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Dual actions of the metabolic inhibitor, sodium azide on K, tp

channel currents in the rat CRI-G1 insulinoma cell line
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1 The effects of various inhibitors of the mitochondrial electron transport chain on the activity of
ATP-sensitive K* channels were examined in the Cambridge rat insulinoma G1 (CRI-G1) cell line
using a combination of whole cell and single channel recording techniques.

2 Whole cell current clamp recordings, with 5 mM ATP in the pipette, demonstrate that the
mitochondrial uncoupler sodium azide (3 mM) rapidly hyperpolarizes CRI-G1 cells with a
concomitant increase in K conductance. This is due to activation of Karp channels as the
sulphonylurea tolbutamide (100 um) completely reversed the actions of azide. Other inhibitors of the
mitochondrial electron transport chain, rotenone (10 uM) or oligomycin (2 uM) did not
hyperpolarize CRI-G1 cells or increase K" conductance.

3 In cell-attached recordings, bath application of 3 mM sodium azide (in the absence of glucose)
resulted in a rapid increase in K rp channel activity, an action readily reversible by tolbutamide
(100 um). Application of sodium azide (3 mMm), in the presence of Mg-ATP, to the intracellular
surface of excised inside-out patches also increased Karp channel activity, in a reversible manner.

4 In contrast, rotenone (10 uM) or oligomycin (2 uM) did not increase K,rp channel activity in
either cell-attached, in the absence of glucose, or inside-out membrane patch recordings.

5 Addition of sodium azide (3 mM) to the intracellular surface of inside-out membrane patches in
the presence of Mg-free ATP or the non-hydrolysable analogue 5'-adenylylimidodiphosphate (AMP-
PNP) inhibited, rather than increased, K tp channel activity.

6 In conclusion, sodium azide, but not rotenone or oligomycin, directly activates K rp channels in
CRI-G1 insulin secreting cells. This action of azide is similar to that reported previously for

diazoxide.
Keywords: K 1p channels; azide; mitochondrial inhibitors; rotenone; oligomycin
Abbreviations: CRI-G1, Cambridge rat insulinoma G1; DMSO, Dimethyl sulphoxide; AMP-PNP, 5-adenylylimidodipho-
sphate.
Introduction

It is well established that ATP-sensitive K* (Krp) channels
play a key role in the insulin secretory mechanism of
pancreatic beta cells (Ashcroft & Rorsman, 1991). Closure of
these channels results in depolarization of the cell membrane
and Ca®" influx via voltage-gated Ca>" channels which in turn
triggers exocytotic release of insulin (Ashford, 1990). Thus
agents that modulate the activity of Karp channels are
important therapeutic tools in the treatment of hyperglycaemia
and hypoglycaemia.

In pancreatic beta cells (Trube er al., 1986; Dunne et al.,
1987) and insulin secreting cells (Sturgess et al., 1988;
Kozlowski et al., 1989), the hyperglycaemic agent diazoxide
activates Karp channels, resulting in suppression of insulin
secretion. Diazoxide-induced activation of Krp channels
requires the presence of Mg”?* and ATP (Sturgess et al.,
1988; Kozlowski et al., 1989; Dunne, 1989), suggesting that a
phosphorylation-dependent process may underly this action of
diazoxide. The K,qp channel of the pancreatic beta cell
comprises of two proteins: the sulphonylurea receptor, SURI1
and an inwardly rectifying K* channel, Kir 6.2 (Inagaki et al.,
1995; Sakura et al., 1995). Although the precise mode of action
of diazoxide is not entirely clear it is thought to act directly on
SURTI (Inagaki et al., 1996; Tucker et al., 1997) rather than Kir
6.2. Recent studies also indicate that diazoxide may have
actions in pancreatic beta cells, through inhibiting mitochon-
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drial energy metabolism (Grimmsmann & Rustenbeck, 1998).
However the functional significance of this, if any, in terms of
Karp channel activity or stimulus secretion coupling is
presently unknown.

In pancreatic beta cells, the activity of Krp channels is
tightly regulated by the metabolic state of the cell, since a
reduction in the cytosolic concentrations of ATP, by either an
elevation in energy consumption or inhibition of energy
metabolism, results in activation of Karp channels. Thus
agents that interfere with ATP production via inhibition of
mitochondrial energy metabolism, are commonly used to
activate both native and cloned Karp channels (Ashcroft &
Ashcroft, 1990). Indeed, metabolic inhibition by sodium azide
(Misler et al., 1989), cyanide (Misler et al., 1986) and
oligomycin (Niki et al., 1989) has been reported to activate
Karp channels in pancreatic beta cells and insulin secreting
cells. Cyanide and rotenone are also reported to activate Karp
channels in rat substantia nigra dopaminergic neurones
(Murphy & Greenfield, 1991; Roper & Ashcroft, 1995) and
cyanide activates K tp channels in cardiac myocytes (Kakei &
Noma, 1984; Ito et al., 1991) and skeletal muscle (Allard ez al.,
1995). Furthermore, in oocyte expression systems sodium
azide is used routinely to activate K rp channel currents
(Tucker et al., 1997; Gribble et al., 1997a). It is well known
that sodium azide (Tsubaki & Yoshikawa, 1993) inhibits
oxidative phosphorylation via inhibition of cytochrome
oxidase, the final enzyme in the mitochondrial electron
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transport chain, thereby resulting in a rapid depletion of
intracellular ATP. Indeed, the effects of sodium azide on Krp
channels have been attributed to the resultant reduction in
ATP levels (Gribble et al., 1997a). In contrast, rotenone and
oligomycin deplete intracellular ATP levels via inhibition of
the mitochondrial flavoprotein NADH dehydrogenase (Ragan
& Racker, 1973) and the mitochondrial F;-ATPase (Penefsky,
1985), respectively.

In view of the recent report that diazoxide may also act to
inhibit mitochondrial metabolism, an action presumably
distinct from its activation of Kapp channels, we have re-
examined the effects of sodium azide, rotenone and oligomycin
on K,rp channels using the rat CRI-G1 insulinoma cell line.
We now demonstrate that sodium azide, but not rotenone or
oligomycin directly activate K tp channel currents even in the
presence of high concentrations of ATP, suggesting that
inhibition of mitochondrial energy metabolism may not
underlie this effect. Furthermore, in a manner similar to
diazoxide (Sturgess et al., 1988; Kozlowski et al., 1989),
sodium azide-induced K,pp channel activation requires the
presence of MgATP.

Methods
Cell culture

Cells from the insulin-secreting cell line CRI-G1 were grown in
Dulbecco’s modified Eagle’s medium with sodium pyruvate
and glucose, supplemented with 10% (v/v) foetal calf serum
and 1% penicillin and streptomycin at 37°C in a humidified
atmosphere of 95% O, and 5% CO,. Cells were passaged at
235 day intervals as described previously (Carrington et al.,
1986), plated onto 3.5 cm petri dishes (Falcon 3001) and used
1—4 days after plating.

Electrophysiological recording and analysis

Experiments were performed using whole cell current- and
voltage-clamp recording configurations to monitor membrane
potential and macroscopic currents, respectively and cell-
attached and inside-out configurations to monitor single
channel responses, as described previously (Harvey et al.,
1997). In voltage-clamp recordings the membrane potential
was held at —50 mV and 10 mV steps of 100 ms duration were
applied every 200 ms (range of voltages —120 mV to
—30 mV). Current and voltage were measured using Axopatch
200B and List EPC-7 amplifiers, and currents evoked in
response to the voltage-step protocol were analysed using
pClamp 6.0 software (Axon Instruments, Foster City, CA,
U.S.A). Single channel data were analysed for current
amplitude (I) and average channel activity (Nf.Po) as described
previously (Lee et al., 1995). Changes in Nf.Po as a result of
drug effects are expressed as a percentage of control. Current
clamp and single channel data were recorded onto digital
audio tapes and replayed for illustration on a Gould TA 240
chart recorder.

Recording electrodes were pulled from borosilicate glass
capillaries and had resistances of 1-5MQ for whole cell
recordings and 8—12 MQ for single channel experiments when
filled with electrolyte solution. The pipette solution for whole
cell recordings comprised (mMm): KCI 140, MgCl, 0.6, CaCl,
2.73, Mg-ATP 5.0, HEPES 10.0, EGTA 10, pH 7.2 (free Ca**
of 100 nMm), whereas for cell-attached and single channel
recordings it contained (mMm): KCI 140, CaCl, 1, MgCl, 1,
HEPES 10, pH 7.2. The bath solution for whole cell and cell-

attached recordings comprised of normal saline (mM): NaCl
135, KCI 5, MgCl, 1, CaCl, 1, HEPES 10, pH 7.4, whereas for
inside-out excised patches the bath solution contained either
(mmMm): KCI 140, MgCl, 1, CaCl, 2, EGTA 10, HEPES 10,
pH 7.2 (free Mg*>* of 0.6 mM and Ca®" of <30 nMm) or KCI
140, EDTA 10.0, CaCl, 4.6, HEPES 10, pH 7.2 (free Mg>*
and Ca®" of <30 nM). The free Ca’* and Mg>"* concentra-
tions were calculated using the ‘METLIG’ programme (P.
England and R. Denton, University of Bristol, U.K.). In order
to calculate these values it was necessary to assume that the
salts used to prepare the ‘Mg?"-free’ solution were con-
taminated with the trace levels of Mg?" indicated by the
manufacturer. All solution changes were achieved by super-
fusing the bath with a gravity feed system at a rate of
10 ml min~" which allowed complete bath exchange within
2 min. All experiments were performed at room temperature
(22-25°C).

Drugs

Sodium azide, rotenone, oligomycin, tolbutamide, Mg-AMP-
PNP, K-ATP and Mg-ATP were obtained from Sigma, Poole,
Dorset, U.K. Tolbutamide was made up as a 100 mM stock
solution in dimethyl sulphoxide (DMSO). ATP (potassium
and magnesium salts) was made up as a 100 mM stock solution
in 10 mM HEPES at pH 7.2 and kept at —4°C until required,
whereas Mg-AMP-PNP was stored at —4°C as a 10 mM stock
solution in 10 mmM HEPES.

Statistical analysis

All data are expressed as the mean +s.e.mean and statistical
analyses were performed using unpaired student’s z-test (unless
otherwise stated).

Results

Sodium azide activates K, rp channels

Under current clamp conditions with 5 mM ATP in the pipette
solution to maintain K,pp channels in the closed state, the
mean resting membrane potential of CRI-G1 cells was
—37.5+£0.83 mV (n=19). Application of the metabolic
inhibitor sodium azide (0.1-3 mM) under these conditions
resulted in a rapid hyperpolarization of CRI-G1 cells to
—66+1.6 mV (n=11; Figure 1a). The hyperpolarization was
initiated within 0.5—1.0 min of application (including a dead
space time of 10—15 s), reached a maximum 2-3 min later
and was maintained in the continued presence of the agent.
Examination of the voltage-clamped macroscopic currents
indicate that the azide-induced hyperpolarization was accom-
panied by an increase in the slope conductance from a control
value of 0.59+0.06 nS to 4.03 +1.02 nS following exposure to
3 mM sodium azide (n=11; Figure 1b). The mean reversal
potential (obtained from the point of intersection of the
current-voltage relationships) associated with this increase in
conductance was —78+0.64 mV (n=11) which is close to the
calculated value for E;, of —84 mV under these conditions,
indicating an increase in K* conductance. The azide-induced
hyperpolarization and increased K* conductance were readily
reversed on washout of this agent such that the membrane
potential and slope conductance values following washout of
azide were —38+1.3mV and 0.444+0.09 nS (n=3). The
sulphonylurea tolbutamide (100 uM) completely reversed the
membrane hyperpolarization and increase in conductance to
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pre-azide levels (—36+ 1.8 mV and 0.39+0.08 nS) indicating
that these actions of azide are due to activation of Katp
channels (n=35; Figure 1). Lower concentrations of sodium
azide were also examined, 1 mM (n=3) and 0.3 mM (n=2)
induced similar levels of hyperpolarization and increased slope
conductance. The threshold concentration for azide action was
approximately 0.1 mMm, where two out of five cells responded
as described above.

Effects of rotenone and oligomycin on whole cell currents
and membrane potential

In order to determine whether the above effects of sodium
azide on CRI-G1 cells were specific for this mitochondrial
chain inhibitor, the actions of other mitochondrial inhibitors
were examined. In particular, the effects of rotenone, a specific
inhibitor of NADH dehydrogenase (Ragan & Racker, 1973)
and oligomycin, which inhibits the mitochondrial F;-ATPase
(Penefsky, 1985) on membrane potential and conductance
were investigated. Under current clamp conditions with 5 mM
ATP in the pipette solution, application of rotenone (10 uMm)
for at least 15—20 min failed to effect the membrane potential
of CRI-G1 insulinoma cells (Figure 2a). Thus the mean resting
membrane potential values obtained in the absence and
following 15 min exposure to rotenone were —36+1.3 mV
and —35+1.9 mV, respectively (n=5; P>0.05). In addition,
rotenone had no effect on the slope conductance (obtained
from the current voltage relationship) of CRI-G1 cells. The
mean slope conductance value obtained in control conditions
was 0.63+0.09 nS whereas in the presence of 10 uM rotenone
it was 0.65+0.12 nS (n=5; P>0.05; Figure 2b).

Similarly, application of oligomycin (2 uM) for at least 15—
20 min, failed to effect either the membrane potential or slope
conductance of CRI-G1 cells (Figure 2). Thus the membrane
potential and slope conductance values obtained under control
conditions were —35+1.5mV and 0.54+0.02 nS, respec-
tively, whereas following incubation with 2 uM oligomycin for
at least 20 min the values obtained were —36+2.0 mV and
0.5340.05 nS, respectively (n=3; P>0.05; Figure 2c,d). The
lack of effect of rotenone and oligomycin on the electrical

a 3 mM Sodium azide

100 uM Tolbutamide

properties of CRI-G1 cells in the presence of excess
intracellular ATP, is in keeping with their effects as metabolic
inhibitors. However, it is unlikely that inhibition of mitochon-
drial energy metabolism per se underlies the azide-induced
changes in membrane potential or conductance observed in
CRI-G1 cells.

Sodium azide activates single K channel currents

Identification of K rp channels as the molecular target for the
acute actions of azide in these cells was obtained from cell-
attached and excised inside-out single channel recordings.
Application of sodium azide (3 mMm) to the bath during cell-
attached recordings induced activation of K,tp channel
currents in six out of seven recordings (Figure 3b). Analysis
of total channel activity (over a 60 min period), 1 -2 min after
formation of the cell-attached configuration, resulted in a
mean channel activity (Nf.Po) of 0.05+0.02 and this increased
to 0.224+0.07 (n=7; P<0.05) 6—7 min after the addition of
3 mM sodium azide to the bath. Identical control experiments
in the absence of sodium azide resulted in no Karp channel
activation with mean channel activity values of 0.05+0.02 and
0.04+0.02 (n=3; P>0.05) obtained at equivalent time periods
(Figure 3a). The azide-induced increase in channel activity was
sustained for the duration of recordings, in the continued
presence of azide and could be inhibited reversibly by
tolbutamide (100 uM; n=4; Figure 3b). Furthermore, follow-
ing azide-induced increase in K™ channel activity cell-attached,
excision of the patch into the inside-out configuration allowed
unequivocal identification of the channel as K 1p by inhibition
by either 0.1 mM AMP-PNP (n=3; data not illustrated) or
1 mM ATP (n=3). Thus these data are consistent with K,rp
channels as the molecular target for sodium azide-induced
hyperpolarization of CRI-G1 cells.

Dual effects of sodium azide in excised patches
In excised inside-out patches recordings were made in

symmetrical (140 KCI in pipette and bath) K*-containing
solution and the membrane potential was held at +40 mV. In

b

O Control
Q Sodium azide

Figure 1 Sodium azide hyperpolarizes CRI-G1 cells via activation of K rp channel currents. (a) Whole cell current clamp trace of
a CRI-GI cell dialysed with 5 mMm ATP. In this and subsequent figures, the trace begins approximately 5 min after obtaining the
whole cell configuration. Application of sodium azide (3 mm) for the time indicated resulted in rapid hyperpolarization of the cell
membrane from —38 mV to —78 mV, an action readily reversed by the sulphonylurea tolbutamide (100 um). (b) The current-
voltage relations for the currents obtained at the specified points in (a): control (Q); sodium azide ([J) and sodium azide and
tolbutamide (H). Sodium azide increased the membrane conductance relative to control and tolbutamide (100 uM) reversed the
azide-induced increase in conductance with a reversal potential of —80 mV.
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Figure 2 Effects of rotenone and oligomycin on membrane potential and whole cell currents. (a) The upper panel is a current
clamp record of a cell dialysed with a 5 mm ATP-containing electrode solution. Application of rotenone (10 um) for the time
indicated had no effect on the resting membrane potential of CRI-G1 cells. (b) Current-voltage relations for the voltage clamped
macroscopic currents at the times specified in a: control (A) and 10 uM rotenone (@). Rotenone had no effect on the membrane
conductance of CRI-G1 insulinoma cells. (¢) Current clamp record of a CRI-G1 cell dialysed with a 5 mm ATP-containing electrode
solution. Addition of oligomycin (2 uMm) for the time indicated had no effect on the resting membrane potential of the cell. (d) Plot
of the current-voltage relations for the voltage clamped currents obtained in c; control (A) and oligomycin (@). Oligomycin failed
to affect the slope conductance of CRI-G1 cells.
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Figure 3 Sodium azide activates single potassium channels. (a) Cell attached recording from a single CRI-G1 cell, at 10 mV
applied to the recording pipette. Continuous recording over a 20 min period showed that in the absence of any drugs there was no
significant change in channel activity with time. Note that under these recording conditions channel openings are denoted as
downward deflections (inward currents). In this and subsequent single channel recordings the symbol c refers to the closed state of
the channel. (b) cell-attached recording of a CRI-Gl1 cell at 10 mV applied potential. Addition of sodium azide (3 mMm) for the time
indicated resulted in a rapid increase in channel activity, an action that was readily reversed by addition of tolbutamide (100 um). (c)
Graph of channel activity (Nf.Po) expressed as a function of time obtained from the cell-attached patches in a (A) and b (@).



J. Harvey et al

Azide activates Katp channels 55

the absence of MgATP in the bathing medium, application of
sodium azide (3 mM) resulted in an inhibition of K,rp channel
activity on ten out of ten occasions (Figure 4a). This action of
azide was reversible in only four of the ten patches. Run down
of Katp channels during recordings is likely to underlie the
lack of reversibility in the remaining six patches. The mean
channel activity obtained in control conditions (in the absence
of Mg?"), in the presence of 3 mM sodium azide and on
washout were 1.25+0.29, 0.58 +0.14 and 0.62+0.19, respec-
tively (n=10). In contrast, in inside-out patches bathed in
Mg? " -containing medium, addition of MgATP (0.1 mMm)
resulted in a 77.8+5.4% inhibition of K rp channel activity
relative to control (n=10). Subsequent exposure to sodium
azide (3 mM) in the continued presence of 0.1 mM MgATP
resulted in an immediate (0.5—1 min) increase (270+76%) in
Karp channel activity (n=10; Figure 4b). The corresponding
mean levels of channel activity in the presence of MgATP
(0.1 mMm) and following application of sodium azide were
0.164+0.09 and 0.40+0.17, respectively (n=10; P<0.05). The
azide-induced increase in channel activity was readily reversed
on washout of azide, maintaining MgATP at 0.1 mM
(0.03+0.01; n=4). These data indicate that in the absence of
MgATP, sodium azide inhibited K,rp channel activity,
whereas in the presence of MgATP sodium azide resulted in
rapid activation of these channels. These findings parallel
identical dual actions reported for the hyperglycaemic agent,
diazoxide on K,rp channels in this cell line (Kozlowski ez al.,
1989).

In order to determine whether Mg?* ions are a prerequisite
for activation of Ktp channels by sodium azide, the effects of
sodium azide were examined in excised patches bathed in
solution containing 0.1 mM ATP but in the absence of Mg**
(by EDTA chelation and omission of MgCl,). Under these
conditions, application of 0.1 mM ATP resulted in 97.3+1.5%

inhibition of K ,tp channel activity (n= 6, Figure 5), which was
significantly greater (P<0.05) than that observed in the
presence of MgATP as reported previously (Kozlowski et al.,
1989). Subsequent addition of sodium azide (3 mM) in the
presence of 0.1 mM ATP failed to activate K,tp channel
activity (n=06). The values of Nf.Po obtained in the presence of
0.1 mM ATP, sodium azide and ATP, and following washout
of sodium azide but with ATP still present were 0.063+0.02,
0.039+0.008 and 0.016 4 0.005, respectively (n=6). These data
are consistent with the absolute requirement of Mg>" ions for
sodium azide-induced activation of channel activity in the
presence of ATP.

Rotenone and oligomycin do not activate single K, rp
channel currents

It is possible that in the whole cell configuration some
intracellular component critical for the effects of rotenone and
oligomycin may be dialysed from the cell interior. Thus in order
to investigate this likelihood the effects of these mitochondrial
inhibitors were also examined in the cell-attached recording
mode. Application of rotenone (10 uM; Figure 6a) or
oligomycin (2 uM; Figure 6b) to the bathing medium, in the
absence of extracellular glucose, did not induce activation of
Katp channel currents in cell-attached recordings. Thus, the
mean channel activity obtained in control conditions were
0.16 £0.09 (n=>5; rotenone) and 0.03+0.01 (n=38§; oligomycin)
which were not significantly altered following at least 10—
15 min exposure to rotenone (0.13+0.05; n=15; Figure 6¢c) or
oligomycin (0.03+0.01; n=8; P>0.05; Figure 6¢), respectively.
Furthermore, addition of either rotenone (10 um; Figure 7) or
oligomycin (2 uM; data not illustrated) to the intracellular
surface of excised inside-out membrane patches bathed in
0.1 mM MgATP failed to activate K,rp channel currents. Thus

a 3 mM Sodium azide
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Figure 4 Effects of sodium azide on single channel currents. Continuous single channel currents recorded from inside-out
membrane patches exposed to symmetrical 140 mm KCI at a membrane potential of +40 mV. Single channel openings are denoted
by upward deflections. (a) Sodium azide (3 mm) inhibited Katp channels in the absence of Mg®" in the bathing medium. This
action of sodium azide was partially reversed on washout. The Nf.Po values obtained in control conditions, in the presence of
sodium azide and following washout of azide were 1.06, 0.13 and 0.62, respectively. (b) In contrast, sodium azide (3 mMm) activated
Katp channels when 0.1 mm MgATP bathed the intracellular surface of inside out patches. Washout of azide partially reversed this
action. The Nf.Po values were as follows: control 0.214; 0.1 mM MgATP 0.036; sodium azide and MgATP 0.600; wash 0.023.
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the mean channel activity obtained in control patches (exposed
to 0.1 mM MgATP) were 0.08 +0.04 (rotenone) and 0.09+0.03
(oligomycin), whereas following application of these inhibitors
the mean currents were 0.07+0.04 (n=4; rotenone; P>0.05)
and 0.04+0.01 (n=>5; oligomycin; P>0.05). These data clearly

a
control
mane A RN,
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b
0.1 mM ATP
R | N , ) [ :;
C

0.1 mM ATP & 3 mM Sodium azide

L L

<c

demonstrate that, in cells exposed to zero glucose, rotenone or
oligomycin, in contrast to sodium azide, have no effect on K rp
channel activity, indicating that there is no correlation between
their capacity to inhibit mitochondrial function and Karp
channel activation.

0.1 mM ATP

<c

wash

, <2
<1
<c

Y

2 sec

Figure 5 Sodium azide does not activate Korp channels in the absence of Mg>" ions. Single channel currents recorded from an
inside-out membrane patch exposed to symmetrical 140 KCl at a membrane potential of +40 mV. Single channel openings are
denoted by upward deflections. Sodium azide (3 mM) inhibited, rather than activated Katp channels in patches bathed in 0.1 mMm
ATP and this was partially reversed on washout of azide. The Nf.Po values obtained in control conditions (a), in the presence of
0.1 mMm ATP (b), in the combined presence of 0.1 mM ATP and sodium azide (3 mM; c), washout of azide (d) and washout of
0.1 mm ATP (e) were 2.25, 0.025, 0.024, 0.032 and 0.27, respectively.
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Figure 6 Rotenone and oligomycin do not activate Katp channels. Cell-attached recording from a single CRI-GI cell at 10 mV
applied potential. Application of rotenone (10 uM; a) or oligomycin (2 uM; b) for the time indicated failed to have any effect on
channel activity over the time period of recording. (c) Graph of channel activity (Nf.Po) expressed as a function of time obtained

from the cell attached patches in a (A) and b (@).
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AMP-PNP prevents sodium azide activation of K rp
channels

The sodium azide-induced activation of K ,1p channels appears
to be dependent upon the presence of MgATP, suggesting that

control

b 0.1 mMMgaTP

nucleotide hydrolysis or a phosphorylation dependent process
is required for K rp channel activation. Therefore, the effects
of the non-hydrolysable ATP analogue, Mg-AMP-PNP were
investigated on azide-induced activation of Krp channels. In
whole cell recordings, 5 mM Mg-ATP was substituted with

C 0.1 mM MgATP & rotenone

d o1 mm MgATP

<2
_MMLM haalliiadsdiil IIJ!,M l MquL:C

_l4pa
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Figure 7 Effects of rotenone on single channel currents. Single channel currents recorded from inside-out membrane patches
exposed to symmetrical 140 mm KCI at a membrane potential of +40 mV. Rotenone (10 um) failed to activate Ktp channels in
the presence of 0.1 mM MgATP. The Nf.Po values obtained in control conditions, following application of 0.1 mM MgATP, in the
combined presence of 0. mm MgATP and rotenone and following washout of rotenone were 0.265, 0.096, 0.072 and 0.045,

respectively.
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(a) Sodium azide activation of K p channels is blocked by AMP-PNP. (a) The upper panel is a whole cell current clamp

trace of cell dialysed with 5 mm AMP-PNP. Application of sodium azide (3 mm) for the time indicated failed to hyperpolarize CRI-
G1 cells. The lower panel is a plot of the current-voltage relations for the voltage clamped currents obtained at the times specified in
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membrane potential of +40 mV. Following application of 0.1 mm AMP-PNP which itself inhibited Katp channels, subsequent
addition of sodium azide (3 mm) failed to increase Kap channel activity. The Nf.Po values were as follows: control 0.207; 0.1 mm
AMP-PNP 0.087; 0.1 mm AMP-PNP and sodium azide 0.065; washout of azide 0.044.
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5 mM Mg-AMP-PNP in the pipette solution and under current
clamp recordings conditions, the mean resting membrane
potential and slope conductance values were —32.4+1.25 mV
and 0.4940.04 nS, respectively (n=7; Figure 8a). After at
least 10 min following formation of the whole cell configura-
tion (to allow complete dialysis of Mg-AMP-PNP into the cell
interior), sodium azide (3 mM) was applied to the bath. In
contrast to its actions in control conditions (following dialysis
with an electrode solution containing 5 mM Mg-ATP), azide
failed to result in hyperpolarization of the membrane of CRI-
G1 cells (n=35; Figure 8a). Thus the membrane potential and
slope conductance values obtained after 5 min exposure to
azide were —32.24+2.3 mV and 0.4440.06 nS, respectively
(n=5; P>0.05). However, on two separate occasions, Mg-
AMP-PNP failed to prevent azide-induced hyperpolarization
and increased K™ conductance which may be due to
insufficient dialysis of Mg-AMP-PNP.

In excised inside-out membrane patches, Mg-AMP-PNP
was substituted for ATP in the bath solution and the effects of
sodium azide examined (Figure 8b). In a manner similar to
Mg-ATP, addition of Mg-AMP-PNP (0.1 mM) to the
intracellular surface of the patch resulted in 71.54+1.3%
inhibition of Kup channel activity (n=4). Subsequent
addition of sodium azide (3 mM) in the continued presence
of Mg-AMP-PNP (0.1 mMm) failed to increase the activity of
K tp channel currents in four out of four patches (Figure 8b).
The mean channel activity (Nf.Po) obtained following addition
of 0.1 mM Mg-AMP-PNP, in the combined presence of Mg-
AMP-PNP and sodium azide, and following washout of
sodium azide were 0.04840.005, 0.0254+0.007 and
0.008 +0.003, respectively (n=4).

Discussion

The present study shows, using the whole cell recording
configuration with 5 mM Mg-ATP in the electrode solution to
maintain Kapp channels closed, that the mitochondrial
inhibitor sodium azide results in rapid hyperpolarization of
CRI-G1 insulin-secreting cells, with an associated increase in
K" conductance. This was due to activation of Krp channels
as the sulphonylurea tolbutamide, at concentrations reported
to inhibit maximally K,rp channels in this cell line (Sturgess et
al., 1988; Lee et al., 1994), completely reversed the effects of
sodium azide. In contrast, rotenone and oligomycin, inhibitors
of NADH dehydrogenase and F,-ATPase, respectively, failed
to affect either the membrane potential or slope conductance
of these cells, suggesting that acute inhibition of mitochondrial
energy metabolism is unlikely to explain the azide-induced
activation of Karp channel currents in CRI-G1 insulin-
secreting cells.

Definitive identification of K,rp channels as the molecular
target for sodium azide-induced hyperpolarization was
obtained from single channel studies. In cell-attached
recordings Krp channels were opened by sodium azide when
applied to the bath solution. Furthermore, in excised inside-
out membrane patches bathed in a MgATP-containing
solution, sodium azide induced a rapid increase in Karp
channel activity that was readily reversed by the sulphonylurea
tolbutamide. In contrast, rotenone and oligomycin both failed
to increase the activity of Karp channels in cell-attached
recordings and in excised inside-out patches in the presence of
MgATP. The lack of effect of rotenone and oligomycin in
excised patches in comparison to sodium azide under all
recording conditions indicate that acute inhibition of
mitochondrial function is unlikely to induce soluble mediators

(other than decreased ATP) capable of altering K,p channel
function.

The failure of rotenone and oligomycin to activate Katp
channels in cell-attached recordings in this study contrasts with
previous reports showing that these agents activate Karp
channels in insulin secreting cells (Niki et al., 1989) and
dopaminergic substantia nigra neurones (Roper & Ashcroft,
1995) within 5—7 min. This is perhaps surprising since
rotenone and oligomycin are expected ultimately to cause
depletion of intracellular ATP levels even though they inhibit
mitochondrial function by distinct and different mechanisms.
Thus inhibition of electron flow via the electron transport
chain (by either sodium azide or rotenone) or inhibition of the
ATP synthase (by oligomycin), ultimately results in depletion
of intracellular ATP levels as the processes of electron transfer
and ATP synthesis are obligatorily coupled in mitochondria
(Senior, 1988).

Another possible explanation for the lack of effect of
rotenone and oligomycin on cell-attached Karp channel
activity is that these compounds are less effective at depleting
intracellular levels of ATP than sodium azide. However, this
seems unlikely as rotenone, oligomycin and sodium azide all
produce comparable reductions in intracellular ATP levels
(Niki et al., 1989; Rustenbeck et al., 1997; Gribble er al.,
1997a). It should be noted that recent evidence indicates that
oligomycin fails to activate K,tp channels in pancreatic beta
cells even though it significantly reduces ATP production
(Rustenbeck ez al., 1997). Alternatively the metabolic source
and/or site of ATP production may be important in CRI-G1
insulinoma cells. Indeed, in guinea-pig cardiac myocytes
(Weiss & Lamp, 1987) ATP produced by glycolysis is more
effective than mitochondrial oxidative phosphorylation at
inhibiting K ,1p channels, and in the present experiments there
was a complete absence of glucose during cell-attached
recordings. Regardless of these considerations it is clear that
the effects of sodium azide observed in the present study are
unrelated to inhibition of mitochondrial function and
subsequent ATP depletion. Indeed the rapid reversibility of
sodium azide-induced K o1p channel activation in CRI-G1 cells
is not consistent with the involvement of metabolic poisoning
in this process. The ability of sodium azide to either inhibit or
activate K tp channels, depending on the presence or absence
of MgATP respectively adds further support to the notion that
these actions of sodium azide are unrelated to mitochondrial
function.

Previous studies have shown that the ability of diazoxide to
activate K,p channels depends upon the presence and
concentration of Mg-ATP in the intracellular environment
(Trube et al., 1986; Dunne et al., 1987; Sturgess et al., 1988).
Thus K A1p channels are not activated by diazoxide either in the
absence of Mg-ATP or if high concentrations of Mg-ATP are
present (Dunne et al., 1987). Furthermore, a phosphorylation
process is thought to underlie diazoxide-induced K otp channel
activation as the presence of Mg?* ions is required for
activation (Sturgess et al., 1988) and diazoxide is ineffective
when Mg-ATP is replaced by the non hydrolysable ATP
analogue, Mg-AMP-PNP (Kozlowski et al., 1989; Dunne,
1989). Similarly, in this study sodium azide-induced Karp
channel activation required the presence of intracellular Mg-
ATP, such that sodium azide failed to activate Krp channels
in inside-out patches in the absence of Mg-ATP. Mg?" ions
were also required for the actions of sodium azide, as
activation of the channels was only observed when Mg-ATP-
containing solution bathed the intracellular surface of inside-
out patches. In addition, there was no activation of Ktp
channels by sodium azide when ATP (in the absence of Mg**
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ions) or Mg-AMP-PNP was present to inhibit the Karp
channels. Together these data indicate that, like diazoxide,
ATP hydrolysis or a phosphorylation process is most likely
required for K,pp channel activation by sodium azide in CRI-
G1 insulinoma cells, although we cannot rule out the
possibility of a more direct interaction with a nucleotide
binding site associated with the K,rp channel complex
(Babenko et al., 1998).

In addition to Karp channel activation, the present data
indicate that in the absence of Mg-ATP, sodium azide
inhibits K 1p channel activity in excised patches. Diazoxide is
also reported to inhibit Ksrp channels under similar
conditions in this cell line (Kozlowski et al., 1989) and this
has been attributed to diazoxide-induced enhancement of the
rate of channel run down. However, further experiments are
required to establish whether a change in the kinetics of Krp
channel run down underlies this inhibitory action of sodium
azide. Interestingly, sodium azide is also reported to inhibit
cloned Katp channels in oocyte expression studies (Gribble et
al., 1997a), an action that has been attributed to a direct
action of azide rather than some product of metabolic
inhibition.

The characteristics of sodium azide-induced activation of
Katp channels in CRI-GI1 cells are identical, in most respects
to those of diazoxide, suggesting that a similar mechanism or
site of action may underly the actions of these agents. For
instance, the membrane hyperpolarization induced by sodium
azide during whole cell recordings occurred over the same
rapid time course observed with diazoxide (Trube et al., 1986;
Sturgess et al., 1988). The time course of sodium azide-induced
Katp channel activation in excised patches also parallels that
of diazoxide. The inhibitory effects of sodium azide observed
in this study and the requirement for MgATP for K s1p channel
activation are also characteristic effects of diazoxide in this cell
line (Kozlowski et al., 1989). Diazoxide is reported to evoke a
small but significant depletion in ATP levels that has been
attributed to inhibition of mitochondrial function (Grimms-
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