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1 The e�ects of SK&F 96365 on cationic current evoked either by activating muscarinic receptors
with carbachol or by intracellularly applied GTPgS (in the absence of carbachol) were studied using
patch-clamp recording techniques in single guinea-pig ileal smooth muscle cells.

2 SK&F 96365 reversibly inhibited the muscarinic receptor cationic current in a concentration-,
time- and voltage-dependent manner producing concomitant alteration of the steady-state I-V
relationship shape which could be explained by assuming that increasing membrane positivity
increased the a�nity of the blocker. The inhibition was similar for both carbachol- and GTPgS-
evoked currents suggesting that the cationic channel rather than the muscarinic receptor was the
primary site of the SK&F 96365 action.

3 Increased membrane positivity induced additional rapid inhibition of the cationic current by
SK&F 96365 which was more slowly relieved during membrane repolarization. Both the inhibition
and disinhibition time course could be well ®tted by a single exponential function with the time
constants decreasing with increasing positivity for the inhibition (e-fold per about 12 mV) and
approximately linearly decreasing with increasing negativity for the disinhibition.

4 At a constant SK&F 96365 concentration, the degree of cationic current inhibition was a
sigmoidal function of the membrane potential with a potential of half-maximal increase positive to
about +30 mV and a slope factor of about 713 mV.

5 Increasing the duration of voltage steps at 780 or at 80 mV, increased the percentage inhibition;
the degree of inhibition was almost identical at both potentials providing evidence that the same
cationic channel was responsible for the cationic current both at negative and at positive potentials.

6 It is concluded that the distinctive and unique mode of SK&F 96365 action on the muscarinic
receptor cationic channel is a valuable tool in future molecular biology studies of this channel.
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Introduction

Acetylcholine, the major excitatory neurotransmitter in

visceral smooth muscles, causes membrane depolarization and
thus Ca2+ in¯ux via voltage-gated Ca2+ channels. The
depolarizing action is mediated primarily by M2 muscarinic

receptor activation (Bolton & Zholos, 1997; Kang et al., 1997;
Wang et al., 1997) which is linked to the voltage-dependent,
[Ca2+]i-sensitive cationic channels via Gi/Go proteins (Wang et
al., 1997). The pharmacological properties of these muscarinic

receptor-gated cationic channels have been extensively studied
in recent years though no speci®c blocker has yet been
identi®ed. However, a number of blockers which are generally

considered to be more selective for other ion channels also
e�ectively block the muscarinic receptor-linked cationic
channels suggesting certain structural similarities.

Muscarinic receptor-gated cationic channels are also
permeable to Ca2+ and thus may directly mediate Ca2+ in¯ux
during tonic rise in [Ca2+]i. The existence of such Ca2+ in¯ux
has been demonstrated with 110 mM Ca2+ in the bath (Bolton

& Kitamura, 1983; Inoue & Isenberg, 1990; Fleischmann et al.,

1997; Kim et al., 1998). Under these conditions a permeability

ratio of Ca2+ over monovalent cations between 2 : 1 to 3.6 : 1
was extrapolated. Under a physiological Ca2+ gradient the
fraction of the cationic current carried by Ca2+ at 760 mV

was estimated at 1% in guinea-pig gastric myocytes (Kim et
al., 1998) and at 14% in airway myocytes (Fleischmann et al.,
1997). In guinea-pig ileal cells Ca2+ contribution to the
cationic current when [Ca2+]o was raised from zero to 2.5 ±

10 mM was also evident as some additional e�ects of Ca2+

which were not shared with Mg2+ were observed (Zholos &
Bolton, 1995).

SK&F 96365 is a relatively novel inhibitor of receptor-
stimulated Ca2+ entry (Merritt et al., 1990) and our aim in the
present work was to test its possible e�ects on the cationic

channels coupled to the muscarinic receptors in guinea-pig ileal
cells. The rationale for such experiments was also provided by
the recent detection of transcripts for Trp6 and Trp3 (genes
related to the Drosophila transient receptor potential (trp)

gene) in gastrointestinal smooth muscle cells. Trp6 may encode
the channel underlying the muscarinic cationic current in
colonic myocytes (Walker et al., 1999). Proteins encoded in

these genes are likely to be involved in Ca2+ in¯ux following
receptor stimulation and InsP3 production to induce Ca2+*Author for correspondence; E-mail: t.bolton@sghms.ac.uk
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store depletion, so called store-operated Ca2+ entry (recently
reviewed by Parekh & Penner, 1997). However, it is important
to note that in other systems Trp6 mediates a muscarinic
receptor-activated non-selective cationic conductance and

Ca2+ entry not related to Ca2+ store depletion but instead
directly stimulated by a G protein-coupled receptor and
blocked by SK&F 96365 (Boulay et al., 1997). In a recent

study Kim et al. (1998) have concluded that in guinea-pig
gastric myocytes carbachol-activated cationic current was also
not related to ICRAC (Ca2+ release-activated Ca2+ current).

Our results show that SK&F 96365 at micromolar
concentrations inhibits cationic current in guinea-pig ileal cells
in a distinctive voltage-dependent manner and thus may be a

useful pharmacological tool in future studies.

Methods

Experimental procedures were generally the same as already

described (Zholos & Bolton, 1995). Male adult guinea-pigs
(300 ± 400 g) were concussed by a sudden blow on the back of
the head followed by immediate exsanguination. Experiments

were performed at room temperature on single ileal smooth
muscle cells from the longitudinal muscle layer obtained after
collagenase treatment (1 mg ml71) at 368C for about 25 min.

Electrical recordings

Whole-cell membrane current was recorded using low-
resistance borosilicate patch pipettes (1 ± 3 MO) and an
Axopatch 200A (Axon Instruments Inc., Foster City, CA,
U.S.A.) or EPC-5 (List Electronic, Darmstadt, Germany)

voltage-clamp ampli®er. Background current was measured
before carbachol application or immediately after break-

through when patch pipettes ®lled with GTPgS were used and
was digitally subtracted o�-line.

Solutions

Pipettes were ®lled with the following solution (in mM):
CsCl 80, MgATP 1, creatine 5, NaGTP 1, glucose 20,

HEPES 10, BAPTA 10, CaCl2 4.6 (calculated
[Ca2+]i=100 nM), pH adjusted to 7.4 with CsOH (total
Cs+ 124 mM). The presence of 1 mM GTP in this solution

reduced desensitization to a minimum (Zholos & Bolton,
1996a). In experiments designed to activate cationic channels
directly, without the activation of muscarinic receptors, GTP

in the pipette solution was replaced with 200 mM GTPgS
(Zholos & Bolton, 1994; 1996a).

The basic external solution in which cationic current was
recorded consisted of (in mM): CsCl 120, glucose 12, HEPES

10, pH adjusted to 7.4 with CsOH (total Cs+ 124 mM). The
cells prior to experiment were kept in the following solution
(mM): NaCl 120, KCl 6, CaCl2 2.5, MgCl2 1.2, glucose 12,

HEPES 10, pH adjusted to 7.4 with NaOH.
Complete exchange of the external solution was achieved

withinabout1 sasdescribedpreviously (Zholos&Bolton,1995).

Data analysis

Concentration-e�ect curves were ®tted by a logistic function in

the following form:

ISKF
Icontrol

� 1

1� ��SK&F�=IC50�P
�1�

where IControl and ISK&F are respectively the cationic current

amplitudes before in the presence of various SK&F 96365

Figure 1 E�ects of SK&F 96365 on carbachol-activated cationic current in single guinea-pig ileal smooth muscle cells. (A) Steady-
state current-voltage relationships measured by 6 s duration voltage ramps in the presence of 50 mM carbachol and SK&F 96365 at
the indicated concentrations. (B) Relative amplitude of the muscarinic cationic current in a single experiment at 80 and 780 mV
plotted against SK&F 96365 concentration on a semilogarithmic scale and ®tted according to equation 1. Dotted lines indicate the
IC50 values. (C) Voltage dependence of the IC50 values.
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concentrations, [SK&F]; IC50 equals the SK&F 96365
concentration at which current amplitude was reduced by
50% and p is the slope factor of the inhibition curve.

The data was analysed and plotted using MicroCal Origin
software (MicroCal Software, Inc., Northampton, MA,
U.S.A.). Values are given as the means+s.e.mean.

Chemicals used

Collagenase (type 1A), adenosine 5' triphosphate (ATP,

magnesium salt), guanosine 5'-triphosphate (GTP, sodium
salt), guanosine 5'-O-(3-thiotriphosphate) (GTP-gS, tetra-
lithium salt), creatine, N-2-hydroxyethylpiperazine-N'-2-etha-
nesulphoic acid (HEPES), 1,2-bis(2-aminophenoxy) ethane-
N,N,N',N'-tetraacetic acid (BAPTA), and carbamylcholine
chloride (carbachol) were obtained from Sigma Chemical Co.

(Poole, Dorset, U.K.) 1-[b-[3-(4-Methoxyphenyl)propoxy]-4-
methoxyphenethyl]-1H-imidazole×HCl (SK&F 96365) was
from Biomol Research Laboratories, Inc. (Plymouth Meeting,
PA, U.S.A.).

Results

It was observed in contraction studies that SK&F 96365 at

30 mM reduced the size of contractions to 50 mM carbachol
strips of strips of isolated longitudinal muscle by more than
50%. However, in view of its ability to inhibit several channels

types (see Discussion) this e�ect may result from binding at a
number of channels or sites in the smooth muscle cell.

E�ects of SK&F 96365 on carbachol-activated current

In these experiments inward cationic current was evoked by
carbachol applied in the bathing solution to cells voltage-

clamped at 740 mV at least 3 min after break-through.
Carbachol was applied in the bath at 50 mM, a concentration
close to the maximally e�ective in these cells (Bolton & Zholos,

1997). When current became steady, the current-voltage
relationship was measured with a slow 6 s duration voltage
ramp from 80 mV to 7120 mV (Figure 1A, control trace).

SK&F 96365 added to the external solution cumulatively at
ascending concentrations produced cationic current inhibition
with a characteristic change in the I-V relationship shape.

Thus, current in the negative voltage range progressively lost
its typical U-shaped dependence on the membrane potential
whereas in the positive range the inhibition at all concentra-
tions used was more substantial (Figure 1A). As an example, at

30 mM SK&F 96365 inhibited cationic current at 80 mV by
96% compared to 63% inhibition at 7120 mV. Plotting
relative current amplitude measured at two di�erent potentials

against SK&F 96365 concentration revealed an increase in the
apparent dissociation constant from 6.5 to 14.5 mM with
hyperpolarization from 80 to 780 mV (Figure 1B). Such

progressive increase of the IC50 value was observed over the
entire range of potentials (Figure 1C).

The above observations suggested that the inhibitory
potency was a function of the membrane potential. In the

experiment illustrated in Figure 2A voltage pulses from740 to
80 mV (600 ms duration) were applied every 5 s while SK&F
96365 was added at ascending concentrations in the presence

of 50 mM carbachol. At 1 mM the inhibition was apparent only
at 80 but not at 740 mV; at higher concentrations the current
at 80 mV was blocked more rapidly and to a larger extent than

at 740 mV (Figure 2C). Nearly full recovery from the
inhibition was observed within about 1 min after SK&F

96365 removal. It also appeared that the block accumulated at
positive potentials and was somewhat relieved after stepping
back to 740 mV as inward current relaxations at this

potential were observed. To study this phenomenon we used
longer voltage steps as illustrated in Figure 3. After obtaining a
control steady-state response to carbachol at 740 mV and
stepping to 80 mV for 20 s, SK&F 96365 was applied which

resulted in a small slowly developing inhibition at 740 mV.
However, stepping to 80 mV in the presence of the blocker
resulted in a rapid additional inhibition which developed with

a time constant of 0.6 s. Returning the potential to the holding
level evoked an inward tail current with a time constant of
5.6 s which could be attributed to the voltage-dependent

disinhibition of the muscarinic receptor cationic channels.
From the initial and ®nal steady-state current amplitudes

during current relaxation at 740 mV one could estimate the
amount of block during a preceding step to a wide range of

test potentials, even at potentials close to the reversal
potential where current could not be measured directly (e.g.
0 mV under our experimental conditions). In the experiment

illustrated in Figure 4A a series of long steps was applied

Figure 2 Voltage dependence of the inhibitory e�ect of SK&F 96365
on carbachol-activated cationic current. (A,B) time- and concentra-
tion dependence of the inhibition at two test potentials. SK&F 96365
was applied at ascending concentrations in the presence of 50 mM
carbachol while rectangular voltage steps to 80 mV from the holding
potential of 740 mV (0.6 duration) were applied every 5 s. Dotted
lines in B indicate background current amplitude at corresponding
potentials measured before carbachol application. (C) concentration-
e�ect curves at 80 mV (IC50=4.1 mM, P=1.8) and 740 mV
(IC50=10.9 mM, P=1.0).
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Figure 3 Membrane depolarization induced rapid additional inhibition of the cationic current by SK&F 96365. Carbachol was
applied at the moment indicated and was maintained at 50 mM throughout the experiment. SK&F 96365 applied at 740 mV
partially inhibited cationic current with a time constant of 9.4 s. Upon voltage step to 80 mV additional strong inhibition with a
time constant of 0.6 s occurred which was relieved after repolarization to 740 mV with a time constant of 5.6 s (superimposed
dotted lines show single exponential ®ttings). Note the 7 min gap in the record to wash out SK&F 96365.

Figure 4 Voltage dependence and kinetics of the inhibition at ®xed SK&F 96365 concentration. (A) cationic current evoked by
50 mM carbachol at 740 mV in control (left) and following 20 s duration voltage steps to di�erent test potentials (note that only the
last 5 s segment is shown for each trace during the test pulse). All traces were recorded in the presence of 10 mM SK&F 96365.
Dotted line indicates background current amplitude at 740 mV before agonist application. (B) per cent of depolarization-induced
inhibition of the cationic current plotted against test potential for the data shown in A. The values were calculated as a/b6100%
with a and b measured as shown in A. Data points were ®tted by a Boltzmann distribution with the potential of half-maximal
inhibition of 18 mV and slope factor of 718 mV. (C) per cent inhibition of the cationic current evoked by intracellular 200 mM
GTPgS application (no carbachol in the bath) depending on test potential in the presence of 30 mM SK&F 96365. Voltage protocol
was similar to that illustrated in A. Best-®t values for the potential of half-maximal inhibition and slope factor were +38 mV and
713 mV, respectively. In the same cell the time constant of the inhibition during test depolarization decreased e-fold per 11.9 mV.
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(20 s duration, note that only the last 5 s segment at each
potential is plotted) in the presence of 10 mM SK&F 96365.
Percentage of the depolarization-induced inhibition (calcu-

lated as shown for the fourth trace) is plotted against the
preceding test potential in B. At a constant concentration of
SK&F 96365 the inhibition was a sigmoidal function of the

membrane potential characterized by the potential of half-
maximal increase of 18 mV and the slope factor of 718 mV
(continuous line in Figure 4B).

E�ects of SK&F 96365 on GTPgS-activated current

Since inhibition and disinhibition of the carbachol-activated
cationic current by SK&F 96365 developed more slowly than
activation and deactivation of the current upon carbachol
application and removal (Figure 2A, B), it was possible that

the blocker a�ected agonist interaction with the muscarinic
receptor. Competitive inhibition of agonist binding to the
muscarinic receptors by SK&F 96365 has been reported (Lin &

Wang, 1996). To test this possibility in the next series of
experiments cationic conductance was activated by GTPgS
applied intracellularly in order to activate G-proteins directly,

so bypassing the muscarinic receptors. It has been shown
previously that GTPgS in the guinea-pig ileal cells activates the
same cationic conductance (Komori & Bolton, 1990; Zholos &
Bolton, 1996a). Following break-through with patch pipettes

containing 200 mM GTPgS (no carbachol in the bath) cationic
current measured at 740 mV developed slowly to reach a
steady-state level within approximately 3 ± 5 min and then was

sustained for many tens of minutes (Zholos & Bolton, 1996a).
This GTPgS-induced current was inhibited by SK&F 96365 in
a similar voltage-dependent manner suggesting that the

cationic channel rather than the muscarinic receptor was the

binding site for SK&F 96365.
As the GTPgS-evoked current was very stable (Zholos &

Bolton, 1996a) the voltage dependence and kinetics of the

inhibitory action of SK&F 96365 could be studied in more
detail. Using the voltage protocol illustrated in Figure 4A,
cationic current relaxations at740 mV following voltage steps

to various test potentials with 10 mV increments were
analysed. In the example illustrated in Figure 4C, SK&F
96365 at 30 mM produced voltage-dependent inhibition with

the potential of half-maximal increase of 38 mV and the slope
factor of 713 mV (continuous line connecting closed triangles
in Figure 4C). In di�erent cells these parameters varied to

some extent with an average values of 50.7+8.6 mV for the
V� of the inhibitory e�ect and 717.3+1.5 mV for the slope
factor (n=6). In some cells there was no inhibition at
potentials negative to about 720 mV (e.g. Figure 4C), or

even a slight increase of the current after SK&F 96365
application. Over the same voltage range membrane depolar-
ization accelerated the rate of the inhibition approximately

with the same voltage dependence (continuous line connecting
open triangles in Figure 4C, e-fold decrease of the time
constant per 11.9 mV).

Since membrane depolarization accelerated and poten-
tiated the inhibitory e�ect of SK&F 96365 on cationic
channel membrane hyperpolarization was expected to
accelerate the kinetics of the disinhibition process. We

employed the voltage protocol shown in Figure 5A, bottom,
to study this process. A voltage step to 80 mV was followed
by a step to potentials ranging from 710 to 7120 mV with

10 mV increments. In the control the previously described
voltage-dependent deactivation of the cationic current with a
time constant of several tens of milliseconds was seen at

potentials negative to about 750 mV (Figure 5A, top)

Figure 5 Voltage dependence of the disinhibition kinetics. (A) GTPgS-evoked cationic current relaxations at various test potentials
following voltage step to 80 mV in control and in the presence of 30 mM SK&F 96365. (B) mean values for the disinhibition time
constant plotted against test potential (n=5). Superimposed current traces shown in the inset were obtained using GTPgS to activate
the cationic conductance before and after SK&F 96365 application. Inhibition by 30 mM SK&F 96365 at 80 mV and disinhibition at
770 mV developed with the time constants indicated. The horizontal dotted lines indicate zero current level.
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(Inoue & Isenberg, 1990; Zholos & Bolton, 1994).
Relaxation of the current in the opposite direction was seen
in the presence of SK&F 96365 (Figure 5A, middle; compare

to Figures 3 and 4A). The rate of this process was
accelerated with membrane hyperpolarization so that the
time constant decreased from about 4 s at 710 mV to 1.4 s
at 7120 mV (Figure 5B). The inset in Figure 5B shows that

both development of the inhibition and disinhibition could
be well described by a single exponential function. In this
example as in Figure 4C there was no e�ect at 740 mV and

inhibition was ®rst established at 80 mV before examining
recovery at various potentials.

Using voltage steps of variable duration we also made a

quantitative comparison between fractions of current
inhibited at positive potentials and recovering from the
inhibition at negative potentials. In the experiment illu-

strated in Figure 6A, cationic current was activated by
intracellular GTPgS and, in the presence of 30 mM SK&F
96365, the duration of a voltage pulse from 780 to 80 mV
was incremented from 0.5 to 12 s to induce a gradually

increasing inhibition. Following repolarization to 780 mV
disinhibition was seen. Figure 6B compares per cent
inhibition of the current at both potentials for this (circles)

and another cell (squares) studied with this protocol. Nearly

identical values were obtained for the inhibition measured at
the end of the pulse to 80 mV and immediately after
repolarization to 780 mV thus indicating that the same

channels were involved in the cationic current generation at
both potentials.

Discussion

In the present study we characterized the inhibitory action of
the imidazole compound SK&F 96365, generally considered as
a selective inhibitor of receptor-mediated Ca2+ entry, in

particular of store-operated Ca2+ in¯ux, which is the dominant
Ca2+ entry mechanism in nonexcitable cells (for a review see
Parekh & Penner, 1997). In previous studies this drug was

found to inhibit receptor-stimulated Ca2+ entry following
store depletion in various cell types such as human platelets,
neutrophils and endothelial cells (Merritt et al., 1990),

lymphocytes (Mason et al., 1993), HL-60 cells (Koch et al.,
1994), Jurkat T cells (Sei et al., 1995) and in several di�erent
smooth muscles (Li et al., 1997; Wayman et al., 1997;
Takemoto et al., 1998; Wassdal et al., 1998; Yang, 1998;

Lagaud et al., 1999). However, SK&F 96365 is neither very
potent (the IC50 in most cases around 10 mM) nor selective as it
can also inhibit voltage-gated Ca2+ channels (Merritt et al.,

1990), K+ channels (Schwarz et al., 1994), the SR Ca2+

ATPase (Mason et al., 1993), stimulate phosphoinositide
hydrolysis and cause intracellular Ca2+ release (Arias-

Montano et al., 1998) and facilitate nicotinic receptor
desensitization (Hong & Chang, 1994).

Cationic channels opening causes membrane depolarization

during muscarinic cholinergic excitation of visceral smooth
muscles. Some pharmacological properties of these channels
have been recently studied in detail. Many well-known
blockers of other channels were found to be e�ective in

inhibiting the muscarinic receptor cationic current, generally
within typical concentration ranges. These include inorganic
Ca2+ channel blockers Zn2+, Cd2+, Ni2+, Co2+, Mn2+ (Inoue,

1991; Inoue & Chen, 1993; Lee et al., 1993; Fleischmann et al.,
1997) in which case the block was practically voltage-
independent with little change in the reversal potential or

sensitivity to the agonist. K+ channel organic blockers
inhibited the cationic current in a voltage-dependent manner
with quinidine being the most potent (IC50=0.25 mM) followed

by quinine (1 mM), 4-aminopyridine (3.3 mM), TEA+

(4.1 mM), procaine (1 ± 5 mM) (which also blocks many other
voltage-gated channels and the Ca2+ release process) (Chen et
al., 1993; Lee et al., 1993; Kim et al., 1995; 1998). Ca�eine, a

Ca2+-releasing agent, also blocks cationic current (*10 mM)
(Chen et al., 1993). Diphenylamine-2-carboxylate (DPC)
derivatives (DCDPC and ¯ufenamic acid), which strongly

inhibit Ca2+-activated cationic channels and Cl7 channels,
also block muscarinic receptor cationic current with IC50

values of about 30 mM (Chen et al., 1993). Among these

blockers only quinidine appears to be a relatively selective for
the muscarinic conductance.

Many blockers behave in a voltage-dependent manner and
several mechanisms have been proposed to explain this though

in most cases it is very di�cult to distinguish between them (for
a review see Hille, 1992). For the cationic current, inhibition by
TEA, 4-AP, procaine, quinine, quinidine and ca�eine was

strongly attenuated by membrane depolarization, an e�ect
explained by the location of the binding site some way down
the channel pore, partway across the voltage ®eld, or, for

positively charged blockers like TEA, by the e�ect of driving
force (Chen et al., 1993; Kim et al., 1995). An alternative, or

Figure 6 Comparison of fractional current inhibition of GTPgS-
evoked cationic current by SK&F 96365 at 80 and at 780 mV. (A)
superimposed current traces and voltage protocol used in this
experiment to study GTPgS-induced cationic current in the presence
of 30 mM SK&F 96365. Dotted lines show background current
amplitude at 80 mV (upper line) and 780 mV (lower line) measured
immediately after break-through before the GTPgS e�ect had
developed. (B) per cent inhibition of the current at 80 mV and
780 mV calculated from the traces shown in A (circles) and for
another cell studied with the same protocol (squares). Note the same
time scale in both panels.
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additional, possibility is that the channel macromolecule is
in¯uenced by the membrane potential such that the binding
site changes its availability or a�nity towards the blocking

molecule (Hille, 1992). Considering such a mechanism of block
it is interesting to note that cationic channel gating occurs over
a considerably more negative voltage range and depends on the
amount of activated G proteins; generally the V1/2 values for

the Boltzmann-type curves are negative to about 780 mV
(Zholos & Bolton, 1994) as compared to the V1/2 value for the
blocking action of SK&F 96365 which was positive to about

20 mV. Open-channel block (exempli®ed by the e�ects of
internal TEA and quaternary ammonium ions or local
anaesthetics on other channels) thus can be excluded. The

direction of current ¯ow also seems irrelevant because
percentage of the inhibition by SK&F 96365 was a smooth
sigmoidal function of the membrane potential in the voltage

range where cationic current reversed or was only outward
(e.g. Figure 4B, C).

Kinetics of the inhibition and disinhibition during voltage
steps as well as recovery from the inhibition after wash-out

imply that SK&F 96365 falls into the category of `slow'
blockers which have long residency time (Hille, 1992).
Acceleration of the inhibition with increasing membrane

positivity had the same voltage dependence as the relative
potency of the blocker (Figure 4C) and together with the
acceleration of the disinhibition with membrane hyperpolar-

ization (Figure 5) was in complete agreement with the e�ects of
the membrane potential on the apparent dissociation constant.

From our previous work a number of signi®cant di�erences

in the muscarinic receptor cationic current behaviour at
positive and negative potentials has emerged. Notably, (i) the
Boltzmann-type relation describes the cationic conductance
only at negative potentials whereas in the positive range

considerable deviation is seen (compare also to Inoue &
Isenberg, 1990); (ii) desensitization was very slow at positive
potentials such that cationic current measured at 80 mV

changed very little whereas at the same time and in the same
cell current at 7120 mV could be nearly completely lost
(Zholos & Bolton, 1994; 1996a); (iii) ¯ash-release within the

cell of GTP or GDPbS were almost without e�ect at positive
potentials but strongly increased or inhibited, respectively,
cationic current at negative potentials (Zholos & Bolton,
1994); (iv) external divalent cations strongly inhibited cationic

current at negative potentials but the e�ect was negligible at
positive potentials (e.g. Figure 11A, B in Zholos & Bolton,
1995); (v) sensitivity to the agonist and the rate of current

development were higher the more positive the potential
(Zholos & Bolton, 1996b). We have suggested that the same
cationic channel is gated di�erently at di�erent potentials
depending on the amount of activated G-proteins in the cell

providing that several activated G-proteins may bind to the
same channel thus prolonging its opening at any potential;
with hyperpolarization more bound G-proteins are required to

open the channel. Similar allosteric regulation of gating by
binding of variable numbers of Gbg subunits to muscarinic K+

channel has recently been suggested to explain G protein-

mediated shifts in modal preference in atrial cells (Ivanova-
Nikolova & Breitwieser, 1997). Moreover, our recent single
channel studies have shown that, though in ileal smooth

muscle cells two di�erent cationic channels are present with
single-channel conductances of 8 ± 9 and 40 ± 50 pS, the major
contribution both at negative and positive potentials is made
by the channel with larger conductance (Zholos & Bolton,

1998).
However, given so many important di�erences, the

additional evidence on SK&F 96365 for the same channel

mediating cationic current generation at negative and
positive potentials is very important. Our quantitative
comparison between fractions of current inhibited at

positive potentials and relieved from the inhibition at
negative potentials gave almost identical values (Figure 6)
thus providing a strong evidence for the same type of

cationic channel generating current in the whole voltage
range.

In conclusion, the inhibitory action of SK&F 96365 on
the muscarinic receptor cationic channels in ileal smooth

muscle cells is consistent with the recent suggestion that
Trp6 may encode the channel (Walker et al., 1999).
However, this is not strong evidence as many non-speci®c

e�ects have been reported for this drug. Nevertheless, this
blocker has a unique voltage-dependent mode of action for
this particular channel likely to be very useful in identifying

expressed channel proteins in future molecular biology
studies.

Supported by grant number 051162/Z from The Wellcome Trust.
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