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Abstract. K rp-channel activity, recorded in cell-at-
tached patches from isolated rat pancreatic B-cells,
was found to be maximally inhibited in the presence
of a substimulatory concentration (5 mm) of glucose,
with no further effect of higher, stimulatory glucose
concentrations. K tp channel-independent effects of
glucose on electrical activity were therefore investi-
gated by incubating cells in the presence of a supra-
maximal concentration of tolbutamide. Addition of
tolbutamide (500 pum) to cells equilibrated in the ab-
sence of glucose resulted in a rapid depolarization
and electrical activity followed by a gradual repo-
larization and disappearence of electrical activity.
Repolarization was not due to desensitization of
K atp channels to the sulfonylurea, but was probably
the result of activation of another K conductance.
The subsequent application of 16 mm glucose in the
continued presence of tolbutamide depolarized the
cells again, leading to renewed electrical activity. In-
put conductance of the cells was markedly reduced by
tolbutamide, reflecting K otp-channel inhibition, but
was not significantly affected by the addition of glu-
cose in the presence of the drug.

In cells voltage-clamped at —70 mV, addition of
glucose in the presence of tolbutamide generated a
noisy inward current, probably representing activa-
tion of the volume-sensitive anion channel. Katp
channel-independent activation of electrical activity
by glucose was inhibited by the anion channel in-
hibitor  4,4’-dithiocyanatostilbene-2,2’-disulphonic
acid. It is concluded that the induction of electrical
activity in rat pancreatic B-cells does not require in-
hibition of Ktp channels. The Ktp channel-inde-
pendent mechanism could involve, at least in part,
activation by glucose of the volume-sensitive anion
channel.
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Introduction

Glucose-induced insulin release from the pancreatic
B-cell is associated with a characteristic pattern of
Ca’"-dependent electrical activity (see Ashcroft &
Rorsman, 1989; Rorsman, 1997 for reviews). In es-
sence, a rise in glucose concentration depolarizes the
B-cell, resulting in activation of voltage-dependent
Ca®" channels, which is manifest as a distinctive
pattern of repetitive spiking. This effect of glucose
requires metabolism of the sugar in the B-cell and the
generation of one or more intracellular metabolic
signal(s). The precise identity of the coupling mech-
anism between glucose metabolism and B-cell depo-
larization is unknown. However, the ‘Concensus
model’ proposes that depolarization is due to closure
of Katp channels, possibly due to an increase in in-
tracellular [ATP] (Rorsman & Trube, 1985) and/or
ATP/ADP ratio (Dunne & Petersen, 1986) resulting
from increased metabolic flux. Hypoglycaemic sul-
fonylureas are thought to stimulate insulin release by
a direct inhibition of the Katp channel (Sturgess
et al., 1985).

Whilst the activity of Katp channels is un-
doubtedly sensitive to changes in glucose concentra-
tion, there is increasing evidence that glucose can
influence insulin release by one or more Katp chan-
nel-independent mechanisms. Thus, glucose has been
shown to induce a rapid and pronounced stimulation
of insulin release even when K otp channel activity is
blocked by tolbutamide (Best, Yates & Tomlinson,
1992; Straub et al., 1998). Using an alternative ex-
perimental approach, it has been shown that glucose
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Fig. 1. Cell-attached recordings of Katp-
channel activity in rat pancreatic p-cells:
inhibition by glucose. Left panel: Effects of
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can also evoke insulin release when Katp channels
are opened by diazoxide (Gembal, Gilon & Henquin,
1992; Gembal et al., 1993; Straub et al., 1998; West-
erlund et al., 2001). It is generally believed that these
K atp channel-independent actions of glucose require
metabolism of the sugar, are independent of protein
kinase A or C activation, and are probably ‘non-
ionic’, that is, exerted at points distal to changes in
membrane potential and Ca’>" entry into the cell
(Komatsu et al., 1997, Aizawa et al., 1998, Henquin,
2000).

The purpose of the present study was to investi-
gate whether K otp channel inhibition is a prerequi-
site for glucose-induced electrical activity in rat
pancreatic B-cells. It is demonstrated that Katp-
channel activity is maximally inhibited in the presence
of a substimulatory concentration of glucose. It is
also shown that glucose can cause depolarization and
electrical activity in the B-cell under conditions where
Katp channel activity is already maximally inhibited
by a supra-maximal concentration of the sulfonylurea
tolbutamide. This finding strongly suggests the ex-
istence of other ionic mechanisms through which
glucose metabolism can regulate B-cell electrical and
hence secretory activity.

Materials and Methods

Rat pancreatic islets were isolated by collagenase digestion and
dispersed into single cells and small clusters by a brief incubation in
Ca’ " -free medium consisting of (mm) NaCl, 135; KCI, 5; MgSO,,
1; glucose, 4; EGTA, 1 and HEPES-NaOH, 10 (pH 7.4). Cells were
suspended in HEPES-buffered MEM medium (Gibco, Paisley,
Scotland) containing 5% (v/v) fetal calf serum, plated onto 30-mm
diameter polystyrene dishes and cultured for 2-7 days in humidified
air at 37°C. Cells were superfused at a rate of approximately 2 ml/
min with a solution consisting of (mm) NaCl, 135; KCl, 5; MgSQ,,
1; NaH,PO,, 1; CaCl,, 1.2; HEPES-NaOH, 10 (pH 7.4) containing
test substances at the required concentration.

K atp-channel activity was recorded in cell-attached patches.
The pipette solution contained (mm) KCI, 140; MgCl,, 2 and
HEPES-KOH, 10 (pH 7.4) with a pipette potential of 0 mv such
that channel activation generated an inward current. Channel-open
probability was assessed from 30-sec segments of recording using
pClamp 6 software (Axon Instruments, Foster City, CA,). B-cell
membrane potential and whole-cell currents were recorded using

open probability (Katp P,). Values are means +
seM from 9-16 cells. Right panel: Recordings
from a typical cell-attached patch, in this case
containing one active channel.

the perforated-patch technique (Rae et al., 1991) in current-clamp
and voltage-clamp modes, respectively, with a List EPC-7 amplifier
(List, Darmstadt, Germany). The pipette solution consisted of
(mm) K,SO4 60; KCI, 10; NaCl, 10; HEPES-NaOH, 10 (pH 7.2)
and amphotericin B (240 pg/ml). Series resistance was <25 MQ
and whole-cell capacitance, within the range 812 pF. Whole-cell
K™ conductance was measured as outward current in cells voltage-
clamped at —40 mV. Inward current was measured at a holding
potential of —=70mV. This current has been previously described
both in whole-cell (Best, 1997, 2000) and cell-attached (Best, 1999)
recordings from nutrient-stimulated rat B-cells. The reversal po-
tential of the current, the fact that it can be evoked by hypotonic
cell swelling in addition to nutrient stimuli, and the sensitivity of
the current to anion channel-inhibitors have led to the suggestion
that the current represents activation of the volume-sensitive anion
channel (VSAC; Best, 1997; 1999; 2000). This channel has been
extensively characterized at the whole-cell level (Kinard & Satin,
1995; Best, Sheader & Brown, 1996; Best, Miley & Yates, 1996;
Best, Speake & Brown, 2001). Input conductance (Ginpu) Was
measured by voltage-clamping the cells at =70 mV and applying
200-msec pulses of =10 mV at 2-sec intervals, essentially as de-
scribed previously (Smith, Ashcroft & Rorsman, 1990; Best, 2000).
Ginpue Was calculated from the average amplitudes of the resultant
square current excursions during 30-sec segments of recording fil-
tered at 100 Hz via an 8-pole Bessel filter. For all experiments,
single isolated B-cells were used in order to avoid contaminating
currents from adjacent electrically-coupled cells. Only cells that had
a resting membrane potential of —60 mV or more negative in the
absence of glucose, and which exhibited electrical activity in re-
sponse to stimulation with glucose or tolbutamide, were used in
this study. All experiments were carried out at 30-32°C. Statistical
significance was ascribed using Student’s 7-test.

Collagenase (type 4) was obtained from Worthington (Cam-
bridge Biosciences, Cambridge, UK). Tolbutamide, tetracthylam-
monium chloride and all other chemicals were obtained from
Sigma Chemical, Poole, UK.

Results

The first series of experiments examined the concen-
tration dependence of Karp channel inhibition by
glucose. K rp-channel activity could be recorded in
cell-attached patches from B-cells equilibrated for 10
minutes or more in the absence of glucose (Fig. 1,
right panel). Under such conditions, the mean open
probability (P,) was 0.27 £ 0.04 (n = 16), a value
very close to that reported previously (Ashcroft,
Ashcroft & Harrison, 1988). After approximately 5
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Fig. 2. Cell-attached recordings of Katp-channel activity in a rat
pancreatic B-cell: time-dependence of inhibition by glucose.
Channel activity was reduced in terms of current amplitude and
open probability within 2 minutes of addition of 5 mm glucose and
effectively inhibited after 5 minutes exposure to glucose. An in-
crease in glucose concentration to 20 mm did not further affect
channel activity but evoked small, upward action currents.

minutes in the presence of a sub-stimulatory con-
centration of glucose (5 mm), Katp-channel activity
was found to be maximally inhibited (P, = 0.03 +
0.001; n = 15). A subsequent increase in glucose
concentration to 12 or 20 mm, levels previously
shown to induce electrical activity in rat B-cells
(Miley et al., 1997), had no further effect on channel
activity (Fig. 1). Thus, the P, of Ks1p channels was
minimal in the presence of 5 mm glucose and was not
further affected by raising glucose concentration to
levels that would be expected to induce electrical and
secretory activity. The inhibition of Katp channel
activity by 5 mm glucose was time-dependent (Fig. 2).
This particular cell-attached patch contained 3—4
active channels with a net open-probability (NP) of
0.74 in the absence of glucose. After 2 minutes ex-
posure to 5 mMm glucose, Katp-channel activity was
still evident, but NP was reduced to 0.23. In contrast
to a previous report (Ashcroft et al., 1988), exposure
to glucose also appeared to reduce current amplitude,
in this particular case by approximately 50% (Fig. 2).
The reason for this is not clear, but it could in part be
due to the fact that the cell membrane potential is
higher in the presence of 5 mMm glucose than in the
complete absence of the sugar (=59 mV vs. =71 mV;,
Best, 2000). A more positive membrane potential
would be expected to reduce the driving force for K™
entry. Following 5 minutes exposure to 5 mm glucose,
Katp channel activity was maximally inhibited
(NP = 0.02; Fig. 2). Again, application of a
stimulatory glucose concentration (20 mm) did not
further affect channel activity, but was often found,
as in the cell shown in Fig. 2, to generate small out-
ward K™ action currents arising from rapid depo-
larizing action potentials.
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Fig. 3. Electrical activity in isolated rat pancreatic B-cells evoked
by glucose and tolbutamide. (4) Effect of addition of 16 mm glu-
cose to a cell previously equilibrated in the absence of the sugar. (B)
Effect of a maximal concentration of tolbutamide (500 pum) in the
absence of glucose. (C) Effect of tolbutamide followed by. 5 mm
tetracthylammonium chloride (TEA). The gap in the lower trace
represents a period of 5 min, during which the cells gradually re-
polarized in the continued presence of tolbutamide. Each recording
is representative of at least 5 similar experiments.

The above findings suggest that modulation by
glucose of Katp -channel activity may be minimal
over the range of glucose effective in generating
electrical and secretory activity in the B-cell. The next
series of experiments therefore investigated the role of
the Katp channel in modulating B-cell membrane
potential and electrical activity. In cells equilibrated
for a period of approximately 5-10 minutes in the
absence of glucose, the resting membrane potential
was —65.5 = 0.7 mV (n = 13). Addition of 16 mm
glucose caused a gradual depolarization of the
membrane potential to a plateau point of —45 to —50
mV, at which electrical activity was evoked, consist-
ing of rapid repetitive spiking (Fig. 34). Electrical
activity persisted throughout the period of exposure
to the high glucose concentration, repolarization only
occurring when glucose was removed from the su-
perfusate. Figure 3B shows the effect of K o1p channel
inhibition using a supramaximal concentration of
tolbutamide (500 um) in cells equilibrated in the ab-
sence of glucose. Application of tolbutamide resulted
in a rapid depolarization leading to electrical activity.
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However, this effect was followed by a period of 815
minutes during which the cells gradually repolarized,
with a concomitant reduction in electrical activity,
despite the continued presence of the sulfonylurea.
The newly established membrane potential in the
presence of tolbutamide was —55.2 £ 0.9 mV (n =
13). A similar experiment is shown in Fig. 3C. Tol-
butamide-induced electrical activity was again fol-
lowed by a gradual repolarization of the membrane
potential. In this case, the subsequent application of
tetraecthylammonium chloride (TEA; 5 mM) in the
continued presence of tolbutamide depolarized the
cell, leading to a renewed period of electrical activity.
A similar though less rapid depolarization was also
observed with 100 nM iberiotoxin in the presence of
tolbutamide (not shown). Upon removal of the K *-
channel blockers from the medium, the cell repolar-
ized to resting levels (—65 to =70 mV). Neither TEA
nor iberiotoxin affected B-cell membrane potential in
the absence of tolbutamide or glucose (not shown).

The effect of prolonged exposure of B-cells to
tolbutamide was next examined on Katp channel
activity using two complementary approaches. Figure
44 shows a recording of whole-cell K conductance
in a cell voltage-clamped at —40 mV. In the absence
of glucose, a marked outward current was apparent.
The application of 500 pum tolbutamide rapidly in-
hibited this current, indicating that it was due almost
entirely to Katp channel activity. This inhibition
persisted throughout long-term (~14 min) exposure
to the sulfonylurea, such that there was no evidence
of desensitization of channel activity. Inhibition of
the current was reversible upon withdrawal of the
drug. The lack of Karp-channel desensitization to
tolbutamide was confirmed in cell-attached record-
ings. Figure 4B shows a recording from a cell-at-
tached patch containing 3-5 active channels in the
absence of glucose. Again, addition of tolbutamide
caused a rapid inhibition of Katp channel activity,
which persisted throughout exposure to the
sulfonylurea.

The next series of experiments examined whether
glucose could cause depolarization and electrical ac-
tivity in cells where Katp channel activity was in-
hibited by tolbutamide. The recording from one such
experiment is shown in Fig. 5. The addition of tol-
butamide in the absence of glucose again depolarized
the cell and generated electrical activity. In this par-
ticular cell, this consisted of a regular bursting pat-
tern rather than continuous spiking. However, in
common with all other cells studied, the intensity of
the electrical activity gradually diminished and
ceased, in this case after approximately eight minutes.
At this point, application of 16 mm glucose in the
continued presence of sulfonylurea was found to de-
polarize the cell, leading to renewed electrical activity.
A similar, though less pronounced effect was ob-
served with 7 mm glucose (not shown). Repolarization
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Fig. 4. Prolonged inhibition of B-cell Karp-channel activity by
tolbutamide. (A4) Perforated-patch recording of whole-cell K*
conductance in a cell voltage-clamped at —40 mV in the absence of
glucose. (B) Recording from a cell-attached patch containing
3-5 active Katp channels in the absence of glucose. (C) Channel
activity at the times indicated by arrows a and b, presented at
highest time- and current resolution. In both cases 4 and B, the
cells were continuously exposed to tolbutamide for the period
indicated. Each recording is representative of at least 4 similar
experiments.

occurred upon removal of the sugar from the super-
fusate. Figure 6 shows a similar experiment, but in
this case, the amplifier was switched to voltage-clamp
mode, the cell held at —70 mV and subjected to
voltage pulses of £10 mV in order to measure Gippu
during certain periods of the experiment (marked a,
b, ¢, d). In cells equilibrated in the absence of glucose,
the resting membrane potential of approximately —67
mV corresponded to a relatively high Giypu (1.2 nS;
period @) presumably reflecting high activity of Katp
channels (Smith, Ashcroft & Rorsman, 1990; Best,
2000). Addition of tolbutamide depolarized the cell
and induced electrical activity, an effect associated
with reduced Ginpye (0.3 nS; period b), indicating
Katp-channel inhibition by the drug. After the sub-
sequent repolarization of the cell in the continued
presence of tolbutamide, Gijnp, remained at a simi-
larly low value (period ¢), consistent with the stable
inhibition of Katp channel activity shown in Fig. 4.
No significant change in Gjnpy Was found to accom-
pany electrical activity evoked by the addition of
glucose in the presence of tolbutamide (period d).
Thus, the pronounced inhibition of whole-cell K o1p
conductance by tolbutamide was clearly apparent
from measurement of Gi,pyi, but such measurements
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Fig. 6. Membrane potential recordings and input conductance
(Ginpuy) from isolated rat pancreatic B-cells. (4) A similar experi-
ment to that shown in Fig. 3 except that, at the points marked a, b,
¢, d, the amplifier was switched to voltage-clamp, and the cell ex-
posed to 200-msec pulses of =10 mV from a holding potential of
=70 mV in order to measure Ginpy. The resultant current traces are
shown in (B). These periods a—d were of 1 min duration with the
exception of period b which was approximately 8 mins. Each re-
cording is representative of at least 5 similar experiments. (C) Mean
values + SEM of Gjypy in the absence of glucose (OG; n = 9),
absence of glucose but presence of 500 um tolbutamide (OG + Tol;
n = 12) and 16 mm glucose plus 500 pum tolbutamide (16G + Tol; n
= 11). "p < 0.001 compared to OG.

were not sufficiently sensitive to detect the smaller
changes in whole-cell conductance associated with
activation/inactivation of other membrane conduct-
ances, namely those associated with the repolariza-

Fig. 5. Glucose induces electrical activity in rat
B-cells when K 1p channels are blocked by
tolbutamide. Initially, tolbutamide was added to
the cell in the absence of glucose. The cell was
subsequently exposed to 16 mm glucose (/6G) for
the period marked in the continued presence of
tolbutamide. The recording is representative of at
least 5 similar experiments.

tion and subsequent glucose-induced electrical
activity in the presence of tolbutamide (Fig. 6, lower
panel).

Electrical activity evoked by glucose in the pres-
ence of tolbutamide was associated with a pattern of
noisy inward current (Fig. 6, period d), probably re-
flecting activation of the VSAC. Experiments were
therefore carried out to investigate whether VSAC
activation could contribute towards the K,rp chan-
nel-independent B-cell depolarization by glucose. As
illustrated in Fig. 74, glucose-induced electrical ac-
tivity in cells equilibrated for 10-30 minutes in the
presence of tolbutamide was sensitive to inhibition by
the anion channel inhibitor 4,4’-dithiocyanatostil-
bene-2,2’-disulphonic acid (DIDS). Figure 7B (period
b) shows more clearly the noisy inward current re-
ferred to above in cells voltage-clamped constantly at
—70 mV during stimulation with glucose in the pres-
ence of tolbutamide.

Discussion

It is well established that B-cell K o1p channel activity,
assessed either directly (Arkhammar et al., 1987,
Ashcroft et al., 1988) or from Giypy measurements
(Best, 2000), is maximal in the prolonged absence of
glucose, and is most sensitive to inhibition by glucose
within the substimulatory range of concentrations.
Consistent with previous reports (Arkhammar et al.,
1987; Ashcroft et al., 1988), the present data indicate
that channel-open probability is low in the presence
of 5 mMm glucose. However, the suggestion in these
earlier studies that Karp-channel activity could be
further reduced to a small degree by stimulatory
glucose concentrations (10-20 mm) could not be
substantiated by the present findings. The reasons for
this apparent discrepancy between the present and
earlier reports could be related to the duration of
exposure of the cells to glucose. Thus, the present
study showed that a variable delay occurred upon
exposure of cells to glucose before maximal channel
inhibition became apparent. For example, in the case
of the cell shown in Fig. 2, Katp channel activity
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Fig. 7. Evidence that K,tp channel-independent effects of glucose
could involve activation of the volume-sensitive anion channel. (4)
Effect of 100 um DIDS on Karp channel-independent electrical
activity evoked by 16 mm glucose. The cell was equilibrated in the
presence of tolbutamide for 12 min prior to the addition of glucose.
(B) Effect of 16 mm glucose on membrane potential in an isolated
rat pancreatic B-cell previously equilibrated in the presence of
tolbutamide for 10 min. During the periods marked «, b, the am-
plifier was switched to voltage-clamp, and the cell held at =70 mV
in order to measure changes in inward whole-cell current. The re-
sultant current traces are shown in (C). Periods a and b were ap-
proximately 60 sec in duration. Each recording is representative of
at least 4 similar experiments.

persisted, albeit with reduced current amplitude and
open probability, 2 minutes after addition of 5 mm
glucose, maximal channel inhibition becoming ap-
parent only after approximately 5 minutes exposure
to glucose. It is possible that this delay in channel
inhibition reflects the time required to reach maximal
cellular ATP/ADP ratios following the addition of
glucose. If this is the case, it is likely that the initial
duration of exposure of the cell to zero glucose will
also influence the time required for maximal channel
inhibition following the addition of glucose.

The Katp-channel recordings suggested that
glucose is likely to exert only a minor, if any, effect on
channel activity over the concentration range effec-
tive in inducing electrical and secretory activity. It
was therefore decided to investigate whether Katp
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channel activity was required for glucose-induced
electrical activity by blocking channel activity with a
supramaximal concentration of tolbutamide. This
pharmacological knockout model has been previ-
ously used to study Katp channel-independent reg-
ulation of insulin release by glucose (Best et al., 1992).
In initial experiments to study the effects of tolbut-
amide on B-cell membrane potential, an unexpected
finding was that the sulfonylurea, in contrast to glu-
cose, caused only a transient stimulation of electrical
activity in single rat B-cells in the absence of glucose.
This effect is analogous to that reported by Henquin
(1998) who showed that a submaximal concentration
of tolbutamide induced only a transient stimulation
of electrical activity in the absence of glucose in intact
mouse islets, and is consistent with the transient in-
crease in cytosolic [Ca®"] and insulin release evoked
by tolbutamide (Henquin, 1980; Martin, Reig &
Soria, 1995; Best et al., 2000). The mechanism un-
derlying the gradual repolarization in the continued
presence of tolbutamide is unknown, and is not the
main subject of the present study. However, the re-
polarization does not appear to involve reactivation
of Karp channels due to desensitization of the
sulfonylurea receptor. One possible explanation is an
activation of other K* channel types, possibly in-
cluding the “maxi” Ca®"-dependent K* (BKc,)
channel and delayed rectifying K (Kpgr) channel,
both of which are present in pancreatic [B-cells
(Ashcroft & Rorsman, 1989). This possibility would
be consistent with the finding that TEA, which is
known to inhibit both BKc, and Kpr (Ashcroft &
Rorsman, 1989), and iberiotoxin, a selective blocker
of BKc, (Galvez et al., 1990), both caused a depo-
larization in the presence of tolbutamide. It should be
pointed out that activation of these K" channels
during prolonged exposure to tolbutamide was not
apparent when measuring whole-cell K con-
ductance (see Fig. 44). However, the cells were vol-
tage-clamped for these measurements, thereby
preventing changes in cell membrane potential and
cytosolic [Ca®*]. Thus, it is conceivable that activa-
tion of BK, and/or Kpgr could be brought about by
depolarization of the cell membrane and/or a sub-
sequent rise in cytosolic [Ca®"] (Ashcroft & Rors-
man, 1989).

We and others have shown that glucose can sti-
mulate insulin release in a K o1p channel-independent
manner (Best et al., 1992; Gembal et al., 1992; 1993;
Komatsu et al., 1997; Straub et al., 1998; Aizawa
et al., 1998; Westerlund et al. 2001), though it has
been generally assumed that such effects are restricted
to control of distal steps of the stimulus-secretion
pathway; that is, independent of electrical activity
and Ca’* entry (Komatsu et al., 1997; Straub et al.,
1998; Aizawa et al., 1998, Henquin, 2000). A major
finding of the present study was that glucose could
induce electrical activity in rat pancreatic B-cells un-
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der conditions where Katp channel activity is
blocked by a supramaximal concentration of tolbut-
amide. This action of glucose is not likely to be due to
further inhibition of Krp channels, since the latter
were shown to be maximally blocked under these
conditions. Furthermore, glucose-induced insulin re-
lease under the conditions used in the present study
was shown in a previous report to be accompanied by
an increase in °Rb* efflux (Best et al., 1992), which
would again be inconsistent with an inhibition of
Katp, or indeed any other K™ channel activity by
glucose. Thus, it is unlikely that the Katp channel-
independent effect of glucose on electrical activity
involves inhibition of any other K channel types.

In the absence of glucose, B-cell Katp channel
activity is high, and makes a major contribution to
Ginput (Ashcroft & Rorsman, 1989; Smith et al., 1990
and present data). Under such conditions, addition of
tolbutamide causes a marked reduction in Giypu (see
Fig. 6), reflecting inhibition of K stp-channel activity
(Sturgess et al., 1985). However, it is clear from the
present study that measurement of Gippy is not suf-
ficiently sensitive to detect the small changes in
membrane current responsible for repolarization of
the cell membrane and in glucose-induced depolari-
zation in the continued presence of tolbutamide; that
is when Krp channel activity is minimal. Thus, it
should be emphasized that G,y provides a relatively
coarse estimate of total cell membrane electrical
conductance, and that contribution of K o1p channels
to this conductance is most apparent when the cells
are deprived of glucose.

The fact that Ktp-channel activity is most sen-
sitive to glucose within the substimulatory concen-
tration range raises the possibility that a major
patho-physiological function of this channel is to
hyperpolarize the B-cell and prevent insulin release
during hypoglycemia. This would not entirely pre-
clude a role for Katp channels in the B-cell response
to raised concentrations of glucose (i.e. >5 mm).
However, the results of the present study indicate that
Katp channel activity is virtually inhibited in the
presence of 5 mm glucose, consistent with previous
measurements of Ginpyu (Best, 2000). As noted above,
the membrane potential of B-cells is higher in the
presence of 5 mm glucose than in the complete ab-
sence of the sugar, though not sufficiently so to in-
duce electrical activity (Best, 2000) or insulin release
(Malaisse et al., 1979; Ashcroft et al., 1988). This
strongly suggests that at higher, stimulatory glucose
concentrations, an additional ionic mechanism is ac-
tive, which produces a further depolarization result-
ing in electrical and hence secretory activity. The
nature of this ionic mechanism is unknown. How-
ever, evidence is provided in this study that Katp
channel-independent depolarization of the B-cell by
glucose could involve activation of the VSAC. Thus,
the generation of electrical activity by glucose in the
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presence of tolbutamide was accompanied by a
characteristic noisy inward current in cells voltage-
clamped at =70 mV. As described above (see Meth-
ods), this current is thought to represent activation of
the VSAC. Consistent with this, the K tp channel-
independent induction of electrical activity by glucose
was sensitive to inhibition by DIDS, at a concentra-
tion previously shown to inhibit the VSAC (Kinard &
Satin, 1995; Best, Sheader & Brown, 1996) and to
impair B-cell activation by glucose in the absence of
tolbutamide (Best et al., 2000). In view of these latter
findings, it should be borne in mind that DIDS, like
virtually all other anion channel inhibitors, is poorly
selective and has been shown to inhibit other ion
channels including Katp (Proks, Jones & Ashcroft,
2001). However, such an effect would further depo-
larize the cell, and would not, therefore, explain the
hyperpolarizing action of DIDS in this study. The
K aTp channel-independent effect of glucose on B-cell
electrical activity could be evoked by as little as 7 mm
of the sugar. This would also be consistent with
activation of the VSAC, the activity of which in-
creases in an approximately linear manner over the
range 0-20 mm glucose (Best, 2000). The mechanism
of activation of the VSAC by glucose is uncertain,
but could involve increases in B-cell volume (Miley et
al., 1997) and/or intracellular ATP levels (Miley,
Brown & Best, 1999) in response to glucose meta-
bolism.

In conclusion, the results of the present study
suggest that glucose can induce electrical activity in
rat pancreatic B-cells by a Ktp channel-independent
mechanism, possibly involving activation of the
VSAC. Although this mechanism is unmasked using
a pharmacological approach, it is likely to be of
physiological importance, given that glucose-induced
electrical activity can be inhibited by several blockers
of the VSAC (Best, 1997; 2001; Best et al., 2000). This
hypothesis is not at variance with the idea that glu-
cose can exert additional K tp channel-independent
influences over insulin release at steps distal to elec-
trical activity.

I should like to thank the NHS Executive North-West for financial
support.

References

Aizawa, T., Komatsu M., Asanuma, N., Sato, Y., Sharp, G.W.
1998. Glucose action ‘beyond ionic events’ in the pancreatic
beta-cell. Trends Pharmacol. Sci. 19:496-499

Arkhammar, P., Nilsson, T., Rorsman, P., Berggren, P.-O. 1987.
Inhibition of ATP-regulated, K™ channels precedes depolari-
zation-induced increase in cytoplasmic free Ca?” concentration
in pancreatic B-cells. J. Biol. Chem. 262:5448—-5454

Ashcroft, P.M., Ashcroft, S.J.H., Harrison, D.E. 1988. Properties
of single potassium channels modulated by glucose in rat
pancreatic B-cells. J. Physiol. 400:501-527



200

Ashcroft, P.M., Rorsman, P. 1989. Electrophysiology of the pan-
creatic B-cell. Prog. Biophys. Molec. Biol. 54:87-143

Best, L. 1997. Glucose and 2-ketoisocaproate induce transient
inward currents in rat pancreatic beta cells. Diabetologia 40:
1-6

Best, L. 1999. Cell-attached recordings of the volume-sensitive
anion channel in rat pancreatic B-cells. Biochim. Biophys. Acta
1419:248-256

Best, L. 2000. Glucose-sensitive conductances in rat pancreatic
beta-cells: contribution to electrical activity. Biochim. Biophys.
Acta 1468:311-319

Best, L. 2001. Inhibition of glucose-induced electrical activity by 4-
hydroxytamoxifen in rat pancreatic B-cells. Cellular Signalling
(in press).

Best, L., Brown, P.D., Sheader, E.A., Yates, A.P. 2000. Selective
inhibition of glucose-stimulated beta-cell activity by an anion
channel inhibitor. J. Membrane Biol. 177:169-175

Best, L, Miley, H.E., Yates, A.P. 1996. Activation of an anion
conductance and depolarization during hypotonically-induced
insulin release. Exp. Physiol. 81:927-933

Best, L., Sheader, E.A., Brown, P.D. 1996. A volume-activated
anion conductance in insulin-secreting cells. Pfluegers Arch.
431:363-370

Best, L., Speake, T., Brown, P.D. 2001. Functional characteriza-
tion of the volume-sensitive anion channel in rat pancreatic
B-cells. Exp. Physiol. 86:145-150

Best, L., Yates, A.P., Tomlinson, S. 1992. Stimulation of insulin
secretion by glucose in the absence of diminished potassium
(®*Rb ") permeability. Biochem. Pharmacol. 43:2483-2485

Dunne, M.J., Petersen, O.H. 1986. Intracellular ADP activates K
channels that are inhibited by ATP in an insulin-secreting cell
line. FEBS Lett. 208:59-66

Galvez, A., Gimenez-Gallego, G., Reuben, J.P., Roy-Constancin,
L., Feigenbaum, P., Kaczorowski, G.J., Garcia, M.L. 1990.
Purification and characterization of a unique, potent peptide
probe for the high conductance Ca®*-activated K" channel
from venom of the scorpion Buthus tamulus. J. Biol. Chem.
265:11083-11090

Gembal, M., Detimary, P., Gilon, P., Gao, Z.Y., Henquin, J.C.
1993. Mechanisms by which glucose can control insulin release
independently from its action on adenosine triphosphate-
sensitive K™ channels in mouse B-cells. J. Clin. Invest. 91:871—
880

Gembal, M., Gilon, P., Henquin, J-C. 1992. Evidence that glucose
can control insulin release independently from its action on
ATP-sensitive K" channels in mouse B-cells. J. Clin. Invest.
89:1288-1295

Henquin, J.C. 1980. Tolbutamide stimulation and inhibition of
insulin release: studies of the underlying ionic mechanisms in
isolated rat islets. Diabetologia 18:151-160

L. Best.: B-Cell Electrical Activity

Henquin, J.C. 1998. A minimum of fuel is necessary for tolbut-
amide to mimic the effects of glucose on electrical activity in
pancreatic B-cells. Endocrinology 139:993-998

Henquin, J.C. 2000. Triggering and amplifying pathways of regu-
lation of insulin secretion by glucose. Diabetes 49:1751-1760

Kinard, T.A., Satin, L.S. 1995. An ATP-sensitive C-channel cur-
rent that is activated by cell swelling, cAMP and glyburide in
insulin-secreting cells. Diabetes 44:1461-1466

Komatsu, M., Schermerhorn, T., Noda, M., Straub, S.G., Aizawa,
T., Sharp, G.W. 1997. Augmentation of insulin release by
glucose in the absence of extracellular Ca®*: new insights into
stimulus-secretion coupling. Diabetes 46:1928-1938

Malaisse W.J., Sener, A., Herchuelz, A., Hutton, J.C. 1979. Insulin
release: The fuel hypothesis. Metabolism 28:373-386

Martin, F., Reig, J.A., Soria, B. 1995. Secretagogue-induced
[Ca®*]; changes in single rat pancreatic islets and correlation
with simultaneously measured insulin release. J. Mol. End-
ocrinol. 15:177-185

Miley, H.E., Brown, P.D., Best, L. 1999. Regulation of a volume-
sensitive anion channel in rat pancreatic p-cells by intracellular
adenine nucleotides. J. Physiol. 515:413—417

Miley, H.E., Sheader, E.A., Brown, P.D., Best, L. 1997. Glucose-
induced swelling in rat pancreatic beta-cells. J. Physiol.
504:191-198

Proks, P., Jones, P., Ashcroft, P.M. 2001. Interaction of stilbene
disulphonates with cloned K(ATP) channels. Br. J. Pharmacol.
132:973-982

Rae, J., Cooper, K., Gates, P., Watsky, M. 1991. Low access re-
sistance perforated patch recordings using amphotericin B.
J. Neurosci. Methods 37:15-26

Rorsman, P. 1997. The pancreatic beta-cell as a fuel sensor: an
electrophysiologist’s viewpoint. Diabetologia 40:487-495

Rorsman, P., Trube, G. 1985. Glucose dependent K *-channels in
pancreatic B- cells are regulated by intracellular ATP. Pfluegers
Arch. 405:305-309

Smith, P., Ashcroft, F.M., Rorsman, P. 1990. Simultaneous re-
cordings of glucose-dependent electrical activity and ATP-reg-
ulated K™ currents in isolated mouse pancreatic p-cells. FEBS
Lett. 261:187-190

Straub, S.G., James, R.F., Dunne, M.J., Sharp, G.W. 1998. Glu-
cose activates both K(ATP) channel-dependent and K(ATP)
channel-independent signalling pathways in human islets. Dia-
betes 47:758-763

Sturgess, N.C., Ashford, M.L.J., Cook, D.L., Hales, C.N. 1985.
The sulfonylurea receptor may be an ATP-sensitive potassium
channel. Lancet 8453:474-475

Westerlund, J., Orstater, H., Palm, F., Sundsten, T., Bergsten, P.
2001. Glucose-regulated pulsatile insulin release from mouse
islets via the K(ATP) channel-independent pathway. Eur. J.
Endocrinol. 144:667-675



