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Properties of the cromakalim-induced potassium
conductance in smooth muscle cells isolated from the
rabbit portal vein
1D.J. Beech & 2T.B. Bolton

The Department of Pharmacology & Clinical Pharmacology, St. George's Hospital Medical School, Cranmer
Terrace, London, SW17 ORE

1 Single smooth muscle cells were isolated freshly from the rabbit portal vein and membrane
currents were recorded by the whole-cell or excised patch configurations of the patch-clamp tech-
nique at room temperature.
2 Cromakalim (Ckm, 10pM) induced a potassium current ( that showed no pronounced
voltage-dependence and had low current noise.
3 This current, ICkm, was inhibited by (in order of potency): phencyclidine > quinidine > 4-
aminopyridine > tetraethylammonium ions (TEA). These drugs inhibited the delayed rectifier
current, 'dK' which is activated by depolarization of the cell, with the same order of potency.
4 Large conductance calcium-activated potassium channels (LKCa) in isolated membrane patches
were blocked by (in order of potency) quinidine > TEA t phencyclidine. 4-Aminopyridine was
ineffective. A similar order of potency was found for block of spontaneous transient outward cur-
rents thought to represent bursts of openings of LKCa channels.
5 The low current noise of ICkm at positive potentials, and its susceptibility to inhibitors indicated
that it was not carried by LKCa channels, and that it may be carried by channels which underlie 'dK.
It was observed that when Ickm was activated, 'dK was reduced. However, in two experiments, ICkm
was much more susceptible to glibenclamide than IdK; possible reasons for this are discussed.

Introduction

Cromakalim (Ckm; BRL 34915) belongs to a group
of drugs that appear to have a novel mechanism of
action and are presently termed K+-channel openers
(Weston & Abbott, 1987; Cook, 1988). It is active on
cardiac muscle (Osterrieder, 1988) and on neurones
(Alzheimer & ten Bruggencate, 1988) but appears to
be most potent on smooth muscle. Although Ckm
has a number of potential clinical applications,
emphasis has been placed on its possible use as a
peripherally acting anti-hypertensive (Vandenburg et
al., 1986), where it seems to act directly on the vascu-
lar muscle, independently of the endothelium
(Southerton et al., 1987). The decrease in muscle tone
has been proposed to result from a hyperpolar-
ization caused by an increase in the K+-conductance
of the smooth muscle cell membrane (Hamilton et
al., 1986). However, other mechanisms may contrib-
ute to the action of Ckm, because the spontaneous
electrical and phasic mechanical activity of smooth
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muscle (e.g. Weir & Weston, 1986b; Quast, 1987) can
be inhibited without hyperpolarization occurring
(see also Cook, 1988).

This study has investigated the mechanism under-
lying the hyperpolarization by evaluating the effects
of Ckm on the membrane currents of single rabbit
portal vein smooth muscle cells. Ckm was found to
increase the membrane K+-conductance. The
voltage-dependence of this conductance was exam-
ined and the hypothesis assessed that Ckm acts to
increase the open-time of a population of K+-
channels identifiable in these cells by other means.
Preliminary findings have been communicated
(Beech & Bolton, 1987a,b).

Methods

Cell dispersion

Adult, New Zealand White rabbits (2.5-3 kg) were
killed by injection of a lethal dose of sodium pento-
barbitone. The main branch of the portal-mesenteric
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vein was removed and dissected free of fat and con-
nective tissue. It was cut into small pieces
(-2 x 3mm) and six were incubated in low-Ca2+
(20-30 pM) physiological salt solution (PSS) for
10min (360C) and then re-suspended in a mixture of
papain (5mg ml), DL-dithiothreitol (DTT, 3-5 mM)
and bovine serum albumin (BSA, 2-4mgml-1) in
the low-Ca2+ solution for 20-30min at 360C. Tissue
segments were then removed from the mixture and
mildly agitated in the low-Ca2+ PSS. The isolated
cells were centrifuged (100g for 1.5min), the pellet
re-suspended in PSS containing 0.8mm CaCl2 and
the suspension stored on glass cover-slips at 40C.
Cells were used between 2 and 12 h after isolation.

Current recording and analysis

Recordings were made by using the whole-cell or
excised-patch configurations of the patch-clamp
technique (Hamill et al., 1981). Patch pipettes were
made of borosilicate glass (external diameter 1.4-
1.6 mm, internal diameter 0.6-0.8 mm) and had
resistances of 1-4 MCI (whole-cell recording; access
resistance = 5-10 MC) or 5-10MO (excised-patch
recording). A List EPC-7 current-voltage converter
was used. Data were recorded on FM-tape (Racal)
and were either displayed on a chart recorder (Gould
2400S) or digitized off-line by means of a CED 1401
analogue-to-digital interface (Cambridge Electronic
Design), stored on floppy diskettes and then dis-
played by a graph plotter (7470A Hewlett Packard).
Digital records were analysed by a BBC micro-
computer in conjunction with the CED 1401. All
currents were low-pass filtered at 1 kHz with an
8-pole Bessel filter (Barr & Stroud; attenuation
rate= 48 dB/octave). Functions were fitted by the
iterative algorithm of Marquardt (1963), with the cri-
terion of minimizing the unweighted sum of the
squares of the deviations. Leakage current (whole-
cell) was subtracted by an analogue circuit. Twenty
mV hyperpolarizing steps (each 0.5s) were applied
I s after each depolarizing step and the inward
current required was inverted, multiplied by the
appropriate factor and subtracted from the current
elicited by the depolarizing step.

Solutions and reagents

The PSS used in the bath had the following com-
position (mM): Na+ 126, K+ 6, Ca2" 1.7, Mg2+ 1.2,
Cl- 137.8, glucose 14, HEPES 10.5 and was titrated
to pH 7.2 with NaOH. When the ionic composition
of this solution was altered, the osmolarity was
maintained by adjusting the NaCl concentration.
Recording pipette (=intracellular) solution had the
following composition (mM): K+ 133.5, Mg2+ 1.2,

C1- 136, EGTA 0.8, glucose 14, HEPES 10.5 and
was titrated to pH 7.2 with NaOH. The Ca2+ con-
centration of this solution was estimated to be 1 nm
(when 10nm Ca2+ was required 0.07mm CaCl2 was
added). For some experiments GTP (-0.2mM)
and/or ATP (1 mM) were included in the pipette solu-
tion in an attempt to improve the responsiveness of
the cells to Ckm. PSS containing 4-aminopyridine
(4-AP, >1 mM) was alkaline and was titrated to pH
7.2 with HCL. PSS containing phencyclidine (100pUM)
was acidic and was titrated with NaOH to pH 7.2.
Experiments were performed at room temperature
(20-23°C).

Papain (type 4), DL-dithiothreitol (DTT), bovine
serum albumin (BSA), tetraethylammonium chloride
(TEA), 4-aminopyridine (4-AP), quinine, procaine,
phencyclidine hydrochloride, glibenclamide, gua-
nosine 5'-triphosphate (GTP), adenosine 5'-
triphosphate (ATP), ethylene glycol bis-(b-
aminoethyl ether) N,N,N',N'-tetraacetic acid
(EGTA), N-2-hydroxyethylpiperazine-N'-2-ethane-
sulphonic acid (HEPES) were all obtained from
Sigma. Quinidine hydrochloride (BDH) and (±)-6-
cyano-3,4-dihydro-2,2 dimethyl-trans-4-(2-oxo- 1-
pyrollidyl)-2H-benzo[b]pyrano- 3-ol (cromakalim,
Beecham) were also used. Charybdotoxin from
Leiurus quinquestriatus venom (for the separation
procedure see Castle & Strong, 1986) and apamin
were generous gifts from Dr P.N. Strong.
Drugs were bath applied by an infusion-

withdrawal system. The bath volume was -0.5 ml
and exchange was judged to be complete within 15-
20 s. All responses were assessed after complete
equilibration of drugs.

Results

Patch-clamp recording in the 'current-clamp' mode
enabled an estimation of the resting membrane
potential of single cells which had known ionic gra-
dients, to be made. For the example shown (Figure
1A), the ionic gradients were physiological (see
Methods) and the potential fluctuated around
-35 mV. Application of Ckm (10OpM) increased the
potential to about -70mV and this was maintained
in the presence of Ckm. The response reached a
maximum slowly, after about 4-5 min, and a
decrease in voltage noise occurred concomitant with
the hyperpolarization. Increasing the concentration
beyond 10 jM had very little further effect; 1 jM Ckm
produced only a small hyperpolarization (2-5 mV).

Voltage-clamp of single cells using low resistance
pipettes permitted the recording of current across the
cell membrane when the ionic gradients were known.
Figure 1B shows current, relative to zero current (i.e.
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Figure 1 Effects of bath applied cromakalim (Ckm; 1OMm) on membrane potential and currents recorded from
rabbit portal vein single smooth muscle cells bathed in physiological salt solution (PSS). (A) Pipette current was

maintained constant and membrane potential recorded. Ckm increased the membrane potential by about 35mV
after 4min. (B) Voltage-clamped cell, where the broken line represents zero holding current. The cell was held at
-45 mV and stepped to 0 and -75 mV, each for 0.5 s every 5 s. Records show the control (a), 3 min (b) and 5 min (c)
after the application of Ckm, and after repeated washing (d). The outward current induced by Ckm (Ick.) was
associated with an increase in membrane conductance (g&k.). Quasi-instantaneous current is marked (-.).

when the holding potential (HP) was the resting
membrane potential) recorded from a cell clamped at
-45mV and bathed in PSS. The step to OmV elic-
ited a capacity current (outward), followed by a
quasi-instantaneous current (the difference between
the current at the holding potential and the current
level to which the capacity current decays before
voltage-gated currents develop) and then a time-
dependent outward current. The step to -75 mV
induced a capacity current (inward) followed by a

time-independent inward current. Application of
Ckm (10pM) generated an outward current (Ick.)
with respect to the control holding current which
averaged 43.7 + 5.3 pA (mean + s.e.mean, n = 12;
HP -40 mV, K+-equilibrium potential (EK) at
-78 mV). 'Ckm was always associated with an
increase in the quasi-instantaneous current, indicat-
ing an increased membrane conductance (gckJ). The
fact that the current was outward and was carried by
K+ (see below) suggested that the effect was not due
to a decrease in the seal resistance. Figure lB shows
that the current required to clamp the cell at
-75mV was similar for both the control and after
equilibration with Ckm, suggesting that Icim
reversed near this potential, that is, near EK (at
-78 mV). The effect of Ckm on the quasi-
instantaneous current reversed slowly after extensive
washing (Figure lBd).

Reversal potential ofIkm

To determine the ion selectivity of &cm the potential
at which IckY reversed was estimated. Cells were
equilibrated for 10min after establishing the whole-
cell configuration in an attempt to minimize the
effect of any slowly shifting junction potential. To
find the reversal potential the currents required to
step the cell for 100 ms to various potentials more
negative inside than the holding potential were mea-
sured and plotted against voltage both in the
absence of Ckm and after ICKm had developed fully
(see Figure 2a). The voltage at which the two lines
intersected gave the reversal potential for ICkm,
For the cell illustrated in Figure 2a, EK was at

-58mV and Ickm reversed close to this at -59mV
(-55 + 2mV, n = 3). For the cell illustrated in
Figure 2b, EK was at -78 mV and for the plot the
control current was subtracted so that only Ickm is
shown. At a holding potential of -50 mV, IClm
reversed close to EK at -77 mV (-73 + 3 mV,
n = 5), and at a holding potential of + 30mV (1 min
was allowed for inactivation of voltage-gated chan-
nels: see below) the reversal potential was similar.
These results suggested that &ckm was K +-selective.
The small discrepancy between the mean reversal
potential for IcIm and EK can probably be attributed
to a junction potential, especially since spontaneous
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Figure 2 Measurement of the reversal potential for the
cromakalim (Ckm)-induced potassium current (ICkm).
Abscissae: transmembrane potential (mV). Ordinate
scale: inward (-) and outward (+) transmembrane
current. (a) The K+ equilibrium potential (Ex) was at
-58 mV (bath K+ concentration = 13 mM) and the cell
was held at -40mV. The points represent the currents
required to hyperpolarize the cell from the holding
potential plotted relative to zero current; control (A),
1OgM Ckm (0). (b) ICkm measured in two experiments
on one cell which was bathed in PSS (EK at -78 mV).
Two holding potentials were used; - 50mV (x) and
+ 30mV (0) and each was established for 1 min before
the hyperpolarizing steps were applied (method as for
a). Current in the absence of Ckm was subtracted from
current with 1OpM Ckm present and the line was drawn
by eye. Positive current is outward, negative current is
inward according to the usual convention.

transient outward currents (see below) were found to
reverse at the same potential as ICkm (Beech, 1988).
The relationship between current and potential

(Figure 2b) was represented by a shallow curve indi-
cating that gc&km showed little voltage-dependence.
The curved nature of the voltage/current relation-
ship may reflect the equivalent relationship for the
single channel currents underlying the response, as
mild outward rectification is commonly observed for
single K+-channels recorded from the excised patch
when exposed to an asymmetrical K+-gradient (e.g.
see Benham et al., 1986).

Effects ofK+ channel inhibitors on ICkm

The effects of inhibitors on 'Ckm were determined by
applying increasing concentrations of each inhibitor
once ICkm had been established. Inhibition was mea-
sured as the change in holding current relative to the
control level and to ICkm in the absence of inhibitor.
For these experiments, cells were held at -40mV to
establish the largest driving force without activating
IdK (the delayed outward rectifier K +-current of
these cells: see below). Changes in the control
holding current induced by the inhibitors were
assessed in separate cells (n = 3-4): small inward
shifts were found for quinidine, 4-AP and TEA and
points shown in Figure 7a have been corrected for
these effects.
The inhibitory effects of phencyclidine, quinidine,

4-AP and TEA on ICkm are illustrated in Figures 3
and 7a. Phencyclidine (n = 3) blocked Ickm com-
pletely at 100yM, 50% block occurred at about 4yM
and the effect was fully reversible after wash-out
(Figure 3a). Quinidine (n = 3) induced complete
block at 10O MM and 50% block at about 10 uM
(Figure 3b). 4-AP (n=4) at 0.2mm caused about
50% block but higher concentrations produced
further block in some cells, whilst increasing Ickm in
others (Figure 3c). TEA (n = 5) produced complete
block at 40mM and 50% block at about 7mM
(Figure 3d). ICkm was inhibited by quinine (0.1-
0.4 mM, n = 1) or procaine (5 mm, n = 2), but was
unaffected by charybdotoxin (100 nM, n = 3). The
experiments indicated that the inhibitors had the fol-
lowing order of potency against ICkm; phencyclidine
> quinidine = (quinine) > 4-AP > (procaine) >
TEA (parentheses indicate when the concentration
for 50% block was not determined).

Effects of inhibitors on large conductance
Ca2'-activated K + (LKC) channels

LKCa channels are of large unitary conductance and
have been characterized for a number of smooth
muscle types (Inoue et al., 1985; Benham et al.,
1986). In this study, unitary currents were recorded



CROMAKALIM-INDUCED K+-CONDUCTANCE 855

a Cromakalim (10 FLM)

__ -----

0 1 10 100 FM Wash

b

20s

0 6.3 25 100 FM

.-

- 0 0.04 0.2 1 5mM

d

0 0.3 2.5 10 40 mM

Figure 3 The effects of phencyclidine (a), quinidine (b), 4-aminopyridine (c) or tetraethylammonium (d) on holding
current (HP -40mV) in the presence of 10 M cromakalim (Ckm). The broken lines represent zero holding current,
the records on the left indicate the control current levels and all others are in the presence of 10Mm Ckm. The
calibration bars represent 50pA and upward deflection outward current.
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Figure 4 Effects of bath applied quinidine (b), tetraethylammonium (TEA, d) or 4-aminopyridine (4-AP, 1) on large
conductance Ca2+-activated K+ (LKC.) channels in outside-out membrane patches exposed to a physiological K+
gradient. The plots on the left show current amplitude histograms for 4s of record ( .4000 points) fitted by Gauss-
ian functions. Signals were captured at 1 kHz and the bin size was 0.16 pA. Shown on the right are actual records
(1 s) for the same experiments, where the continuous line indicates the current level when no channel openings were
observed (C) and the broken line the first unitary current level (01) in the absence of any drug. PSS indicates the
absence/wash-out of drug.
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potentials were -lOmV (ac) and -35mV (b). Qunidine (a) or TEA (b) each reduced STOCs in a concentration-
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STOC amplitude at 8 mM.

0o

igAij 1-iijill IA .-

. I I

-_~ .-1 A..,



CROMAKALIM-INDUCED K +-CONDUCTANCE 857

I'2l L - 0 _ L-

a

K~ 11fi

7.I

the

- 5,0 mV
-65,-60

i s

250 pA
-' 1 - -'' -

0 1 10 10lj Wash
b

B <
0

c

6.3 25 100 400 p.m

0 0.1 0.5 2 8 mM
d

K'Lf,-0
0 0.4 2 10 50 mM

Figure 6 The effects of phencyclidine (a), quinidine (b),
4-aminopyridine (4-AP) (c) or tetraethylammonium
(TEA) (d) on whole-cell current (IdK) activated upon

depolarization to OmV (a; HP -60mV) or -5mV (b,c,
d; HP -65 mV) for cells bathed in PSS. The steps were
of 0.5 s duration and all vertical calibration bars rep-
resent 250 pA. Scaled leakage current was subtracted.
Control currents (0) are shown on the left, upward
deflection indicates outward current and continuous
lines mark the control current at the holding potential.
The time-dependent outward current measured at the
end of the depolarizing step was taken to represent IdK'

through these channels in the excised outside-out
patch. As described by Inoue et al. (1985), the chan-
nels have a conductance of about 100pS at OmV
when exposed to a physiological K+-gradient, are
activated upon depolarization and have an opening
probability dependent on the internal Ca2 +-
concentration. It was necessary to buffer Ca2+ to

< 10nM to ensure a low probability of opening, for it
was common to observe many active LKca channels
(> 10) in each patch. Patches were clamped between
-20 and + 35mV so that only 2 to 3 unitary
current levels were observed. The effects of K+
channel inhibitors were assessed by measuring the
decrease in unitary current with increasing concen-
tration of inhibitor bath-applied to the outside of the
membrane, on the assumption that open-channel
block (see Hille, 1984) was the major effect.

Figure 4 shows an assessment of the effects of
quinidine (b), TEA (d) or 4-AP (f) on LKCa channels
in the outside-out patch. Current amplitude histo-
grams were constructed and each peak was fitted by
a Gaussian (Normal) function of the form;

f = fmax{exp((i -a)/2a2)},
where f is the number of points in each bin (the
frequency), i the current amplitude, a the mean of the
curve and a2 the variance about the mean. Quinidine
or TEA, but not 4-AP produced a leftward shift of
the peak(s) for the open state(s), indicating a decrease
in unitary current, and increased a2, which describes
the noise in the open state. No change in the opening
probability of the channels in the presence of any of
the inhibitors was indicated. This suggested that the
block by TEA or quinidine could be described by a
decrease in the mean unitary current and that 4-AP
neither decreased the unitary current nor modified
the gating of these channels.

Quinidine (n = 3) and TEA (n = 3-4) each reduced
the unitary current in a concentration-dependent
manner (Figure 5A), 50% reduction occurring at
about 90 and 300yM respectively (Figure 7b). 4-AP
(n = 3) (up to 8 mM) bath-applied to the outside-out
(Figures 4 and MAc) or inside-out patch had no effect
when applied to either side of the membrane.
Phencyclidine (<10 pM) in one experiment had little
effect on the channels but induced some open
channel block at 100 yM.

Eff7cts of inhibitors on spontaneous transient
outward currents

Spontaneous transient outward currents (STOCs)
are thought to result from the opening of K+ chan-
nels activated by a spontaneous, cyclical release of
Ca2+ from stores within the cell (Benham & Bolton,
1986). To test the postulate that the channels opened
were LKCa channels, the effects of K+ channel inhibi-
tors on STOCs were assessed to enable a compari-
son to be made with the single LKC, channel data.
Effects of STOCs were evaluated by measuring the
sum of their amplitudes over a 1 min period. Quini-
dine (n = 3) and TEA (n = 13) caused a 50%
reduction at about 80gM and 0.5mm respectively
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(Figure 5Ba,b), but phencyclidine (up to 100 Mm) had
little effect in 3 experiments (see Figure 6a) suggest-
ing that STOCs were carried by LKc. channels.
Complete block of STOCs by 4mM TEA indicated
that the small conductance Ca2"-activated K+
channels described by Inoue et al. (1985) play little
role in the generation of STOCs. 4-AP (n = 4) at a
high concentration (.5mM) tended to inhibit the
STOCs of some cells (Figure 5Bc). However, this
seemed to result from an effect on the Ca2 +-stores
and not from a direct effect on the LKCa channels
(Beech, 1988).

Effects of inhibitors on current carried by delayed
rectifier K+ channels (JdK)

When the EGTA concentration in the pipette was
.0.8mm the time- and voltage-dependent outward
current (IdK) elicited upon stepping cells to potentials
negative of OmV has been shown to be carried prin-
cipally by delayed rectifier-like K'-channels, which
are of small conductance (Beech & Bolton, 1989b).
Preliminary experiments (Beech & Bolton, 1987a)
indicated that these channels have a pharmaco-
logical profile unlike that of the LKCa channels.
Experiments were performed in PSS, so both Ca2+-
and K+-currents were expected to be activated upon
depolarization. However, the net current was prin-
cipally IdK at the end of the 0.5 s test pulse, since the
Ca2 +-current is almost completely inactivated at this
time (Ohya et al., 1988). ATP was not included in the
pipette solution as it accentuates the slow Ca2+-
current component of smooth muscle cells (Ohya et
al., 1987). Cl --current did not interfere since currents
were assessed with a test potential near OmV, the
Cl--equilibrium potential. The current measured at
the end of the 0.5 s pulse was, therefore, taken to rep-
resent 'dK-

Phencyclidine (n = 3) reduced IdK with almost
complete block at 1001Mm, 50% block at about 30OM
and recovery on wash-out (Figure 6a and Figure 7c).
Quinidine (n = 3) also reduced 'dK with almost com-
plete block at 400 yM (Figure 6b) and 50% inhibition
at about 30 gM. TEA (n = 4) at 50mM produced only
a 40% reduction of IdK (Figure 6d). In three cells
studied 4-AP reduced IdK at concentrations up to
2mm, inducing 50% block at about 0.2mm (Figures
6c and 7c). Figure 6c shows an increase in transient
net inward current in the, presence of 4-AP, but this
probably reflects a net effect due to reduced outward
current. However, high concentrations of 4-AP
(. 5 mM) tended to augment both outward and
inward currents. Charybdotoxin (100 nM) (Beech &
Bolton, 1989b) or apamin (100nM) had no effect on
IdK. Thus, IdK and Icm showed the same rank order
of susceptibility to the four inhibitors, phencyclidine
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Figure 8 The lack of effect of 10 pM cromakalim (Ckm) on the transient voltage-dependent outward current (Ifo).
(a) Current recorded from a cell bathed in PSS, showing the effect of a 100 ms step to -110mV from the HP of
-40mV; for the control (C) and during the maximum response to Ckm. Records are digital (2 KHz). The horizon-
tal lines (solid for C, broken for Ckm) mark the current level for the -40mV HP before the step was applied (zero
current in b is measured from the solid line). The distance between each of these lines and the appropriate, arrowed
current level gives the amplitude of Ifo at time zero for the step back to -40mV. The time-dependent decay of Ifo
was fitted by a single exponential (shown). (b) The same cell, the inactivation curve for If. was plotted for 100ms
hyperpolarizing steps from -40 mV; for the control (C; *) and in the presence of Ckm (c). Points were fitted by a

Boltzmann equation (see text), indicating that Ifo was 50% inactivated at - 87.3 mV for the control and at -92 mV
in the presence of Ckm.

> quinidine > 4-AP > TEA, and neither were sus-

ceptible to block by apamin or charybdotoxin at
concentrations which block other potassium cur-

rents.

Lack ofeffect ofcromakalim on the transient,
voltage-dependent outward current

The transient voltage-dependent outward current
(Ifo; Beech, 1988; Beech & Bolton, 1988, 1989a) is an
outward current, carried principally by K+, that has
fast kinetics and is activated upon depolarization
from very negative HPs, usually negative to
-50mV. It closely resembles the A-current of neur-

onal cells (reviewed by Rogawski, 1985), which is
thought to regulate spike frequency. The effect of
Ckm on Ifo was investigated because preliminary
experiments have suggested that If. shows a similar

susceptibility to K+-channel inhibitors as does IdK
(and ICkm) If. was blocked by bath applied phency-
clidine or 4-AP but not by TEA, apamin (100 nM) or

charybdotoxin (100 nM) (Beech & Bolton, 1989a). In
addition, if Ckm changed the voltage-dependence of
Ifo this might change spike frequency in the whole
smooth muscle tissue, perhaps explaining why Ckm
can sometimes inhibit spontaneous spike activity at
concentrations that produce no appreciable hyper-
polarization (see Cook, 1988).
Ckm (10uM) in 3 experiments had little effect on

the amplitude, kinetics or inactivation curve of Ifo
(Figure 8). In addition, ICkm was 2.5 x larger than Ifo
at -40 mV. Thus, although Ifo was probably not
maximally activated upon stepping to -40mV it
was reasonable to presume that if ICkm was carried
by the same channels then a reduction in the ampli-
tude of Ifo would occur, but in fact it was slightly
increased. It should be noted that the inactivation

a
-40

mV -110

Ckm

C

C

Ckm
200 pA

200 ms

$ 0"4
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curve for Ifo is not in its steady-state position on the
voltage axis as the hyperpolarizing steps used were
short (100ms). When the channels were given suffi-
cient time for steady-state to be achieved at each
potential the current was 50% available at about
-78 mV (Beech & Bolton, 1989a).

Effect ofcromakalim on IdK

Because 'dK and ICkm had a similar susceptibility to a
number of blocking agents, it seemed possible that
Ckm may act on IdK or a component of it. A depol-
arizing pulse from a negative holding potential
caused activation of IdK which increased to a peak
and then declined; if the pulse was sufficiently long
(several seconds) IdK was almost completely inac-
tivated. Holding for 20s at OmV for example inac-
tivated 'dK almost completely leaving only 150pA of
non-inactivating current as shown in Figure 9b (@)
where the points were fitted by a curve described by
a Boltzmann equation.

I = (Im - Imin)/{1 + exp((V - Vh)/V)} + Imin,

where Vh is the potential at which half of the chan-
nels were available for activation, Vs the slope factor,
I the current available and V the conditioning
voltage. Examples of actual records from two condi-
tioning potentials are shown in Figure 9a. Ckm did
not induce any appreciable shift in the threshold for
activation of IdK
The application of cromakalim produced outward

current at the conditioning potential if this was posi-
tive to EK (Figure 9a, the -90mV conditioning
potential is close to EK and little ICKm is apparent).
Stepping to the test potential (+40mV) in the pre-
sence of cromakalim produced a peak current which
was a little larger than in its absence if the condition-
ing potential was -90mV (Figure 9a and b), but if
the conditioning potential was OmV then peak
outward current was substantially increased (by
about 150pA in Figure 9a,b). Measurements were
made at the peak of the outward current shortly
after the beginning of the test pulse (actually the
outward current record is almost flat during the test
pulse upon stepping from 0mY in Figure 9a). At the
end of the test pulse (4s) cromakalim also increased
outward current more if the conditioning potential
was OmV rather than -90mV (Figure 9a), although
the effect of varying the conditioning potential was
less (Figure 9b). The increase in quasi-instantaneous
current produced by Ckm was similar in size to the
effect ofCkm on outward current, measured either at
peak or the end of the pulse, if 'dK was inactivated by
holding for 20s at OmV before the test pulse (Figure
9). These results show that when Ckm activated
outward current, IdK was reduced and that when IdK

a As
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0
-90

1 s

0.5 nA

Ckm H

C, Ckm

+
LJ-= -i40

- -

mV

(HP -90 mV)

(HP 0 mV)

#Ckm

b

L -a- -

A A A A

A\*

-100 -80 -40
HP (mV)

750

_

0.

*550 C
G)

~0
350 X

0

150

0 +40
TP

Figure 9 The effect of cromakalim (Ckm, 10pM) on
the whole cell delayed rectifier current (Ids). Currents
were recorded from cells bathed in PSS. (a) Effects of
two different 20s conditioning voltage steps (from
-lOOmV to -90mV and from -lOOmV toOmV) on
current elicited upon stepping to + 40mV for 4s, for
the control (C) and in the presence of Ckm. The illus-
trated traces commence shortly before the step to
+4OmV. The broken line represents the current level at
the - lOOmV HP (current above this line being referred
to as outward, see b). Leakage and capacity currents
were not subtracted. Records are digital (0.7kHz). (b)
The same experiment (HP -lOOmV), outward current
at +40mV (see above) plotted against conditioning
voltage. Quasi-instantaneous current at time 3 ms
(control, A; Ckm, A), peak current (control, 0; Ckm,
0) and that after 4s (control, *; Ckm, 0) are shown
(see a). Points were fitted by the Boltzmann equation
(see text). Vh values were -37 and -38 mV, and V, 8.1
and 8.3mV for peak current, before and in the presence
of Ckm, respectively.

--100

Ckm
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was inactivated by holding at 0 mV, Ckm had a
larger effect. This type of result would be expected if
Ckm and depolarization acted on the same popu-
lation of K-channels. Thus, if Ckm has already
opened a proportion of these channels, a smaller
proportion will be available to be opened by a depo-
larizing step.

Figure 9a is of additional interest as steps to
+ 40mV have been shown to activate LKCa channels
(Beech & Bolton, 1989b). These channels do not
inactivate and they contribute the major noise com-
ponent because their unitary conductance is large.
The unitary current amplitude (i) and probability of
opening (p) of a channel population are related to
the mean macroscopic current (I) and its variance
(a2) by the relationship, a2 = i(1- p)I (see Hille,
1984). Thus if the probability of opening is low the
effect of increasing i is to increase noise (a2).
However, for the experiment shown (Figure 9), Ckm
decreased the variance about a single exponential
fitted to the current decay at +4OmV from about
4.5 x that about the mean at - 90mV to about 4 x .
This suggested that Ckm had not increased the
opening probability of LKc. channels in this experi-
ment. It is unlikely that Ckm blocks the channels
underlying IdK because the total outward current
elicited upon depolarization (i.e. including leakage
current) was never observed to be less in the pres-
ence of Ckm (10-100 gM) than it was in the control.

Discussion

These results suggest that cromakalim induced
opening of a population of channels, which allowed
a potassium current to flow in these smooth muscle
cells; normally this would cause hyperpolarization of
the cells. The current, ICkm showed no pronounced
voltage-dependence and was highly selective for K+.
The sensitivity of this current to various inhibitors
was very similar to that of the Ckm-induced 86Rb+/
42K+-efflux (Quast, 1987; Coldwell & Howlett,
1987; Weir & Strong, 1988; Quast & Cook, 1988) or
relaxation (Allen et al., 1986; Wilson, 1987) demon-
strated in smooth muscle tissues, suggesting that ICkm
and Ckm-induced 86Rb/42K efflux and relaxation
have a common underlying mechanism.

Several types of K +-channel have been proposed
to exist in smooth muscle but certain of these chan-
nels do not appear to be involved in the generation
of Icm, Firstly, it seems reasonable to exclude an
apamin-sensitive K+-channel in the action of Ckm
(Weir & Weston, 1986a; Allen et al., 1986; Coldwell
& Howlett, 1987). Secondly, as phencyclidine did not
affect the resting K+-conductance in the present
experiments, the K+-channel type which underlies

this would seem not to generate ICk,. The channels
underlying the M-current (Sims et al., 1985) are
unlikely to be involved as they are not inhibited by
4-AP (Brown & Adams, 1980). The single voltage-
independent K'-channel (K.) described by Inoue et
al. (1986) was shown to close if extracellular Ca2+
was reduced to <10pM, an effect opposite to that
obtained for the Ckm-induced 86Rb+-efflux (Howlett
& Coldwell, 1987). Although there are insufficient
data available to assess the possible role of the slow,
potential sensitive K+-channels (Benham & Bolton,
1983) or the small conductance Ca2+-activated K+
channels (Inoue et al., 1985) of smooth muscle cells,
preliminary experiments with excised inside- or
outside-out patches have not revealed such channels
to be opened by Ckm (unpublished observation,
Beech & Bolton). Ckm was found not to affect Ifo,
which is a transient and rapidly inactivating pot-
assium current available only at strongly negative
potentials (Figure 8).
A number of studies have indicated that Ckm

increases the open-time of the large conductance of
Ca2+-activated K+-channels (LKCa): Kusano et al.
(1987) observed an increase in open-time for on-cell
patch recordings; Gelband et al. (1988) a decrease in
the time constant of the long closed state for Ckm
(0.05pM) applied to the outside of the membrane;
and Trieschmann et al. (1988) an increase in opening
probability resulting from a decrease in the closed
time for Ckm (1 M) applied to the inside of the
membrane. The present experiments do not support
a significant action on LKCa channels, principally on
the basis of the susceptibility of ICkm to inhibitors
and the low noise of Icm which positively excludes
these large conductance (about 100 pS) channels.
Large conductance Ca2+-activated K+-channels,
and spontaneous transient outward currents
(STOCs) showed a different inhibitor sensitivity to
ICkm in particular, they were insensitive to 4-AP,
much more sensitive to TEA and blocked by charyb-
dotoxin (Beech et al., 1987; Kusano et al., 1987).
Ckm-induced 86Rb+-efflux (Weir & Strong, 1988)
and ICkm were not.
A possible explanation for the current evoked by

Ckm is that this drug short-circuits the voltage-gate
of delayed rectifier K+-channels which carry 'dKI so
that an increased open-time is maintained indepen-
dent of the membrane potential or the state of the
channels. Thus, Ckm may open the delayed rectifier
K+-channels from either their resting or inactivated
state, as ICkm could be induced at all potentials
examined (-100 to + 40 mV). The evidence for this
came from experiments which showed that 'dK was
reduced when ICkm was activated. ICkm also showed a
similar sensitivity to that of IdK to several inhibitors.
If Ic'm has some explanation other than the above,
then the time-dependent change in the magnitude of
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Ickm when 'dK is evoked by a depolarizing pulse
needs to be explained. Other substances have been
described which act in a way analogous to that sug-
gested for Ckm: maitotoxin induces a sustained
inward Ca2+-current and a concomitant decrease in
the normal voltage-activated Ca2 +-current
(Kobayashi et al., 1987), and veratridine holds Na'-
channels in an open-state (transition only from the
normal open-state) such that the voltage-activated
Na'-current is reduced (Sutro, 1986).

Although the rank order of potencies of various
inhibitors were the same for ICkm and 'dK' there were
minor differences in potency of individual inhibitors
on 'Ckm and on ldK which could be attributed to the
method of analysis. For example, tachyphylaxis of
the Ckm-induced response, a decrease in the seal
resistance (not compensated for by the control
experiments) or a voltage-dependence of the block
could have contributed to making IcKY appear more
sensitive to inhibition than 'dK. There was, however,
a marked discrepancy when comparing the sensiti-
vities of the currents to glibenclamide in two experi-
ments, ICkm being much more strongly affected
(Figure 10). This observation requires further investi-
gation. The effects of glibenclamide may indicate
that Ckm channels are similar to the ATP-regulated
K+-channels of cardiac cells (Noma, 1983) or pan-
creatic P-cells (Cook & Hales, 1984), which are also
inhibited by this substance (Sturgess et al., 1985),
albeit at a lower concentration (e.g. see Fosset et al.,
1988).
However, we and others have not identified ATP-

regulated K+-channels in smooth muscle cells from
portal vein or small intestine (Ohya et al., 1987;

0.25 s

Beech, 1988), although they have been claimed to be
present in mesenteric artery (Davies et al., 1989). The
current-voltage relationship of Ickm was unaffected
by 1 mm ATP intracellularly (Beech & Bolton,
unpublished) and, moreover, ATP regulated K+-
channels rectify inwardly whereas ICkm rectifies out-
wardly. Several other observations are difficult to
reconcile with the idea that ATP-regulated K+-
channels underlie Icmk The channels described by
Davies et al. (1989) had a conductance of 135 pS
which is the same as that of LKCa channels and 2-3
times larger than that of any other ATP-sensitive
channel (Ashcroft, 1988). Any current through these
135pS channels is likely to be extremely noisy; for
example, in Figure 10 the extra 500pA of current
produced by Ckm would represent the opening (on
average) of 37 channels each carrying 13.5 pA.
Random fluctuations in the number of open chan-
nels would produce a conspicuously noisy current.
However, we found that Ckm reduced current noise
(Figure 9) rather than increased it, which suggests
that the unitary current carried by channels opened
by Ckm might be small. 'dK channels have a conduc-
tance of about 5 pS (Beech & Bolton, 1989b). In con-
trast, the current carried by LKC. channels in single
portal vein cells is extremely noisy at positive poten-
tials and this current, and the current noise, is drasti-
cally reduced by TEA or charybdotoxin (Beech &
Bolton, 1989b). However, glibenclamide had no
appreciable effect on current noise (Figure 10) which
argues strongly against the idea that a large conduc-
tance channel similar in size to the LKC. channel
underlies the Ckm-induced current. Also, Ashford et
al. (1988) have shown that Ckm has no effect on

Cromakalim (10 FM)

-40 __ __ +20mV-40-

200 pAl

Glibenclamide
(50 AMm)

Figure 10 Effect of glibenclamide (50pM) on the outward current to cromakalim (10 ,M). Potential dependent
outward current was elicited by stepping from the holding potential of -40mV to +20mV. Cromakalim was
applied and evoked an outward current (upward displacement of holding current) and outward current was much
larger upon stepping to + 20 mV. Glibenclamide reversed the effects of cromakalim with only a small effect on the
potential-dependent component of current evoked by the +20mV test step; this current is largely the delayed
rectifier current (IdK).
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single, diazoxide-activatable, ATP-regulated K+-
channels from an insulin-secreting cell-line. Thus it is
more likely that block of ICkm by glibenclamide
results from competition at the Ckm-binding site
rather than the blockade of the channel carrying the
current.
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by the MRC. We thank Dr J.S. Denbigh for writing the
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gifts of the toxins and Beecham Pharmaceuticals for the
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