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Abstract. Smooth muscle cells isolated from the second-
ary and tertiary branches of the rabbit mesenteric artery
contain large Ca2+-dependent channels. In excised
patches with symmetrical (140 mM) K+ solutions, these
channels had an average slope conductance of 235 ± 3
pS, and reversed in direction at −6.1 ± 0.4 mV. The
channel showed K+ selectivity and its open probability
(Po) was voltage-dependent. Iberiotoxin (50 nM) revers-
ibly decreasedPo, whereas tetraethylammonium (TEA,
at 1 mM) reduced the unitary current amplitude. Apamin
(200 nM) had no effect. The channel displayed sublevels
around 1/3 and 1/2 of the mainstate level. The effect of
[Ca2+] on Po was studied and data fitted to Boltzmann
relationships. In 0.1, 0.3, 1.0 and 10mM Ca2+, V1/2 was
77.1 ± 5.3 (n 4 18), 71.2 ± 4.8 (n 4 16), 47.3 ± 10.1 (n
4 11) and −14.9 ± 10.1 mV (n 4 6), respectively. Val-
ues ofk obtained in 1 and 10mM [Ca2+] were signifi-
cantly larger than that observed in 0.1mM [Ca2+]. With
30 mM NS 1619 (a BKCa channel activator),V1/2 values
were shifted by 39 mV to the left (hyperpolarizing di-
rection) andk values were not affected. TEA applied
intracellularly, reduced the unitary current amplitude
with a Kd of 59 mM. In summary, BKCa channels show
a particularly weak sensitivity to intracellular TEA and
they also display large variation inV1/2 and k. These
findings suggest the possibility that different types (iso-
forms) of BKCa channels may exist in this vascular tis-
sue.
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Introduction

Large conductance K+ channels that are activated by in-
tracellular Ca2+ and membrane depolarization have been

found in virtually every type of smooth muscle. These
have now been called BKCa to distinguish them from a
smaller conductance Ca2+ dependent K+ channels (SKCa)
which are inhibited by the bee venom peptide apamin in
vascular tissue (Marchenko & Sage, 1996; Vogalis &
Goyal, 1997). Properties of BKCa channels include
block by external TEA (Kd 4 200 mM), block by the
scorpion toxins charybdotoxin and iberiotoxin (Kd < 10
nM in both cases). BKCa are not inhibited by low con-
centrations of extracellular barium (100mM) which in-
hibit both ATP-dependent K+ channel (KATP) and inward
rectifier K+ channels, KIR (Nelson & Quayle, 1995).

Inspite of their ubiquitous occurrence, their role in
vascular smooth muscle has remained elusive. In gen-
eral, hyperpolarization in this tissue appears to be asso-
ciated with vasodilatation, and depolarization appears to
be associated with vasoconstriction (Nelson & Quayle,
1995). The activation of BKCa would be expected to be
associated with vasodilatation under conditions in which
intracellular calcium is raised. Increase in internal pres-
sure causes an elevation of free intracellular calcium in
resistance arteries, thereby increasing the tone of smooth
muscle cells, a phenomenon known as ‘myogenic tone.’
It has been suggested that one of the functions of BKCa

channels is to limit myogenic tone and thereby prevent
damage to the tissues during near maximum constriction
of arterioles (Brayden & Nelson, 1992). Blockers of
BKCa depolarize and constrict arteries with tone. Thus,
tetraethylammonium (TEA), charybdotoxin and iberio-
toxin depolarized and constricted myogenic cerebral and
coronary arteries. These observations suggest that BKCa

channels play a dynamic role in the control of arterial
smooth muscle membrane potential by serving as a nega-
tive feedback pathway to regulate the degree of mem-
brane depolarization and hence vasoconstriction caused
by pressure and other vasoconstrictors (Nelson &
Quayle, 1995). Other proposed roles for Ca2+-activated
K+ channels in arterial smooth muscle include repolar-Correspondence to:C.J. Garland
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ization of action potential and regulation of resting mem-
brane potential (Treischmann & Isenberg, 1989; Brayden
& Nelson, 1992; Asano et al., 1993). Vasorelaxants such
as nitric oxide (NO) can also modulate BKCa channels in
smooth muscle by both direct (Bolotina et al., 1994) and
indirect mechanisms (George & Shibata, 1995).

It is clear from the above observations that BKCa

channels play an important role in the functioning of
vascular smooth muscle. A description of single BKCa

channels from rabbit mesenteric arteries has previously
not been available, hence we have used the patch-clamp
technique to study the single-channel properties of this
channel. Some of these results have been presented in a
preliminary form (Mistry & Garland, 1996).

Materials and Methods

Female white rabbits (1.8–2.5 kg) were anesthetized with sodium pen-
tobarbitone (60 mg/kg i.v.) and killed by rapid exsanguination. A seg-
ment of lower ileum plus attached mesentery was removed from the
animal. Mesenteric arteries of the secondary and tertiary branches
were cleaned of connective tissue and cut open longitudinally into 1–2
mm strips. The strips of arteries were stored at 4°C for 1 hr. The tissue
was then placed in a 0 Ca2+ solution for 15 min at 37°C, and then
transferred to an enzyme mixture at 37°C containing 1 mg/ml collage-
nase, 2 mg/ml bovine serum albumin and 0.70 mg/ml pronase (all from
Sigma) for 45 mins. The enzyme mixture had a volume of 3 ml and
contained a [Ca2+] of 15 mM. The tissue was then shaken intermittently
during this period and then transferred to a 0 Ca2+ solution which was
enzyme free, and gently triturated with a 1-mm and then a 0.5-mm
Pasteur pipette until the suspension became cloudy. The resulting cell
suspension was stored at 4°C and used within 9 hr of isolation. A drop
of the cell suspension was placed in the center of a 35-mm tissue
culture dish (Nunc) and mounted on an inverted microscope (Nikon
200 UK).

The external (Tyrode) solution contained (in mM): 130 NaCl, 5
KCl, 1.2 MgCl2, 10 HEPES, 10 glucose, 1.2 CaCl2, pH 7.3 (buffered
with NaOH). The pipette solution contained (in mM); 130 KCl, 2
Na2ATP, 3 MgCl2, 10 HEPES, 1 EGTA, pH 7.3 (buffered with KOH).
The above two solutions were used for outside-out patch experiments.
For the inside-out patches, the pipette (extracellular) solution contained
(in mM): 140 KCl, 10 HEPES, 1 CaCl2, 1 MgCl2, pH 7.3 (buffered with
KOH). Iberiotoxin (IBTX), apamin and tetraethylammonium (TEA)
were purchased from Sigma and NS 1619 was obtained from RBI.
The intracellular solutions containing 0.1, 0.3, 1.0 and 10mM free Ca2+

were made up from different combinations of EGTA and CaCl2 as used
previously to study large conductance Ca2+-activated K+ channels in rat
pulmonary artery smooth muscle cells (Albarwani et al., 1994). In
more detail, the 0.1mM Ca2+ solution contained 5.12 mM CaCl2 and 7
mM EGTA, the 0.3mM Ca2+ solution contained 5.35 mM CaCl2 and 6
mM EGTA, the 1.0mM Ca2+ solution, contained 4.81 mM CaCl2 and 5
mM EGTA and the 10.0mM solution contained 3.0 mM CaCl2 and 3 mM

EGTA. This was in addition to 140 mM KCl and 1 mM MgCl2, the
concentration of free Ca2+ was determined using a program for calcu-
lating metal ion to ligand binding (Peter Griffiths, University Labora-
tory of Physiology, Oxford).

Excised patches were obtained using the patch-clamp technique at
20–25°C (Hamill et al., 1981). Patch pipettes were made from boro-
silicate glass (Clarke, Electromedical Instruments o.d. 1.5 mm, i.d. 0.86
mm) and had resistances of 4–10MV after fire polishing. The patch-
clamp amplifier was an axopatch 1D (Axon Instruments, Foster City,

CA) and data were stored on a 486 PC after digitization by a digidata
1200 interface (Axon Instruments).

Voltage-clamp command paradigms and data analysis were per-
formed using Pclamp 6.20 software (Axon Instruments) and FigP (Bio-
soft, Cambridge UK). Unitary current amplitude was determined from
amplitude histograms fitted with Gaussian functions. Sublevel ampli-
tude was also determined from amplitude histograms and only sublev-
els lasting > 0.3 msec were included in the analysis. Opening prob-
ability (Po) was determined from the following relation:

Po = (
i=1

N

tii /~TN!

whereti is the time spent withi 4 1, 2, . . .N channels open and where
N is the number of channels,i 4 unitary current andT is the sample
length (60 sec). The maximum number of open conductance levels (N)
was observed under conditions of highPo (i.e., at large positive po-
tentials and high [Ca2+]). Other equations used in this study include the
Hill equation to assess the action of intracellular TEA on BKCa

INorm 4 1/1 + ([TEA+]/Kd)
H

whereH is the Hill Coefficient andKd is the dissociation Constant and
INorm is the normalized current4 ITEA/ICONTROL

The Boltzmann relation was also used to assess the effect of
voltage on opening probability (Po)

Po/Pmax 4 (1 + exp((V − V1/2)/k))−1

whereV1/2 is the voltage at whichPo 4 0.5 andk is the steepness factor
(voltage required to produce an e fold change inPo).

The pipette solutions were frozen in aliquots at −18°C and de-
frosted and filtered prior to use (pore size 0.2mm, Gelman sciences).
Liquid junction potentials between the pipette and bath solutions were
measured using a 3M KCl reference electrode and found to beø4 mV,
hence corrections for these potentials were not made. Drugs were ap-
plied using a local perfusion pipette which had a diameter of approxi-
mately 200mm. The perfusion pipette was positioned approximately
200–400mm from the patch under study. Leakage current was deter-
mined by measuring the mean inward current when the patch was
hyperpolarized from the holding potential. Single-channel currents
were filtered at 5 kHz (−3 dB) and digitized at 10 kHz. Results are
expressed as mean ±SE mean unless otherwise stated. The open prob-
ability of BKCa proved to be quite variable from patch to patch, even
from patches obtained from the same cell, hence the pairedt-test was
used to assess the action of drugs. AP value < 0.05 was considered
significant. Statistical comparisons were also made using the ANOVA
test.

Results

INSIDE-OUT PATCHES

Virtually all inside-out patches contained large unitary
currents that increased in activity with patch depolariza-
tion and in the symmetrical (140 mM) K+ solutions em-
ployed, reversed in direction close to 0 mV. As de-
scribed earlier, properties of BKCa channels include ac-
tivation by intracellular Ca2+. With a [Ca2+] of 0.1 mM,
channel openings were primarily evident at positive
patch potentials, and openings at negative patch poten-
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tials were either infrequent or absent. At positive patch
potentials, application of either 1 or 10mM Ca2+ to the
inside face of the patch produced a large increase in
channel activity, with up to 10 channels being recorded
at one time. As a result of this increased activity of
patches at positive potentials, individual channels acti-
vated by Ca2+ (1 or 10 mM) could not be resolved.
Hence, Ca2+ was applied at negative patch potentials
where there was little, if any channel activity. Under
these conditions, either 1 or 10mM Ca2+ activated inward
channels whose amplitude increased with patch hyper-
polarization. Figure 1A shows examples of an inside-out
patch in 10, 1 and 0.1mM Ca2+ at a patch potential of −40
mV. In the presence of 0.1mM Ca2+, no channel open-
ings were observed, but large inward currents were ac-
tivated in both 1 and 10mM Ca2+. The total amplitude
histograms in the three different [Ca2+] are shown in
Fig. 1B.

Raising [Ca2+] had no effect on unitary current am-
plitude of the channel but greatly increased the number
of channels activated and their activity. In symmetrical

(140 mM) K+ solutions, and between ±70 mV, the slope
conductance of these unitary currents was linear. The
average slope conductance was 235 ± 3 pS (n 4 24) and
the mean reversal potential was −6.1 ± 0.4 mV in 1 or 10
mM Ca2+. The data points in symmetrical KCl solutions
were fitted by linear regression, and a permeability value
(PK) of 4.55 × 10−13 cm3sec−1 was calculated from the
relation

IK 4 PK(VF2[K+])/(RT)

whereV is the patch potential,F is the Faraday constant,
R is the gas constant andT is the absolute temperature.
To assess the K+ selectivity of the channel, the high [K+]
was replaced by Tyrode solution containing 5 mM K+ and
the [Ca2+] was reduced to approximately 1mM. Under
these conditions, thei-v relationship showed rectification
and the reversal potential shifted in a manner predicted
by the Nernst relationship for K+. Under the conditions
employed the exact reversal potential was not observed
owing to the poor single-to-noise ratio and the large

Fig. 1. Activation of K+ channels by 1 and 10mM Ca2+ in inside-out patches from freshly isolated smooth muscle cells of the mesenteric artery.
(A) Increasing [Ca2+] from 0.1 to 1 and 10mM in an inside-out patch. In the presence of 0.1mM Ca2+ the patch was quiet, while the application
of 1 mM Ca2+ activated one large inward ion channel. Switching to a solution containing 10mM Ca2+ activated a further three channels. With both
1 and 10mM [Ca2+] the activation was fully reversible. The patch potential was −40 mV. (B) Amplitude histograms in the three different
concentrations of Ca2+. The amplitude histogram with 10mM Ca2+ was fitted by the sum of five Gaussians with peaks at 0, 9.21, 18.27, 27.47, and
37.5 pA. The amplitude histogram in 1.0mM Ca2+ was fitted by the sum of two Gaussians with peaks at 0 and 9.26 pA, while the amplitude
histogram in 0.1mM Ca2+ was fitted by a single Gaussian which had a peak at 0 pA.
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number of channels activated close to this reversal po-
tential. The channel permeability value calculated ear-
lier was used in the constant field (GHK) equation
(Goldmann, 1943). Thei-v relationship in asymmetrical
K+ solutions was well fitted using the value of 4.55 ×
10−13 cm3sec−1. Another typical feature of BKCa chan-
nels is that their open probability is voltage dependent.
Examples of unitary current activity in asymme-
trical, symmetrical K+ solutions at different potentials
(displaying their voltage-dependence) and thei-v rela-
tionships under the two different ionic (both symmetrical
and asymmetrical K+ solutions) conditions are shown in
Fig. 2A, B andC respectively.

OUTSIDE-OUT PATCHES

Outside-out patches obtained from mesenteric artery
smooth muscle cells contained (13 out of 14 patches)
large unitary currents whose amplitude and activity in-

creased with patch depolarization. At all potentials, the
unitary current was outward in direction. Owing to the
decreased activity of this large conductance channel at
negative patch potentials, only an extrapolated reversal
potential was obtained, which was close to EK (−82 mV).
Figure 3A andB shows examples of these large unitary
currents at different patch potentials and the current volt-
age (i-v) relationship respectively. Thei-v relationship
was fitted by the Goldmann, Hodgkin and Katz (GHK)
equation using an average permeability value of K+ (PK)
of 4.55 × 10−13 cm3sec−1, which was calculated earlier.
The activity of the large conductance channels increased
with depolarization, such that multiple openings were
often observed at large positive patch potentials. The
open probability (Po) was clearly voltage-dependent
which is illustrated in Fig. 3C andD, which shows the
channel activity at different patch potentials and the re-
lationship betweenPo and voltage, respectively.

Iberiotoxin (50 nM) reversibly inhibited the activity
(Po) of the channels (n 4 3, P < 0.05), although the

Fig. 2. Examples of large unitary currents recorded in inside-out patches from rabbit mesenteric arteries. (A) Records of unitary currents in the
presence of 1mM Ca2+ at 40, −20 and −60 mV in symmetrical K+. Open probability increased with voltage, two channels were activated at 40 mV
compared to one at −20 mV. (B) Records of unitary currents in asymmetrical (140 mM [K+]o and 5 mM [K+] i) solutions at different potentials. Open
probability again increased with voltage. (C) A summary of thei-v relationship in the two conditions described inA andB. (j) Represents data
(mean ±SEM) from 24 patches in symmetrical (140 mM) K+ solutions. The slope fitted by linear regression was 235 ± 3 pS andreversal occurred
at −6 ± 0.4 mV. The [Ca2+] was either 1 or 10mM. (d) Represents data (mean ±SEM) from 9 patches in asymmetrical K+ solutions, the curve was
fitted with the GHK equation using a PK value of 4.55 × 10−13 cm3sec−1. The extrapolated reversal potential was close toEK and the [Ca2+] was
approximately 1mM. In most cases, the errors bars were located within the symbol for both data sets.
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single-channel current amplitude was unaffected (n 4 3,
P > 0.05). The channels spent longer periods in the
closed state in the presence of iberiotoxin. Apamin (200
nM) had no effect on eitherPo or the unitary current
amplitude of these channels (n 4 3, P > 0.05). Fig. 4A
and B shows the effect of iberiotoxin and apamin on
BKCa. The effect of extracellular TEA (1 mM) was dif-
ferent, in that the unitary current amplitude was de-
creased (P < 0.05, n 4 6), but it appeared to have no
effect on the number of channel openings (P > 0.05,n 4
6). Figure 4C shows the effect of 1-mM TEA on a large
conductance channel in an outside-out patch. In another
two outside-out patches, this large conductance channel
was also reversibly inhibited by 50 nM charybdotoxin
(data not shown). The effect of charybdotoxin was very
similar to iberiotoxin, in thatPo was decreased (channels
showed long closures), but there was no effect on the
unitary current amplitude.

SUBLEVELS

Subconductance levels are a common feature of many
different ion channels (Fox, 1987). Subconductance lev-

els were also evident in BKCa channels from rabbit mes-
enteric arteries, although they were not common (<0.1%
of openings). The criteria of Fox (1987) was applied in
order to determine the occurrence of subconductance
levels: (i) a channel substate should interconvert with the
channel mainstate. (ii) the substate should only be ob-
served in the presence of channel mainstate activity. (iii)
one must exclude the possibility that the mainstate is the
superposition of two independent channels. Two differ-
ent sublevels around a 1/3 and 1/2 of the mainstate level
were seen and these are displayed in Fig. 5. Owing to
the rare occurrence of these two sublevels they were not
subject to any further analysis.

EFFECT OF[Ca2+] AND VOLTAGE ON Po

When patches were stepped from −70 to 70 mV (in 10-
mV steps) for 200 msec, in the presence of 0.1mM Ca2+,
channels were observed mainly at large test potentials of
50, 60 and 70 mV. Raising the [Ca2+] lowered the
threshold of activation to less positive test potentials (20,
30, 40 mV) and in some cases, activation occurred at

Fig. 3. Large unitary currents present in outside-out patches obtained from freshly dispersed mesenteric smooth muscle cells. (A) Examples of large
unitary currents at patch potentials of −20, 0, 20 and 40 mV. The unitary current amplitude increased with voltage. (B) The i-v relationship of the
unitary currents shown inA. The unitary current amplitude was determined from amplitude histograms fitted with Gaussian functions. The slope
conductance at 0 mV was 107 pS. The data were fitted using the Goldmann Hodgkin and Katz (GHK) equation with aPK value of 4.55 × 10−13

cm3sec−1. The extrapolated reversal potential was close toEK (−82 mV). (C) Examples of the activity of large unitary currents at different patch
potentials. Channel activity increased with voltage. (D) Plot of the open probability (Po) against voltage for the patch shown in (C). Po increased
with voltage.
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negative potentials. Furthermore, with raised [Ca2+], the
number of channels activated at 50, 60 and 70 mV was
greatly increased. Figure 6A demonstrates the effect of
raising [Ca2+] on channel activity at test potentials of 70
mV in 0.1, 1.0 and 10.0mM Ca2+. The average current
trace at 70 mV is depicted in these three conditions. Us-
ing the averaged current records at 70 mV, the current at
the end of a 200-msec step in 1.0mM Ca2+ was 600.8 ±
239% (n 4 6) greater than in 0.1mM Ca2+. Similarly, in
10 mM Ca2+, it increased to 672.7 ± 110.0% (n 4 4)
greater than that seen in 0.1mM Ca2+. The mean current
was not fitted with exponentials owing to the large varia-
tion in the activation time course of BKCa channels be-
tween different patches, moreover, in some patches, with
raised [Ca2+], the mean current was found to increase and
then decline (decay) during the 200-msec step. An ex-
ample of this type of BKCaactivity with [Ca2+] i is shown
in Fig. 6B. Slope conductances in 0.1, 1 and 10mM Ca2+

were 235 ± 7.8 pS (n 4 12), 220 ± 6.6 pS (n 4 7) and
220 ± 9.1 pS (n 4 4), respectively (P > 0.05, ANOVA)
and reversal potentials in 0.1, 1.0 and 10.0mM Ca2+ were

−4.3 ± 2 mV (n 4 12), −4.4 ± 1.8 mV (n 4 7) and −4.3
± 1.1 mV (n 4 4), respectively (P > 0.05, ANOVA).

Owing to the variable activity of BKCa activity with
[Ca2+] i as shown in Fig. 6, the effect of [Ca2+] and volt-
age on Po of the BKCa channel activity was studied in
more detail by plotting open probability against voltage
and fitting the data with Boltzmann functions. As de-
scribed earlier, raising [Ca2+] activated BKCa at less
negative potentials and activated additional BKCa chan-
nels present in the patch. Figure 7A shows the effect of
0.1 and 1.0mM Ca2+ on an inside-out patch containing 3
BKCa channels at potentials of −40, 40 and 80 mV in
symmetrical K+ solutions. At −40 mV, with 0.1mM

Ca2+, channel openings were absent and when the [Ca2+]
was increased to 1.0mM Ca2+, two large inward channels
were activated.Po increased with voltage in both [Ca2+].
The open probability was plotted against voltage for the
patch shown in Fig. 7A. Boltzmann functions were fitted
to the data points and this is illustrated in Fig. 7B. In this
patch increasing [Ca2+] shifted the activation curve to the
left (V1/2 became more negative) andk values were not

Fig. 4. Effect of extracellular application of iberiotoxin, apamin and TEA on unitary K+ currents present in outside-out patches. The left hand panel
show control traces of activity of large conductance K+ channels. Unitary current amplitude was 8.88 pA in this case. In the presence of 50 nM

iberiotoxin, the open probability of the channel was reduced, but there was no effect on the unitary current amplitude (8.95 pA). The effect of
iberiotoxin was reversed upon washout. The open probability was 0.0269 ± 0.0038 in control, compared to 100 nM iberiotoxin, where it was 0.0080
± 0.0029 (P ø 0.05) and following washout, 0.0330 ± 0.0056. Patch potential was 40 mV. The middle panel illustrates control traces showing
activity of K+ channels. In the presence of 200 nM apamin, the activity of the channel was similar to that observed in control. Channel activity on
washout, was also similar to that recorded in control/apamin. The open probability was 0.0882 ± 0.0117 in control conditions, while in 200 nM

apamin it was 0.1119 ± 0.0117 and after washout, the open probability was 0.1102 ± 0.0147. The patch potential was 70 mV. The right hand panel
shows the effect of TEA (1 mM) on the activity of large conductance K+ channel in an outside patch. The control traces show activity of large
conductance K+ channels. In the presence of 1 mM TEA, the unitary current amplitude of the channel was significantly reduced (<20% of control)
but channel openings still occurred. The effect of TEA was fully reversible upon washout and the patch potential was 70 mV.
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affected. It must be stressed that the relationship shown
in Fig. 7B is somewhat atypical. Most of the plots be-
tweenPo and voltage were not as S-shaped and oftenPo

values approaching 1 was not attainable, even with high
(10 mM) Ca2+ and large positive voltages. Considerable
variability in the values ofV1/2 andk derived from Boltz-
mann relationships were found. An example of a some-
what more typical relationship betweenPo and voltage is
shown in Fig. 8A. Raising [Ca2+] shifted the activation
curve to the left (V1/2 values more negative), but also
tended to decrease the slope of the curve (k values be-
came larger). Average values ofk were significantly in-
creased in both 1 and 10mM Ca2+ compared to that
observed in 0.1mM Ca2+. The effect of [Ca2+] on k and
V1/2 from a number of patches is shown graphically in
Fig. 8B and C, respectively. From Fig. 8C, the slope
calculated by linear regression was 47.9 ± 7.6 mV, hence
for a 10-fold increase in [Ca2+] there was nearly a 48-mV
shift in V1/2. In some cases, inside-out patches were ob-
tained from the same cell, even in these patches, the
BKCa channel showed variability in bothV1/2 andk. The
data were also analyzed on double logarithmic axes i.e.,
log Po vs. log [Ca2+] (Hill plots; data not shown). These
plots were fitted with linear relationships with a slope of
1.40 at 40 mV, 1.68 at 20 mV and 1.33 at −20 mV,
indicating that approximately two calcium ions must
bind to stabilize fully the channel in the open configu-
ration (Barrett, Magleby & Pallota, 1982).

EFFECT OFNS 1619

The BKCa channel activator NS 1619 (Edwards et al.,
1994; Olesen et al., 1994) had a similar effect to in-
creases in [Ca2+] i in inside-out patches. Channel open-
ings occurred at more negative potentials and an increas-

ing number of channels were activated at positive test
potentials with NS 1619. Figure 9 shows the unitary
current activity in 0.1mM Ca and in 0.1mM Ca with 30
mM NS 1619 at patch potentials of 40–70 mV. The av-
erage current trace at 70 mV under the two conditions is
shown in the lower portion of the figure. In the presence
of NS 1619, the current at the end of the test potential (70
mV) was 427 ± 81.74% (n 4 7) greater than in control.
The slope conductance in the presence and absence of 30
mM NS 1619 was 244 ± 8.9 pS (n 4 8) and 235 ± 7.7 pS
(n 4 12), respectively (P > 0.05). The reversal poten-
tials were −5.3 ± 2.2 mV (n 4 8) and −4.3 ± 2.0 mV (n
4 12) (P > 0.05), respectively. The effect of 30mM NS
1619 onPo of BKCachannels was also investigated using
Boltzmann relationships. From 4 patches, values ofV1/2

in 0.1 mM Ca2+ was 87.0 ± 4.8 mV and with 30mM NS
1619, it decreased to 48.7 ± 7.9 mV. Values ofk were
not affected with values being 15.3 ± 1.6 mV and 18.6 ±
3.2 mV in the absence and presence of NS 1619 respec-
tively (P > 0.05).

EFFECT OFINTRACELLULAR TEA+

To study the actions of TEA in detail, all experiments
were carried out in the presence of 0.1mM Ca2+, this was
to reduce the number of BKCa channels activated within
the patch. 1 mM TEA applied to the intracellular aspect
of an inside-out patch had little effect on unitary current
amplitude. Increasing [TEA], however, produced a con-
centration-dependent reduction in the unitary current am-
plitude (seeFig. 10A and B). The relation between the
normalized current amplitude and [TEA] was plotted.
Data points were fitted (using least squares method) by
the Hill equation,Kd was 58.95 mM and the Hill coeffi-
cient was 1.27 (Fig. 10C). The reduction in the unitary

Fig. 5. Subconductance levels of BKCa

channels observed in inside-out patches.
The top trace shows a sublevel of 32%,
the second trace, a sublevel at 50% and
the third trace a sublevel at 36% of the
mainstate (100%) level. The bath
contained 0.1mM Ca2+ for all three
recordings.
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current amplitude was not detectably voltage-dependent.
For example, in one patch with 1 mM TEA, the fractional
block of unitary current amplitude at 20, 30, 40, 50, 60,
and 70 mV was 0.984, 0.953, 0.959, 0.942, 0.953, and
0.963 respectively. The voltage-dependence of the block
was assessed using a modified version of the Woodhull
(1973) equation

Kd 4 Kd(0)exp(−z8VF/RT)

in which Kd(0) is the dissociation constant at 0 mV and
z8 is the equivalent valence of the blocking reaction, this
represents the electrical distance to the TEA binding site
from the site of application. Individual values ofKd

were obtained. A plot of logKd against voltage is shown
Fig. 10D. The line was fitted by the Boltzmann relation

Kd 4 Kd(0)exp(−z8VF/RT). From this relationship, the
slope of the line in Fig. 10D equals −z8F/RT giving an
equivalent valency of the block of 0.005 and the value of
Kd at 0 mV was 60.01 ± 10.95 mM.

Discussion

SINGLE-CHANNEL PROPERTIES

Inside-out patches from rabbit mesenteric arteries dis-
played large unitary currents with a slope conductance
around 235 pS in 0.1mM Ca2+. The open probability of
BKCa channels was voltage-dependent. Either, increas-
ing [Ca2+] i or the application of the BKCa channel acti-

Fig. 6. Examples of different types of BKCa

channel activity in two inside-out patches in
0.1, 1 and 10mM Ca2+. In both cases, the
patch was stepped from −70 to 70 mV for
200 msec. (A) In 0.1 mM Ca2+, single
individual BKCa channels can be observed at
70 mV. A maximum of two channels were
activated during each step and the average
current at 70 mV (from 6 trials) is shown. In
1 mM Ca2+, the activity of the patch was
greatly increased, reflecting the activation of
several ion channels. The average current
(from 6 trials) at 70 mV is shown. The
current is larger at the end of the step. In 10
mM Ca2+, the activity of the patch was
enhanced, with channels activated earlier in
the step compared to either 0.1 or 1mM

Ca2+. The average current (from 6 trials) at
70 mV is shown. (B) Examples of BKCa

channel activity in another inside-out patch.
The bottom trace shows average current
(from 6 trials) in 0.1mM Ca2+, the current
increased and then declined during the
duration of the step. The middle trace shows
the average current (from 6 trials) in 1.0mM

Ca2+. The current was increased compared to
that recorded in 0.1mM Ca2+. The top trace
shows the average (from 6 trials) current in
10.0 mM Ca2+. The decay of the current was
less than that seen in either 0.1 or 1.0mM

Ca2+. This patch contained several BKCa

channels.
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vator, NS 1619, activated similar large conductance ion
channels, with a reversal potential close to that seen in
0.1mM Ca2+. Applying either NS 1619 or raising [Ca2+] i

activated BKCa channels at less positive potentials and
the channels were activated at an earlier stage in the test
pulse, an effect which was particularly evident in 10mM

Ca2+. The slightly negative reversal potential (−6 mV)
obtained in the inside-out patches was possibly due to the
additional KOH (approx. 35 mM) required to titrate the
EGTA to pH 7.3. The decrease inPo with iberiotoxin
appeared to consist primarily of long closures. Similar
findings have been reported for BKCa channels in rat
melanotrophs (Kehl & Wong, 1996) and bovine aorta
(Giangiacomo, Garcia & McManus, 1992). Overall, the
K+ selectivity, large unitary conductance, voltage-
dependence and pharmacological properties indicated
the channel was very similar to BKCa channels described
previously in vascular smooth muscle cells (for review,
see Nelson & Quayle, 1995). In all of the inside-out
patches obtained, we found no evidence for the presence
of a small conductance, Ca2+-dependent K+ channel that

in any way resembled the apamin-sensitive K+ channels
which have been described previously (Gebremedhin et
al., 1996; Marchenko & Sage, 1996; Vogalis & Goyal,
1997). Subconductance levels are a common feature of
ion channels, (Fox, 1987). BKCa channels from chick
lens epithelium (Rae et al., 1990) and canine airway
smooth muscle (Stockbridge, French & Man, 1991) have
been shown to exhibit a variety of substates. BKCachan-
nels from rabbit mesenteric arteries exhibit subconduc-
tance levels very rarely. Nonetheless, in inside-out
patches, two clear sublevels were seen around 1/3 and
1/2 of the mainstate level were present. This, however,
does not rule out the possibility that the BKCa channel
may exhibit other sublevels than the two described
above.

EFFECT OFNS 1619

NS 1619 produced activation of BKCachannels in inside-
out patches from rabbit mesenteric arteries. A simi-

Fig. 7. Voltage and calcium sensitivity of BKCa

channels in inside-out patches. Effect of voltage and
[Ca2+] on the open probability (Po) of KCa channels.
The top, middle and bottom traces show patch
activity at −40, 40 and 80 mV, respectively in 0.1
and 1.0mM Ca2+. At −40 mV in 0.1mM Ca2+, the
patch is quiet, whereas in 1.0mM Ca2+, two channels
are open, the solid line represents the closed level.
At 80 mV, in 0.1mM Ca2+, two channels are
activated, whereas in 1.0mM Ca2+, three channels
are active and these channels remained primarily in
the open state. The graph shows the relationship
between channel activity (Po), membrane potential
and [Ca2+] for the patch shown above. Data were
fitted with Boltzmann functions. In 0.1mM Ca2+ (j),
V1/2 was 81.95 ± 3.77 mV andk was 24.64 ± 3.89
mV. In 1.0 mM Ca2+ (m), V1/2 was −48.08 ± 2.25
mV andk was 25.96 ± 2.11 mV.
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lar activation of BKCa has also been described in other
tissues (Edwards et al., 1994; Lee, Rowe & Ashford,
1995; MacMillan et al., 1995; Holland et al., 1996). NS
1619 (30 mM) shifted the activation curve to the left
(V1/2 more negative by 39 mV), but did not affectk. Lee
et al., (1995) reached similar conclusions in rat cortical
neurones, but along with other workers showed that NS
1619 failed to activate BKCa in low/zero intracellular
calcium solutions (Olesen et al., 1994; Holland et al.,
1996). These observations suggest that NS 1619 cannot
substitute for Ca2+ in activating the channel. It is not
clear whether higher concentrations of NS 1619 would
produce increases ink values, similar to that seen in high
[Ca2+]. Our data suggest that NS 1619 produces activa-
tion of BKCaby a direct effect on the channel or a closely
associated site, however, the exact mechanism by which
this occurs is still not resolved.

EFFECT OFINTRACELLULAR TEA

In the present study, we observed that the BKCa channel
was quite resistant to internal TEA (Kd 4 59 mM). This
value of Kd for TEA is similar to that found by other
workers, for example, in growth plate chondrocytes (Kd

4 45 mM; Long & Walsh, 1994), in bovine chromaffin
cells (Kd 4 27 mM, Yellen, 1984), in skeletal muscle
t-tubule (Kd 4 35 mM, Vergara, 1983), in avian nasal
salt gland cells (Kd 4 37 mM; Wu, Shuttleworth &
Stampe, 1996) and in cultured rat melanotrophs (Kd 4
50 mM; Kehl & Wong, 1996). One notable exception,
however, is the BKCa channel from rat cerebral arteries
which has a very high (Kd 4 0.83 mM) affinity for in-
ternal TEA (Wang & Mathers, 1993). The block by
TEA represents a fast block. This fast block arises when
the mean dwell time of the blocking molecule in the
channel pore is less than the response time of the record-
ing system. Hence, the recorded response reflects the
time average of the current (Hille, 1992). Davies et al.
(1989) showed that block by internal TEA in KATP chan-
nels in skeletal muscle showed two components, both
fast and slow. In addition to the fast block which re-
duced current amplitude (Kd of 26 mM), there was also a
fast block which produced brief openings. We found no
evidence for a similar slow block in BKCa channels from
rabbit mesenteric arteries. Moreover, this fast block was
not detectably voltage-dependent. The value ofd of
0.005 suggests that the block by TEA is at/or close to the
mouth of the pore, a similar value to that found for BKCa

channels from cultured rat melanotrophs (Kehl & Wong,
1996). The weak voltage dependence of TEA binding to
the internal site reported here and values of the Hill
coefficient near 1, indicate that a single TEA molecule
moving only a small distance into the electrical field is
able to block the BKCa channel. A simple structural in-
terpretation of these data is that TEA+ which has the

Fig. 8. Variability in k andV1/2 of the BKCa channel with [Ca2+] i. (A)
A graph showing the relationship betweenPo and voltage from an
inside-out patch in 0.1, 0.3 and 1.0mM Ca2+. Increasing [Ca2+] shifted
the curve to the left (V1/2 more negative) but this also tended to reduce
the slope of the curve (k became larger). Data were fitted with Boltz-
mann relationships. In 1.0mM Ca2+ (j), V1/2 was 38.0 ± 5.1 mV and
k was 34.9 ± 5.4 mV. With 0.3mM Ca2+ (m) V1/2 was 93.7 ± 3.9 mV
andk was 26.9 ± 4.2 mV and in 0.1mM Ca2+ (.), V1/2 was 90.1 ± 2.5
andk was 19.4 ± 2.6 mV. (B) From a number of patches, slope factors
(k) were obtained from Boltzmann functions and plotted as a function
of [Ca2+], k values increased with [Ca2+]. Errors bars representSEM and
* indicatesP < 0.05 compared to values obtained in 0.1mM Ca2+. The
number within the parentheses represent the number of patches. (C)
The relationship betweenV1/2 and [Ca2+]. V1/2 was obtained from
Boltzmann distributions. A linear function was fitted to the data points
and the slope was −47.9 ± 7.6 mV. Error bars representSEM and
significance was compared to values obtained in 0.1mM Ca2+ (*P <
0.05, **P < 0.001). The number within the parentheses represent the
number of patches.
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same radius as hydrated K+ (0.8 nM) (Latorre & Miller,
1983) enters only part way into the channel before fur-
ther electrodiffusion is prevented by a narrowing of the
pore.

EFFECT OFCALCIUM ON V1/2 AND K

A couple of surprising aspects of this study was the
finding that Po did not always approach 1 in high [Ca2+]
and large positive voltages. Also, the voltage depen-
dence was decreased (increase ink values) with high
[Ca2+]. Large variation in the mean values ofV1/2 andk
were observed. In 0.1, 0.3, 1.0 and 10mM Ca2+, V1/2 was
77.1 ± 5.3, 71.2 ± 4.8, 47.3 ± 10.1 and −14.9 ± 10.1 mV
respectively. In bovine mesenteric arteries, Sansom &
Stockand (1994) distinguished two BKCa isochannels,
the Ca2+ sensitivity of one isochannel being about 50-
fold greater than the other. As a result, with 1mM Ca, the
voltages required for half-activation (V1/2) were as dif-
ferent as −42 to 47 mV. Highly variableV1/2 values have
also been described for BKCa channels from cultured rat
melanotrophs (Kehl & Wong, 1996). Reinhart et al.,
(1991) showed that phosphorylation of the BKCachannel

increased its Ca2+ sensitivity and therefore that the Ca2+

sensitivity could be underestimated when measured in
excised patches compared to cell-attached patches. A
similar finding was also suggested for BKCa channels
from pituitary cells (White, Schonbrunn & Armstrong,
1991). Another possibility described recently, is that
high (10–1000mM) [Ca2+] has been shown to induce a
low activity mode (i.e., long shut intervals) in BKCa

channels from rat muscle (Rothberg et al., 1996). This
may be one explanation for thePo not reaching 1-in high
[Ca2+] in this study (see alsoSugihara, 1994), along with
Ba2+ contamination at depolarized voltages from CaCl2

salts (typically about 0.001–0.005% for reagent grade
CaCl2) as described by (Neyton & Miller, 1988; Diaz et
al., 1995).

BKCa channels are composed of two dissimilar sub-
units,a (pore forming) andb (modulatory). Injection of
the a subunits alone intoXenopusoocytes can produce
functional BKCa channels. However, injection of botha
andb subunits, produce BKCa channels which are more
sensitive to both voltage and calcium than BKCa chan-
nels produced bya subunits alone (McManus et al.,
1995; Meera et al., 1996). It is plausible that different

Fig. 9. Stimulatory effect of 30mM NS 1619 on BKCa in inside-out patches. (A) Examples of BKCa activity in 0.1mM Ca2+. The patch was stepped
from −70 to 70 mV for 200 msec. Test potentials of 40, 50, 60 and 70 mV are shown for clarity. In 0.1mM Ca2+, a maximum of two channels were
activated during the step to 70 mV. (B) Examples of BKCa activity in 0.1mM Ca2+ and 30mM NS 1619 (applied to the intracellular face) at test
potentials of 40, 50, 60 and 70 mV. With NS 1619, several channels were activated. (C) The average current (from 6 trials) at 70 mV in 0.1mM

Ca2+. (D) The average current (from 6 trials) at 70 mV in 0.1mM Ca2+ + 30 mM NS 1619.
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proportions or types of subunits may be present in the
excised patch, thereby producing BKCa channels having
a variety of sensitivities to both voltage and calcium.
If different isoforms of BKCa are present within the
patch, then they could produce relationships betweenPo

and voltage that are similar to those described here. This
notion has recently been corroborated by Tanaka et al.
(1997) where most BKCa channels in excised patches
from human coronary smooth muscle are composed ofa
andb subunits, but channels comprisinga subunits alone
were seen occasionally. Large variations inV1/2 (range
−98 to 21 mV) were also recorded suggesting the exis-
tence of up to 5 different populations of BKCa. This
variation was attributed to differing coupling ofa sub-
units to theb subunits. This suggestion was also thought
to occur for BKCa channels from avian nasal gland cells
to explain their large variation in calcium sensitivity
(Wu, Shuttleworth & Stampe, 1996). In the human
brain, theb subunit shows a tissue distribution different
from that of thea subunit and the idea that the two
subunits do not show coupling in certain brain areas has
been proposed (Tseng-Crank et al., 1996). Another pos-

sible explanation for the variation inV1/2 andk may be
the existence of different splice variants of the channel
(Tseng-Crank et al., 1994). The slope of logPo vs. log
[Ca2+] (Hill plots) gave mean values around 1.5. This
value, however, may be slightly underestimated owing to
the observed decrease inPo found with increasing
[Ca2+]. Nonetheless, this suggests that around two mol-
ecules of Ca2+ are required to stabilize the BKCa channel
in the open configuration. In other tissues, the number of
binding sites has been shown to vary, for example, in
skeletal muscle values of 2 (Moczydlowski & Latorre,
1983), 3 (Barrett, Magleby & Pallota, 1982) and even 6
(Golowasch, Kirkwood & Miller, 1986). In smooth
muscle, values have varied from 3 (Albarwani et al.,
1995) to 6 (Carl & Sanders, 1989).

In summary, BKCa channels from rabbit mesenteric
arteries have a number of properties which are similar to
those reported in other smooth muscle cells. However,
two interesting aspects of BKCa in this tissue were its
weak block (Kd 4 59 mM) by internal TEA, perhaps
alluding to some structural differences between this
channel and that seen in cerebral vascular smooth muscle

Fig. 10. Effect of internal TEA+ on BKCa channels. (A) Examples of BKCa channels at 70 and 40 mV with 10 and 50 mM TEA+ applied to the
intracellular face of an inside-out patch. 10 mM TEA+ had little effect on current amplitude of KCa channels, whereas 50 mM TEA+ reduced the
amplitude to less than 50% of control. (B) The i-v relationship for the patch shown in (A). Increasing [TEA+] reduced the unitary current amplitude
of BKCachannels. (C) Concentration dependence of the reduction in single-channel current amplitude by internal TEA+. The curve was fitted (using
least squares) by a Hill equation with aKd value of 58.95 ± 7.81 mM, and a Hill coefficient (H) of 1.26 ± 0.26. The data were obtained at 50 mV.
(j) represents data (mean ±SEM) from 4–6 patches. (D) Voltage dependence of the block by internal TEA+. Individual Kd values were obtained
and the data were fitted by linear regression. The line was fitted by the Boltzmann relationKd 4 Kd(0)exp(−z8VF/RT), whereKd(0) is the value
of Kd at 0 mV,z is the equivalent valency of the block,V is the membrane potential andR, T,andF have their usual thermodynamic meanings.
The equivalent valencies (z) of the block was 0.005 and the value ofKd at 0 mV was 60.01 ± 10.95 mM.
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(Kd 4 0.83 mM). The other finding was that there were
large variations inV1/2 andk values of BKCa channels,
which suggests that they are capable of displaying a wide
range of calcium and voltage sensitivities. Taken to-
gether, these results imply that there may be some het-
erogeneity in BKCa channels in this vascular tissue.
Several different subtypes of K+ channels have now been
described with the recent advance of molecular biology
techniques. These methods will in future prove to be
invaluable in determining the existence and function of
different subtypes (isoforms) of BKCa channels in the
vascular system.
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