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Abstract. The effects of cromakalim (BRL 34915) and its 
( - )  optical isomer, lemakalim (BRL 38227) on the ac- 
tivity of 265-pS Ca2+-activated K § channels (BK chan- 
nels) were examined in cell-attached and inside-out 
patches from canine colonic myocytes. In cell-attached 
patches lemakalim increased the open probability (Po) 
of BK channels. Mean NPo, where N is the number of 
channels per patch, at + 50 mV increased from 0.08 to 
0.26 (20 gM lemakalim). In inside-out patches, 
cromakalim and lemakalim increased channel NPo rap- 
idly and reversibly. This increase in NPo was due to a shift 
in half-maximal activation. Glyburide (20 gM) prevented 
the increase in NPo caused by lemakalim in cell-attached 
patches and reversed the increase in NPo in inside-out 
patches. Under conditions where Ca2+-activated K § 
channels were maximally activated, lemakalim failed to 
increase current or induce a second type of K § channel 
activity. When tetraethylammonium (200 gM) was added 
to the pipette solution to block the BK channel half 
maximally, lemakalim also failed to induce a second type 
of channel. Adenosine triphosphate (1 or 2 mM) applied 
to the inner surface of inside-out patches had no effect 
on Po of BK channels. Finally, the effects of lemakalim 
on ensemble average currents, constructed from multiple 
openings of BK channels in cell-attached patches was 
found to successfully mimic the effects of the drug on 
whole-cell membrane currents. We conclude that 
cromakalim and lemakalim activate BK channels in can- 
ine colonic cells. Whether this action participates in the 
membrane hyperpolarization and the decrease in fre- 
quency and duration of slow waves produced by these 
compounds in intact colonic muscles remains to be inves- 
tigated. 
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Introduction 

Cromakalim belongs to a class of drugs that increases 
Type I adenosine-triphosphate-activated K + channel 
(KATP) activity and leads to membrane hyperpolarization 
in cardiac [40], skeletal [35] and vascular muscles [18]. 
The Type I KATp channel was first described by Noma 
[27] in cardiac muscle. It has since been well characterized 
in cardiac myocytes [21], skeletal myocytes [42] and pan- 
creatic fl cells [37]. This channel is highyl selective for K + 
over Na § has a slope conductance of 40-80  pS, shows 
pronounced Mg 2 +-dependent inward rectification, is in- 
hibited by micromolar concentrations of ATP at the intra- 
cellular surface and is blocked by sulphonylureas (for 
recent reviews see [1, 29, 38]. K-- channel openeres like 
cromakalim and the sulphonylureas have been reported 
to have effects on a variety of smooth muscle tissues such 
as vascular, gastrointestinal, tracheal and bladder [48]. 
However, direct evidence for the presence of Type 1 NAT p 
channels has not been found in these preparations. In 
vascular smooth muscle, many of these compounds are 
potent vasodilators [36] and pharmacological studies 
have implicated KATp channels as the primary site of 
action [34]. Yet electrophysiological studies have pro- 
vided evidence that these compounds may modulate the 
activity of large conductance KATP channels [30, 43], large 
conductance Ca2§ K-- channels [13, 23], 
delayed rectifier K § channels [2] and small conductance 
CaZ+-activated K § channels [28] in vascular smooth 
muscle (for recent review, see [20]). 

Little is known about the mechanism of action of these 
drugs in the gastrointestinal system. Post et al. [32] and 
Farraway and Huizinga [12] have reported that in the 
circular layer of canine proximal colon, cromakalim 
(BRL 34915) and its ( - )  optical isomer, lemakalim (BRL 
38227), causes hyperpolarization of resting membrane 
potential, shortening of the duration of slow waves by 
abolition of the plateau phase and a decrease in slow 
wave frequency. These phenomena are consistent with an 
increase in K § permeability. In whole-cell voltage-clamp 
experiments it was found that cromakalim increased a 
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"time-independent" (quasi-instantaneous) component of 
outward current [32]. Cromakalim, but not lemakalim, 
was also found to inhibit L-type Ca 2+ currents in this 
preparation. 

The predominant K + channels found in patches from 
colonic myocytes are 265-pS C a  z + - a c t i v a t e d  K + channels 
(BK channels) [5]. The physiological significance of these 
channels depends on their ability to conduct current 
under physiological conditions. The voltage and Ca 2 + 
dependence of open probability (Po) of this channel 
suggests, that it may play a role in the termination of 
slow waves [5]. Photolysis of the caged C a  2 + compound 
nitr-5 resulted in shortening of slow waves in the canine 
antrum [7] and canine colon (N. Publicover, unpublished 
observation). In canine colon BK channels are regulated 
by cyclic-adenosine-monophosphate (cAMP) dependent 
phosphorylation [8] and are modulated by muscarinic 
stimulation [9]. Whether these channels also contribute 
to the resting membrane potential (RMP) of colonic myo- 
cytes remains an open question. 

The purpose of the present study was to determine, 
whether: (i) BK channels in colonic myocytes are acti- 
vated by cromakalim and lemakalim, (ii) these effects 
could occur under resting conditions (holding potential, 
HP 70 mV, resting [Ca2+]i),  (iii) in canine colon, K + 
channels other than the BK channel are activated by 
lemakalim and, (iv) the effects of these drugs on BK 
channels can account for the drug-induced changes in 
whole-cell currents. 

Materials and methods 

Myocytes from the circular layer of the canine proximal colon were 
prepared as previously described [24]. Recordings of single-channel 
currents were made from cell-attached and excised inside-out 
patches using standard patch-clamp techniques [17]. High resistance 
seals (>  5 GO) were formed using borosilicate electrodes ( 5 -  
10 Mr2). After excision of patches, the pipette tip was inserted in a 
small perfusion chamber with a volume of approximately 2 gl to 
allow rapid change of the bath solution. 

Patch-clamp studies were performed with a standard amplifier 
(AXOPATCH 1 D, Axon Instruments, Foster City, CA, USA or a 
EPC-7, List Electronics, Darmstadt/Eberstadt, FRG), and data 
were stored on video-tape with a PCM-I digital VCR-instrumen- 
tation recorder adaptor (Medical Systems, Greenvale, NY, USA). 
The data were replayed through an 8-pole Bessel filter (Ithako, 
Ithaka, NY, USA) at 4 kHz. Recordings were digitized, with pClamp 
Software (Version 5.5, Axon Instruments) at a sampling rate of 
I0 kHz. Unitary amplitudes were measured with an amplitude- 
window detector (IPROC software, Axon Instruments). The current 
relative to baseline current (leakage) was averaged over time using 
IPROC and divided by the single-channel amplitude to determine 
NPo (where N is the number of channels per patch). In some exper- 
iments, amplitude histograms were constructed and fit using a 
single-channel analysis program kindly provided by Dr. Mark 
Nelson. Voltage ramp protocols were applied using an IBM compat- 
ible AT clone, pClamp software and a digital analog interface (Scien- 
tific Solutions, Solon, OH, USA). The patch potential was changed 
over 4 s in decrements of 0.24 mV starting at positive potentials. 
During each ramp 2000 data points were sampled at a frequency of 
500 Hz. Each ramp was repeated 5 - l 5 times. 

Solu t ions  and drugs 

Cell-attached configuration. Pipette and bath solutions (in mM): 
KC1, ~45; MgCI2, 2.3; dextrose, 5.5; ethylenebis(oxonitrilo)te- 
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Fig. 1. Effect ofcromakalim on Ca 2 +-activated K § channels (inside- 
out patch). Trace 1 shows that at + 50 mV and 10 7M C a  2+,  
channel activity is very low. A change in bath C a  2 + to l0 6 M 
resulted in enormous activation of these channels. Trace 2 shows 
that application of 10- s M cromakalim to the bath solution resulted 
in activation of channels to a lesser extent than what is obtainable 
with a change in [Ca 2 +]. Magnification of parts A and B of trace 2 
are shown in traces 3 and 4 respectively 

traacetate (EGTA), 0.1; 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid (HEPES), 7.2 (pH 7.4). In some of the experiments KC1 
was partially substituted by K + glutamate in the pipette solution. 

Inside-out configuration. Pipette filling solution (in raM): KC1, 140; 
CaCI2, 0.941; dextrose, !0; EGTA, 1; HEPES, 10 (pH 7.4). Bath 
solution (in raM): KC1, 140; CaCI2, 0.61 to 1.0; dextrose, 10; EGTA, 
1; HEPES, 10 (pH 7.4). The concentration of C a  2+ in bath and 
pipette solutions was buffered by EGTA to obtain activities of 10 - v, 
10 6 and 10 -5 M respectively. Association constants for H +, K ~ 
and Ca 2 + binding to EGTA were taken from [10, 11] and calculateci 
with a program developed by Chi-Ming Hal (University of Virginia, 
Charlottesville, Va., USA). Ca 2+ concentrations of 0.61, 0.941 and 
1.00 mM were used in solutions containing 1 mM EGTA to obtain 
C a  2+ activities o f l 0  7, 10 6 and 10 5 M. 

Whole-cell configuration. Bath: NaC1, 130; NaHCO3, 10; KCI, 4.2; 
KzHzPO4, 1.2; MgCI2, 0.5; CaCI2, 1.5; HEPES, 10; dextrose, 5.5 
(pH 7.4). Pipette: K + gluconate, 120; KC1, 20; MgCI2, 0.5; EGTA, 
5; HEPES, 5 (pH 7.2). 

Chemica& 

Cromakalim (BRL 34915) and lemakalim (BRL 38227) were gifts 
from SmithKline Beecham (Surrey, UK), glyburide was obtained 
from Sigma (St. Louis, MO, USA). These drugs were stored at 4~C 
as a 20 mM stock solution in dimethylsulfoxide (DMSO). A solution 
of 0.2% DMSO in 140 mM KC1 solution had no effect on channel 
activity in inside-out patches (n = 5). The final concentration of 
DMSO in the bath solution was 0.2% or less. 
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Channel  activity at a membrane  potent ia l  o f  + 50 mV in the pres- 
ence o f  20 gM lemakalim. The ampli tude his togram in D shows the 
change in channel activity. NPo increased from 0.038 to 0.318 in the 
presence of lemakalim, where N is the number of channels per patch 
and Po is open probability 

Results 

Cromakalim and &makalim 

Lemakalim (BRL 38227) increases whole-cell outward 
current in a very similar manner as the raccmic mixture 
cromakalim (BRL 34915) [32]. We therefore compared 
the effect of cromakalim and lemakalim on Po of  Ca 2 +- 
activated K + channels in inside-out patches. Activity of  
BK channels from inside-out patches was recorded at 
+ 50mV HP and 1 0 - T M  Ca ~+. In five patches, 
cromakalim (10 -s  M) caused a significant increase in 
NPo from 0.082 to 0.162 (1.7 _+ 0.5-fold, P < 0.05). Illus- 
trated in Fig. 1 is the effect of  Ca 2 + and cromakalim in 
one of these experiments. Po at + 50 mV and 10 7 M 
Ca 2+ was very low. When the Ca 2+ in the bath was 
increased to 10- {' M, channel activity increased dramati- 
cally revealing the presence of many channels in this 
patch. Channel activity is returned to control levels upon 
perfusion of 10 -v M Ca 2+ (Fig. 1, trace 1). Trace 2 is a 
continued recording from the same patch (10 7 M Ca2+). 
Application of 10-5 M cromakalim to the bath solution 
(intraceltular surface of  the patch) resulted in an increase 
in channel activity. This increase was significant but small 
compared to the effect of  Ca 2+. Traces 3 and 4 (Fig. 1) 
are magnifications of  trace 2 before (A) and after (B) 
application ofcromakalim. Single-channel amplitude was 
not affected by cromakalim. 

When 10- 5 lemakalim was added to the bath solution 
Po of  BK channels in six patches increased significantly 
from an NPo of  0.052 to 0.19 (4.3 4- 3.2 fold, P < 0.05). 
The difference in the effectiveness of  cromakalim or 
temakalim to increase activity of  BK channels at this 
concentration was not significant (P > 0.05). In most 
patches the increase in NPo caused by cromakalim or 
lemakalim had a rapid onset (less than 1 min after start 
of bath perfusion), reached a new steady value and was 
reversible. 

We also tested, whether lemakalim would increase 
channel activity in cell-attached patches. Cells were 
depolarized with 145 mM KC1 and channel activity re- 
corded with a pipette potential of - 50 mV (patch poten- 
tial + 50 mV). Under  these conditions NPo averaged 
0.080 _+ 0.016. Lemakalim (20/aM) caused a substantial 
increase in Po to 0.26 • 0.063 (n = 6, P < 0.05) (Fig. 2). 
The time course of  this effect, however, was very different 
from inside-out patches. It usually took several minutes 
for the onset to occur and activity increased gradually 
reaching its maximum after 4 0 - 6 0  rain. The average 
increase in channel activity was 3.2 • 1.2 fold (n = 9) after 
4 0 - 6 0  min of  exposure. Table 1 summarizes the effect 
of lemakalim at two membrane potentials. Since BK 
channels are notorious for spontaneous short term and 
long term changes in Po, control experiments were 
performed to test the time course of NPo in cell-attached 
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Table 1. Effect of lemakalim and gtyburide on NPo (cell-attached 
patch) 

Potential Conditions 

A Control 
--- 'V 

Control 20 gM lemakalim 

+ 30 mV (n = 3) 0.009 -t-_ 0.002 
+ 50 mV (n = 6) 0.080 _+ 0.016 

0.025 _+ 0.007 
0.260 _+ 0.063" 

20 gM lemakalim 
+ 20 gM glyburide 

+ 30 mV (n = 3) 0.030 4- 0.008 0.021 _+ 0.010 
+ 50 mV (n = 3) 0.067 _+ 0.021 0.017 _+ 0.032 

*, P < 0.05 
NPo values were calculated from minute long recordings of channel 
activity at given potentials by dividing the time averaged current by 
the single-channel amplitude according to I, ver~g, = NPoi~h .. . .  I 

B Lemakalim (20 .M) 

C Lemakalim (20 .M) + Glyburide (20 ~M) 

patches over 60 rain. In standard bath solution (145 m M  
KC1) channel activity remained fairly stable over 60 rain 
and, if at all, slightly declined (n = 2). In an additional 
control experiment, channel activity was monitored in 
145 KC1 with 0.2% D M S O  added to the bath  solution. 
In this experiment NPo also slightly decreased over 60 
rain (n -- 3). 

The Po of BK channels in canine colonic myocytes 
is extremely low under resting conditions and channel 
openings in cell-attached patches are rarely observed with 
membrane  potentials be low + 50 mV [5]. For  example 
in one experiment channel activity was monitored at 
- 7 5  mV (patch potential) in a cell-attached patch. Two 
openings of  about  10 ms duration each were observed 
over a 20-rain period. The patch was excised and exposed 
to 10 6 M Ca ~ +. This revealed that the patch contained 
about  25 channels. Thus at - 75 mV and at intracellular 
levels of  Ca 2 + the single-channel Po was calculated to be 
less than 10-6. Since lemakalim not only shortens colonic 
slow waves, but also hyperpolarizes the tissue at the 
myenteric border, we were interested to determine 
whether the increase in BK channel activity by lemakalim 
could also be demonstrated in cell-attached patches at a 
potential close to the R M P  of circular muscle in situ. 
For  these experiments large diameter pipettes with a tip 
resistance of  less than 1 Mr2 were used to increase the 
number  of  channels per patch. BK channel activity was 
monitored at - 5 0  mV patch potential. Under  control 
conditions, NPo was 0.001 but increased dramatically to 
0.204 after addition of  20 laM lemakalim to the bath 
solution (Fig. 3). 

BK channels are sensitive to intracellular C a  2 + and 
membrane  potential. At a given Ca 2 + concentration Po 
increases e-fold for about  17 mV change in membrane  
potential [5]. Experiments were performed to determine 
the effect of  lemakalim on the voltage dependence of 
activation with voltage ramp protocols and compare  
these with current f rom whole-cell voltage-clamp. Voltage 
ramps were applied in the hyperpolarizing direction (e. g. 
+ 100 mV to - 100 mV) to take advantage of the rapid 
deactivation time constant of  BK channels in this prep- 

HP - 5 0 m V  

9o ms 

- ~ - ~ ~  / 30 pA 

Fig. 3A-C.  Effect of lemakalim and glyburide on Ca 2 +-activated 
K + channel activity (cell-attached patch). A Control recording at 
- 5 0  mV with a large diameter pipette tip, near the cell's resting 
membrane potential in vivo. B The increase in NPo produced by 
20 gM lemakalim. C In this experiment, the increase in NPo was 
partially reversible when 20 gM glyburide was added to the bath 
solution 

aration [5, 6]. Currents f rom up to /5 voltage ramps 
were averaged. When lemakalim was added to inside- 
out patches with 10-7 M Ca 2 + at the intracellular side, 
outward current increased at potentials above + 50 mV 
(Fig. 4A). With 1 0  - 6  M Ca 2+ at the intracellular side, 
channel activation occurred at much less positive poten- 
tials. When lemakalim was applied to a patch in 10- 6 M 
Ca 2+ this resulted in a further shift in the activation of 
these channels to negative potentials (Fig. 4 B). With cell- 
attached patches lemakalim (20 gM) caused an increase 
in current similar to the one seen with inside-out patches 
at low Ca 2 + concentrations (Fig. 4 C). Current  responses 
to voltage ramps were also studied in the whole-cell con- 
figuration, where the contribution of  currents other than 
through BK channels was minimized by 5 m M  4-amino- 
pyridine (4-AP) (to block delayed rectifier channels [45]) 
and 10-6 M nisoldipine (to block L-type Ca 2 +-channels 
[25] to avoid further activation of Ca 2 +-dependent out- 
ward current as a result of  Ca 2 + influx through voltage 
sensitive Ca 2 + channels). Lemakal im increased the cur- 
rent in the positive potential range in a similar fashion 
as in isolated patches in four out of  four experiments 
(Fig. 4D). The steeper onset of  current at potentials 
above + 60 mV may  be due to contaminat ion of  the 
whole-cell current with a 4-AP-insensitive component  of  
the delayed rectifier current [45]. The difference current 
is indeed very similar to the current induced by lemakalim 
in cell-attached patches. 
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Fig. 4A-D.  The effect of 
lemakalim on K + currents was 
studied with voltage ramp protocols 
under several patch-clamp con- 
figurations. A, B Current responses 
averaged from 15 sweeps of 
depolarizing ramps for an inside- 
out patch containing many 265-pS 
Ca a +-activated K + channels (BK 
channels) with a bath [Ca 2+] of 
10 -v M (A) and J0 -6 M (B). 
C Current responses averaged from 
7 sweeps of depolarizing ramps for 
a cell-attached patch. Resting mem- 
brane potential (RMP) was ad- 
justed to 0 mV with isotonic KC1 in 
the bath solution. D The whole-cell 
current response to a depolarizing 
ramp. Bath solution was standard 
Hank's and contained 5 mM 
4-aminopyridine and 10- 6 M 
nisoldipine to minimize the contri- 
bution of currents other than the 
Ca z +-dependent K + current. 
C, control; L, 20 gM lemakalim 
added to bath solution 

Glyburide 

Glyburide is an effective inhibitor ofcromakal im-induced 
Rb + efflux in vascular smooth muscle [33] and appears 
to be a specific blocker of  type 1 KAxp channels in fl cells 
and cardiac muscle [15, 44, 47]. We tested the effect of  
20 gM glyburide on lemakalim-induced activation of  BK 
channels in cell-attached and inside-out patches. In most  
cell-attached patches glyburide was not, or only partially 
(Fig. 3 C) able to reverse the activation of  BK channels 
induced by lemakalim. However  when lemakalim and 
glyburide were added simultaneously to the bath  solu- 
tion, glyburide effectively prevented activation of  BK 
channels by lemakalim in all cells tested. These data are 
summarized in Table 1. When glyburide (20 gM) was 
added to the bath solution in the absence of  lemakalim, 
channel activity increased only slightly over 60 rain (from 
0.13 + 0.1 to 0.20 + 0.08, n = 3). 

Application of  10 laM glyburide to the bath  solution 
of inside-out patches readily reversed the activation of  
BK channels by lemakalim. The time course of  NPo for 
one such experiment is shown in Fig. 5.10 gM Glyburide 
by itself had no effect on BK channel activity when ap- 
plied to the intracellular side of  excised patches (n = 3). 

Are other K + channels activated by lemakalim ? 

Standen et al. [43] have described a Ca 2+- and tetra- 
e thylammonium-(TEA) insensitive large conductance 
channel in vascular smooth muscle which is inhibited 
by millimolar concentrations of  ATP and activated by 
cromakalim. The slope conductance and current/voltage 
relationship of  this channel type is so similar to the large 
c o n d u c t a n c e  C a  2 +-activated K + channel, that it would 

NPo 
0.4' 

0.3" 

0.1 ,  

10 20 30 

lO.uM Lemakalirn 

~ ,  10pM G|yburide 

Fig. 5. Glyburide reverses increase in NPo induced by lemakalim 
(inside-out patch). Channel activity from a patch held at + 50 mV 
in 10-v M Ca 2 + containing many BK channels was monitored and 
NPo determined from the analysis of an events list. When 10 gM 
lemakalim was perfused into the bath channel activity increased 
(NPo = 0.17 before and 0.45 after lemakalim). This increase was 
completely reversed upon addition of I0 gM glyburide. The increase 
in NPo was reversible after washout of lemakatim 

be very different to distinguish this channel type in 
patches containing a large number  of  BK channels. We 
under took several experiments to test the hypothesis, that  
the increase in activity of  large conductance channels 
induced by lemakalim in our patches was due to a second 
type of  large conductance channels similar to the channel 
found by Standen et al. [43] rather than an increase in Po 
of BK channels. 

Inside-out patches, in symmetrical 140/140 m M  KC1, 
were exposed to high (10-5 M) Ca z+, which resulted in 
full activation of  BK channels. I f  application of  
lemakalim induced a second type of  channel, this 
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Fig. 6. Lemakalim shifts the activation curve of BK channel but  
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to a hyperpolarizing ramp from 0 to - 150 mV applied to an inside- 
out patch containing many BK channels were averaged. The patch 
was exposed to symmetrical 140 m M  KCI with 10 -s  M Ca 2+ at the 
intracellular surface. With these conditions the reversal potential is 
0 mV and the channels are fully active at a membrane potential 
positive to - 50 mV. At potentials negative to - 50 mV, BK chan- 
nels start to deactivate. Lemakalim did not  increase the ensemble 
averaged current in the potential range where BK channels were 
maximally activated ( -  50 to 0 mV), but only negative to - 50 mV, 
where the BK channels were partially deactivated 

lemakalim-induced current should result in a further in- 
crease of current in the voltage range where BK channels 
are maximally active. Shown in Fig. 6 are the results of  
one such experiment. Current response to voltage ramps 
from 0 to - 1 5 0  mV were averaged and plotted. The 
reversal potential for K § was 0 mV under these con- 
ditions, and no current was obtained at 0 mV. From 0 
to - 50 mV current increased linearly with driving force 
through maximally activated Ca 2 § K + chan- 
nels. At potentials negative to - 5 0  mV BK channels 
deactivated and the corresponding inward current de- 
creased. At - 1 5 0  mV channel Po was below 10% and 
the resulting inward current was very small despite a large 
driving force. Application of  lemakalim (20 gM) did not 
affect inward K § current in the range from 0 to - 50 mV, 
where BK channels were maximally activated. At poten- 
tials negative to - 5 0  mV, where BK channels were par- 
tially deactivated, lemakalim caused an increase of in- 
ward K § current. The magnitude of this increase was 
similar to the increase observed with patches held at 
10- 6 M Ca 2 +, suggesting that the increase in K + current 
was due to a shift in the activation curve of BK channels 
rather than an activation of  a second type of  large con- 
ductance K + channels. 

The cromakalim sensitive large conductance K + chan- 
nels described by Standen et al. [43] were not  blocked by 
1 mM TEA. In contrast, BK channels from gastrointesti- 
nal tract are blocked by application of TEA to the outer 
surface of  the membrane with a KD of  about  1 0 0 -  
300 pM [7]. We performed experiments in which TEA 
(200 gM) was included in the pipette solution. This 
caused a "flicker type" block of  BK channels and reduced 
the apparent single-channel current by about  50%. When 
lemakalim was added to the bath solution, a TEA-insensi- 
tive, large conductance K + channel was not observed in 
either inside-out (n = 3) or cell-attached (n = 6) patches. 

A Control (200 pM TEA In pipette) 

90 m S  

B Lemakallm (20 pM; 200 pM TEA In pipette) 120 pA 

Fig. 7A, B. Activity of BK channels monitored in a cell-attached 
patch with 200 gM tetraethytammonium (TEA) in the pipette solu- 
tion. A This concentration led to a partial flicker type block of BK 
channels. B When 20 p.M lemakalim was added to the bath solution, 
channel activity did not  increase. TEA-insensitive large conductance 
channels were not induced by lemakalim either 

The increase in Po of  the half  blocked BK channels caused 
by lemakalim was reduced under these conditions 
(Fig. 7). 

Occasionally 80- to 100-pS channels were observed in 
inside-out patches. These channels had a similar voltage 
and Ca z + dependence as BK channels, and were never 
observed under conditions, where BK channels were not 
activated. In a few patches containing both channel types, 
lemakalim also increased the Po of  the smaller conduc- 
tance channel. The degree to which this channel was 
activated by lemakalim could not be quantitated due to 
the large number of  BK channels in these patches. 

IntracelIular AT[' 

Experiments were performed to examine, whether BK 
channels from canine colon are modulated by intracellu- 
lar ATP. Inside-out patches were perfused with standard 
bath solution containing 10-6 M Ca 2 +. Channel activity 
was recorded at a HP of  - 50 mV and ATP (1, 2 or 5 mM) 
was added to the bath solution. There was no change in 
NPo or single-channel amplitude with up to 2 mM ATP 
(n = 10) (Fig. 8A). At 5 raM, ATP caused rapid mem- 
brane breakdown in three out of three patches. 

In some of  these experiments, the effect of  ATP on 
voltage-dependent activation of  BK channels in the range 
of +__ 100 mV was measured with voltage ramps as de- 
scribed previously [6]. Current responses from 15 ramps 
were averaged before and after application of ATP to the 
intracellular surface of an inside-out patch. No change 
or shift of  the activation curve along the voltage axis was 
observed with concentrations up to 2 mM ATP (Fig. 8 B). 
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Fig.  8A, B. ATP does not block Ca2+-activated K + channels in 
canine colonic myocytes. A A continuous recording of BK channel 
activity from an inside-out patch held at - 50 mV membrane poten- 
tial and a bath [Ca 2+] of 10 -7 M. Application of 1 and 2 mM ATP 
to the bath solution did not affect Po. B Current responses to voltage 
ramps from an inside-out patch containing many BK channels in 
10 - 6 M Ca 2 +. Current from 15 ramps for each was averaged. Chan- 
nels activated in the positive voltage range. Addition of ATP (1 mM) 
to the intracellular surface did not significantly change or shift the 
voltage dependence of BK channel activation 

Effects of Iemakalim on ensemble averaged BK currents 

With voltage step protocols, cromakalim and lemakalim 
affected mainly a "time-independent" or quasi-instan- 
taneous component  of  whole-cell outward current in co- 
lonic [32] as well as vascular [2] smooth muscle cells. It is 
noteworthy that a similar "time-independent" compo- 
nent of  whole-cell current is also affected by the vaso- 
dilator, minoxidil sulfate, in vascular smooth muscle cells 
[26]. Experiments were performed to examine whether 
the effects of lemakalim on ensemble averaged currents 
from patches containing numerous BK channels could 
account for the effect of  this compound on whole-cell 
currents. Cell-attached patches were repetitively 
depolarized and membrane currents were averaged under 
control conditions and after exposure to lemakalim. Re- 
sults from one such experiment are shown in Fig. 9. 
Shown in Fig. 9A, B are two examples of  BK channel 
openings during step depolarizations from 0 to + 70 mV 
(patch potential) under control conditions and after ex- 
posure to lemakalim (20 gM), respectively. Lemakalim 
dramatically increased BK channel activity in this patch. 
In this experiment, membrane currents were averaged 
from a series of 128 identical depolarizing voltage steps 
in the control (Fig. 9 C) and in the presence of  lemakalim 
(Fig. 9 D). For  these averaged currents capacitative and 
leak currents were not substracted. Comparing Fig. 9 C 
and D, it appears that lemakalim increased the magnitude 
of a predominantly time-independent current component  
following the capacitative transient (arrows). This effect 
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Fig.  9 A - F. Ensemble average currents to depolarizing voltage steps 
in cell-attached patch. Channel openings in response to a step 
depolarization from 0 to + 70 mV (patch potential) were recorded 
A before and B after application of 20 gM lemakalim to the bath 
solution. Currents were not corrected for leak and capacitive transi- 
ents. C, D The ensemble average current from 128 such sweeps. The 
fast activation of BK channels to depolarizing voltage steps makes 
the current appear like "time-independent'current. E, F The 
ensemble average current from the same patch after leak and capaci- 
tive current subtraction. Ensemble current activated with z = 28 ms 
in the control, and with z = 42 ms in the presence of lemakalim 

is very similar to the effect of  lemakalim on whole-cell 
currents [2, 32]. 

I f  the same data is corrected for capacitative and leak, 
currents, then the kinetics of  activation of  BK channels 
can be observed before and after exposure to lemakalim 
(Fig. 9E, F). In control, the ensemble current activates 
with a ~ of  28 ms. Exposure to lemakalim increased the 
amplitude of  the ensemble current. The activation kin- 
etics in the presence of  drug (~ = 42 ms) were similar to 
those observed in the control and characteristic of  BK 
channels in colonic smooth muscle cells ('c = 32.1 ms with 
steps to + 80 mV, [5]). This rapid activation makes it 
possible that under whole-cell conditions, this current 
might appear as a quasi-instantaneous component of  
membrane current unless precautions are taken to effec- 
tively eliminate the capacitative transient. It is also appar- 
ent that augmentation of  BK channel activity by 
lemakalim might appear as an increased magnitude of  
a quasi-instantaneous, time-independent component of  
whole-cell membrane current. 
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Discussion 

Both cromakalim and lemakalim increased Po values of 
large conductance Ca 2 +-activated K + channels in inside- 
out and cell-attached patches from canine colon. The 
time course of activation was much slower in cell-attached 
patches, suggesting that these compounds may have to 
diffuse through the lipid membrane bilayer in order to 
exert their effect. Similarly, the sulphonylurea glyburide 
reversed the increase in NPo caused by lemakalim in inside- 
out patches, but not, or only partially, in cell-attached 
patches. These data demonstrate that K + channel 
openers like cromakalim and sulphonylureas are not 
specific for Kmrp channels. Our findings resemble those 
of Gelband et al. [13], who reported, that cromakalim 
increases the Po of BK channels in smooth muscle cells 
from rabbit aorta, rabbit trachea and pig coronary ar- 
teries. The BK channels described in vascular smooth 
muscle cells by Gelband et al. [14] were also blocked by 
millimolar concentrations of ATP applied to the intra- 
cellular surface. Small conductance channels that are sen- 
sitive to both Ca 2 § and ATP have been reported in vascu- 
lar smooth muscle [22]. In contrast, in our study on canine 
colonic myocytes, ATP applied to the intracellular surface 
of inside-out patches had no effect on BK channel Po. 
Other investigators have found no effect of cromakalim, 
glyburide or ATP on BK channels of smooth muscles [2, 
25]. Small conductance channels that are sensitive to both 
Ca 2 § and ATP have recently been reported in vascular 
smooth muscle [22]. These channels were activated by 
nicorandil [19, 20]. 

We examined the possibility that the increase in chan- 
nel activity in our patches may have been caused by a 
different type of large conductance channel than BK 
channels. Standen et al. [43] have reported a Ca 2 +- and 
TEA-insensitive KATp channel in myocytes from rabbit 
and rat mesenteric artery that was activated by 
cromakalim. This channel had a slope conductance of 
135 pS at 0 mV in 60/120 mM KC1, which corresponds 
to a single-channel permeability of 4.5 cm s- 1 (calculated 
from the constant field equation [16]). In our experiments 
this channel would be very difficult to distinguish from 
BK channels, which in colonic cells have a permeability 
of 5.2 cm s-1 (calculated from a slope conductance of 
260 pS in 140/140 KC1). When the BK channel was half 
maximally blocked by TEA, we did not observe a large 
conductance, TEA-insensitive channel that was activated 
by lemakalim in colonic myocytes. Either this channel is 
not expressed in membranes of colonic myocytes, or the 
number of these channels is very low. Under conditions 
where BK channels were maximally activated with 
10-SM Ca 2+ lemakalim failed to further increase 
ensemble average current. This strongly suggests, that the 
increase in large conductance channel activity observed 
at stationary potentials is due to an increase in the Po of 
BK channels. 

In some patches (5-20%) we found a 80- to 100- 
pS channel that was also activated by lemakalim. This 
channel had a similar voltage and Ca 2 § dependence as 
the BK channel and was never observed under conditions 
where the BK channel was inactive. It is not clear whether 

this channel is a separate entity or a subconductance state 
of BK channels. 

Lemakalim also increased the magnitude of ensemble 
average currents elicited by step depolarizations in cell- 
attached patches. The time constant for activation of 
this ensemble averaged current was in the same range as 
described earlier for BK channels from colonic myocytes 
in inside-out patches [5]. This fast activating current 
would appear under whole-cell conditions as a "time- 
independent" (quasi-instantaneous) current, similar to 
that observed by Post et al. [32] and Beech and Bolton [2]. 
Our patch-clamp experiments were performed at room 
temperature, while the whole-cell voltage-clamp exper- 
iments by Post et al. [32] were conducted at 37 ~ C. Increas- 
ing bath temperature from 25 ~ C to 37 ~ C causes a further 
decrease in the time constant for activation of BK 
ensemble average current (A. Carl, unpublished obser- 
vation). 

We have previously suggested that BK channels par- 
ticipate in the repolarization phase of slow waves in gas- 
trointestinal muscle cells [5, 7]. Under resting conditions, 
the Po of these channels is very low and it is not clear at 
present, whether they contribute to the generation of 
RMP. In the circular layer of canine colon the RMP is 
graded from - 8 0  mV at the submucosal border to 
- 4 0  mV at the myenteric border [41]. The origin of this 
gradient is unknown at the present, but a different density 
and/or pump rate of electrogenic Na+/K+-ATPase [3] 
and differential expression of isoforms of the Na+/K +- 
ATPase have been implied [4]. The Po of BK channels 
can be extrapolated from measurements at high Ca 2 § 
and positive membrane potentials by fitting the activation 
curves with a Boltzman function, Po = 1/{1 + exp[-K- 
(V-V1/2)]}. Using V1/2= +107mV at 10-7M and 
K- ~ = 16.9 mV [5] gives Po = 1.67 �9 10-4 at - 4 0  mV and 
2.83 �9 10-5 at - 7 0  mV membrane potential. Using a BK 
channel density of N of 23 000/cell [5] and a slope conduc- 
tance 7slove of 72.4 pS at - 4 0  mV and 43.6 pS at - 70 mV 
(calculated from the constant field equation [16] with 
[K+]o = 5.9 mM, [K+]i = 140 mM and PK = 5.1 cm s -~) 
the contribution of BK channels to resting membrane 
conductance can be estimated from NPoYslope. This calcu- 
lation gives a total BK channel conductance, NPoTslope of 
28 pS at - 70 mV and 278 pS at - 40 mV. With an input 
resistance of about I G~ [24] (= 1000 pS membrane con- 
ductance), BK channels might contribute between 3 and 
25% to resting membrane conductance. These calcu- 
lations from measurements on excised patches have to be 
interpreted with caution however, since the activity of 
BK channels may be further modulated by intracellular 
second messengers and mechanisms like phosphorylation 
[8]. However, other data also supports the involvement 
of BK channels in maintenance of the RMP. In canine 
gastric antrum, UV illumination of tissue that was loaded 
with the light sensitive caged Ca 2+ compound nitr-5, 
resulted in shortening of slow waves and a small 
hyperpolarization [7]. Similar effects have been observed 
in canine colon (N. G. Publicover, unpublished obser- 
vation). Intracellular recording of membrane potential 
also revealed afterhyperpolarizations following long du- 
ration slow waves [39], implying a transient activation of 



a K + current .  In  a recent  s tudy  us ing whole-cel l  vo l tage-  
c l amp  it  has  been shown tha t  low b a t h  concen t r a t ions  o f  
T E A  (100 ~tM) cause small ,  bu t  s ignif icant  d e p o l a r i z a t i o n  
o f  the  R M P  in i so la ted  canine  co lonic  s m o o t h  muscle  
cells [31]. Taken  together ,  these obse rva t ions  suggest  t ha t  
while the R M P  in canine  co lon  is n o t  exclusively gener-  
a ted  by  B K  channels ,  B K  channels  m a y  con t r i bu t e  signifi- 
can t ly  to the  R M P .  T r i e s c h m a n n  and  I senberg  [46] have  
suggested,  t ha t  B K  channels  con t r i bu t e  to R M P  in po r -  
cine vascu la r  s m o o t h  muscle.  A l t h o u g h  we used h igher  
concen t r a t ions  o f  l e m a k a l i m  than  are  r equ i red  to d e m o n -  
s t ra te  a s ignif icant  m e m b r a n e  h y p e r p o l a r i z a t i o n  in in tac t  
t issue [32], even smal l  increases  in Po values  o f  B K  chan-  
nels induced  by  K + channel  openers  w o u l d  resul t  in a 
s ignif icant  increase  in m e m b r a n e  K + conduc t ance  and  
therefore  cause  m e m b r a n e  h y p e r p o l a r i z a t i o n  o f  in tac t  
co lon ic  tissue, cons i s ten t  wi th  ear l ier  f indings  in vascu la r  
t issue [23]. 

The  increase  in Po o f  B K  channels  i nduced  by  these 
c o m p o u n d s  can  read i ly  expla in  the  m a j o r  effects o f  these 
drugs  on  electr ical  ac t iv i ty  in situ as well as the  obse rved  
increase  in " t i m e - i n d e p e n d e n t "  o u t w a r d  cur ren t  r eco rded  
in whole-ce l l  vo l t age -c l amp  exper iments .  However ,  we 
c a n n o t  exclude the poss ib i l i ty  tha t  the effect o f  
c r o m a k a l i m  and  l e m a k a l i m  on electr ical  ac t iv i ty  in situ 
m a y  also involve the  ac t iva t ion  o f  channels  tha t  e i ther  
a re  expressed  in very low densi ty ,  have  a s ingle-channel  
a m p l i t u d e  tha t  is t oo  smal l  to be resolved  with  s t a n d a r d  
p a t c h - c l a m p  techniques  or  were  inac t iva ted  u n d e r  our  
r eco rd ing  condi t ions .  F u r t h e r  exper iments  are  c lear ly  
needed  to p rov ide  a d i rec t  func t iona l  co r r e l a t i on  be tween  
the effects o f  these c o m p o u n d s  on  B K  channels  and  mem-  
b rane  h y p e r p o l a r i z a t i o n  o f  co lonic  s m o o t h  muscle.  
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