinal muscle strips (2-3 mm wide and 10mm long)
were dissected from the ileum in Krebs solution (see Solu-
tions) at room temperature. The muscle strip was mounted
horizontally on a silicon rubber sheet at the bottom of an

organ bath which had a volume of 0.3 ml and was filled with
modified Krebs solution or HEPES buffered salt solution.
The solutions were continuously bubbled with 95% 02:5%
CO2 or 100% 02, respectively. Temperature was maintained
at 36 ± 1°C except where mentioned in figure legends. Con-
tractile responses were measured isometrically with a strain
gauge transducer and recorded on a pen-recorder.

Skinned fibre preparation

Skinning of ileal longitudinal strips was performed as de-
scribed previously (Uyama et al., 1992). In brief, strips were

incubated with 60 AM P-escin in a solution of pCa 6.0 (Koba-
yashi et al., 1989; Kitazawa & Somlyo, 1990). After skinning,
the solution was changed to a relaxing solution containing
2 mM EGTA (R2G). Contractile responses to caffeine were

tested in a relaxing solution containing 0.1 mM EGTA
(RO. IG). Experiments were performed at room temperature
(22 ± 1C). Calmodulin was not added except when mention-
ed.

Measurement of membrane potential

The conventional glass microelectrode technique was used to
measure the membrane potential of smooth muscle cells in
ileal longitudinal muscle strips. A strip was prepared in the
same manner as the intact preparations for tension measure-

ment and was pinned firmly to the silicon rubber at the
bottom of a chamber which had volume of about 0.3 ml. The
strip was perfused with modified Krebs solution at rate of
10ml min-' and kept at 35 ±+1°C. Glass microelectrodes
having a resistance of 40-60 Mohm when filled with 3 M
KCI were inserted into smooth muscle cells from the outside
of the strip. Electrical signals were amplified (Nihon Koden
MEZ-8101), monitored on a storage oscilloscope (Nihon
Koden, VCIO) and recorded on a pen recorder and a video
tape via a PCM recorder (Sony PCM-SOlES; modified to

obtain frequency response from d.c. to 20 kHz). Records on

the video tape were replayed and stored on the hard disk of a

computer (IBM-AT) after A-D conversion and analysed on

the computer as described previously (Imaizumi et al., 1990).

Simultaneous measurement of cytosolic Ca2' concentration

([Ca2+/,) and contraction

Longitudinal strips of guinea-pig ileum were isolated and

were treated with 5 1M acetoxymethyl ester of Fura-2 (Fura-

2/AM) for 4-6 h at room temperature in 4 ml HEPES-buffer
solution in a dark place. A non-cytotoxic detergent, pulronic
F-127 (0.02-0.04%), was added to the loading solution to
increase the solubility of Fura-2/AM. A Fura-2-loaded strip
was mounted horizontally in a chamber which had volume of
approximately 1.2 ml and continuously superfused at 12 ml
min-1 with a HEPES buffered solution oxygenated by 100%
02. The temperature of the solution was maintained at
35 ± 1°C. Fura-2-Ca2+ signals were measured simultaneously
with muscle contractions as described by Ozaki et al. (1987).
Muscle strips were illuminated alternately at the excitation
wavelengths (340 nm and 380 nm). The amounts of 500 nm
fluorescence induced by 340 nm excitation (F340) and by
380 nm excitation (F380) were measured with a fluorimeter
(CAF-100, JASCO). The ratio of F340 and F380 was used as
an indicator of [Ca2+],, taking the ratio in resting state as 0%
and that in 80 mM K+-stimulated state as 100%.

Solutions

The composition of Krebs solution was (in mM): NaCl 112.0,
KCI 4.7, CaCl2 2.2, MgCl2 1.2, NaHCO3 25.0, KH2PO4 1.2
and glucose 14.0. The composition of the physiological salt
HEPES-buffer solution was (in mM): NaCl 137.0, KCI 5.9,
CaC12 2.2, MgCl2 1.2, glucose 14.0 and HEPES 10.0. The pH
was adjusted to 7.4 with NaOH. A high K+ solution was
prepared by replacing NaCl with equimolar KCI. A Ca2+-
free solution was prepared by removing CaCl2 and added
0.1 mM EGTA to the HEPES buffered solution. The com-
position of R2G was (in mM): K-propionate 130, MgCI2 4.0,
adenosine triphosphate (ATP)-2Na 4.0, creatine phosphate
10, NaN3 10, Tris 20.0 and EGTA 2.0. Solutions containing
0.1 or 0.5 mM EGTA (RO.1G and RO.5G) were prepared by
reducing the EGTA concentration in R2G from 2.0 to 0.1 or
0.5 mM, respectively. The approximate pCa of RO.1G was
calculated to be 7.2, assuming the contamination of Ca2+ to
be 15 j,M. The pH was adjusted to 6.8 with maleic acid.
Solutions of pCa 6.3 and 6.0 were prepared by using a
Ca2 -EGTA buffer of 3 mM EGTA and corresponding Ca2+.

Drugs

Cyclopiazonic acid (CPA) and P-escin was obtained from
Sigma Ltd. Pulronic F-127 was from Calbiochem. Ltd. EGTA
and Fura-2/AM were from Dojin. Caffeine, acetylcholine and
atropine were from Wako Junyaku. Charybdotoxin was from
Peptide Institute, Inc. Bay K 8644 (methyl 1,4 dihydro-2,6-
dimethyl-3-nitro-4-(2-trifluoromethyl phenyl)-pyridine-5-car-
boxylate) was obtained from Bayer, Japan.

Statistics

Pooled data are expressed as mean ± s.e.mean. Statistical
significance was examined with a paired or unpaired Student's
t test and is indicated by *P<0.05; **P<0.01 and ***P<
0.001.

Results

First, we determined whether CPA applied to intact ileal
longitudinal strips can inhibit Ca2'-uptake by intracellular
storage sites as it does in skinned preparations (Uyama et al.,
1992). Figure 1 shows the effects of CPA on 25 mM caffeine-
induced contraction in intact strips. To reduce spontaneous
contractions, experiments were performed at room tempera-
ture (20-22°C). After the strip was loaded with Ca2" in a
HEPES buffered solution containing 2.2 mM Ca2+ (Ca2+-
loading or Ca2+-uptake, see Methods, not shown in Figure
la), 25 mm caffeine was applied twice in a Ca2"-free solution
(Figure la(i)). The second application of caffeine did not
elicit a response, implying that Ca in storage sites may be
almost depleted after the first application. The Ca2'-load and
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Figure 1 Effects of cyclopiazonic acid (CPA) on 25 mm caffeine-
induced contraction in intact ileal smooth muscle strips. Experiments
were performed at 21 ± 1°C to depress spontaneous contractions.
After Ca2l-loading in a HEPES buffered solution containing 2.2 mM
Ca2l (not shown), 25 mm caffeine was applied twice in a Ca2l-free
solution (i). Note that the second application of caffeine induced no

response. Thereafter, Ca2l-loading was performed in the absence (a)
or the presence of 10 tM CPA (b,c) in a solution containing 2.2 mM
Ca2". The subsequent response to caffeine was inhibited, when the
Ca2l-loading was performed in the presence of CPA (b(ii) and c(ii)).
The contractile response to caffeine recovered substantially in the
third trial as shown in (b(iii)) and (c(iii)). Application of 1O IM CPA
to the solution containing 2.2 mM Ca2" did not change the muscle
tone in most preparations examined as shown in (b). In about 30%
of preparations, however, CPA itself increased the muscle tone and
induced repetitive phasic spontaneous contractions (c). This effect of
CPA was occasionally irreversible. Summarized data shown in (d)
are from preparations in which CPA itself did not induce contrac-
tions and indicate that 10 JIM CPA significantly reduced caffeine-
induced contraction in a reversible manner: (0) control response;

(M) 2nd response measured after treatment with 10 g.M CPA. n = 6.

subsequent Ca2+ release by caffeine was repeated three times
(Figure 1(i), (ii) and (iii)) in each preparation. In the second
trial, Ca2+-loading was performed in the absence or presence

of 1O IM CPA. Addition of 1O IM CPA in a Ca2+-free solu-
tion did not change the muscle tone. The change in solution
from Ca2+-free solution to Ca2+-containing solution in the
presence of CPA did not alter muscle tone in 70% of prepa-

rations but induced tonic or phasic contraction in the other
preparations. Such a contraction during Ca2'-loading was

not observed in the control. In strips where Ca2+-loading was

performed in the presence of IO M CPA, the subsequent
contraction induced by caffeine was significantly smaller
(Figure lb, c and d). In the third trial, application of caffeine
elicited substantial responses in all preparations. In strips
where CPA per se induced contraction during Ca2'-loading
(Figure Ic (ii)), spontaneous phasic contractions were often
observed during Ca2+ loading in the third trial (c).

Summarized data in Figure Id show that the caffeine-
induced contraction was significantly reduced when the pre-

ceding Ca2'-loading was performed in the presence of 10 JIM

CPA. It is clear that 1O tM CPA reversibly reduced Ca2"-
uptake of storage sites in intact ileal smooth muscle strips, at
least under these conditions (at room temperature and with-
out spontaneous contractions). The results obtained from
preparations which showed substantial contractions during
Ca2"-loading in the presence of CPA were not included in
Figure Id. When the temperature was kept at 36 ± 1C,
spontaneous contraction was observed during Ca2"-loading
in every preparation. Similar results with much larger vari-
ance were obtained at this temperature using the same experi-
mental procedure (not shown). The Ca2"-uptake was also
significantly decreased by 1O LM CPA at 36°C (P< 0.05; not
shown). Caffeine-induced contractions in a Ca2"-free solution
were, however, much smaller than the spontaneous contrac-
tions in Ca2" containing solution even in the control at 36°C
(not shown).

In previous work (Uyama et al., 1992), caffeine- and inosi-
tol 1,4,5-trisphosphate (IP3)-induced Ca2' release in skinned
fibres were not affected by the presence of 1 gIM CPA. Since
higher concentrations of CPA were used in the present study,
the effects of 10 gM CPA on Ca2+ release itself were re-
examined in skinned preparations (Figure 2). After skinning,
application of pCa 6.3 solution evoked a control contractile
response (Figure 2a). This procedure also resulted in Ca2-
loading. Subsequent application of 25 mM caffeine in a relax-
ing solution (RO. IG) induced a transient contraction. A
second application of 25 mM caffeine in RO.IG elicited either
a small or no response. The pair of contractions induced by
pCa 6.3 and 25 mM caffeine was repeated three times in each
preparation (three trials) at an interval of approximately
30 min. In Figure 2b, 10 tiM CPA was applied about 2 min
after the change in solution to RO. IG. The application of
1O IM CPA elicited a small phasic contraction in all prepara-
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Figure 2 Effects of 10 JiM cyclopiazonic acid (CPA) on 25 mM
caffeine-induced contractions in skinned preparations. Skinned strips
were contracted by changing R2G to a pCa 6.3 solution as indicated
below (b). This was also a Ca2+ loading period. Caffeine (25 mM)
was added twice as indicated by bars in RO.IG solution (a(i) and
b(i)). Note that the second response to caffeine was very small. Ca2l
loading and subsequent Ca2l release by caffeine were repeated three
times (three trials; (i), (ii) and (iii)). The amplitude of the responses
to caffeine decreased progressively even in the control (a). In b(ii) (in
the second trial), 10 IM CPA was added to RO.1G solution after
Ca2l loading. Application of CPA induced a small phasic contrac-
tion. The subsequent caffeine-induced contraction in the presence of
CPA was smaller than in the control, whereas the response recovered
substantially in the third trial (b(iii)). (c) Shows the summarized data
indicating that caffeine-induced Ca2" release was slightly but signi-
ficantly reduced in the presence of 10 JIM CPA: (0) control response;
(@) 2nd response measured after treatment with 10 gM CPA. n = 4.
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tions examined (n = 4). When the relaxing solution contain-
ing higher concentrations of EGTA (R2G or RO.5G), CPA
did not induce the small phasic contraction. The subsequent
application of caffeine in RO. lG induced a response which
was slightly smaller than that in the control. The effect of
10 iLM CPA was removed by washout (Figure 2b). Sum-
marized data shown in Figure 2c indicate that the caffeine-
induced contraction in skinned preparations was slightly but
significantly reduced in the presence of 10 JlM CPA. The
decrease was, however, too small to explain the large
decrease in caffeine-induced Ca2"-release by CPA in intact
strips shown in Figure 1, implying that it was mainly due to
inhibition of Ca2'-uptake.
The effects of CPA on spontaneous and 20 mM K+-induc-

ed contractions were examined at 36°C in the presence of
1 gM atropine. Figure 3 shows that CPA at concentrations
higher than 1 pM enhanced the amplitude of spontaneous
contraction at 36°C. High concentrations of CPA (>3 JAM)
also increased the muscle tone. The frequency of spontaneous
contraction varied widely from preparation to preparation
(0.2-5.0 contractionsmin-'). CPA (1-30pM) increased the
frequency in all preparations examined (n =26). Initial
phasic and following sustained contractions were induced by
20 mM K+ in the presence of 1IJM atropine (Figure 3a).
Repetitive small phasic contractions were superimposed on
the tonic contraction. A potassium concentration of 20 mM
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was chosen, since all the contractile responses to 20 mM K+
were almost abolished by 1 gM nicardipine, suggesting that
the responses were evoked by Ca2+ influx through voltage-
dependent Ca2+ channels. The initial phasic contractions
induced by 20 mM K+ were enhanced by CPA in a concen-
tration range of 1-10 IM. The enhancement was rather less
at higher concentrations (>10 JM) (Figure 3b). The CPA
concentration giving a half maximum effect (EC50) was
approximately 3 JAM. The effect of CPA on 80 mM K+-induc-
ed contraction was also examined (Figure 4). Although there
was a tendency for the peak amplitide of the 80 mM K+-
induced contraction to be enhanced by 10 M CPA, the
enhancement was not statistically significant (Figure 4b,
P> 0.05). The steady phase was not affected by 10I M CPA
(P> 0.05).
The effects of CPA on resting membrane potential and

electrical activity were examined with conventional microelec-
trodes in longitudinal smooth muscle strips at 35C in the
presence of 1 JAM atropine (Figure 5a). Application of 10 JAM
CPA slightly depolarized the cell membrane from -48.6 ±
1.2 mV (n = 34) to -44.7 ± 1.3 mV (n = 22, P<0.05 vs. the
control). The depolarization started after a short delay of
about 20-80 s, gradually developed and reached a steady
level within 3 min. Although the AP frequency in the control
varied widely from preparation to preparation and also de-
pended upon how stretched the preparation was, it was in a
range of 0.2-20 APs min '. A burst of several APs often
occurred. After application of 10gM CPA, the AP frequency
markedly increased with the depolarization in all prepara-
tions examined (n = 13, P<0.01) to higher than 0.5 Hz in 10
preparations out of 18, although it varied with time. Another
important finding was that both peak amplitude and 50%
duration of AP afterhyperpolarization (AHP) were decreased
after application of 10 JAM CPA (Figure 5a(ii) and (iii)).
Spontaneous APs and the effects of CPA were not affected
by 1 JAM TTX, 0.3 gAM phentolamine and 0.3 JtM propranolol.

These CPA-induced effects on membrane potential were
mimicked by application of 30-100 nM charybdotoxin
(ChTX). The cells were depolarized by about 5 mV (-43.2 ±
1.3 mV, n = 28, P <0.05) within 20s of the application of
100 nM charybdotoxin (ChTX). Concomitantly, the AP fre-
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Figure 3 Effects of cyclopiazonic acid (CPA) on 20 mM K+-induced
contraction in intact ileal longitudinal smooth muscle strips at

36 ± 1°C. (a) Typical recordings of 20 mM K+-induced contractions

in the absence or presence of 0.1, 1, 3, 10 or 30 JM CPA. All

experiments were performed in the presence of 1 JAM atropine. CPA
was added 15 min prior to the application of 20 nM K+-solution. (b)
Summarized data of the amplitude of phasic and sustained com-

ponents of 20 mm K+-induced contractions are shown by (0) and

(M) respectively. Those in the control (in the absence of CPA) were

taken as 100%. The amplitude of the sustained component was

measured at the mean level of repetitive phasic contractions from the

resting tone 10 min after the application of 20 mM K+ solution. The

number of observations was four except at I JM CPA where it was

seven. The amplitude of both initial phasic and following sustained

components was significantly larger than 100% at CPA concentra-

tions in the range of 1 and 20 AM.
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Figure 4 Effects of 10 gAM cyclopiazonic acid (CPA) on 80 mM
K+-induced contractions: 80 mM K+ solution was applied four
times. In the third trial, CPA was added 10 min prior to the applica-
tion of 80 mm K+. All experiments were performed in the presence
of 1 gM atropine at 36 ± 1°C. (b) Summarized data of the amplitude
of 80 mm K+-induced contractions at the peak (phasic component;
open columns) and at 15 min from the application of 80 mm K+
(sustained component; solid columns): n = 5. No statistically signifi-
cant difference was found between the data in the first trial and those
in the second, third or fourth trial for each component, respectively.
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cantly decreased by 10 JAM CPA and more extensively by
100 nM ChTX (Figure 5e).
To confirm that the increase in spontaneous contractions

and muscle tone by CPA was preceded by an increase in
[Ca2J]i, changes in [Ca2+]i were monitored at 35°C in intact
strips, which were loaded with the fluorescent Ca2"-indicator,
Fura-2/AM. Application of 3 1M CPA, in the presence of
1 JAM atropine, markedly enhanced the phasic increases in
[Ca2+]i (Figure 6a(i)). Concomitantly, phasic contractions
were greatly enhanced (Figure 6a(ii)). The increase in [Ca2+]i
changes and phasic contractions by CPA were blocked by
1-10 JAM verapamil (Figure 6a) or 10 mM EGTA (not shown)
and recovered on further addition of 1-101M Bay K 8644
(Figure 6a). Similar results were obtained in five preparations
out of five. When a slight increase in basal [Ca2+]i and muscle
tone was observed on application of 3 JAM CPA in addition to
the enhancement of repetitive phasic changes, it was abolish-
ed by addition of 10 JAM verapamil or 10 mM EGTA (n = 2).
Application of 100 nM ChTX showed similar effects: en-
hancement of spontaneous phasic increase in [Ca2+]i and
contractions (Figure 6b).
Although these effects of CPA on spontaneous electrical

and mechanical activities may be consistent with inhibition of
SR/ER Ca2+-ATPase by CPA, a line of direct evidence was
required to conclude that 10 iM CPA substantially reduced
Ca2+-uptake at 36°C. Figure 7 shows the effect of CPA on
the decay time course of [Ca2+]i and contraction after [K+]o
was decreased from 80 to 5.9 mm. The [Ca2"], was changed
from 2.2 mM to nominally Ca-free (with 0.1 mM EGTA) at
the same time. The rate of decay of [Ca2"]i was markedly
slowed when the Ca-free solution contained 10 JAM CPA.
After 5 min from the decrease in [K+]O, 100 JAM acetylcholine
(ACh) was applied to estimate the amount of stored Ca2 .
Summarized data are shown in Figure 8. During the decay

for 5 min, the relative [Ca2+]i and force were significantly
larger in the presence of 1OJM CPA. Since 30 lAM CPA had
similar potency (not shown), 10 JAM CPA appeared to be
almost maximally effective. It is worth noting that the in-
crease in relative [Ca2']i and force by ACh was smaller in the
presence of CPA and that the final levels of [Ca2+]J in the
presence of ACh were similar in the control and CPA-treated
preparations.

Cont CPA ChTX

Figure 5 Effects of cyclopiazonic acid (CPA) (b) and charybdotoxin
(ChTX) (d) on electrical activity in ileal longitudinal smooth muscle
strips. Membrane potentials were measured with conventional glass
microelectrodes in the presence of I gAM atropine at 35°C. (a) and (b)
show recordings from a smooth muscle cell before and about 5 min
after the application of 1O JM CPA, respectively; (c) and (d) show
recordings from a smooth muscle cell before and about 3 min after
the application of 100 nm ChTX, respectively. Traces in (ii) and (iii)
show faster recordings of parts of (i). The broken lines in (iii)
indicate the level of the membrane potential just before the depolar-
ization triggering an action potential. The arrows in (b(i)) and (d(i))
indicate the resting membrane potential before the application of
CPA or ChTX. Note that action potential frequency was markedly
increased and AHP was substantially decreased in the presence of
10 JM CPA (b) or 100 nM ChTX (d). The AHP from the level
indicated by the broken line was integrated on the computer and
shown as the area of AHP in (e). The AHP areas were obtained
from over 10 APs in each preparation before and after application of
CPA or ChTX and averaged, respectively. Shown are the average of
pooled data from 4-8 preparations. The area of AHP was

significantly decreased by 1OIJM CPA or 100nm ChTX.

quency and AHP amplitude markedly increased and decreas-
ed, respectively, as shown in Figure Sd. To evaluate the
effects of CPA and ChTX on AHP, AHP was integrated as

the area from the level of the membrane potential just before
the rapid depolarization which triggered a burst of APs. The
summarized data indicate that the area of AHP was signifi-

Discussion

The present study was focused on the possibility that electri-
cal and mechanical activities are enhanced in ileal smooth
muscle, when Ca2"-uptake by intracellular storage sites is
significantly reduced by CPA. The results clearly show that
spontaneous APs, repetitive phasic increase in [Ca2+]i and
concomitant phasic contractions were markedly enhanced by
1-10 JiM CPA. Since the ileal longitudinal strips were prepar-
ed free from interstitial cells of Cajal and the circular muscle
layer, the APs observed in the presence of atropine are

myogenic from longitudinal smooth muscle cells. Phasic and
tonic contractions induced by 20 mM K+ were markedly
enhanced by CPA. These results strongly suggest that Ca2-
influx through voltage-dependent Ca2+ channels is enhanced
by CPA, and may be consistent with the observation that
thapsigargin, another inhibitor of SR/ER Ca2+-ATPase, in-
creases the amplitude of the spontaneous mechanical activity
in rat portal vein (Mikkelsen et al., 1992).

Direct evidence indicating that the increase in Ca2"-influx
by CPA is attributable to the inhibition of Ca2+-ATPase in
intracellular Ca storage sites is difficult to obtain in multicel-
lular preparations. However, a line of indirect evidence
shown in the present and previous studies strongly suggests
that CPA significantly reduces IK-Ca by inhibition of Ca2+-
uptake of storage sites and consequently increases Ca2+-
influx in intact ileal longitudinal smooth muscle.

First, CPA slightly depolarized the cell membrane, reduced
AHP and increased AP frequency in a similar manner to
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Figure 7 Effects of cyclopiazonic acid (CPA) on the decay time-
course of elevated [Ca2+]i and evoked contraction during washout of
80mM K+ solution in Fura-2 loaded ileal smooth muscle at 35C.
upper and lower traces show changes in [Ca2J]i and tension, respec-
tively. After treatment with 80mm K+ solution containing 2.2 mM
Ca2l for 4 min, the solution was changed to a Ca2l-free solution
containing 0.1 mm EGTA and 5.9 mm K+ as shown at the bottom.
In (b) the Ca2l-free solution contained 10 M CPA. Five min after
the change to the Ca2l-free solution, 100 ftM actylcholine (ACh) was
added. Note that the decay of both [Ca2+]i and contraction were
markedly slowed in the presence of 1OJM CPA. Subsequent applica-
tion of ACh induced a smaller response in the CPA-treated strip
than in the control.
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Figure 6 Effects of cyclopiazonic acid (CPA, a) and charybdotoxin
(ChTX, b) on changes in [Ca2"]i in a strip loaded with Fura-2/AM.

[Ca2"], signals are shown as the ratio of amplitude of 500 nm
fluorescence elicited by 340 and 380 nm excitation. (a) Application of
3 fLM CPA induced a slow phasic increase in [Ca2+]i and enhanced
repetitive fast transients of [Ca2+],, which corresponded to a slow
phasic increase in the muscle tone and large spontaneous contrac-
tions, respectively. (b) Application of 30 nm ChTX immediately
enhanced the spontaneous [Ca2+], changes and contractions. These
changes were abolished by addition of 10 jiM verapamil and recover-
ed on further addition of 10IM Bay K 8644. The asterisk in (b(ii))
indicates that the contraction after the addition of Bay K 8644 was
out of scale in this preparation.

ChTX. Corresponding to the significant decrease in AHP, the
IK-Ca activated by depolarization in single cells was very
selectively blocked by 10 jiM CPA (Suzuki et al., 1992) or
100 nM ChTX (Uyama, unpublished observation). ChTX
directly blocked single BK channel current (Brayden & Nel-
son, 1992) but CPA did not (Suzuki et al., 1992). The same
phenomena including changes in resting membrane potential,
AP frequency and AHP in tissue preparations and IK-Ca
inhibition in single cells by quinidine have been reported in
ileal circular smooth muscle of the guinea-pig (Nakao et al.,
1986). The AP falling phase and AHP are mainly due to IK-Ca
activation, which is susceptible to quinidine but not apamin.
In rat sympathetic neurones, it has been shown that CPA
reduces the ryanodine-sensitive component of AHP and
facilitates repetitive AP generation (Kawai & Watanabe,
1989; Ishii et al., 1992).
Second, 1OlM CPA inhibited Ca2"-uptake of intracellular

storage sites in intact ileal strips at 22°C. The inhibition of
caffeine-induced contraction by CPA is mainly due to inhibi-
tion of Ca2"-loading of the storage sites but not due to the
direct change in Ca2" release. Although 1OgM CPA slightly
reduced caffeine-induced Ca2+ release in skinned prepara-
tions, it is probably due to the preceding small Ca2+ release

01)
0

a)

.)

0 1 2 3 4 5

Time (min)

Figure 8 Summarized data of effects of 10 jAM cyclopiazonic acid
(CPA) on the decay time-courses of 80 mM K+-induced high [Ca2+]i
and contraction. These results were obtained from experiments such
as that shown in Figure 7. The time of the solution change to the
Ca2l-free solution was taken as Omin. The resting and high K+-
stimulated levels of signals were taken as 0 and 100%, respectively.
(a) The time-course of relative amplitude of fluorescence ([Ca2+]J). (b)
The time-course of relative force: mean values in the absence (0)
(n = 6) or presence (i) of 1O iM CPA (n = 3), are shown. In the
presence of 10iM CPA, the decay of both signals (between 2 to
5 min) was significantly slowed by CPA. Note that the peak levels of
[Ca2+]i and contraction induced by 100 jiM acetylcholine (ACh,
applied after 5 min in Ca2+-free solution) in the presence of CPA
were not significantly different from those in the control.
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by CPA itself, which slightly reduced the amount of stored
Ca. It has been suggested that Ca in storage sites is spon-
taneously released and is retaken up by Ca-pumps in several
types of cells (Thastrup et al., 1990; Stehno-Bittel & Sturek,
1992; Chen et al., 1992). Ca-pump inhibition may allow
accumulation of spontaneously released Ca2+ and result in a
small contraction.

Third, the decay of high [Ca2+]i and contraction induced
by 80 mM K+ after washout with Ca2'-free solution contain-
ing 5.9 mM K+ was significantly slowed by CPA. Since plas-
malemmal Ca2+-ATPase is not affected by CPA (Seidler et
al., 1989), Ca2+-extrusion from the cell by the Ca-pump
would not be directly affected by CPA. Effects of CPA on
Ca2"-extrusion by Na+-Ca2+ exchange have not been clari-
fied. Under those conditions, however, the subsequent appli-
cation of ACh induces smaller Ca2` release in preparations
treated with CPA than in the control. A combination of
these findings gives additional evidence that CPA also signi-
ficantly reduced Ca2+-uptake by storage sites at 35°C.

Fourth, the ECQ5 of CPA for the enhancement of 20 mM
K+-induced contraction was approximately 3 tLM and close to
the ICm for the inhibition of IK-Ca (-3 pM, Suzuki et al.,
1992). Although the EC50 is about 5 times higher than the
IC5o for the inhibition of Ca2+-uptake in skinned fibres
(0.6 pM; Uyama et al., 1992), the difference is rather small
considering the diffusion barrier of the plasma membrane.
The mechanisms of CPA-induced increase in Ca2+-influx,

however, may not be as simple as those of the ChTX-induced
increase. The initial transient Ca release from storage sites
after the application of 10 M CPA may activate not only
IK-Ca but also other Ca2+ dependent currents: Cl- current or

non-selective cationic current, as has been reported for
caffeine or agonists (Amedee et al., 1990; Janssen & Sims,
1992). The subsequent depolarization was small but sustained
and may result from suppression of spontaneous transient
outward currents (Suzuki et al., 1992) which are elicited by
activation of BK channels by spontaneous Ca release from
local storage sites (Benham & Bolton, 1986) and possibly
contribute, in part, to the resting membrane potential (Hu et
al., 1989; Brayden & Nelson, 1992). The CPA-induced de-
crease in AHP is due to the selective inhibition of IK-Ca
(Suzuki et al., 1992) which also has been reported for thap-
sigargin in urinary bladder smooth muscle cells (Ganitkevich
& Isenberg, 1992). The decrease in resting membrane poten-
tial and AHP by CPA may be responsible for the marked
increase in frequency of spontaneous APs. It is, however,
likely that the increase in AP frequency caused by CPA may
itself result in a further decrease in Ca store size and,
thereby, AHP. Moreover, the combination of the increase in
Ca2'-influx and the inhibition of Ca2+-uptake by CPA raised
[Ca2+]i and may partly compensate the decreased IK-Ca. It
may be the reason why the decrease in AHP by CPA was
smaller than that induced by ChTX in tissue preparations.

It should be mentioned that the BK channel activity is
regulated by [Ca2+]i near the inner mouth of the channels
and, therefore, may well be affected by Ca storage sites
localized just beneath the cell membrane. Activation of BK

channels by Ca2+ release from storage sites can often be
observed in cell free patches (Xiong et al., 1992). The activa-
tion of IK-Ca by Ca2+-influx upon depolarization may be
greatly amplified by the large increase in local [Ca2+]i via
Ca2'-induced Ca2+ release from the storage sites (Suzuki et al.,
1992; Ganitkevich & Isenberg, 1992). On the other hand, the
[Ca2+]i measured by Fura-2 signals show averaged changes in
[Ca2+]i of the whole cytoplasm. The increase in Ca2'-influx
directly results in elevation of Fura-2 or Indo-I signal
(Becker et al., 1989) but may not result in the increase in
IK-Ca, if releasable Ca in storage sites is substantially reduced
by CPA. Such dissociation between [Ca2+]i detected by Indo-
1 or Fura-2 and IKCca has been suggested in smooth muscle
cells (Bittel & Sturek, 1992; Ganitkevich & Isenberg, 1992).

It has been reported that Ca2'-entry through the plasma
membrane depends upon the filling state of the ER/SR (Put-
ney, 1986, 1990; Missiaen et al., 1990; Dolor et al., 1992;
Byron et al., 1992). CPA and thapsigargin deplete intracel-
lular stored Ca2+ and activate an influx pathway for divalent
cations (Takemura et al., 1989, 1991; Demaurex et al., 1992).
It has been suggested that some Ca2'-storage sites may
couple with DHP-sensitive Ca2+-channels in the plasma
membrane in smooth muscle cells (Bourreau et al., 1991;
Low et al., 1992; Xuan et al., 1992) as well as in other types
of cells (Hoth & Penner, 1992). The present results are not
opposed to this hypothesis. When IK-Ca is decreased and AP
frequency is increased by CPA, Ca2'-influx through Ca2+
channels must be markedly increased even when Ca2" chan-
nel properties per se are not changed.
The tonic contraction induced by 80 mM K+ was not

significantly enhanced by CPA in the present study, while
50 mM K+-induced contraction in aorta and mesenteric
artery of the rat was enhanced by thapsigargin (Shima &
Blaustein, 1992). When ICa was measured under whole-cell
clamp, 10ILM CPA did not affect ICa (Suzuki et al., 1992).
Under these conditions, 5 mM EGTA in the pipette solution
may remove stored Ca. It has been reported that a high
concentration of CPA inhibits Ca2'-influx pathways in rat
thymic lymphocytes (Mason et al., 1991). Based on these
observations, it is suggested that the enhancement of Ca2+-
influx through voltage-dependent Ca2+ channels in ileal
longitudinal smooth muscle is an indirect effect of CPA. The
possibility that the activity of Ca2+ channels on the cell
membrane is directly regulated by the amount of Ca in
storage sites is, however, interesting and remains to be exam-
ined more exactly in smooth muscle cells.

In conclusion, CPA applied from outside the cell in intact
ileal smooth muscle can reduce Ca2+-uptake of intracellular
Ca storage sites via the inhibition of Ca2+-ATPase. The
decrease in stored Ca by CPA may increase Ca2'-influx. The
decrease in IK-Ca may be one of the major causes. Of impor-
tance is the fact that inhibition of Ca2+-uptake of intracellu-
lar storage sites by CPA in intact strips was partly reversible,
as shown in single smooth muscle cells and skinned fibres.
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the Japanese Ministry of Education, Science and Culture.
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