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1 At a holding potential of 740 mV, carbachol (50 mM) produced a complex pattern of inward
currents in single smooth muscle cells freshly isolated from the mouse anococcygeus. Membrane currents
were monitored by the whole-cell con®guration of the patch-clamp technique. Previous work has
identi®ed the ®rst, transient component as a calcium-activated chloride current (ICl(Ca)) and the second
sustained component as a store depletion-operated non-selective cation current (IDOC). The object of the
present study was to examine the cellular mechanisms underlying the third component, a series of inward
current oscillations (Ioscil) superimposed on IDOC.

2 Carbachol-induced Ioscil (amplitude 97+11 pA; frequency 0.26+0.02 Hz) was inhibited by the
chloride channel blocker anthracene-9-carboxylic acid (A-9-C; 1 mM), and by inclusion of 1 mM EGTA
in the patch-pipette ®lling solution.

3 In calcium-free extracellular medium (plus 1 mM EGTA), carbachol produced an initial burst of
oscillatory current which lasted 94 s before decaying to zero; Ioscil could be restored by re-admission of
calcium. The frequency, but not the amplitude, of Ioscil increased with increasing concentrations of
extracellular calcium (0.5 ± 10 mM).

4 Inclusion of the inositol triphosphate (IP3) receptor antagonist heparin (5 mg ml71) in the patch-
pipette ®lling solution, or pretreatment of cells with the sarcoplasmic reticulum (SR) calcium ATPase
inhibitor cyclopiazonic acid (CPA; 10 mM), prevented the activation of Ioscil by carbachol. Ca�eine
(10 mM) activated both ICl(Ca) and IDOC and prevented the induction of Ioscil by carbachol. Ca�eine and
CPA also abolished Ioscil in the presence of carbachol, as did both a low (3 mM) and a high (30 mM)
concentration of ryanodine.

5 Carbachol-induced Ioscil was abolished by the general calcium entry blocker SKF 96365 (10 mM) and
by Cd2+ (100 mM), but was una�ected by La3+ (400 mM). As found previously, IDOC was also blocked by
SKF 96365 and Cd2+, but not La3+; the inhibition of IDOC preceded the abolition of Ioscil by 27 s with
SKF 96365 and by 30 s with Cd2+. Nifedipine (1 mM) produced a partial inhibition of the carbachol-
induced Ioscil frequency at holding potentials of 720 mV and 760 mV and, in addition, reduced IDOC at
760 mV by 18%.

6 It is concluded that carbachol-induced inward current oscillations in mouse anococcygeus cells are
due to a calcium-activated chloride current, and re¯ect oscillatory changes in cytoplasmic calcium ion
concentration. These calcium oscillations are derived primarily from the SR stores, but entry of calcium
into the cell is necessary for store replenishment and maintenance of the oscillations. Capacitative
calcium entry (via IDOC) appears to be important not only for sustained contraction of this tissue, but
also as a route for re-®lling of the SR and, therefore, represents an important target for the development
of novel and selective drugs.
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Introduction

Calcium store depletion activates a biphasic inward current in
mouse anococcygeus smooth muscle cells (Wayman et al.,
1996a). An initial transient current results from the release of
stored calcium from the sarcoplasmic reticulum (SR) activat-
ing a calcium-dependent chloride current (ICl(Ca)). As this ®rst
current decays, a smaller, sustained, non-selective cation cur-
rent becomes apparent, which is directly activated by calcium
store depletion. This depletion-operated current (IDOC) is
thought to underlie capacitative calcium entry in the anococ-
cygeus and is the calcium entry pathway required for sustained
contractions of the whole muscle (Gibson et al., 1994; Way-
man et al., 1996a). These two currents are observed with agents
which deplete SR calcium stores in either a receptor-depen-
dent, or a receptor-independent, manner. However, when the

muscarinic receptor agonist carbachol (50 mM) is applied a
more complex response is obtained; superimposed on the
sustained IDOC are a series of regular inward current oscilla-
tions (Ioscil; Wayman et al., 1996b). Similar current oscillations
have been described in a number of vascular (Desilets et al.,
1989) and non-vascular (Pacaud & Bolton, 1991; Komori et
al., 1993; 1996; Zholos et al., 1994; Liu & Farley, 1996a, b, c)
smooth muscles cells and are thought to re¯ect directly oscil-
lations in the intracellular concentration of free calcium ions.
By use of ¯uorescence techniques, cytosolic calcium oscilla-
tions have been described in a variety of cell types, both ex-
citable and non-excitable (Berridge & Galione, 1988; Berridge
& Irvine, 1989; Rink & Jacob, 1989; Berridge, 1990). Preli-
minary investigations suggest that the carbachol-induced Ioscil
in mouse anococcygeus cells might result from a calcium-ac-
tivated chloride current (Wayman et al., 1996b). In other
smooth muscles, the current oscillations are initiated by the
release of calcium ions from the SR, while their maintenance is1Author for correspondence.
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dependent on entry of extracellular calcium to re-®ll the de-
pleted stores. Entry through L-type voltage operated calcium
channels (VOCCs) contributes partially to the maintenance of
oscillations, but it is clear that another, non-VOCC, pathway is
important (Komori et al., 1993; 1996; Khoda et al., 1996; Liu
& Farley, 1996a). However, the precise nature of this entry
mechanism has remained obscure.

The aim of the present study was to use the whole-cell
con®guration of the patch-clamp technique to investigate in
more detail the cellular mechanisms underlying carbachol-in-
duced Ioscil in mouse anococcygeus cells, with particular em-
phasis on the respective roles of extracellular and intracellular
calcium ions in the initiation and maintenance of the oscilla-
tions. In addition, the possibility that the novel, depletion-
operated cation current, IDOC, may be the non-VOCC calcium
entry pathway necessary for maintenance of current oscilla-
tions in this tissue was investigated. Some of the results have
been published in abstract form (Wayman et al., 1996c).

Methods

The enzymatic dissociation protocol for the preparation of
single smooth muscle cells isolated from the mouse anococ-
cygeus is described by Wayman et al. (1996a). Electrophysio-
logical recordings of muscle cell membrane currents were
obtained by use of the whole-cell con®guration of the patch-
clamp technique. The extracellular physiological salt solution
(PSS) bathing the cells contained (in mM): NaCl 120, KCl 6,
MgCl2, 1.2, glucose 11, HEPES 10, CaCl2 10, pH 7.20 (with
NaOH). In experiments where the extracellular calcium con-
centration was reduced to zero, CaCl2 was omitted and the
calcium bu�er ethylene glycol-bis (b-aminoethyl ether)
N,N,N',N'-tetraacetic acid (EGTA, 1 mM) was added. Dihy-
dropyridine-sensitive (L-type) voltage-dependent calcium
channels (VOCCs) were blocked by the addition of nifedipine
(1 mM) to the extracellular solution immediately before the
start of an experiment, except in experiments where the in¯u-
ence of VOCCs was being investigated. The patch-pipette ®ll-
ing solution contained (mM; all from Sigma): CsCl 130,
tetraethylammonium chloride (TEA) 20, HEPES 10, ATP (Na
salt) 0.5, GTP (Na salt) 0.5, pH 7.20 (with CsOH), dissolved in
`Milli-Q' ultrapure water. When ®lled with this solution, patch-
pipettes had d.c. resistances of around 6 MO. In a small
number of experiments, nystatin (0.2 mg ml71) was included
in the patch-pipette solution and allowed to `perforate' the
patch of membrane underlying the electrode (series resistance
less than 50 MO), rather than the conventional whole-cell re-
cording con®guration being employed.

Membrane currents were recorded and ®ltered at 1 kHz
(73 dB) by an Axopatch 200A ampli®er (Axon Instruments
Inc., Burlingame, U.S.A.) and digitized (43kHz) with a Di-
gidata 1200 interface (Axon Instruments Inc.) in combination
with a personal computer (Mesh 486DX) running pClamp
software (Axon Instruments Inc.). Acquired data were stored
directly on to the hard disk of the computer. Additionally, two
continuous records of membrane current were obtained, one
®ltered at 200 Hz and played onto a thermal chart recorder
(Gould TA550) and the other ®ltered at 1 kHz and recorded
by a digital tape recorder (DTR-1200; Biologic, France). All
electrophysiological experiments were performed at room
temperature (20 ± 248C).

Drugs were applied extracellularly by a gravity-fed system
incorporating a ®ne bore (0.28 mm internal diameter) catheter
tube placed within 100 mm of the cell under test. Cells were
continuously perfused with either drug-free or drug-containing
solutions, and switching between drug solutions was achieved
by means of solenoid valves. The delay between changing re-
servoirs and ejection of the drug was approximately 5 s.

The amplitude of IDOC was measured between 60 and 90 s
after the application of carbachol, when ICl(Ca) had decayed
and between the superimposed oscillations. Measurements of
oscillation amplitude and frequency were obtained by taking

the mean of at least 5 successive oscillations. Results are ex-
pressed as mean+s.e.mean. Statistical analysis was carried out
by use of Student's t test (paired or unpaired where appro-
priate); P50.05 was taken as signi®cant.

The following drugs were used: anthracene-9-carboxylic
acid (A-9-C; Sigma); cadmium chloride (Sigma); ca�eine
(Sigma); carbachol (Aldrich); cyclopiazonic acid (CPA; Sig-
ma); ethylene glycol-bis (b-aminoethyl ether) N,N,N',N'-tet-
raacetic acid (EGTA; Sigma); heparin (Sigma); lanthanum
chloride (Sigma); nifedipine (Sigma); nystatin (Sigma); ryano-
dine (High purity; Calbiochem) and SKF 96365 (1-{b-[3-(4-
methoxyphenyl) propoxyl]-4-methoxyphenethyl}-1H-imada-
zole HCl; A�niti Research Products Ltd.). All salts used were
of reagent grade or better. Drugs were prepared as stock so-
lutions in de-ionised water with the exception of CPA (10 mM

stock in dimethylsulphoxide), nifedipine (10 mM stock in
ethanol), nystatin (50 mg ml71 stock in dimethylsulphoxide)
and A-9-C (100 mM stock in ethanol).
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Figure 1 The carbachol-induced oscillations in membrane current
result from activation of a calcium-dependent chloride current in
mouse anococcygeus cells. (a) The whole-cell current response evoked
by application of carbachol (50 mM) consisted of three distinguishable
components of inward current; an initial transient current due to
activation of a calcium-dependent chloride current (ICl(Ca)), a
sustained, depletion-operated cation current (IDOC) and regular
inward current oscillations (Ioscil). (b) The carbachol (50 mM)-induced
oscillations were abolished by application of the chloride channel
blocker anthracene-9-carboxylic acid (A-9-C; 1 mM). (c) Inclusion of
the calcium bu�er EGTA (1 mM) in the patch-pipette ®lling solution
prevented activation of either ICl(Ca) or Ioscil by carbachol (50 mM),
although the agonist was able to activate IDOC. Cells were held at a
membrane potential of 740 mV and zero current is indicated by the
dotted lines. Drugs were applied for the duration of the solid bars.
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Results

Characterization of the carbachol-induced inward current
oscillations

Under our normal experimental conditions (10 mM extracel-
lular calcium and 1 mM nifedipine), carbachol (50 mM) activa-
ted a biphasic inward current when applied to mouse
anococcygeus muscle cells held at a membrane potential of
740 mV (n=87). Additionally, 79 out of the 87 cells displayed
carbachol-induced inward current oscillations (Ioscil). The bi-
phasic current consisted of the transient calcium-activated
chloride current (ICl(Ca); amplitude 148+18 pA, n=42) fol-
lowed by the sustained, non-selective cation current (IDOC;
amplitude 5.3+0.3 pA, n=58). A series of inward current
oscillations (Ioscil), superimposed on IDOC, had an amplitude of
97+11 pA, n=58 and a frequency of 0.26+0.02 Hz, n=58
(Figure 1a).

We have previously shown that the carbachol-induced Ioscil
may result from the activation of a calcium-dependent chloride
conductance (Wayman et al., 1996b). Pretreatment of the cells
with the chloride channel blocker A-9-C inhibited the carba-
chol-induced Ioscil in all cells tested (1 mM, 9 cells), as did ap-
plication of A-9-C to cells in which carbachol had already
activated Ioscil (4 cells; Figure 1b). Inclusion of the calcium
bu�er EGTA (1 mM) in the intracellular pipette solution
(Figure 1c) abolished the carbachol-induced Ioscil in 5 out of 5
cells, although a clear IDOC was still obtained. These results, in
combination with preliminary data showing a reversal poten-
tial close to zero (Wayman et al., 1996b), con®rm that the
carbachol-induced Ioscil results from activation of a calcium-
activated chloride current.

Extracellular calcium in the initiation and/or the
maintenance of Ioscil

To determine whether extracellular calcium was required for
the initiation or maintenance of Ioscil, carbachol was applied
when the extracellular calcium concentration ([Ca2+]o) had
been reduced to zero (plus 1 mM EGTA). Under these condi-
tions, application of carbachol produced an initial burst of
oscillatory current, lasting 94+16 s, which then decayed
(Figure 2b). When calcium was added back ([Ca2+]o=10 mM)
there was partial recovery of Ioscil. This result suggested that
extracellular calcium was necessary for the maintenance, rather
than the initiation of Ioscil. This was supported by experiments
in which [Ca2+]o was reduced to zero (plus 1 mM EGTA) once
carbachol-induced Ioscil had been established in medium con-
taining 10 mM [Ca2+]o; again, after a lag period (93+17 s),
Ioscil decayed and could be re-activated by restoration of
[Ca2+]o (Figure 2c). In a further series of experiments (Figure
2a), the calcium concentration-dependence of Ioscil was inves-
tigated (PSS containing 0.5 mM, 2.5 mM or 10 mM Ca2+).
Increasing or decreasing [Ca2+]o resulted in signi®cant changes
in the mean frequency of the carbachol-induced Ioscil; these
frequency e�ects were not dependent on the order in which
[Ca2+]o changes were made (going from 0.5, to 2.5, to 10 mM;
0.06+0.02, 0.11+0.01, 0.19+0.03 Hz, respectively, n=4:
going from 10, to 2.5, to 0.5 mM; 0.19+0.02, 0.13+0.01,
0.06+0.01 Hz, respectively, n=6). There were no signi®cant
changes in the amplitude of carbachol-induced Ioscil or IDOC
(data not given).

Carbachol-induced oscillations were also present in re-
cordings obtained by use of the nystatin `perforated-patch'
con®guration and an extracellular calcium concentration of
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Figure 2 Maintenance of the oscillations required extracellular calcium. (a) Increasing the extracellular calcium concentration
increased the frequency of the oscillations evoked by carbachol (50 mM). Note the initial `burst' of oscillations seen in the presence of
0.5 mM calcium. (b) Application of carbachol (50 mM) to a cell bathed in an extracellular physiological salt solution (PSS) containing
zero [Ca2+]o plus EGTA (1 mM) initiated a transient burst of oscillatory activity. The oscillations were partly reactivated on
addition of calcium (10 mM) to the PSS. (c) The oscillations evoked by carbachol (50 mM) were reversibly abolished on the removal
of extracellular calcium. Cells were held at a membrane potential of 740 mV, and zero current is indicated by the dotted lines.
Drugs were applied as indicated by the solid bars.
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2.5 mM (frequency 0.15+0.02 Hz; amplitude 44+14 pA;
n=8).

The role of SR calcium stores in the generation of Ioscil

The observation of a transient burst of Ioscil under calcium-free
conditions (see earlier) suggested the involvement of intracel-
lular calcium stores in the initiation of the current oscillations.
Experiments were carried out to investigate the nature of the
stores involved.

Inclusion of the IP3 receptor antagonist heparin
(5 mg ml71) in the intracellular pipette solution (Figure 3a)
abolished the carbachol-induced biphasic current, and carba-
chol-induced Ioscil, in all cells tested at 740 mV (n=5). To
determine the viability of the cells, ca�eine (10 mM) was then
applied and this activated the biphasic inward current, but not
Ioscil, in all cells (n=5).

Cyclopiazonic acid (CPA) inhibits calcium uptake into in-
tracellular calcium stores by inhibition of the sarcoendoplas-
mic reticulum calcium ATPase (SERCA), and this ultimately
leads to calcium store depletion (Seidler et al., 1989) with
consequent activation of IDOC (Wayman et al., 1996a). The
carbachol (50 mM)-induced Ioscil were absent in all cells pre-
treated with CPA (10 mM; n=4); CPA-induced IDOC was un-
a�ected (Figure 3b). Concomitant application of CPA
(10 mM), after carbachol (50 mM) had induced the oscillations
(Figure 3c), led to a slow inhibition of the Ioscil (48+4 s; n=4);
again the carbachol-induced IDOC was una�ected. The inhibi-
tory e�ect of CPA on Ioscil was not reversible, at least up to
5 min after washout; longer periods of washout were not re-
corded with CPA.

Application of the ryanodine receptor agonist ca�eine to
mouse anococcygeus muscle cells held at 740 mV activates
the biphasic inward current (Wayman et al., 1996b). Conco-
mitant addition of ca�eine (10 mM), after carbachol (50 mM)
had induced the oscillations (Figure 4a), led to a rapid (8+1 s;
n=5) and complete inhibition of Ioscil, which was readily re-
versible on wash out of ca�eine. Pretreatment of mouse ano-
coccygeus muscle cells with ca�eine (10 mM) abolished the
carbachol-induced biphasic current and the carbachol-induced
Ioscil in all cells tested (Figure 4b; n=4).

Ryanodine itself has been shown to have di�erential ef-
fects on the release of calcium from ryanodine-sensitive
calcium stores depending on the concentration at which it is
applied. At low concentrations, ryanodine acts as an agonist
resulting in the release of calcium, whereas at concentrations
410 mM ryanodine acts as an antagonist, inhibiting calcium
release (Ehrlich et al., 1994). In a further series of experi-
ments, we investigated the e�ects of ryanodine at 3 mM and
30 mM on the carbachol-induced Ioscil. Concomitant applica-
tion of ryanodine (3 mM), after carbachol (50 mM) had in-
duced the oscillations (Figure 4c), resulted in a slow
inhibition of Ioscil (71+11 s; n=4). During this inhibition,
there was no e�ect on carbachol-induced IDOC. Concomitant
application of ryanodine (30 mM; Figure 4d), produced a
more rapid abolition of Ioscil (9+4 s; n=4) and, again,
carbachol-induced IDOC was una�ected by ryanodine at this
concentration.

The role of L-type VOCCs in the maintenance of
Ioscil

The results obtained under calcium-free conditions (see earlier)
indicated that entry of extracellular calcium was necessary for
the maintenance of Ioscil. Two main pathways of calcium entry
have been described in the anococcygeus, L-type VOCCs
(Gibson et al., 1994; England & McFadzean, 1995) and IDOC
(Wayman et al., 1996a).

In order to investigate the role of L-type VOCCs in main-
taining Ioscil we studied the actions of nifedipine (1 mM) on the
response to carbachol. In cells held at 720 mV nifedipine
clearly had inhibitory e�ects on the frequency of Ioscil (Figure
5). This inhibitory action was also apparent at a holding po-

tential of 760 mV (Figure 5). Further, it was interesting to
note that nifedipine produced a small inhibitory e�ect on IDOC
(18+5% inhibition; n=6) at760 mV. These results suggested
that, as in other smooth muscles, some of the calcium neces-
sary for maintenance of current oscillations enters through L-
type VOCCs, but that some other non-VOCC pathway is also
involved.

The role of IDOC in the maintenance of Ioscil

IDOC is a depletion-operated, non-selective cation current,
found in mouse anococcygeus cells, which is believed to be an
important route of calcium entry during sustained contraction
of the whole muscle; the current has a distinctive pharmacol-
ogy, being inhibited by the general calcium entry blocker SKF
96365 and cadmium ions (Cd2+) but resistant to lanthanum
ions (La3+; Wayman et al., 1996a). Importantly, neither SKF
96365 nor Cd2+ had any e�ect on ICl(Ca) (Wayman et al.,
1996a). These compounds were used to investigate the invol-
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Figure 3 Carbachol-induced oscillations require a functional IP3-
sensitive calcium store for their initiation and maintenance. (a)
Inclusion of the IP3 receptor antagonist heparin (5 mg ml71) in the
patch-pipette ®lling solution abolished all three components of the
carbachol response. However, ca�eine was still able to activate ICl(Ca)
and IDOC. (b) Pretreatment of cells with the sarcoplasmic reticulum
ATPase inhibitor cyclopiazonic acid (CPA; 10 mM) activated a small
ICl(Ca) plus IDOC and abolished all three components of the carbachol
response. In (c) concomitant application of CPA (10 mM) led to a
slow inhibition of the carbachol-induced oscillations without e�ecting
IDOC. Cells were held at a membrane potential of 740 mV, and zero
current is indicated by the dotted lines. Drugs were applied for the
duration of the solid bars.
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vement of calcium ions entering through IDOC in the mainte-
nance of Ioscil (Figure 6).

Carbachol (50 mM)-induced Ioscil and IDOC were both com-
pletely abolished by SKF 96365 (10 mM; n=5; Figure 6a) and
Cd2+ (100 mM; n=5; Figure 6b). Interestingly, in both cases, it
took signi®cantly longer to inhibit the carbachol-induced Ioscil
than IDOC. SKF 96365 took 24+2 s to inhibit IDOC compared
with 51+18 s to inhibit Ioscil, and Cd

2+ took 20+2 s to inhibit
IDOC compared with 50+7 s to inhibit Ioscil. La

3+ (400 mM;
(Figure 6c) had no signi®cant e�ects on either the carbachol-
induced Ioscil or IDOC.

Discussion

The muscarinic receptor agonist carbachol produced a com-
plex pattern of inward currents in mouse anococcygeus smooth
muscle cells; an initial transient current was followed by a
smaller sustained current and, superimposed on the latter, were
a series of inward current oscillations. Previous work (Way-
man et al., 1996a, b) has identi®ed the initial transient current
as a calcium-activated chloride conductance (ICl(Ca)) which re-
sults from the release of stored calcium ions from the SR and
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Figure 4 Carbachol-induced oscillations require a functional
ryanodine (ca�eine)-sensitive calcium store. In (a) the carbachol
(50 mM)-induced oscillations were abolished by a concomitant
application of ca�eine (10 mM). The e�ect of ca�eine was reversed
on washing with ca�eine-free solution. (b) Pretreatment of cells with
ca�eine (10 mM) activated ICl(Ca) and IDOC and abolished the

response to carbachol (50 mM). In (c) the application of a low
concentration of ryanodine (3 mM) led to a slow inhibition of the
carbachol (50 mM)-induced oscillations. This can be compared to the
response shown in (d) where a high concentration of ryanodine
(30 mM) produced a rapid abolition of the oscillations. Cells were held
at a membrane potential of 740 mV, and zero current is indicated
by the dotted lines. Drugs were applied for the duration of the solid
bars.
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Figure 5 Nifedipine (Nif) reduced the frequency of the carbachol-
induced oscillations recorded at both 720 and 760 mV. (a) The
e�ect of nifedipine (1 mM) on carbachol (50 mM)-induced oscillations
recorded at holding potentials of 760 mV and 720 mV. (b)
Combined data obtained from 6 cells during experiments similar to
those in (a). Vertical lines represent s.e.mean; *indicates signi®cant
di�erence (P50.05; paired Student's t test).

Cellular mechanisms of current oscillations 1305C.P.Wayman et al



the second sustained current as a non-selective cation con-
ductance directly activated by the depletion of the calcium
stores in the SR (IDOC). The object of the present study was to
investigate the cellular mechanisms underlying the oscillatory
inward current (Ioscil).

Muscarinic receptor-induced inward current oscillations
have been found in other non-vascular smooth muscle cells
(Komori et al., 1993; 1996; Zholos et al., 1994; Liu & Farley,
1996a, b, c). In general, it is believed that the currents mea-
sured re¯ect oscillations in cytoplasmic calcium ion concen-
tration which regulate various membrane ion channels; in
intestinal smooth muscle cells the main current regulated is a
G-protein-linked non-selective cation current (Icat), while in
tracheal myocytes a calcium-activated chloride channel is in-
volved. Two pieces of evidence suggest that carbachol-induced
Ioscil in mouse anococcygeus cells may be similar to the oscil-
lations observed in the trachea and involve a calcium-activated
chloride conductance. Firstly, Ioscil was inhibited by the
chloride channel blocker A-9-C and, secondly, Ioscil was absent
in cells in which the calcium bu�er EGTA had been included in
the intracellular pipette solution. It is possible that the current

oscillations might re¯ect an oscillatory sensitivity of the
chloride channel to cytoplasmic calcium. However, this seems
unlikely since Ioscil was not observed with either CPA or caf-
feine, which do activate both ICl(Ca) and IDOC (Wayman et al.,
1996b). In addition, these observations suggest that Ioscil does
not result from calcium overload of the cell. Certainly, the
oscillation frequency was greatest in experiments with an ex-
tracellular calcium concentration of 10 mM and the intracel-
lular patch-pipette solution did not contain a calcium bu�er.
However, overloading would only occur if unusually large
amounts of calcium were entering the cell, or the endogenous
intracellular calcium bu�ering system was disrupted. Under
resting conditions, in the absence of activator drugs, the level
of calcium in the cell was not su�cient to activate ICl(Ca).
During activation of the cell, in the presence of 1 mM nifedi-
pine, the main calcium entry pathway is IDOC; the small whole
cell current and its non-selective nature, would suggest that
calcium overload is unlikely to occur via this mechanism.
Further, Ioscil is not observed with either ca�eine or CPA, even
though the former can reproducibly activate ICl(Ca) and IDOC
(Wayman et al., 1996b). Finally, at an extracellular calcium
concentration of 2.5 mM, carbachol-induced oscillations were
observed in cells from which recordings were made with the
`perforated-patch' technique, which would be expected to
produce minimal disruption of intracellular calcium bu�ering
mechanisms. Thus, it is most likely that the current oscillations
directly re¯ect oscillations in cytoplasmic calcium concentra-
tion as a result of carbachol-induced activation of the IP3 re-
ceptor system (see below), and are not due simply to calcium
overload.

In calcium-free medium, carbachol produced ICl(Ca), IDOC
and an initial burst of Ioscil which soon decayed (after 94 s).
This observation suggests that the cytosolic calcium oscilla-
tions which regulate the chloride conductance underlying Ioscil
are primarily derived from intracellular stores, but that the
maintenance of Ioscil requires entry of calcium ions from the
extracellular space. This would be in agreement with the cal-
cium-dependence of inward current oscillations demonstrated
in other smooth muscles (Komori et al., 1993; Liu & Farley,
1996a). We therefore carried out a series of experiments to
identify the intracellular stores and the calcium ion entry
pathways, responsible for Ioscil initiation and maintenance, re-
spectively.

Agonist-induced oscillations in cytoplasmic calcium ion
concentrations have been identi®ed in many cell types and are
commonly initiated by the activation of the IP3 receptor on the
SR (Berridge & Galione 1988; Berridge & Irvine, 1989; Rink &
Jacob, 1990; Berridge, 1990; 1993). In accord with this, in
mouse anococcygeus cells, the IP3 receptor antagonist heparin
blocked carbachol-induced Ioscil. The involvement of the SR in
the generation of Ioscil was con®rmed by the experiments with
CPA, which depletes the SR of calcium by inhibiting the
SERCA pump (Seidler et al., 1989); pretreatment of cells with
CPA prevented the appearance of Ioscil on application of car-
bachol, while addition of CPA once carbachol-induced Ioscil
had been established led to the slow disappearance of the os-
cillations. The above results suggested that calcium ions from
the IP3 sensitive store in the SR are necessary for the initiation
of Ioscil and replenishment of the stores, via the SERCA pump,
is required for its maintenance. Previous work has shown that
ca�eine (10 mM) elicits both ICl(Ca) and IDOC in mouse ano-
coccygeus cells (Wayman et al., 1996a, b), suggesting the pre-
sence of a ca�eine/ryanodine-releasable calcium pool within
the SR of this tissue; the involvement of this pool in the pro-
duction of carbachol-induced Ioscil was investigated by use of
both ca�eine and ryanodine. Application of ca�eine, by itself,
produced both ICl(Ca) and IDOC, but not Ioscil; further, in the
presence of ca�eine, carbachol failed to induce Ioscil. Similarly,
application of a low concentration of ryanodine (3 mM), which
depletes the ryanodine-sensitive store by locking the release
channels in a sub-conductance state (Ehrlich et al., 1994), led
to a slow inhibition of Ioscil, while application of a high con-
centration of ryanodine (30 mM), which acts as an antagonist

Carbachol (50µM) SKF 96365 (10µM)

Carbachol (50µM) Cd2+ (100µM)

40pA

30s

Carbachol (50µM)
La3+ (400µM)

20pA

30s

20pA

30s

a

b

c

Figure 6 Capacitative calcium entry via the store depletion-operated
current (IDOC) is essential for the maintenance of the carbachol-
induced oscillations. (a) and (b) The inhibitory e�ects of SKF 96365
(10 mM) and cadmium (Cd2+; 100 mM), respectively, on both IDOC
and the carbachol (50 mM)-induced oscillations. (c) Lanthanum
(La3+; 400 mM) had no e�ect on either IDOC or Ioscil activated by
carbachol (50 mM). Cells were held at a membrane potential of
740 mV and zero current is indicated by the dotted lines. Drugs
were applied for the duration of the solid bars.
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on the ryanodine receptors (Ehrlich et al., 1994) caused a much
quicker inhibition. Taken together, these results suggest that
the ryanodine-sensitive calcium store, which is associated with
the process of calcium-induced calcium release (CICR), is ne-
cessary for the activation of Ioscil; similar inhibitory e�ects of
ca�eine and ryanodine on inward current oscillations have
been observed in intestinal (Komori et al., 1993; Zholos et al.,
1994) and tracheal smooth muscle cells (Liu & Farley, 1996a).
Also, as observed in some other smooth muscles (Janssen &
Sims, 1992; 1993; Martin & Shuttleworth, 1994; Liu & Farley,
1996a), ca�eine did not by itself generate Ioscil. This may in-
dicate that the release of calcium ions from the IP3 sensitive
store is the primary pacemaker for the oscillations; certainly
there is good evidence that activation of the IP3 receptor in
many cell types demonstrates oscillatory behaviour, most
probably related to the modulation of IP3 receptor function by
calcium ions (Berridge, 1993). Thus, a possible model for the
involvement of SR calcium stores in the initiation of carba-
chol-induced Ioscil in the mouse anococcygeus is that IP3 gen-
erated by activation of the muscarinic M3 receptor (Sideso et
al., 1994) stimulates release of calcium from the IP3 sensitive
pool. This calcium, while not su�cient by itself to activate the
chloride current, then promotes further calcium release via the
CICR pathway. It is this ampli®ed calcium signal which both
switches on the chloride conductance and also down-regulates
the IP3 system, thereby inhibiting IP3-induced calcium release
(Missaien et al., 1992a, b; Zholos et al., 1994). Re-®lling of the
IP3-sensitive store via the SERCA pump and extrusion of
calcium from the cell, reduces the cytoplasmic calcium con-
centration and re-activates the IP3 receptor, thus setting up
another oscillatory cycle.

While there is general agreement that the maintenance of
muscarinic receptor-induced inward current oscillations in
smooth muscle requires extracellular calcium, the pathway of
calcium entry into the cell is uncertain. In some cases the, at
least partial, involvement of L-type VOCCs has been demon-
strated (Khoda et al., 1996; Komori et al., 1996; Liu & Farley,
1996a). In the mouse anococcygeus too, nifedipine caused a
partial reduction in Ioscil, both at holding potentials of
720 mV and 760 mV. In addition, nifedipine produced a
small inhibition (18%) of IDOC at 760 mV. Interestingly, ni-
fedipine also reduced the non-selective cation current (Icat) on
which inward current oscillations are superimposed in intest-
inal smooth muscle cells (Komori et al., 1996). Thus, in the
anococcygeus, as in other smooth muscles (Komori et al.,
1993; 1996; Khoda et al., 1996; Liu & Farley, 1996a), L-type
VOCCs provide, at best, only a partial explanation for the
entry of calcium ions to sustain muscarinic-receptor-induced

current oscillations, and this entry can occur at holding po-
tentials between760 and720 mV. The involvement of a non-
VOCC pathway has been inferred, but its identi®cation has
remained elusive. The most important new ®nding of the
present study is that IDOC may be implicated, at least in the
anococcygeus, as the non-VOCC pathway important for store
re-®lling. IDOC is a non-selective cation current which is directly
activated by depletion of the calcium stores in the SR, either
via membrane receptor generation of IP3 or by drugs acting
directly on the SR, such as ca�eine and CPA (Wayman et al.,
1996a, b). The current has a distinctive pharmacology, being
inhibited by the general calcium entry blocker SKF 96365 and
Cd2+, but resistant to La3+. Sustained contractions of the
mouse anococcygeus to carbachol or CPA show a similar
pharmacology, suggesting that calcium entry through IDOC is
important for sustained contraction of this tissue. The present
study shows that Ioscil is also blocked by SKF 96365 and Cd2+,
but not La3+ and therefore that calcium entering through IDOC
may also be important for replenishment of the stores and
maintenance of Ioscil. This would explain our earlier observa-
tion that sodium nitroprusside (SNP) blocks carbachol-in-
duced Ioscil, since SNP also inhibits IDOC (Wayman et al.,
1996b). The time-lag observed between the inhibition of IDOC
and the onset of decay of Ioscil indicates that the oscillations do
not re¯ect an oscillatory property of the IDOC mechanism itself
and is consistent with the results obtained in calcium-free
medium.

In conclusion, the results have shown that carbachol-in-
duced inward current oscillations in mouse anococcygeus cells
are due to a calcium-activated chloride current, and most likely
re¯ect changes in cytosolic calcium ion concentrations. These
calcium ions are derived primarily from the SR stores, but
entry of calcium into the cell is necessary for replenishment of
the stores and maintenance of the oscillations. The most im-
portant new ®nding is that capacitative calcium entry (via
IDOC) is important not only for sustained contraction of this
smooth muscle but also for the maintenance of store-depen-
dent calcium oscillations. Capacitative calcium entry in
smooth muscle therefore represents an important target for
drug action; the development of drugs which act speci®cally on
this novel process should provide powerful tools with which to
investigate smooth muscle function and with potentially im-
portant therapeutic applications.

The authors thank the MRC and the Wellcome Trust for support.
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