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Characterization of K ,tp channels in intact mammalian skeletal

muscle fibres
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1 The aim of this study was to characterize the K rp channel of intact rat skeletal muscle (rat flexor
digitorum brevis muscle). Changes in membrane currents were recorded with two-electrode voltage-
clamp of whole fibres.

2 The Karp channel openers, levcromakalim and pinacidil (10—400 uM), caused a concentration-
dependent increase in whole-cell chord conductance (up to approximately 1.5 mScm~2). The activated
current had a weak inwardly rectifying current-voltage relation, a reversal potential near Ex and
nanomolar sensitivity to glibenclamide — characteristic of a K,rp channel current. Concentration-effect
analysis revealed that levcromakalim and pinacidil were not particularly potent (ECs, ~186 uM,
~30 uM, respectively), but diazoxide was completely inactive.

3 The ability of both classical K,rp channel inhibitors (glibenclamide, tolbutamide, glipizide and 5-
hydroxydecanoic acid) and a number of structurally related glibenclamide analogues to antagonize the
leveromakalim-induced current was determined. Glibenclamide was the most potent compound with an
ICs, of approximately 5 nM. However, the non-sulphonylurea (but cardioactive) compound 5-
hydroxydecanoic acid was inactive in this preparation.

4 Regression analysis showed that the glibenclamide analogues used have a similar rank order of
potency to that observed previously in vascular smooth muscle and cerebral tissue. However, two
compounds (glipizide and DK13) were found to have unexpectedly low potency in skeletal muscle.

5 These experiments revealed K rp channels of skeletal muscle to be at least 10 x more sensitive to
glibenclamide than previously found; this may be because of the requirement for an intact intracellular
environment for the full effect of sulphonylureas to be realised. Pharmacologically, K,tp channels of

mammalian skeletal muscle appear to resemble most closely Karp channels of cardiac myocytes.
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Introduction

Katp channels are a widely distributed family of potassium-
selective ion channels which are closed by intracellular ATP
and serve to couple cell metabolism to cell excitability. Their
roles in mammalian tissues have been reviewed by several
authors (in all tissues: Ashcroft & Ashcroft, 1990; in all
muscle: Davies et al., 1991 and in smooth muscle: Quayle et
al., 1997). There is now strong evidence that K,rp channels
exist as a complex of an inwardly rectifying potassium
channel (Kir6.2) and a sulphonylurea binding receptor
protein (SUR, Inagaki et al., 1995). Some activators of Karp
channels (e.g., diazoxide and Mg?*-ADP) and sulphonylurea
inhibitors (e.g. glibenclamide) act through interaction with
the SUR, whilst ATP itself seems to bind directly to Kir6.2 to
affect channel closure (Tucker et al., 1997). It is also clear
that several subtypes of SUR exist (Inagaki et al., 1996), and
with the additional possibility of these receptors combining
with differing isoforms of Kir6.2, there are many potential
pharmacologically distinguishable subtypes of Krp channel
complexes.

A few studies have investigated the pharmacology of
functional skeletal muscle Karp channels in isolated mem-
brane patches (Weik & Neumcke 1990; Allard & Lazdunski
1993; Barrett-Jolley & Davies 1997). However, in this paper,
we have used two-electrode voltage clamp to investigate, for
the first time, properties of K,rp channels in whole and intact
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mammalian skeletal muscle and their modulation by a number
of Katp channel selective agents.

Methods

Preparation

Single skeletal muscle fibres were isolated from rat flexor
digitorum brevis muscle by use of collagenase as described
previously (McKillen et al., 1994).

Electrophysiology

Membrane currents were recorded with two-electrode
voltage clamp of whole fibres by an NPI Turbo-TEC 10C
amplifier, filtered at 1 kHz and connected directly to a PC at
a sample rate of 3 kHz. The difficulties usually associated
with the two-electrode voltage clamp of large cells such as
skeletal muscle fibres (for example, ‘space-clamp’) were
obviated by using fibres which were short and broad (Bekoff
& Betz 1977; McKillen 1993; McKillen et al., 1994) and by
monitoring only slowly developing currents. From both
optical and electrical measurements (capacitance transients,
not shown), the surface area of ‘visible’ membrane of these
fibres is estimated to be in the order of 2e73cm?
Experiments were performed at room temperature (23—
26°C).
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For all the experiments described in this paper, external
potassium was 40 mM (see later) thus, assuming internal
potassium to be 145 mM, Ex was —32 mV. We used a pulse
protocol which consisted of holding the cell at 0 mV for 5's,
then stepping to +32 mV (for 100 ms), —32 mV (for 100 ms),
—60 mV (for 100 ms) and then returning to 0 mV. This
enabled us to monitor the resting potassium current (at 0 mV)
whilst periodically monitoring the current-voltage relationship
of the cells. The predominant resting conductance of these
fibres was of chloride, but after replacement of extracellular
Cl- with gluconate, background (leak) conductance in these
fibres was typically less than 300 nS.

Experimental protocol and data analysis

Isolated skeletal muscle fibres were allowed to settle on the
bottom of a sylgard lined tissue chamber so that membrane
currents could be recorded with two-electrode voltage clamp.
The fibres were superfused with bathing solution (see below) at
a flow rate of approximately 1 ml min~'. Drugs were added
directly to the perfusion media. This design allowed steady-
state concentration-effect curves to be constructed when the
electrophysiological effects of the various drugs were being
assessed.

The first part of this study involved characterizing the
actions, particularly the potency, of levcromakalim in the
skeletal muscle cell. As will be shown, levcromakalim is not a
potent K ,1p channel opener in this preparation and the highest
concentration of levcromakalim utilized was 400 uM. In the
second part of the study, designed to calculate the potency of
glibenclamide and its analogues, we first activated Karp
currents with levcromakalim (100 uM), then added various
concentrations of the compounds (in the range of 1 nM to
300 uM) and reduced the current back toward the original
baseline.

In general, the voltage-clamped skeletal muscle fibres were
viable for only a limited time (less than 30 min on average),
and whilst there were some examples where full concentration-
effect curves could be constructed to both the levcromakalim
and the glibenclamide analogues this was not generally the
case. Thus in the majority of studies, 2 to 3 different
concentrations of either levcromakalim, glibenclamide or the
glibenclamide analogues were assessed for activity. Mean
concentration-effect curves were constructed by averaging
responses at a number of different concentrations. To calculate
the potency of levcromakalim itself, and for glibenclamide and
its analogues at reversing levcromakalim (100 um)-induced
currents, mean concentration-effect data were analysed by use
of a non-linear curve fitting to obtain estimates of potency
(pD,= —log ECjs, for levcromakalim and pICsy= —log ICs,
for glibenclamide and analogues) by use of

current = max. current x C™ /(C™ + K5,™) equation 1.

where C is the concentration of drug, ny is the slope (+ ve for
activation —ve for inhibition). Ky, is either the ECs, or the
ICs, and these values represent the midpoint parameters; the
ECs is the concentration of leveromakalim causing 50% of the
maximum current or, in the case of the glibenclamide
analogues, ICs, is the concentration which inhibits the Krp
current to 50% (maximum current=100%). The midpoint
parameters were actually estimated as —log(ECs, or 1Cs) by
making the appropriate substitution (see Black & Shankley,
1985). Errors for pD, or pICs, quoted in the text were
generated by the non-linear curve fitting programme (Microcal
Origin) and give an estimate of the confidence limit for each
parameter. Other values are quoted as means +s.e.mean where

n is the number of measurements. Correlation and regression
statistics were calculated with Microsoft Excel’s analysis
toolpack.

Solutions and materials

The solution used whilst dissecting and treating with
collagenase (3 mg ml~') was (in mm): NaCl 154, KCl 5,
Na,HPO, 1, HEPES 10, MgCl, 1.2 and CaCl, 1.2; pH 7.4 with
NaOH. After collagenase treatment, the muscle was triturated
and then stored for up to six hours in (mM): NaCl 154, KC1 5,
Na,HPO, 1, HEPES 10 and MgCl, 1.2; pH 7.4 with NaOH.
The bathing solution used during experiments was (mM):
Na,S0, 77, Na,HPO, 1, K gluconate 40, MgSO, 1.2, CaSO, 8,
HEPES 10 and glucose 10. pH was raised to 7.4 with NaOH
(1 M stock — approximately 2.5 ml 17).

Voltage electrodes (fabricated from 1.2 mm filamented,
thick walled borosilicate glass, Clarke Electromedical) had a
resistance of ~20 MQ when filled with 1 M KCI. Current
electrodes (1.2 mm filamented, thin walled borosilicate glass,
Clarke Electromedical) were filled with: K; citrate 1 M, KCI
0.2 M and EGTA 2 mM. When filled, these current electrodes
had resistances of between 4 and 8 MQ.

Drugs

Drugs used and their sources were: leveromakalim (a gift from
SmithKline Beecham, U.K.); glibenclamide (Sigma, St. Louis,
U.S.A.), pinacidil, diazoxide and 5-hydroxydecanoic acid
(RBI, Natick, MA, U.S.A.). A number of novel analogues
structurally related to glibenclamide were also used (see
Challinor-Rogers et al., 1995 for additional details). Their
structures and laboratory code numbers are listed in Figure 1.
The compounds were glibenclamide: and DK31 (amidoethyl-
benzene-sulphonylureas); DK1 and DK2 (sulphonamides),
DK37 (benzenesulphonylurea) and DK13 (benzamide analo-
gue). All other chemicals were purchased from Sigma.

5-Hydroxydecanoate was prepared as a 100 mM stock in
water, all other drugs were made up at 10 to 300 mM stocks in
dimethylsulphoxide (DMSO) and added to the bathing
solution immediately before use. Final concentrations are
given where appropriate and maximum DMSO exposure was
0.2%. DMSO alone had no noticeable effect on membrane
currents at up to 0.5% (data not shown).

Results

Characteristics of leveromakalim-induced currents

By use of the voltage protocol described in the Methods (see
also Figure 2), whole-cell currents were recorded in the absence
and in the presence of the K ,tp channel opener, leveromakalim
(100 pm). The application of levcromakalim (100 M) evoked
an increase in current measured at +32mV, 0 mV and
—60 mV, but not at the potassium equilibrium potential, E,
(—32 mV). Glibenclamide (1 uM) reduced this leveromakalim-
induced current back to near control levels (Figure 2). The
addition of glibenclamide (up to 100 uM) alone had no effect
on whole-cell currents (data not shown).

The onset of action of levcromakalim was rapid. Figure 3a
shows mean current (at +32mV, 0 mV and —32 mV)
recorded over a period of approximately 10 min, during the
application of levecromakalim and glibenclamide. Application
of levcromakalim (100 uM) to the perfusing bath solution
resulted in a substantial increase in whole-cell conductance.
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Figure 1 Structures of all the K5tp channel inhibitors used in this study.

The response generally reached a maximum within 10 to
15 min following the addition of levcromakalim to the bath
solution, and was largely reversed by the addition of a low
concentration of glibenclamide (10 nM). Figure 3c shows the
current voltage-relationship of the leveromakalim (100 pm)-
activated current. This was obtained by subtracting the current
in the absence of levcromakalim from the current in its
presence (Figure 3b). This difference current reversed very
close to Ex as would be expected from a K,rp-mediated
current.

The potency of levcromakalim was determined in a separate
series of experiments. We applied increasing concentrations of
leveromakalim to muscle fibres and recorded the K o1p currents
evoked (Figure 4a). The concentration-effect curve obtained
from these experiments is shown in Figure 5. We could not
obtain a maximum response to the highest concentration of
leveromakalim that we utilized (400 uM). Consequently, the
data were normalized such that the response to levcromakalim
200 uM (a concentration used in all experiments) was assigned
the value of 100%. With this normalized data, and by use of
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Figure 2 Activation of glibenclamide-sensitive current by levcroma-
kalim. At five second intervals, the membrane potential was stepped
from 0 mV, to +32 mV (for 100 ms) then to —32 mV (100 ms) then
—60 mV (100 ms) and finally back to 0 mV. In the example shown,
(a) shows the voltage recorded before and during the application of
drugs. (b) Shows the membrane currents recorded in control solution,
100 um leveromakalim (LK) and 100 uMm leveromakalim with 1 um
glibenclamide (LK + Glib), as indicated. Membrane conductance, and
outward currents were increased by levcromakalim, and this effect
was reversed by glibenclamide. The current at —32 mV (~Eyg) was
little affected by these Katp active drugs. Note that the dominant
inward current under these conditions was inwardly rectifying.
However, the y-axis has been broken to emphasize the activation
of the glibenclamide-sensitive outward current.

the curve-fit, we calculated a maximum current of 176.6% (of
the 200 uM levcromakalim response) with a pD, value of
3.73+0.17, n=19. Levcromakalim (200 uM) evoked a current
of 654+15 nA (n="7). Pinacidil, another widely active Kurp
channel opener was also active in this preparation (Figure 4b)
and whilst again, we did not obtain a true maximum current,
by our curve-fitting programme we estimated a pD, of
4.540.3 (n=11) (Figure 5). Diazoxide (up to 300 um) failed
to activate any K,pp current in any of the 5 fibres tested
(Figure 4b and 5).

Determination of the potency of glibenclamide analogues

In order to calculate the potency of glibenclamide and its
analogues, we first activated K ,p currents with leveromakalim
(100 M), then added various concentrations of the com-
pounds (in the range of 1 nM to 100 uM) and reduced the
current back toward the original baseline. Figure 6 shows
examples of this protocol and compares the action of
glibenclamide (Figure 6a), DK 13 (Figure 6b) and DK?2 (Figure
6¢). By use of the results obtained by curve-fitting the mean
concentration-response curves, the rank order of potency
(based on plICs, data) of the compounds was: glibenclamide
(8.31) > DK31 (7.91) > DKI (6.15) > glipizide (5.60) >
DK2 (5.48) > DK37 (5.28) > tolbutamide (4.98) > DKI13
(3.89) (5-hydroxydecanoic acid was completely inactive at 100
and 300 uMm). Table 1 summarizes this data. Figure 7a shows
the mean concentration-effect curves for the classical Krp
channel inhibitors (glibenclamide, glipizide, tolbutamide and
5-hydroxydecanoic acid) and Figure 7b shows the mean
concentration-effect curves for the five ‘DK’ glibenclamide
analogues. All the compounds tested, at a sufficient concentra-
tion, completely abolished the K s1p current, except DK 13 (and

Levcromakalim 100 um

Glibenclamide 10 nm

+32 mV
omv
-32 mV
<
£
20 40
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A LK+Glib

Figure 3 Levcromakalim activated a Kap current. (a) Typical trace
showing current measured at —32mV, 0mV and +32mV.
Levcromakalim (100 uMm) and glibenclamide (10 nM) were added as
indicated by the bars. (b) Current-voltage curves from (c), plotted as
the mean of 10 points recorded in control, 100 uM levcromakalim
(LK) and levcromakalim with 10 nm glibenclamide (Glib). (c) The
levcromakalim-activated difference current (levcromakalim-control)
which reversed near to Eg.

5-hydroxydecanoate). Figure 6b shows that the maximum
concentration of DK13 (100 uM) was unable to reverse fully
activation of Krp currents by levcromakalim.

Discussion

In this paper we have used two-electrode voltage-clamp to
investigate K,rp channels of rat skeletal muscle and their
inhibition by a series of glibenclamide analogues. On the basis
of the sensitivity of this preparation to levcromakalim and
pinacidil (but not diazoxide) and the high potency with which
glibenclamide analogues (but not 5-hydroxydecanoic acid)
antagonize the action of levcromakalim, it would appear that
skeletal muscle K ,1p channels have properties most similar to,
but distinct from cardiac muscle.

K rp channel openers

Previously, single channel studies on isolated membrane
patches have shown mammalian skeletal muscle K »rp channels
to be weakly activated by potassium channel openers (Allard &
Lazdunski, 1993; Weik & Neumcke, 1990; Hussain et al.,
1994). Allard & Lazdunski (1993) calculated ECsps for
cromakalim (the racemic equivalent to leveromakalim) and
pinacidil to be 220 and 125 uM, respectively, with a
requirement for the presence of low concentrations (~ 500 uM)
of cytoplasmic ATP. However, although finding similar
activation with levcromakalim and pinacidil, Weik &
Neumcke (1990) and Hussain et al. (1994) showed that high
concentrations of cytoplasmic ATP (for example, 1 mMm)
completely prevented the action of these openers. It was
therefore an open question as to whether K ,p channels would
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Figure 4 Effect of potassium channel openers on whole-cell Katp
currents. Membrane currents were recorded at 0 mV whilst
potassium channel openers were applied to the muscle fibres. (a)
Effect of increasing concentrations of levcromakalim (as indicated by
the bar). (b) Application of 100 um pinacidil activated a current
whereas application of 300 um diazoxide did not.

be opened by levcromakalim and pinacidil in intact skeletal
muscle fibres where one would expect ATP concentrations to
be in the millimolar range (Dawson et al., 1978, suggest
~4mM and never falling below 2.5 mM, even under
conditions of extreme exhaustion or fatigue). In fact we find
that we can activate tens of nA of Karp channel current with
either pinacidil or levcromakalim (10 nA at 0 mV =313 nS or
~150 uScm~2, see Methods). Metabolic exhaustion of these
fibres (not shown) can activate hundreds of nA of Karp
channel current and so a very approximate estimation would
be that 200 uM levcromakalim activates about 10% of all
available K, rp channels in these intact fibres. It may be argued
that we do not know for sure the intracellular concentration of
ATP, which is true, but, firstly there is absolutely no basal
Karp current under control conditions, and secondly, the
isolated muscle fibres can still be quite readily ‘twitched’ (not
shown) by an appropriate electrical stimulus. It is then
surprising that intact skeletal muscle fibres are sensitive to
potassium channel openers in this intact preparation in a
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Figure 5 Potassium channel opener concentration-effect curves. The
concentration-effect curves were constructed from experiments such
as that shown in Figure 4. We could not achieve a true maximum
and so we normalized current amplitude to that produced by
leveromakalim 200 puM (=100%). The line was fitted to a sigmoidal
curve (equation 1) with an estimated maximum of 176.7 4+ 18% of the
200 pum leveromakalim current (this corresponds to ~ 115 nA) and a
pD; of 3.734+0.17 (slope 1.23+0.2) (n=19). Pinacidil data were fit
(equation 1) with an estimated maximum of 215%, a pD, of 4.5+0.3
and slope 1.6+0.5 (n=11). Diazoxide had no effect up to 300 pm.
Note, the y-axis on the left is current expressed as a percentage; the
y-axis on the right is in nA and refers only to the diazoxide data.

similar range (30—185 uM) to that seen in single channel
experiments (Weik & Neumcke, 1990; Allard & Lazdunski,
1993; Hussain et al., 1994). Like Weik & Neumcke (1990), we
found skeletal muscle Karp channels to be completely
insensitive to diazoxide, one of the strongest pharmacological
tools for classifying K,p channels. For whilst pinacidil and
leveromakalim show greater activity in smooth muscle than
cardiac muscle or pancreatic f-cells (e.g., cardiac:
ECs,>30 uM, Escande et al., 1988; pancreas: ECsy ~50 uM,
Dunne et al., 1990; vascular smooth muscle: ECsy ~1.5 uM,
Quayle et al., 1990; Russell et al., 1992; ECs, ~20 nM, Quast &
Cook 1988), diazoxide is active in smooth muscle and
pancreatic ff-cells, but appears to be completely inactive on
cardiac muscle (pancreas and vascular smooth muscle: Quast
& Cook, 1988; cardiac: Faivre & Findlay, 1989). The
pharmacological profile of potassium channel openers in
skeletal muscle is then most similar to cardiac muscle and
least like that of vascular smooth muscle.

Classical sulphonylurea compounds

We find glibenclamide (and tolbutamide) to be much more
effective at inhibiting mammalian skeletal muscle Karp
channels than previously demonstrated. For example, Allard
& Lazdunski (1993), showed mammalian skeletal muscle Krp
channels in cell free patches to be inhibited by glibenclamide
with an apparent K; of 190 nM and our group found previously
(in patches excised from muscle fibres isolated under identical
conditions to the present study, Barrett-Jolley & Davies, 1997),
an apparent glibenclamide K; of 60 nM. However, in the
experiment described in the present study, we calculated a
glibenclamide K; of ~6 nM (estimated to be equal to
ICs,=10"(—pICsy)). We also found tolbutamide potency to
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Figure 6 Inhibition of Katp currents by glibenclamide and its
analogues. (a, b and c¢) Currents recorded at 0 mV. Katp currents
were first activated by levcromakalin (LK; 100 uMm) and then
inhibited by either glibenclamide or an analogue. Inhibition by (a)
glibenclamide, (b) DK 13 and (c) DK2 is shown.

Table 1 The potency of glibenclamide and analogues at
inhibiting levcromakalim activated Karp currents in rat
skeletal smooth muscle cells

Compound pICsg Slope (ny) n
Glibenclamide  8.3140.09 1.1640.08 31
DK31 7.91+0.06 1.00+0.07 21
DK1 6.15+0.19 0.7440.08 19
Glipizide 5.60+0.18 1.03+0.05 20
DK2 5.48+0.07 0.934+0.11 13
DK37 5.2840.14 0.714+0.08 24
Tolbutamide 4.9840.04 1.2440.06 12
DK13 3.89+0.21 0.61+0.14 15

be approximately 10 x that obtained previously (Woll et al.,
1989). Binding experiments have also shown K rp channels of
skeletal muscle to be very sensitive to sulphonylureas
(Gopalakrishnan et al., 1991; Dickinson et al., 1997) but the
differences between single channel glibenclamide Kis (60—
190 nM) and the K; calculated here (~6 nM) are the most
interesting, because the experimental conditions are relatively
similar. One of the reasons that glibenclamide may be more
active in the intact preparation than in the cell free patch
experiments is that sulphonylureas are probably more potent
in the presence of intracellular Mg? " -nucleotides, than in their
absence. This has been suggested previously for other
preparations (e.g. Dickinson et al., 1997; Loffler & Quast,
1997; Gribble et al., 1997), but our present experiments may
provide an illustration of the importance of the intracellular
milieu. Gribble et al., (1997) suggested that sulphonylureas,
when added to oocytes expressing SURI1-K,qp channels,
interacted with a very high affinity SUR site to abolish the
activating effect of Mg?>*-ADP, and thus unmasked inhibition
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Figure 7 Mean concentration-effect curves for the series of Katp
channel inhibitors. (a) Mean current-effect curves for the classical
Katp channel antagonists; (b) data for the ‘DK’ series of
glibenclamide (Glib) analogues. In each case the data were fitted
with equation 1. The best estimate for the curve parameters are given
in Table 1.

by free ADP. This effect then enhances the inhibition caused
by sulphonylureas in their own right. Thus, the presence of
intracellular nucleotides may account for, in part, the much
greater sensitivity in intact voltage-clamped skeletal muscle
fibres than that seen in cell free patches. A comparison of the
ability of glibenclamide to block Karp channels of skeletal
muscle with that in other tissues indicates that skeletal muscle
sensitivity falls between that displayed in the pancreatic ff-cell
and that displayed in vascular smooth muscle. It is difficult to
compare individual ICsys from functional studies with those of
binding experiments. However, in pancreatic f-cells, glib-
enclamide seems to have a potency in the low namomolar
range (Schmid-Antomarchi et al., 1987; Panten et al., 1989),
whereas in vascular smooth muscle the potency of glib-
enclamide is in the order of 100 x lower (Buckingham et al.,
1989; Wilson, 1989; Challinor & McPherson, 1993; Quayle et
al., 1995). Our calculated value of ~6 nM is in fact rather
similar to that seen in cardiac muscle (cardiac muscle: 1Cs,
7 nM, (Findlay, 1992; Krause et al., 1995).

Other glibenclamide analogues

Recently, Challinor-Rogers et al. (1995) showed, with many of
the same compounds used in the present study, that there was a
strong correlation between the potency of the glibenclamide
analogues at high affinity sulphonylurea receptors in the brain
(assessed by calculating their pK; values against [*H]-
glibenclamide binding) and the potency of the same compounds
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as levcromakalim antagonists in smooth muscle from the rat
aorta. The ranked potency order of the glibenclamide
analogues in rat skeletal muscle: glibenclamide > DK31 >
DKI1 > glipizide > DK2 > DK37 > DK13 is similar to that
in the cortex and in vascular smooth muscle (Challinor-Rogers
et al., 1995). Regression analysis (not shown) of pICs, values
obtained in the rat skeletal muscle (present study) against the
values (pK; calculated in the radioligand binding studies in the
cerebral cortex (pK;=1.13 xpICso+0.70, adjusted r*=0.66,
P<0.05), and pK,, calculated for inhibition of levcromakalim
relaxation in vascular smooth muscle
(pKy,=10.82 x pICs + 0.26, adjusted *=0.93, P <0.0005) shows
two interesting features. Firstly, as one might expect, the
correlation between rat aorta and skeletal muscle was stronger
than that between cerebral cortex and skeletal muscle.
Secondly, only two compounds, glipizide and DK 13, were not
near the brain pK; v plCs, regression line. Without these,
skeletal muscle and cerebral cortex data do correlate reason-
ably well (pKi=1.37xplCsy —1.22; adjusted r*=0.95,
P<0.005, the fit now excluding DKI13 and glipizide
themselves). Using this equation relating potency at skeletal
muscle and cerebral cortex Krp channels (excluding DK13
and glipizide themselves), we anticipated that the potency of
glipizide would have been approximately 40 nM (pICs, 7.4) and
DKI13 ~5uMm (pICsy 5.3), but glipizide and DK13 were
surprisingly weak in skeletal muscle (ICsy ~2 uM and 125 um,
respectively). It is possible that this low sensitivity of skeletal
muscle Karp channels to glipizide and DK13 reflects the
presence of a subtly different subtype of SUR in skeletal
muscle, and this may prove useful information in construction
of tissue selective Kp ligands.

S5-Hydroxydecanoic acid

Single channel and whole-cell patch clamp studies have shown
the antiarrhythmic agent, 5-hydroxydecanoic acid, to be an
effective blocker of cardiac myocytes Katp channels both
before and after (simulated) ischaemia (Notsu et al., 1992a,b).
However, it was completely inactive in our skeletal muscle
voltage-clamp experiments and to our knowledge it has not yet
been shown to be active in any other tissue. Some studies
suggest that 5-hydroxydecanoate activity in the heart is
ischaemia selective (e.g. Auchampach et al., 1992; Shultz et
al., 1997), if this were the case, we would not have expected to
see block of levcromakalim-activated currents in our experi-
ments. Future experiments will determine if skeletal muscle
Katp channels are indeed sensitive to 5-hydroxydecanoic acid
under conditions of ischaemia or metabolic stress.

SUR subtype in skeletal muscle

Karp channels exist as a complex between an inwardly
rectifying potassium channel and a large accessory protein
(SUR) which appears to confer most of the channels’
pharmacological properties (see Introduction). So far, three
forms of SUR have been identified; SUR1, SUR2A and
SURZ2B. Pancreatic ff-cells are rich in SURI (Inagaki et al.,
1995) and muscle (smooth, cardiac and skeletal) seems to
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sensitivity of intact skeletal muscle fibres is 10 to 30 x greater
than that in isolated patches and furthermore, skeletal muscle
Katp channel pharmacology is (with the possible exception of
5-hydroxydecanoate) most similar to that in cardiac muscle. It
remains to be seen whether 5-hydroxydecanoate becomes
active in skeletal muscle under ischaemic conditions and
whether, when cloned, the skeletal muscle SUR is identical to
the SUR2A of cardiac muscle.
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