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Abstract. We investigated the block of KATP channels
by glibenclamide in inside-out membrane patches of rat
flexor digitorum brevis muscle.

(1) We found that glibenclamide inhibited KATP

channels with an apparentKi of 63 nM and a Hill coef-
ficient of 0.85. The inhibition of KATP channels by glib-
enclamide was unaffected by internal Mg2+.

(2) Glibenclamide altered all kinetic parameters
measured; mean open time and burst length were re-
duced, whereas mean closed time was increased.

(3) By making the assumption that binding of gli-
benclamide to the sulphonylurea receptor (SUR) leads to
channel closure, we have used the relation between mean
open time, glibenclamide concentration andKD to esti-
mate binding and unbinding rate constants. We found an
apparent rate constant for glibenclamide binding of 9.9 ×
107

M
−1 sec−1 and an unbinding rate of 6.26 sec−1.

(4) Glibenclamide is a lipophilic molecule and is
likely to act on sulfonylurea receptors from within the
hydrophobic phase of the cell membrane. The gliben-
clamide concentration within this phase will be greater
than that in the aqueous solution and we have taken this
into account to estimate a true binding rate constant of
1.66 × 106 M

−1 sec−1.
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Introduction

Potassium channels closed by internal ATP (KATP chan-
nels) are widely distributed in mammalian tissues (re-
viewed by Ashcroft & Ashcroft, 1990). They were first
identified by Noma (1983) in cardiac muscle cells where

they are believed to couple metabolic state to membrane
excitability. Subsequently, KATP channels have been
identified in pancreatic B-cells, where they link insulin
release to blood glucose levels, and in skeletal muscle
where their function is less clear (reviewed by Davies,
Standen & Stanfield, 1991). Inagaki et al. (1995, 1996)
proposed recently that the KATP channel is actually a
complex of a weak inward rectifier channel (Kir6.2)
coupled closely in the membrane to a receptor for sul-
fonylureas (SUR). In this model, the Kir6.2 channel pro-
tein confers the properties of conduction and ion selec-
tivity, whereas the SUR protein serves as the receptor for
ATP and pharmacological modulators of channel func-
tion such as glibenclamide and pinacidil. Glibencla-
mide, a sulfonylurea, is a very potent inhibitor of KATP

channels in cardiac and pancreatic cells havingKi values
of 2 and 0.2 nM respectively (Schmid-Antomarchi et al.
1987a,band Fosset et al. 1988). Glibenclamide is, how-
ever, much less active on KATP channels of skeletal muscle
and has been proposed to act at a functionally distinct sub-
type of SUR(SUR2, Inagaki et al., 1996). Standen et al.
(1992), found that application of glibenclamide to amphib-
ian sartorius muscle inhibited KATP channels with aKi of
3mM. More recently, using outside-out patches of mouse
skeletal muscle, Allard and Lazdunski (1993) obtained aKi

for glibenclamide of 190 nM, about 1,000-fold greater than
that measured in pancreatic B-cells.

We have investigated the action of glibenclamide on
rat skeletal muscle KATP channels in order to determine
theKi , the binding stoichiometry and make estimates of
the rate constants for the binding and unbinding of gli-
benclamide to the KATP channel complex.

Materials and Methods

PREPARATION

Single muscle fibers were isolated from rat flexor digitorum brevis
muscle (F.D.B.) using collagenase as described previously (McKillen
et al. 1994).Correspondence to:R. Barrett-Jolley
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SOLUTIONS

The extracellular solution, used to fill the patch pipette, had the fol-
lowing composition (mM): KCl, 10; NaCl, 145, CaCl2, 2; HEPES, 10,
pH was adjusted to 7.4 with NaOH. The internal solution contained
(mM): KCl, 99; EGTA, 5; K-fluoride, 40; HEPES, 10, pH was adjusted
to 7.4 with KOH. K-Fluoride was included in the solution to reduce
channel ‘rundown’ (McKillen et al. 1994). MgCl2 1.4 was included in
the internal solution only where stated. Glibenclamide was purchased
from Sigma and dissolved in DMSO to make a 100 mM stock solution.
The highest concentration of glibenclamide used was 10mM, thus the
maximum DMSO exposure was 0.01%. DMSO applied to membrane
patches at 0.1% was found to be without effect.

RECORDING METHODS

KATP channel currents were recorded using excised, inside-out mem-
brane patches (Hamill et al., 1981). Patch pipettes were pulled from
thick-walled borosilicate tubing, coated with Sylgard resin, and fire
polished. Pipette resistance was 10–20MV when filled with pipette
solution. Following seal formation, patches were excised and placed in
a switchable stream of intracellular solution. Currents were measured
with a List EPC-7 amplifier filtered at 10kHz and stored on videotape
at 40kHz for off-line analysis.

ANALYSIS

Prerecorded data were replayed through an 8-pole Bessel filter at a
cutoff frequency (-3dB) of 4kHz and digitized at 20kHz using a TL-1
A-D interface (Axon Instruments, Foster City, CA). A 50% threshold
was used to detect open and closed events, linear regressions joining
pairs of data points on either side of the threshold giving the estimated
times of crossing. A minimum resolution (tmin) of 100msec was im-
posed on the data and the remaining events were log-binned at 25 bins
per log10 unit according to the method of Sigworth and Sine (1987).
Distributions were fitted to binned data by the method of maximum
likelihood to the probability density function:

f~t! = (
j=1

m

~aj /tj!exp~−t/tj) (1)

whereaj is the area,tj is the time constant of componentj, andm is the
number of components. In general, openings were interrupted by brief
closings, many of which were undetected, resulting in an overestima-
tion of the measured mean open time,to. This was corrected by mul-
tiplying it by the proportion of closed events detected (given by the
integral of the fitted closed time distribution betweentmin and infinity).

Bursts were defined as an opening or series of openings separated
by closures shorter than a critical timetc. This time was calculated
from the closed time distribution by assigning the three shortest com-
ponents as gaps within bursts and equalizing the proportion of short
closings, misclassified as long, and of long closing, misclassified as
short (Colquhoun and Sakmann, 1985).

Channel activity was calculated asNPopen, which is given by
∑tjJ/T, where tj is the time spent at levelj (1 . . . N), T is the total
duration of the recording,N is the number of channels andPopenis the
open probability. Fractional block is thenNPopen in the presence of
glibenclamide divided by that before. For patches with a large number
of channels wherePopen could not be calculated, the average current
was measured instead.

Dose responses were fit with the equation:

F = 1 −
ch

ch + Ki
h

(2)

where F is the fractional block,Ki is the concentration giving half
maximal block, andh is the Hill coefficient.

All experiments were carried out at room temperature, 20–25°C,
and results are given as means ± their standard errors, or the asymp-
topic standard errors returned by the curve fitting routines of Sigmaplot
5.0 (Janel Scientific).

Results

Holding excised inside-out patches of F.D.B. muscle at
0 mV we saw channel currents with unitary amplitudes
of approximately 2pA. These were confirmed as KATP

channels by a reduction of their activity by application of
cytosolic ATP (McKillen et al., 1994). The number of
channels in any one patch was variable. For the con-
struction of the dose response curve we selected patches
with several channels, and for kinetic analysis we looked
at patches with as few active channels as possible, lim-
iting our measurements to periods when only one chan-
nel was active. In patches containing more than one ac-
tive channel it is not possible to obtain the closed time
distribution, but the mean closed time,tc, could be es-
timated asto(1 − Popen)/Popen where to is the corrected
mean open time (see above).

INHIBITION OF KATP CHANNELS BY GLIBENCLAMIDE

Application of low concentrations of glibenclamide to
the internal face of the membrane rapidly and reversibly
inhibited KATP channels, Fig. 1A. At higher concentra-
tions, reversal of the glibenclamide inhibition was very
slow (data not shown), and may reflect the high solubil-
ity of this compound in the membrane (see discussion).
Figure 1B shows the dose-response relation for the inhi-
bition of channel activity by glibenclamide in the ab-
sence of Mg2+. The solid line shows the best fit of Eq.
(2) to the data which gave aKi of 63 ± 17 nM and a Hill
coefficient,h, of 0.85 (n 4 16 patches). We found that
internal Mg2+ (1.4 mM) did not affect significantly the
sensitivity of the skeletal muscle KATP channel to gli-
benclamide (Fig. 1;Ki 4 78 ± 52 nM, h 4 0.9 ± 0.5,
n 4 4 patches).

KINETIC ANALYSIS OF GLIBENCLAMIDE INHIBITED

KATP CHANNELS

In patches containing only one or two active KATP chan-
nels it was clear that openings occurred in bursts sepa-
rated by closed times that were occasionally long lasting.
This is typical of the behavior of these channels in other
preparations (Spruce et al. 1987; Davies, Standen &
Stanfield 1992; McKillen et al. 1994). Figure 2 shows
recordings of a single KATP channel in the absence and
presence of 1mM glibenclamide. The most noticeable
effect was a reduction in burst duration and an increase
in closed time duration. This is shown quantitatively in
Fig. 3 by the distributions of open time, closed time and
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burst duration in the presence and absence of gliben-
clamide. Control dwell times were well fitted assuming
three open states (corrected mean open time,cmot 4
6.27 ± 0.38 msec,n 4 5 patches) and five closed states
(mean closed time,tc 4 6.20 ± 0.38 msec,n 4 5
patches). The mean burst duration in these patches was

411 ± 19 msec. This is somewhat longer than reported
previously in amphibian muscle (Spruce et al. 1987,
Davies et al. 1992).

In the presence of 1mM glibenclamide, corrected
mean open times were reduced by 55% (cmot4 2.8 ±
0.1 msec,n 4 3 patches), while mean burst lengths were

Fig. 1. Glibenclamide inhibits KATP channels rapidly. (A) Application of 100 nM glibenclamide to the internal face of the membrane (in the absence
of Mg2+), holding potential 0 mV. (B) Dose-response curve for the action of glibenclamide on 16 inside-out patches of skeletal muscle membrane:
(s) zero magnesium, (d) 1.4 mM Mg2+. The data (in the absence of magnesium) were fit with Eq. 2. Half maximal block,Ki was 62.9 nM and the
Hill coefficient was 0.85.

Fig. 2. Glibenclamide reduces burst lengths. The panels on the left show control data, panels on the right are in the presence of 1mM internal
glibenclamide. The top row show data at low time resolution (sample interval 750msec, filtered at 1KHz). The middle row show sections of the
above data, but at our maximum resolution (sample interval 50msec, filtered at 4KHz). Burst lengths are shorter in the presence of glibenclamide,
but there is less obvious change of fast events. The bottom two panels show all points amplitude histogram plots from the data above. The histogram
on the left (in the absence of glibenclamide) is fitted with Gaussians of 0.02 ± 0.22 and 1.94 ± 0.28. The histogram on the right is fitted with
Gaussians of −0.01 ± 0.47 and 1.92 ± 0.31.
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reduced by 75% of the control level (89.0 ± 9.9 msec,
n 4 3 patches). The larges change, however, was an
18-fold increase in mean closed time (61.3 ± 1.1 msec,n
4 3 patches).

Since open times are reduced in a concentration-
dependent manner by glibenclamide, and since high con-
centrations of glibenclamide lead to complete block, it is
reasonable to assume that binding of glibenclamide leads
to channel closure. For a system withk open states the
general solution for the reciprocal of the mean open time
is given by:

1

to
= (

Pi

Po
hi i = 1 . . .k (3)

wherePi is the steady state occupancy of theith open
state,Po the open probability andhi the sum of the rate
constants leading from theith open state to any shut state
(Colquhoun & Hawkes, 1977; Davieset al.,1989). In the
presence of a blocker,B, Eq (3) can be written conve-
niently as:

1

to
= (

Pi

Po
hi + S( Pi

Po
biD @B# (4)

where bi represents the sum of rate constants leading
from the ith open state to any blocked state. The value
within the brackets in Eq. (4) is the weighted mean of the
rate constants for blocking each of the open states. If
these rates are the same for each open state, then this
bracketed term simplifies tokb, the glibenclamide bind-
ing rate.

An estimate of the binding rate can thus be obtained
as the slope of a plot of glibenclamide concentration

against the reciprocal of the mean open time (Fig. 4A).
The slope of the line in Fig. 4A gave a binding rate of 9.9
× 107

M
−1 sec−1. With a Hill coefficient near unity, the

dissociation constantKD is equal toKi (seeEq. 2), and
the unbinding rate could be calculated ask−b 4 KD. kb,
which gavek−b 4 6.26 sec−1.

Glibenclamide is a rather lipophilic molecule and in
cardiac muscle it has been suggested to bind to its re-
ceptor from within the cell membrane (Findlay, 1992).
In this case our calculated blocking rate constant would
be too high. Findlay (1992) estimates that at pH 7.4 the
concentration of glibenclamide within the membrane
will be about 60 times higher than in the aqueous solu-
tion (glibenclamide has a pKa of 6.3 and an octanol:water
partition coefficient of 1200). If glibenclamide acts from
within the membrane then our calculated binding rate
should be modified to 1.66 × 106

M
−1 sec−1. Our esti-

mated unbinding rate of 6.26 sec−1 will be unaffected by
this.

Figure 4B shows mean burst lengths, open times and
closed times plotted against glibenclamide concentration.
At 100 nM, nearly double theKi, burst lengths and open
times were reduced by only 25% and 18% respectively,
whereas mean closed time was increased more than
threefold. These results are broadly similar to those
found by Gillis et al. (1989) who examined the kinetic
action of sulfonylureas in pancreatic B-cells and found
that 10mM tolbutamide reduced mean burst lengths by
66%, and mean open times by less than 20%.

Discussion

We have shown here that glibenclamide can inhibit KATP

channel activity with a stoichiometry of 1:1 and aKi of

Fig. 3. KATP channel kinetics. Distribution of
open times, closed times and burst lengths in
control (A, B, andC), and in the presence of 1mM

glibenclamide (D, E, andF). Eq. (1) was fitted to
these distributions with 3 components for the open
times, 5 for the closed times and 3 for burst
lengths. The values returned for the fits were
(area:time constant, msec): Control open times;
0.03:0.57, 0.94:13.76, 0.03:48.30. Control closed
times; 0.97:0.09, 0.02:0.5, 0.01:5.3, 0.003:78.5,
0.001: 3065. Control burst lengths; 0.15:0.8,
0.54:73.99, 0.31:1070. 1mM glibenclamide open
times; 0.085:0.48, 0.58:7.43, 0.33:15.47. 1mM

glibenclamide closed times: 0.645:0.05, 0.31:0.14,
0.024:2.5, 0.015:78.2, 0.007:1960. 1mM

glibenclamide burst lengths; 0.4:0.8, 0.3:25.98,
0.28:254.
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63 nM when added to the cytosolic side of inside-out
patches of rat skeletal muscle membrane. ThisKi is
similar to that of 190 nM measured in mouse skeletal
muscle by Allard and Lazdunski (1993), but is much
lower than that observed in amphibian skeletal muscle (3
mM, Standen et al., 1992). The recent work of Inagaki et
al. (1995, 1996) shows that the KATP channel exists as a
complex of a Kir 6.2 channel and an SUR protein. Fur-
thermore, the SUR receptor found in cardiac and skeletal
muscle (designated SUR2) is less sensitive to both ATP
and sulphonylureas than that found in pancreatic B-cells.
Our value of 63 nM for the Ki in skeletal muscle, being
approximately 300-fold higher than that found in pan-
creatic cells (Schmid-Antomarchi et al, 1987), is consis-
tent with this finding.

KATP channel kinetics have been studied previously
in skeletal muscle (Davies et al. 1989, 1992) and in pan-
creatic B-cells (Gillis et al. 1989). In both tissues, the
kinetics were shown to be complex, having several open
and closed states. Gillis et al. (1989) found that both
sulfonylureas and glucose (acting through ATP) de-

creased burst duration and increased closed times. In
this study we have shown that glibenclamide decreases
mean open time in a concentration-dependent manner,
suggesting that glibenclamide binding leads to channel
closure. In fact, since it is the SUR protein, and not the
channel itself, which serves as the target for sulfonyl-
ureas, it is likely that the binding of glibenclamide does
not depend on whether the channel is open or closed.
Despite the complex kinetics of these channels it was
still possible to extract valuable information about block-
ing and unblocking rate constants from the relation be-
tween mean open time and glibenclamide concentration.
Our analysis, after accounting for the partition coeffi-
cient of glibenclamide in the membrane (Findlay, 1992),
gave blocking and unblocking rate constants of 1.66 ×
106

M
−1 sec−1 and 6.26 sec−1 respectively.

We thank Mrs. D. Everitt and Mr. W. King for expert technical assis-
tance, and the Wellcome Trust and MRC for support. We also thank
Prof. N.B. Standen and Dr. C. Dart for helpful comments. NWD is a
Royal Society University Research Fellow.

Fig. 4. Reduction of mean open time by
glibenclamide. (A) Reciprocal corrected mean
opentime against glibenclamide concentration. The
line is the fit to:

1/to 4 kb.[Glib] + 1/to([Glib] 4 0) (5)

wherekb is the binding rate constant,to is the
cmot in the presence of glibenclamide andto([Glib]

4 0) is thecmotwith no blocker. (Data
from 6 patches). (B) Mean dwell times plotted
against the concentration of glibenclamide. Bursts
(open circles), corrected openings (closed circles)
and closures (triangles). The broken lines through
the openings and closures are drawn from the
calculated rate constants for binding and unbinding
of glibenclamide. Note that both abscissa and
ordinate are log scales (Data from 6 patches).

261R. Barrett-Jolley and N.W. Davies: Glibenclamide Kinetics



References

Allard, B., Lazdunski, M. 1993. Pharmacological properties of ATP-
sensitive K+ channels in mammalian skeletal muscle.Eur. J. Phar-
macol.236:419–426

Ashcroft, S.J.H., Ashcroft, F.M. 1990. Properties and functions of
ATP-sensitive K+ channels.Cellular signalling.2:197–294

Barrett-Jolley, R., Comtois, A., Davies, N.W., Stanfield, P.R., Standen,
N.B. 1996. Effect of adenosine and intracellular GTP on KATP

channels of mammalian skeletal muscle.J. Membrane Biol.
152:111–116

Colquhoun, D., Hawkes, A.G. 1977. Relaxation Fluctuations of mem-
brane currents that flow through drug-operated channels.Proc. R.
Soc. Lond. B.199:231–262

Colquhoun, D., Sakmann, B. 1985. Fast events in single channel cur-
rents activated by acetylcholine and its analogues at the frog muscle
end-plate.J. Physiol.369:501–557

Davies, N.W., McKillen, H-C., Stanfield, P.R., Standen, N.B. 1996. A
rate theory model for Mg2+ block of ATP-dependent potassium
channels of rat skeletal muscle.J. Physiol.490.3:817–826

Davies, N.W., Spruce, A.E., Standen, N.B., Stanfield, P.R. 1989. Mul-
tiple blocking mechanisms of ATP-sensitive potassium channels of
frog skeletal muscle by tetraethylammonium ions.J. Physiol.
413:31–48

Davies, N.W., Standen, N.B., Stanfield, P.R. 1991. ATP-dependent
potassium channels of muscle cells: their properties, regulation, and
possible functions.J. Bioenerg. Biomembr.23:509–535

Davies, N.W., Standen, N.B., Stanfield, P.R. 1992. The effect of in-
tracellular pH on ATP-dependent potassiu channels of frog skel-
etal muscle.J. Physiol.445:549–568

Findlay, I. 1992. Inhibition of ATP-sensitive K+ channels in cardiac
muscle by the sulphonylurea drug glibenclamide.J. Pharmacol.
Exp. Ther.261(2):540–545

Findlay, I. 1993. Sulphonylurea drugs no longer inhibit ATP-sensitive
K+ channels during metabolic stress in cardiac muscle.J. Pharma-
col. Exp. Ther.266:456–467

Fosset, M., De Weille, J.R., Green, R.D., Schmid-Antomarchi, H.,
Lazdunski, M. 1988. Antidiabetic sulfonylureas control action po-
tential properties in heart cells via high affinity receptors that are
linked to ATP-dependent K+ channels.J. Biol. Chem.263:7933–
7936

Gillis, K.D., Gee, W.M., Hammoud, A., McDaniel, M.L., Falke, L.C.,

Misler, S. 1989. Effects of sulphonamides on a metabolic-regulated
ATPi-sensitive K+ channel in rat pancreatic B-cells.Am. J. Physiol.
257(Cell. Physiol.):C1119–C1127

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.
Improved patch-clamp techniques for high-resolution current re-
cording from cells and cell-free membrane patches.Pfluegers Arch.
391:85–100

Inagaki, N., Gonoi, T., Clement, IV, J.P., Namba, N., Inazawa, J.,
Gonzalez, G., Aguilar-Bryan, L., Seino, S., Bryan, J. 1995. Recon-
struction of IKATP: An inward rectifier subunit plus the sulphonyl-
urea receptor.Science270:1166–1170

Inagaki, N., Gonoi, T., Clement, IV, J.P., Wang, C-Z., Aguilar-Bryan,
L., Bryan, J., Seino, S. 1996. A family of sulphonylurea receptors
determines the pharmacological properties of ATP-sensitive K+

channels.Neuron16:1011–1017
McKillen, H.-C., Davies, N.W., Stanfield, P.R., Standen, N.B. 1994.

The effect of intracellular anions on ATP-dependent potassium
channels of rat skeletal muscle.J. Physiol.479:341–351

Noma, A. 1983. ATP-regulated K+ channels in cardiac muscle.Nature
305:147–148

Qin, D., Takano, M., Noma, A. 1989. Kinetics of the ATP sensitive K+

channels revealed with oil-gate concentration jump method.Am. J.
Physiol.257(Heart Circ. Physiol. 26):H1624–H1633

Schmid-Antomarchi, H., De Weille, J., Fosset, M., Lazdunski, M.
1987a. The antidiabetic sulfonylurea glibenclamide is a potent
blocker of the ATP-modulated K+ channels in insulin secreting
cells.Biochem. Biophys. Res. Com.146(1):21–25

Schmid-Antomarchi, H., DeWeille, J., Fosset, M., Lazdunski, M.
1987b. The receptor for antidiabetic sulfonylureas controls the ac-
tivity of the ATP-modulated K+ channel in insulin-secreting cells.
J. Biol. Chem.262(33):15840–15844

Sigworth, F.T., Sine, S.M. 1987. Data transformations for improved
display and fitting of single-channel dwell time histograms.Bio-
phys. J.52:1047–1054

Spruce, A.E., Standen, N.B., Stanfield, P.R. 1987. Studies of the uni-
tary properties of adenosine-58 triphophate-regulated potassium
channels of frog skeletal muscle.J. Physiol.382:213–236

Standen, N.B.., Pettit, A.I., Davies, N.W., Stanfield, P.R. 1992. Acti-
vation of ATP-dependent K+ currents in intact skeletal muscle fi-
bers by reduced intracellular pH.Proc. R. Soc. Lond. B247:195–
198

262 R. Barrett-Jolley and N.W. Davies: Glibenclamide Kinetics


