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1 To characterize increases in cytosolic free Ca2+ concentration ([Ca2+]i) associated with discharge of
action potentials, membrane potential and [Ca2+]i were simultaneously recorded from single smooth
muscle cells of guinea-pig ileum by use of a combination of nystatin-perforated patch clamp and fura-2
¯uorimetry techniques.

2 A single action potential in response to a depolarizing current pulse elicited a transient rise in [Ca2+]i.
When the duration of the current pulse was prolonged, action potentials were repeatedly discharged
during the early period of the pulse duration with a progressive decrease in overshoot potential, upstroke
rate and repolarization rate. However, such action potentials could each trigger [Ca2+]i transients with
an almost constant amplitude.

3 Nicardipine (1 mM) and La3+ (10 mM), blockers of voltage-dependent Ca2+ channels (VDCCs),
abolished both the action potential discharge and the [Ca2+]i transient.

4 Charybdotoxin (ChTX, 300 nM) and tetraethylammonium (TEA, 2 mM), blockers of large
conductance Ca2+-activated K+ channels, decreased the rate of repolarization of action potentials but
increased the amplitude of [Ca2+]i transients.

5 Thapsigargin (1 mM), an inhibitor of SR Ca2+-ATPase, slowed the falling phase and somewhat
increased the amplitude, of action potential-triggered [Ca2+]i transients without a�ecting action
potentials. In addition, in voltage-clamped cells, the drug had little e�ect on the voltage step-evoked
Ca2+ current but exerted a similar e�ect on its concomitant rise in [Ca2+]i to that on the action
potential-triggered [Ca2+]i transient.

6 Similar action potential-triggered [Ca2+]i transients were induced by brief exposures to high-K+

solution. They were not decreased, but rather increased, after depletion of intracellular Ca2+ stores by a
combination of ryanodine (30 mM) and ca�eine (10 mM) through an open-lock of Ca2+-induced Ca2+

release (CICR)-related channels.

7 The results show that action potentials, discharged repeatedly during the early period of a long
membrane depolarization, undergo a progressive change in con®guration but can each trigger a constant
rise in [Ca2+]i. Intracellular Ca

2+ stores have a role, especially in accelerating the falling phase of the
action potential-triggered [Ca2+]i transients by replenishing cytosolic Ca2+. No evidence was provided
for the involvement of CICR in the action potential-triggered [Ca2+]i transient.
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Introduction

In smooth muscle cells, an increase in the cytosolic free Ca2+

concentration ([Ca2+]i) triggers activation of the contractile
proteins. The [Ca2+]i increase can also activate cytosolic Ca

2+-
sensitive ionic channels in the plasma membrane and as a re-
sult changes membrane excitability. [Ca2+]i is increased by
entry of Ca2+ across the plasma membrane and release of
Ca2+ from intracellular stores. Many types of smooth muscle
can generate action potentials. Each discharge of action po-
tentials is followed by an increase in tension (a contraction)
arising from an elevated [Ca2+]i (Axelsson, 1970). Thus, the
action potential discharge is believed to be the primary and
most important mechanism for the production of a rise in
[Ca2+]i (for reviews see Bolton, 1979).

Membrane ionic channels involved in the generation of the
smooth muscle action potentials have been extensively char-
acterized by use of voltage clamp techniques in single smooth
muscle cells (Lang, 1989; 1990; Bolton & Beech, 1993). Vol-
tage-dependent Ca2+ channels (VDCCs) of the L-type are
largely, if not exclusively, responsible for the upstroke of the
action potentials. Of the several types of K+ channel identi®ed,
Ca2+-activated K+ channels with a large conductance (BKCa-

channels) have been suggested to play an important role in the
repolarization phase of action potentials. Simultaneous mea-
surements of Ca2+ current through VDCCs (ICa) upon step
depolarizations and [Ca2+]i revealed a close correlation be-
tween ICa and its concomitant increase in [Ca2+]i; both the ICa
and increased [Ca2+]i exhibit a bell-shaped voltage-dependence
with a peak at 710 to 0 mV (Ganitkevich & Isenberg, 1991;
Vogalis et al., 1991; Kamishima &McCarron, 1996). However,
information on the Ca2+ signal in the cytosol following a
physiologically relevant membrane event of action potential
discharge is limited, even though it is crucial to the under-
standing of the coupling of membrane excitation to [Ca2+]i-
sensitive cellular functions.

The release of Ca2+ from intracellular Ca2+ stores in
smooth muscle is achieved via two separate mechanisms, one
is an inositol trisphosphate-induced Ca2+ release mechanism
and the other a Ca2+-induced Ca2+ release (CICR) me-
chanism (Chen & van Breemen, 1992). In the CICR me-
chanism, Ca2+-gated ryanodine-sensitive channels are
operative (Xu et al., 1994); these can be sensitized to Ca2+

by ca�eine (Iino, 1989).
Voltage-clamp studies in which ryanodine and ca�eine were

used to deplete intracellular Ca2+ stores provided evidence for
a possible involvement of CICR in the elevation of [Ca2+]i
following depolarization-evoked ICa (Sakai et al., 1988; Zholos
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et al., 1991; Ganitkevich & Isenberg, 1992; GreÂ goire et al.,
1993). Recently, Imaizumi et al. (1996) suggested that opera-
tion of the CICR mechanism triggered by an action potential
produces an additional rise in [Ca2+]i which contributes to
repolarization of the action potential through activation of
BKCa-channels. However, the involvement of the CICR me-
chanism in ful®lment of cellular functions which are mediated
by an increase in [Ca2+]i is still uncertain in smooth muscle
(Iino, 1989; Somlyo & Somlyo, 1994; Kamishima & McCar-
ron, 1996; Fleischmann et al., 1996).

In the present study, we measured changes in membrane
potential, at the same time as changes in [Ca2+]i in single
smooth muscle cells isolated from the longitudinal muscle layer
of guinea-pig ileum, in an attempt to characterize changes in
[Ca2+]i preceded by the discharge of action potentials and to
gain an insight into a role for intracellular Ca2+ stores in de-
termining the action potential-dependent change in [Ca2+]i.

The results show that action potentials can be discharged
repeatedly every 200 to 300 ms during the early period of a
long membrane depolarization and that they undergo a pro-
gressive change in con®guration, but can each give rise to a
constant increase in [Ca2+]i. Intracellular Ca

2+ stores have a
role, especially in the acceleration of the falling phase of the
action potential-dependent increase in [Ca2+]i by replenishing
cytosolic Ca2+.

Methods

Preparation of cells

Male guinea-pigs, weighing 350 ± 450 g, were stunned and bled
to death. A length of 15 cm of the ileum was removed and
divided into ®ve segments (each, about 3 cm long). The long-
itudinal muscle layer of the intestinal segments was peeled
from the underlying circular muscle, washed in physiological
salt solution (PSS; composition given below). Single isolated
smooth muscle cells were prepared from the muscle layers by
use of a combination of collagenase (0.2 to 0.6 mg ml71) and
papain (0.3 to 0.6 mg ml71), as described previously (Kohda et
al., 1996).

Fura-2 loading of cells

Cells were suspended in a low Ca2+ (0.5 mM)-containing
PSS to which fura-2 acetoxymethyl ester (fura-2/AM; 2 mM)
was added and placed in a dark room kept at 258C for
30 min. After the procedure for fura-2 loading, the cell
suspension was centrifuged at 700 r.p.m. for 2 min and the
cells were resuspended in the low Ca2+ PSS without fura-2/
AM, placed on coverslips (20 mm in diameter) in a small
aliquot and stored in a refrigerator (48C) under a moist
atmosphere. The cells were used for experiments within 8 h
of fura-2 loading.

Measurement of fura-2 ¯uorescence in cells

A shallow chamber (0.5 ml in volume), the bottom of which
was formed by a coverslip with fura-2-loaded cells, was
mounted on the stage of an inverted ¯uorescence microscope
(Olympus IMT-2, Tokyo), as described previously (Kohda et
al., 1996). The chamber was perfused with 5 to 10 ml of PSS to
wash away contaminants in the cell suspension and then ®lled
with the solution.

Fura-2 ¯uorescence was measured at room temperature
(22 to 258C) while alternating the two excitation wavelengths
(340 and 380 nm) at 100 Hz by an Olympus Ca2+ micro-
spectrometric system with an objective (640) (OSP-3 model,
Tokyo). Fluorescent light was collected from the whole area
of a single cell of interest and counted by a photomultiplier
tube through a band-pass ®lter (510+30 nm). Counts of
¯uorescence at 340 nm (F340) and 380 nm (F380) excitation
wavelengths were sampled at 20 Hz. [Ca2+]i was calculated

from the ratio (F340/F380) according to the formula
(Grynkiewicz et al., 1985):

�Ca
2�
�
i
� Kd � �Rÿ Rmin�=�Rmax ÿ R�

The maximum ¯uorescence ratio (Rmax) was obtained by ex-
posing cells to 50 mM of a Ca2+ ionophore, ionomycin, in PSS
(containing 2 mM Ca2+). Immediately after determining Rmax,
the solution was replaced with a Ca2+-free solution containing
50 mM ionomycin and 5 mM EGTA, and the minimum ¯uor-
escence ratio (Rmin) was determined. The ¯uorescence ratio of
F380 in Ca2+-free solution to that in PSS (b) was determined
in the experiments mentioned above. Mean values for Rmin,
Rmax and b were 0.45+0.01, 5.85+0.27 and 4.51+0.23 (n=6),
respectively. These mean values and the dissociation constant
for Ca2+-fura-2 complex (Kd), taken to be 224 nM (Grynkie-
wicz et al., 1985), were used for calculation of [Ca2+]i.

Simultaneous measurements of [Ca2+]i and membrane
potential or membrane current

Fura-2-loaded cells were held under the whole-cell patch clamp
by use of the nystatin perforated-technique (Wakamori et al.,
1993; Fleischmann et al., 1996), as described previously
(Kohda et al., 1996). This technique has the advantage in that
it prevents rundown of the activity of ionic channels, such as
VDCCs, and di�usion of intracellular functional proteins into
the patch pipette (Wakamori et al., 1993; Fleischmann et al.,
1996). Patch pipettes with a resistance of 4 to 6 MO were ®lled
with a KCl-based solution for recording of membrane poten-
tial and with a CsCl-based solution for that of membrane
currents (composition of the solutions given below). Mem-
brane potential and membrane current were measured via a
patch-clamp ampli®er (CEZ-2400, Nihon Kohden, Tokyo,
Japan), stored on a PCM data recorder (RD-111T, TEAC,
Musashino City, Tokyo, Japan) and replayed onto a thermal
array recorder (RTA-1100M, Nihon Kohden, Tokyo, Japan)
for analysis and illustration. The duration of action potentials
(APD0mV) was measured as the period between the times when
the depolarization phase and repolarization phase of the action
potential crossed the 0mV level.

Values in the text are given as means+s.e.mean. Statistical
signi®cance was tested by use of Student's paired t test and
di�erences were considered signi®cant when P50.05.

Application of drugs

Application of drugs was made by replacing the solution
bathing cells with drug-containing solution 5 to 7 times within
10 s. For brief exposure of cells to high-K+, a micropipette
with a tip diameter of 2.5 ± 5 mM was ®lled with 100 mM high-
K+ solution (see below) and placed within 10 mm from the cell
of interest. The pipette was connected to a nitrogen tank by a
polyethylene tube via a three-way solenoid valve (UMGI-T1,
CKD corp., Nagoya, Japan), from which the high-K+ solution
was ejected by pressure pulses (1.5 to 2.0 kg cm72) of 50 to
100 ms duration. The pulse duration and inter-pulse interval
were controlled by a stimulator (SEN-3013, Nihon Kohden,
Tokyo, Japan).

Solution and drugs

The PSS used in the experiments had the following composi-
tion (mM): NaCl 134, KCl 6, CaCl2 2, MgCl2 1.2, glucose 14
and HEPES 10.5 (titrated to pH 7.2 with NaOH). The high-
K+ solution (100 mM) was obtained by replacing 100 mM Na+

in PSS with the equivalent amount of K+. The KCl-based
pipette solution had the following composition (mM): KCl 134,
HEPES 10.5 (titrated to pH 7.2 with KOH), to which nystatin
dissolved in DMSO (4 mg 0.1 ml71) was added to give a ®nal
concentration of 0.2 mg ml71. The CsCl-based pipette solu-
tion was prepared by replacing KCl in the KCl-based pipette
solution with the equivalent amount of CsCl.
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Drugs used were: thapsigargin, nystatin and nicardipine, all
of which were purchased from Sigma (St. Louis, MO, U.S.A.);
ca�eine, O,O'-bis(2-aminoethyl)ethyleneglychol-N,N,N'-N'-
tetraacetic acid (EGTA), ryanodine and tetraetylammonium
(TEA) (from Wako, Osaka, Japan); charybdotoxin (from
Peptide Institute Inc; Osaka, Japan) and fura-2/AM (from
Dojin Kagaku, Kumamoto, Japan). All other reagents were of
the highest grade commercially available.

Results

Fura-2-loaded cells were held under current clamp mode with
a patch pipette ®lled with a KCl-based solution by use of the
nystatin-perforated technique (Kohda et al., 1996). Most cells
(80%) exhibited no electrical activity with a steady level of
[Ca2+]i of 44.3+3.0 nM (n=24) and a resting membrane po-
tential of 748.0+1.2 mV. In a small fraction of cells (20%),
small and irregular ¯uctuations of membrane potential and
[Ca2+]i were observed, but they were not appreciably correla-
ted to each other.

Relationships between changes in membrane potential
and [Ca2+]i produced by depolarizing current pulses

Figure 1 shows simultaneous recordings of changes in
membrane potential and [Ca2+]i in response to rectangular
depolarizing current pulses applied with a duration of
100 ms at various intensities (10, 20 and 30 pA). Membrane
depolarization responses to current pulses at 10 and 20 pA
developed gradually during the entire period of the pulse
duration and then declined more slowly. The amplitude of
the depolarization increased with an increase in the current
intensity. When the current intensity was increased to 30 pA,
the depolarization reached a threshold potential of some
720 mV to generate an action potential (see right panel).
The action potential was faster in the declining phase than
the subthreshold depolarizations and it terminated within
100 ms. In some cells, the action potential terminated at a
more negative level than the resting potential. The duration
measured at 0 mV (APD0mV, see Methods), and overshoot
potential of action potentials in 24 di�erent cells were

22.0+2.2 ms and 22.5+1.0 mV, respectively. Membrane
depolarization responses to the current pulses did not ap-
preciably increase [Ca2+]i unless they were accompanied by
generation of an action potential. The rise in [Ca2+]i fol-
lowing action potential discharge reached a peak within 100
to 200 ms after its onset and then declined to the basal level
in several seconds. The beginning of the [Ca2+]i rise occur-
red immediately after the peak of the corresponding action
potential. The amplitude, measured as the di�erence in
[Ca2+]i between the basal level and the peak varied from 20
to 80 nM between the cells, giving a mean of 34.3+2.2 nM
(n=24). Hereafter, this rise in [Ca2+]i was designated as an
action potential-triggered [Ca2+]i transient.

When the duration of depolarizing current pulses was
prolonged from 100 ms up to 3000 ms, action potentials
were evoked repeatedly every 200 to 300 ms during the
early 1000 to 1500 ms of the pulse duration (Figure 2A).
The repeatedly-evoked action potentials became progres-
sively smaller in overshoot potential and dull in shape. The
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Figure 1 An increase in cytosolic free Ca2+ concentration ([Ca2+]i)
associated with discharge of an action potential. Cells were pre-
loaded with fura-2 and held under current clamp mode by use of the
nystatin-perforated technique with a patch pipette ®lled with a KCl-
based solution. Simultaneous records of changes in membrane
potential (top trace) and [Ca2+]i responses (bottom trace) from a
cell. Current pulses of 100 ms duration and 10, 20 and 30 pA
intensities (middle trace) were used. A rise in [Ca2+]i occurred only
when an action potential was evoked on a current pulse-induced
depolarization. Right panel, time-expanded traces of membrane
potential and current pulses indicated by a, b and c in the left
panel. The expanded traces were graphically superimposed on one
another.
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Figure 2 Relationship between the discharge rate of action
potentials and [Ca2+]i. Depolarizing current pulses (30 pA in
intensity) were applied with di�erent durations of 100 to 3000 ms
to evoke action potentials. (A) Simultaneous records of action
potentials (upper trace) and [Ca2+]i increases (lower trace) from a cell
held under current-clamp mode. Current pulses of 100 ms (a), 500 ms
(b), 1000 ms (c) and 3000 ms (d) duration were applied (as indicated
by lines below the upper trace). Note di�erence in time calibration
between the upper and lower traces. (B) A plot of the [Ca2+]i
increase against the number of action potentials. The peak amplitude
of [Ca2+]i increases was expressed as a % of the amplitude of the
[Ca2+]i increase associated with the discharge of a single action
potential. Each point represents the mean of the measurements
indicated by attached numbers; vertical lines show s.e.mean. The
straight line indicates a regression line (Y=104.7X-10.3, where X is
the number of action potentials and Y is the relative amplitude (%)
of [Ca2+]i increases with a correlation coe�cient r=0.998).
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concomitant response of [Ca2+]i appeared as one large in-
crease in [Ca2+]i with notches in the rising phase, the
number of which correlated with the number of action
potentials evoked. The rising rate of [Ca2+]i following any
notch was comparable to that of an action potential-trig-
gered [Ca2+]i transient (see Table 1). In addition, the
change in [Ca2+]i between two successive notches was
nearly constant so that the amplitude of the large [Ca2+]i
response was in proportion to the number of action po-
tentials evoked, as illustrated in Figure 2B. Thus, the action
potentials were found to give rise to a constant increase in
[Ca2+]i, although they underwent a progressive change in
con®guration.

In the following experiments, current pulses of 30 pA in-
tensity and 100 ms duration were used to obtain action po-
tential-triggered [Ca2+]i transients, unless otherwise stated.

E�ects of Ca2+ channel and K+ channel blockers on
action potential-triggered [Ca2+]i transients

Nicardipine (1 mM), a blocker of voltage-dependent Ca2+

channels (VDCCs), blocked action potential discharge in re-
sponse to current pulses and action potential-triggered [Ca2+]i
transients as well. Similar results were obtained with an inor-
ganic Ca2+ channel blocker, La3+ (10 mM). After blockade of
VDCCs with either Ca2+ channel blocker, the membrane po-
tential of cells was displaced by strong current pulses from the
resting level of740 to750 mV to a positive potential of 10 to
30 mV, corresponding to the peak potential of action poten-
tials. The membrane depolarizations were not accompanied by
any appreciable change in [Ca2+]i, indicating that an action
potential-triggered [Ca2+]i transient resulted, at any rate, from
Ca2+ entry through VDCCs.

Charybdotoxin (300 nM), which blocks large conductance
Ca2+-activated K+ channels (BKCa-channels; Bolton &
Beech, 1993), increased action potential duration (Figure
3a). APD0mV was increased by the drug to 131.4+2.9%
(n=5) of the control value. As seen in Figure 3a, the in-
creased APD0mV is attributable mainly to a decrease in the
rate of repolarization of the action potential. The K+

channel blocker also increased the amplitude of the action
potential-triggered [Ca2+]i transients to 163.1+14.1% (n=5).
However, the decay rate, which was measured as the time
taken to decline to half the maximum amplitude (half decay
time), was little or not changed by the drug. Substantially
similar results were obtained with TEA, a nonselective K+

channel blocker, when it was used at a concentration of
2 mM. This concentration of TEA has been shown to block
selectively the BKCa-channel (Bolton & Beech, 1993).
APD0mV and the amplitude of the action potential-triggered
[Ca2+]i transient were increased in TEA to 171.4+18.9%
and 156.6+9.0% (n=5), respectively. Charybdotoxin
(300 nM) and TEA (2 mM) decreased the membrane poten-
tial by up to 10 mV; this e�ect varied from one cell to
another, giving a mean of 4.2+1.7 mV (n=5) for charyb-
dotoxin and a mean of 5.3+3.0 mV (n=5) for TEA. The
results suggest that opening of BKCa-channels is involved in

action potential repolarization and that blockade of this
type of K+ channel results in a slow action potential re-
polarization which leads to an increase in Ca2+ entry
through VDCCs.

E�ect of thapsigargin on action potential-triggered
[Ca2+]i transients

To see whether intracellular Ca2+ stores play a role in deter-
mining the elevation of [Ca2+]i associated with action potential

Table 1 The rate of rise of individual [Ca2+]i transients triggered by each of action potentials discharged repeatedly in response to
depolarizing current pulses in single ileal smooth muscle cells

Rate of rise of successive [Ca2+]i transients
The number of repeatedly- (nM s71)
discharged action potentials 1st 2nd 3rd 4th 5th (n)

Single
2
3
4
5

448+25
451+48
472+105
407+35

487

452+50
495+84
421+66

590

515+80
448+75

572
456+47

508 483

8
7
4
4
1

Values (mean+s.e.mean) were obtained from measurements in the number of cells indicated by n. In each case of the di�erent numbers
(2 to 4) of action potentials, there was no statistically signi®cant di�erence between the values for the 1st [Ca2+]i transient and any
subsequent [Ca2+]i transient.
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Figure 3 E�ect of charybdotoxin (ChTX) on action potential-
triggered [Ca2+]i increases. Simultaneous records of membrane
potential and [Ca2+]i from a cell. (a) Superimposed traces of action
potentials evoked by a depolarizing current pulse of 30 pA intensity
and 100 ms duration before (control) and 1 min after application of
ChTX (300 nM). (b) Superimposed traces of [Ca2+]i increases
associated with the respective action potentials in (a). See text for
details.
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discharge, thapsigargin, an inhibitor of SR Ca2+-ATPase, was
used to prevent the Ca2+ stores from accumulating cytosolic
Ca2+.

Thapsigargin, when applied to a cell at 1 mM, had little or
no e�ect on the resting membrane potential, but increased
the basal [Ca2+]i by an amplitude of up to 30 nM (n=6).
The increase of [Ca2+]i reached a peak and then declined to
close to the initial basal level within 60 s even in the con-
tinued presence of the drug (see Figure 4A). Action poten-
tials evoked again after disappearance of the drug-induced
[Ca2+]i elevation were very comparable to those evoked
before drug application, as shown in Figure 4A and C.
Mean values for the overshoot potential and APD0mV in six
di�erent cells were 19.2+1.7 mV and 27.6+4.8 ms (n=6)
immediately before, and 15.5+1.7 mV and 25.5+4.0 ms
(n=6) 1.5 to 2 min after the drug application. The di�er-
ence between the two means for the overshoot potential, but
not APD0mv, was statistically signi®cant. The corresponding
action potential-triggered [Ca2+]i transient was increased in
amplitude from 43.1+4.6 to 48.7+4.6 nM (n=6) and the
half-decay time from 0.81+0.19 to 2.00+0.35 s (n=6), both
changes were statistically signi®cant (P50.05) (Figure 4A
and B). The % increase for the half-decay time
(103.1+15.4%) was much greater than that for the ampli-
tude (17.8+1.8%), suggesting that intracellular Ca2+ stores
may function more e�ectively to increase the rate of decay
of the action potential-triggered [Ca2+]i transient.

When 10 mM ca�eine was applied in the continued pre-
sence of thapsigargin, [Ca2+]i was not increased but rather
decreased (Figure 4A), indicating that intracellular Ca2+

stores had already been depleted. In other words, such Ca2+

stores can be emptied as a result of inhibition of their Ca2+-
pump activity by thapsigargin, as previously demonstrated
(Kohda et al., 1996).

E�ect of thapsigargin on Ca2+ current and concomitant
rise in [Ca2+]i

In an e�ort to see whether or not the potentiation by
thapsigargin of action potential-triggered [Ca2+]i transients
was due to some increase in Ca2+ in¯ux during the total
duration of an action potential, the inward Ca2+ current
(ICa) ¯owing through VDCCs was recorded from ®ve cells
in the voltage-clamp mode of the nystatin-perforated whole-
cell patch clamp, at the same time as changes in [Ca2+]i.
The cells were held under voltage clamp at 760 mV and
dialyzed with a CsCl-based pipette solution to block K+

currents. ICa was evoked by stepping from the holding
potential (760 mV) to 0 mV for such a short period
(50 ms) that its concomitant rise in [Ca2+]i would match an
action potential-triggered [Ca2+]i transient. The ICa was not
a�ected by application of thapsigargin for 1 ± 2 min, al-
though small decreases or small increases which fell within
the range of spontaneous changes, or no detectable change
of the peak amplitude of ICa, were observed in di�erent
cells (Figure 5A). Mean values for the peak amplitude and
total charge entry calculated from time integral of ICa were
231.4+13.0 pA and 7.8+0.3 pC (n=5) before, and
236.8+13.1 pA and 8.1+0.4 pC (n=5) after the drug ap-
plication. The di�erence between the two means for either
parameter was not statistically signi®cant. On the other
hand, the concomitant rise in [Ca2+]i was increased in
amplitude from 30.5+2.9 to 41.1+3.9 nM (n=5) and in
half-decay time from 1.34+0.14 to 2.19+0.1 s (n=5), these
changes being signi®cant (P50.05) (Figure 5B).

The results together with those in the previous section
strongly suggest that intracellular Ca2+ stores play a crucial
role in the regulation of cytosolic Ca2+ concentration during
Ca2+ entry following action potential discharge. In addition,
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Figure 4 E�ect of thapsigargin on action potential-triggered [Ca2+]i increases. (A) Simultaneous records of changes in membrane
potential (top trace) and changes in [Ca2+]i (bottom trace) from a cell. Action potentials were evoked by depolarizing current pulses
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the results suggest that an action potential-triggered [Ca2+]i
transient does not involve any increase in [Ca2+]i brought
about by activation of CICR mechanism, by which Ca2+ is
released from the stores upon Ca2+ in¯ux via VDCCs (Ga-
nitkevich & Isenberg, 1992; GreÂ goire et al., 1993).

E�ect of ryanodine on action potential-triggered [Ca2+]i
transients

To assess further the possible involvement of the CICR
mechanism in determining an action potential-triggered
[Ca2+]i transient, ryanodine was used to cause CICR-related
channels to open irreversibly (Iino et al., 1988). However,
preliminary experiments, when ryanodine (30 mM) was ap-
plied in combination with 10 mM ca�eine to achieve a rapid
open-lock of CICR-related channels (Iino et al., 1988; Ko-

mori et al., 1995), the patch pipette was often dislocated
from the cell, probably because of its contraction. Therefore,
a brief exposure to high-K+ solution instead of application
of depolarizing current pulses was used to elicit an action
potential-triggered [Ca2+]i transient. High-K

+ exposure was
achieved by ejecting 100 mM KCl solution from a micro-
pipette by pressure pulses (see Methods). As illustrated in
Figure 6, ejection of high-K+ solution with pressure pulses
of 50 ms duration produced a depolarization insu�cient to
generate an action potential (a subthreshold depolarization).
When the duration of pressure pulses was increased to
100 ms, a larger depolarization was produced, during which
one or two action potentials were generated. Such action
potentials were each followed by a rise in [Ca2+]i similar to
that following the discharge of an action potential in re-
sponse to depolarizing current pulses. Therefore, the dura-
tion of 100 ms of pressure pulses was used in the following
experiments.

After application of both ryanodine (30 mM) and ca�eine
(10 mM) for 1 to 1.5 min, action potential-triggered [Ca2+]i
transients induced by brief exposures to high-K+ solution were
increased in amplitude signi®cantly from 40.5+8.4 nM to
52.3+7.8 nM (n=4) (P50.05). The half-decay time of the
[Ca2+]i transients was also increased signi®cantly from
0.93+0.20 s to 1.37+0.26 s (n=4) (P50.05) (Figure 7b).
When 10 mM ca�eine was applied 2 to 3 min after pretreat-
ment with ryanodine and ca�eine, [Ca2+]i was not increased,
but rather decreased (Figure 7b), indicating that intracellular
Ca2+ stores had already been depleted at a time when ca�eine
was applied.

Thapsigargin was capable of causing depletion of intracel-
lular Ca2+ stores through inhibition of the Ca2+-uptake ac-
tivity (see above). The e�ect of thapsigargin on the [Ca2+]i
transients was also investigated. Figure 7a shows the [Ca2+]i
transients in the absence and presence of thapsigargin (1 mM).
The amplitude of 41.3+4.1 nM was signi®cantly (P50.05)
increased to 47.5+5.0 nM (n=5) and the half-decay time from
0.98+0.14 s to 1.68+0.33 s (n=5).

The results suggest again that the CICR mechanism makes
little contribution to the determination of an action potential-
triggered [Ca2+]i transient.

E�ect of ca�eine and thapsigargin on action potential in
cells unloaded with fura-2

In single ileal smooth muscle cells from the guinea-pig, the
amplitude and duration of action potentials in response to

Control Thapsigargin 1 µM

a b

100 pA
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B
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5 s

25 nM

Figure 5 E�ects of thapsigargin on Ca2+ current (ICa) and its
concomitant [Ca2+]i increase. Simultaneous records of ICa and
[Ca2+]i from a cell held under voltage clamp at 760 mV by use of
a patch pipette ®lled with a CsCl-based solution. (A) Traces of ICa
evoked by a 50 ms depolarizing step to 0 mV before (a) and 1 min
after (b) application of thapsigargin (1 mM). The dashed lines indicate
the current level obtained by the same depolarizing step in the
presence of Cd2+ (300 mM). (B) Superimposed traces of [Ca2+]i
increases associated with the ICa indicated by (a) and (b) in (A). Note
a marked increase in the duration of the [Ca2+]i increase after
application of thapsigargin. See text for details.
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pulses at points (indicated by ~ below the lower trace). (a) A
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successive action potentials, respectively, which were followed by
[Ca2+]i increases in response to 100 ms exposures to high-K+. Traces
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current pulses increased after depletion of stored Ca2+ with
ca�eine (Imaizumi et al., 1996). This observation is taken as
evidence for the idea that Ca2+ entry associated with an
action potential operates the CICR mechanism and the
overall increase in [Ca2+]i contributes to activation of BKCa-
channels responsible for repolarization of the action poten-
tial. It is still possible that the present observation that
thapsigargin did not change action potential con®guration
(see Figure 4) results from use of cells loaded with fura-2.

In cells not loaded with fura-2, ca�eine (10 mM) slowed
action potentials in both the depolarization and repolarization
phases, but thapsigargin (1 mM) was without e�ect (Figure 8).
Ca�eine, when applied in the continued presence of thapsi-
gargin, was also e�ective in increasing the duration of action
potentials (APD0mV) to 169.1+12.0% (n=3). The e�ect dis-
appeared immediately after washout of the ca�eine (Figure 8).
Therefore, the e�ect of ca�eine on action potentials cannot be
attributed to a reduction of stored Ca2+.

Discussion

In the present study, we characterized [Ca2+]i increases as-
sociated with the discharge of action potentials by recording
simultaneously changes in [Ca2+]i and changes in membrane
potential from single smooth muscle cells of guinea-pig
ileum. An increase in [Ca2+]i which was preceded by the
discharge of a single action potential was stable in ampli-
tude, total duration and shape in one cell, but it varied from
20 to 80 nM in amplitude and within a range of several
seconds in total duration from one cell to another, whereas
its shape was maintained as a serrated appearance consisting
of a rapid rising phase and a slow falling phase, as observed
previously (Kohda et al., 1996). The relationship between
the change in [Ca2+]i and the discharge of an action po-
tential resembled the situation described in single smooth
muscle cells of guinea-pig urinary bladder, in which the
con®guration of action potentials is just like that in the ileal
smooth muscle cells (Schneider et al., 1991).

In cells in which VDCCs were blocked with nicardipine or
La3+, no appreciable change in [Ca2+]i was generated by dis-
placing the membrane potential, by use of current pulses to a
voltage level comparable to the peak potential of action po-
tentials. This implies that Ca2+ entry through VDCCs, but not
membrane depolarization itself, during action potential dis-
charge is primarily responsible for an elevation of [Ca2+]i with
a serrated appearance.

During the early period of a long, supra-threshold mem-
brane depolarization, action potentials were discharged re-
peatedly at intervals of 200 to 300 ms. The concomitant
increase in [Ca2+]i was characterized by a larger amplitude and
the occurrence of notches in the rising phase which were cor-
related to the number of action potentials discharged. It is of
interest that such action potentials underwent progressive de-
creases in overshoot potential, upstroke rate and repolariza-
tion rate, but the [Ca2+]i increase corresponding to every
action potential discharge remained almost unchanged, as
judged by a similar range of [Ca2+]i between two successive
notches re¯ecting each action potential-triggered [Ca2+]i
transient (see Figure 2). Thus, it seems likely that the power of
such action potentials to produce an increase in [Ca2+]i stays
constant in spite of their progresively-changing con®guration.
If Ca2+ entry through VDCCs during action potential dis-
charge is the primary determinant of an action potential-trig-
gered [Ca2+]i transient (see above), the period and magnitude
of activation of VDCCs would undergo such a progressive
change as to make the [Ca2+]i transients constant. The situa-
tion occurring in action potentials is not incompatible with this
idea; the decreased overshoot and upstroke rate were invari-
ably accompanied by a decrease in the repolarization rate and
an increase in the duration.

Pretreatment of cells with charybdotoxin (300 nM) or TEA
(2 mM), which blocks selectively BKCa-channels (Bolton &

Beech, 1993), resulted in a decrease of the repolarization rate
of action potentials, suggesting some participation of this
type of K+ channel in the falling phase, as previously de-
termined (Imaizumi et al., 1996). In voltage-clamped smooth
muscle cells, Ca2+ inward current (ICa) upon step depolari-
zations is followed by an outward current through BKCa-
channels and the K+ current is markedly reduced by the
inhibition of ICa with a Ca2+ channel blocker or when cy-
tosolic Ca2+ is strongly bu�ered by a chelating substance
(Ohya et al., 1987; Imaizumi et al., 1990; Suzuki et al., 1992).
Therefore, it seems likely that BKCa-channels responsible for
action potential repolarization are activated by Ca2+ entering
via VDCCs, which are opened in association with action
potential discharge. As activation of BKCa-channels is
somehow involved in the determination of the falling phase
of action potentials, its dependence on Ca2+ in¯ux rate,
which determines temporal and spatial accumulation of Ca2+

in the vicinity of the K+ channels (Benham & Bolton, 1986),
may contribute to the prolongation of action potentials. In
smooth muscle cells of guinea-pig urinary bladder held under
voltage clamp, a ramp-like depolarization leading to a slow
in¯ux of Ca2+ is much less e�ective in evoking a current
¯owing through BKCa-channels, compared to a step depo-
larization (Yoshikawa et al., 1996). This staying power of
action potentials for Ca2+ mobilization may play a physio-
logical role in the regulation of tension development during
exposure to stimulants, including the neurotransmitter acet-
ylcholine which causes activation of non-selective cation
channels leading to membrane depolarization.

A CICR mechanism may not be involved in the deter-
mination of action potential-triggered [Ca2+]i transients in
the ileal smooth muscle cells, since the [Ca2+]i transients
were not decreased but rather increased in amplitude after
functional removal of intracellular Ca2+ stores (by treatment
of cells with a combination of ryanodine and ca�eine or
with thapsigargin). It has been demonstrated that treatment
with a combination of ryanodine and ca�eine produces open
lock of Ca2+-releasing channels responsible for CICR, re-
sulting in depletion of intracellular Ca2+ stores (Iino et al.,
1988; Komori et al., 1995), and thapsigargin does not allow
intracellular Ca2+ stores to replenish Ca2+ through its in-
hibitory action on the SR Ca2+-ATPase, resulting ®nally in
depleted stored Ca2+ (Thastrup et al., 1989). In fact, in the
present study, ca�eine-releasable Ca2+ stores were abolished
after these treatments. In smooth muscle cells from urinary
bladder and portal vein, the depolarization-evoked Ca2+

entry (ICa) triggers activation of a CICR mechanism to
produce an increased elevation of [Ca2+]i (Ganitkevich &
Isenberg, 1992; GreÂ goire et al., 1993), although the CICR
activation is rapidly decreased in repeatedly-evoked ICa
(GreÂ goire et al., 1993). In contrast, the CICR mechanism in
arterial smooth muscle can be operated by ICa only when ICa
is increased by BayK8644 and the extracellular Ca2+ con-
centration is elevated (Ganitkevich & Isenberg, 1995).

One might expect that a greater Ca2+ entry following a burst
discharge of action potentials would lead to operation of the
CICR mechanism even in cells used in the present study.
However, the elevation of [Ca2+]i associated with a burst dis-
charge of action potentials comprised action potential-trig-
gered [Ca2+]i transients of the same amplitude, and they
decayed in a single exponential manner immediately after ces-
sation of the action potential discharge (see Figure 2). How-
ever, localized Ca2+ signals cannot be resolved due to the
limitations of the method used in the present study. Therefore,
the possibility that there are some localized Ca2+ increments by
a CICR triggered by the action potential cannot be excluded.
Uyama et al. (1993) observed in muscle strips from guinea-pig
ileum that depletion of Ca2+ stores with CPA, an inhibitor of
SR Ca2+-ATPase, decreases the amplitude of the after-hyper-
polarization of spontaneously-discharged action potentials.
Imaizumi et al. (1996) also observed in single smooth muscle
cells from the same tissue that ca�eine decreases the decay rate
and after-hyperpolarization of electrically-evoked action po-
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tentials. On the basis of these observations, the authors sug-
gested that CICR is triggered by an action potential and the
resultant increase in [Ca2+]i mediates acceleration of the falling
phase of the action potential through activation of BKCa-
channels. However, as mentioned above, Ca2+ store depletion
by thapsigargin, which has the same e�ect as CPA on SR Ca2+-
ATPase, left ICa as well as the action potential una�ected. This
discrepancy could be due to the di�erent preparations used for
the respective studies. Ca�eine exerted its potentiating e�ect on
action potentials even after depletion of Ca2+ stores (see Figure
8) and, hence, it seems unlikely that the e�ect is brought about
by its ability to deplete such Ca2+ stores. Ca�eine is known to
block various ionic channels including K+ channels (Noack et
al., 1990) and Ca2+ channels (Imaizumi et al., 1989; Hughes et
al., 1990). Therefore, the channel blocking action of ca�eine
might account for the observed e�ect on action potentials in the
present study.

The increased amplitude and duration of an action po-
tential-triggered [Ca2+]i transient by treatment with a
combination of ryanodine with ca�eine, or with thapsigar-
gin can be explained by assuming that the Ca2+ stores have
a role in lowering an elevated [Ca2+]i (Yoshikawa et al.,
1996).

In summary, in smooth muscle cells of guinea-pig ileum,
action potentials are discharged repeatedly every 200 to 300 ms
with a progressively-changed con®guration during a sustained
membrane depolarization, but their power to cause an increase
in [Ca2+]i stays constant. A CICR mechanism may not be in-
volved in the determination of the increase in [Ca2+]i associ-
ated with an action potential. Intracellular Ca2+ stores have a
role in the lowering an elevated [Ca2+]i by replenishing cyto-
solic Ca2+ leading to acceleration of the falling rate of the
[Ca2+]i transient.
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