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Glucose-induced electrical activity in rat pancreatic β-cells:
dependence on intracellular chloride concentration

L. Best

Department of Medicine, University of Manchester, Oxford Road, Manchester, M13 9WL, UK

A rise in glucose concentration depolarizes the β-cell membrane potential leading to electrical
activity and insulin release. It is generally believed that closure of KATP channels underlies
the depolarizing action of glucose, though work from several laboratories has indicated the
existence of an additional anionic mechanism. It has been proposed that glucose activates a
volume-regulated anion channel, generating an inward current due to Cl– efflux. This mechanism
requires that intracellular [Cl–] is maintained above its electrochemical equilibrium. This
hypothesis was tested in rat β-cells by varying [Cl–] in the patch pipette solution using the
Cl–-permeable antibiotic amphotericin B to allow Cl– equilibration with the cell interior. Under
such conditions, a depolarization and electrical activity could be evoked by 16 mM glucose with
pipette solutions containing 80 or 150 mM Cl–. At 40 or 20 mM Cl–, a subthreshold depolarization
was usually observed, whilst further reduction to 12 or 6 mM abolished depolarization, in
some cases leading to a glucose-induced hyperpolarization. With a pipette solution containing
gramicidin, which forms Cl–-impermeable pores, glucose induced a depolarization and electrical
activity irrespective of [Cl–] in the pipette solution. Under the latter conditions, glucose-induced
electrical activity was prevented by bumetanide, an inhibitor of the Na+–K+–2Cl– co-transporter.
This inhibition could be overcome by the use of amphotericin B with a high [Cl–] pipette
solution. These findings suggest that the maintenance of high intracellular [Cl–] in the β-cell is
an important determinant in glucose-induced depolarization, and support the hypothesis that
β-cell stimulation by glucose involves activation of the volume-regulated anion channel and
generation of an inward Cl– current.
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The secretion of insulin from the pancreatic β-cell in
response to a rise in glucose concentration involves a
characteristic pattern of electrical activity (see Ashcroft &
Rorsman, 1989; Misler et al. 1992; Best & McLaughlin,
2004 for reviews). In the presence of fasting blood
glucose levels (3–5 mm), the β-cell membrane potential
is normally in the region of −60 mV. A rise in glucose
concentration to insulinotropic levels (6–25 mm) causes
a gradual depolarization to a threshold potential (−40 to
−50 mV) at which voltage-sensitive Ca2+ channels open,
generating action potentials or ‘spikes’ . This response is
important since it results in a rise in cytosolic [Ca2+]
([Ca2+]i) that activates the exocytotic machinery.

The mechanism whereby glucose depolarizes the
pancreatic β-cell has been the subject of extensive study. It
is generally believed that the depolarization of the β-cell
membrane potential by glucose is the result of closure of
KATP channels due to increased glucose oxidation and a rise
in the intracellular ATP/ADP ratio (Ashcroft & Rorsman,

1989). However, there is considerable evidence for at least
one additional ionic mechanism sensitive to changes in
glucose concentration. For example, KATP channel activity
is sensitive to glucose over the substimulatory range
0–5 mm (Ashcroft et al. 1988; Best, 2000, 2002a), but is
virtually unaffected by changes in glucose concentrations
over the stimulatory range (5–20 mm; Best, 2000, 2002a).
Furthermore, glucose has been shown to induce electrical
activity and insulin release even when KATP channel activity
is completely inhibited by a maximal concentration of the
sulphonylurea tolbutamide (Best et al. 1992; Best, 2002a)
or activated by diazoxide (Henquin, 1992).

An increasing amount of evidence from a number
of laboratories supports the suggestion that an anionic
mechanism could be an important component of the KATP

channel-independent glucose-sensing mechanism. For
example, glucose has been shown to stimulate 36Cl− efflux
from pre-loaded islets with kinetics closely corresponding
to those reported for glucose-induced insulin release
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(Sehlin, 1978; Malaisse et al. 2004). A similar effect of
glucose on β-cell Cl− permeability has been demonstrated
using fluorimetric measurements (Eberhardson et al.
2000). The conductance underlying these effects is likely
to be a volume-regulated anion channel (VRAC; Kinard &
Satin, 1995; Best et al. 1996b). Activation of this channel
in β-cells by hypotonic cell swelling causes depolarization
of the cell membrane potential (due to Cl− efflux) and
thus leads to electrical and secretory activity (Best et al.
1996a; Drews et al. 1998). There is evidence that glucose
can also activate the VRAC, both at the whole-cell (Best,
1997, 2000) and single channel levels (Best, 1999, 2002b).
Consistent with these findings, inhibitors of the VRAC
inhibit both glucose-induced electrical activity and insulin
release (Best, 1997, 2002a, c; Best et al. 2000, 2004).

The observation that VRAC activation causes β-cell
depolarization implies that intracellular [Cl−] ([Cl−]i)
must be maintained above its electrochemical equilibrium
(i.e. ECl is positive with respect to the resting membrane
potential). Estimates of [Cl−]i from the distribution of
36Cl− in both mouse and rat islets suggest that this is indeed
the case, with apparent values for ECl of −18 to +2.5 mV
being reported (Sehlin, 1978; Malaisse et al. 2004).
Fluorimetric measurements of [Cl−]i inβ-cells are broadly
consistent with these findings (Eberhardson et al. 2000).
It is likely that the Na+–K+–2Cl− co-transporter NKCC1
is, at least in part, responsible for Cl− accumulation since
there is both functional and molecular evidence for the
expression of this co-transporter in β-cells (Lindstrom
et al. 1988; Majid et al. 2001).

The above findings suggest that maintenance of a
relatively high value for [Cl−]i could be of major
importance for the regulation of β-cell electrical activity
by glucose. In the present study, this hypothesis has been
tested by the use of two distinct approaches for altering
[Cl−]i in intact rat β-cells.

Methods

Islet cell preparation

Pancreatic islets were prepared from Sprague-Dawley rats
(300–350 g; either sex, killed by stunning and cervical
dislocation) by collagenase digestion (Worthington type 4,
Cambridge Biosciences, Cambridge, UK). Islets were
dispersed into single cells by brief exposure to a Ca2+-free
medium consisting of (mm): 130 NaCl, 5 KCl, 2 MgSO4,
4 glucose, 1 EGTA, 1% (w/v) bovine serum albumin and 25
Hepes-NaOH (pH 7.4). Cells were centrifuged at 100 g for
5 min, re-suspended in Hepes-buffered Minimal Essential
Medium (MEM; Gibco, Paisley, Scotland) containing
5% (v/v) bovine serum albumin and gentamycin
(50 µg ml−1), plated onto 30 mm diameter polystyrene
dishes and cultured for 2–10 days in humidified air at
37◦C. β-cells were identified by their size (larger than
non-β-cells) and granular appearance. The standard

incubation medium used for islet cell preparation and
incubations consisted of 130 NaCl, 5 KCl, 1 MgSO4,
1 NaH2PO4, 1.2 CaCl2, 25 Hepes-NaOH (pH 7.4) and
glucose at the required concentration.

Electrophysiology

Cells were superfused at a rate of approximately 2 ml min−1

with incubation medium. Membrane potential was
recorded from single β-cells using the perforated patch
technique with a List EPC-7 amplifier (List, Darmstadt,
Germany). At specific points during the recording, the
amplifier was switched to voltage-clamp mode and inward
current (I i) recorded for a period of 60 s at a holding
potential of −65 mV. Under such conditions, VRAC
activation is manifest as a characteristically noisy inward
current (Best, 1997, 2000). In order to quantify changes in
VRAC activity, mean current amplitudes were measured
from 50 s segments of recording using pCLAMP6 software
(Axon Instruments). Input conductance (Ginput) was
measured under similar conditions as an index of
whole-cell KATP channel activity (Smith et al. 1990; Best,
2000). Briefly, cells were voltage-clamped at −70 mV and
exposed to 200 ms pulses of ±10 mV at 2 s intervals. Single
isolated β-cells were used for these experiments in order
to avoid contaminating currents from adjacent electrically
coupled cells. The basic pipette solution consisted of
(mm): 138 KCl, 10 NaCl, 1 MgCl2 and 10 Hepes-NaOH
(pH 7.2). Additional solutions were made with lower
concentrations of Cl− by substitution with gluconate.
In experiments designed to study the effects of varying
[Cl−]i, electrical access was achieved by the inclusion
of 240 µg ml−1 amphotericin B in the pipette solution.
This antibiotic allows electrical access to the cell interior
by forming pores permeable to monovalent cations and
Cl− (Ermishkin et al. 1977) and is routinely used for
perforated patch recording of membrane potential and
whole-cell currents (Rae et al. 1991). When normal [Cl−]i

was to remain intact, 50 µg ml−1 gramicidin (which forms
Cl−-impermeable pores; Myers & Haydon, 1972) was used
as perforating agent (Rhee et al. 1994). In both cases, series
resistance was < 25 M� and whole-cell capacitance within
the range 7–13 pF. Following seal formation, a period of
approximately 10 min was allowed in order to achieve
optimal electrical access and, in the case of amphotericin B,
to maximize equilibration of Cl− between the pipette
solution and the cell interior. All experiments were carried
out at 28–30◦C. Where appropriate, data are expressed as
mean ± s.e.m., statistical significance being ascribed using
Student’s paired or unpaired t test.

Results

The first series of experiments investigated the effects
of directly manipulating [Cl−]i via the patch pipette
solution using amphotericin B. Since this antibiotic forms
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Cl−-permeable pores, its use provides a convenient
method for altering [Cl−]i in an otherwise intact
cell.

Figure 1 shows the effects of raising the glucose
concentration from 4 to 16 mm on membrane potential
and whole-cell current. Using amphotericin B and a
pipette solution chloride concentration ([Cl−]p) of
150 mm Cl−, the resting membrane potential in the
presence of 4 mm glucose was −64.3 ± 2.0 mV (n = 7;
Fig. 1, upper panel). The corresponding whole-cell inward
current (I i) at a holding potential of −65 mV was
−1.96 ± 0.68 pA (n = 7). In all cells studied, raising the
glucose concentration to 16 mm depolarized the cell
membrane potential, resulting in the generation of action
potentials. Under such conditions, a marked, significant
(P < 0.01) inward shift in holding current was apparent

Figure 1. Amphotericin-perforated patch recordings from rat
pancreatic β-cells
The pipette solution contained 150 mM (upper) and 80 mM (lower)
Cl−. Whole-cell current was recorded during the periods marked a and
b. Horizontal time calibration bar: 1 min (membrane potential) or 15 s
(current recordings). Horizontal dotted line, zero current. The
recordings shown are representative of 7 similar experiments in each
case.

(−11.94 ± 1.58 pA, n = 7) together with increased current
noise, representing activation of the volume-regulated
anion channel (VRAC; Best et al. 1996a; Best, 1997, 2000).
A return to 4 mm glucose was followed by repolarization of
the membrane potential and cessation of electrical activity.

Virtually identical findings were obtained when [Cl−]p

was reduced to 80 mm, 16 mm glucose depolarizing 7/7
cells and generating electrical activity in 6/7 (Fig. 1, lower
panel). However, further reduction of [Cl−]p resulted
in a progressive impairment in the β-cell response to
glucose stimulation. Thus, with 40 or 20 mm [Cl−]p,
glucose-induced electrical activity was recorded in only 2/7
and 1/7 cells, respectively, a subthreshold depolarization
being evoked in the majority (11/14) of cells (Fig. 2, upper
panel). When [Cl−]p was reduced to 12 mm, 16 mm glucose
had no effect on membrane potential in 7/7 cells. With a

Figure 2. Amphotericin-perforated patch recordings from rat
pancreatic β-cells
The pipette solution contained 20 mM (upper) and 6 mM (lower) Cl−.
Whole-cell current was recorded during the periods marked a and b.
Horizontal time calibration bar: 1 min (membrane potential) or 15 s
(current recordings). Horizontal dotted line, zero current. The
recordings shown are representative of 7 experiments in each case.
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further reduction of [Cl−]p to 6 mm, glucose stimulation
was found to cause a modest hyperpolarization in 4/7 cells
(Fig. 2, lower panel).

At a concentration of 4 mm glucose, neither the resting
membrane potential nor the mean amplitude of I i at a
holding potential of −65 mV depended on [Cl−]p. For
example, the values for resting membrane potential in
the presence of 4 mm glucose with a [Cl−]p of 40 and
6 mm were −63.0 ± 0.9 and −59.4 ± 0.9 mV, respectively,
with corresponding values for I i of −2.46 ± 0.55 and
−3.18 ± 0.40 pA (n = 7 in all cases). This suggests
that [Cl−]i and VRAC activity do not make a
major contribution to β-cell membrane potential at
substimulatory glucose concentrations. However, as
shown in Fig. 3, the inward current induced by 16 mm
glucose (�I i(16G−4G)) showed a clear dependence on
[Cl−]p. Indeed, a significant increase in current amplitude
could only be evoked by 16 mm glucose when [Cl−]p

was 40 mm or more. For a Cl−-selective current, reversal
under the conditions used would be predicted with a
value for [Cl−]i of approximately 11 mm. This compares
with the observed value for current reversal with a [Cl−]p

of approximately 7.5 mm. This small discrepancy could
be explained in part by incomplete equilibration of Cl−

between the pipette solution and the cell interior and by
the significant permeability of the VRAC to ionic species
other than [Cl−] (Best et al. 2001).

The net cellular K+ conductance should be small and
remain constant under the conditions used. However, in
order to ascertain whether β-cell KATP channel activity
was affected by altered [Cl−]i, input conductance (Ginput)
was measured under conditions similar to those described

Figure 3. Relationship between chloride concentration of
pipette solution ([Cl–]p) (plotted on log scale) and mean
amplitude of inward current induced by 16 mm glucose
(∆Ii(16G−4G)) during amphotericin-perforated patch recordings
The values were calculated from mean current amplitudes during
stimulation with 16 mM glucose minus the corresponding unstimulated
mean current amplitudes in the presence of 4 mM glucose taken from
7 experiments of the type shown in Figs 1 and 2. Asterisks denote
significant difference between whole-cell currents evoked by 16 and
4 mM glucose, ascribed by paired t test (∗ P < 0.01; ∗∗P < 0.001).

above (Fig. 4). With [Cl−]p of 150 mm and in the presence
of 4 mm glucose, Ginput was 0.59 ± 0.06 nS (n = 6). Raising
the glucose concentration to 16 mm resulted in a modest
though significant (P < 0.05) increase in this value to
0.75 ± 0.07 nS, consistent with a previous report from this
laboratory and possibly reflecting VRAC activation (Best,
2000). When [Cl−]p was reduced to 6 mm, Ginput in the
presence of 4 mm glucose was 0.58 ± 0.06 nS (n = 6), a
value virtually identical to that obtained with 150 mm
[Cl−]p. Furthermore, under the latter conditions, a rise in
glucose to 16 mm again significantly (P < 0.05) increased
Ginput to 0.96 ± 0.15 nS. Thus, neither KATP channel
activity nor the glucose-induced increase in Ginput appear
to be affected by reduced [Cl−]i.

Figure 4. Amphotericin-perforated patch recordings from rat
pancreatic β-cells
The pipette solution contained 150 mM (upper) and 6 mM (lower) Cl−.
Horizontal time calibration bar: 1 min (membrane potential) or 4 s
(Ginput). The recordings shown are representative of 6 similar
experiments.
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Experiments were next carried out to investigate
whether the dependence on [Cl−]i of glucose-induced
depolarization was apparent when gramicidin was
substituted for amphotericin B in the pipette solution
as a pore-forming agent. In contrast to amphotericin
B, gramicidin forms Cl−-impermeable pores and can
therefore be used for perforated patch recording
without disrupting [Cl−]i. As shown in Fig. 5, under
these conditions 16 mm glucose depolarized the cells
and induced electrical activity irrespective of [Cl−]p.
Correspondingly, glucose stimulation increased the mean
amplitude of the inward VRAC current to a similar extent
with 150 or 12 mm [Cl−]p (Fig. 6).

As noted earlier, ECl is maintained at positive values in
the β-cell, probably due to activity of the Na+–K+–2Cl−

Figure 5. Gramicidin-perforated patch recordings from rat
pancreatic β-cells
The pipette solution contained 150 mM (upper) and 12 mM (lower)
Cl−. Whole-cell current was recorded during the periods marked a and
b. Horizontal time calibration bar: 1 min (membrane potential) or 15 s
(current recordings). Horizontal dotted line, zero current. The
recordings shown are representative of 6–7 similar experiments.

co-transporter NKCC1. The next series of experiments
investigated the effects of pharmacological inhibition of
this co-transporter by the loop diuretic bumetanide.
Unless otherwise stated, gramicidin was used in the
pipette solution in these experiments in order to maintain
normal [Cl−]i. The resting membrane potential (at
4 mm glucose) of cells incubated in the presence of
10 µm bumetanide (−61.3 ± 1.64 mV, n = 8) was not
significantly different from that in cells in the absence
of the diuretic (−57.3 ± 1.6 mV, n = 8), consistent with
the earlier suggestion that [Cl−]i does not make a
major contribution to β-cell membrane potential at
substimulatory concentrations of glucose. However, as
shown in Fig. 7 (upper panel), pre-treatment of the
cells with 10 µm bumetanide markedly suppressed the
subsequent response to 16 mm glucose. A delayed and
diminished response to high glucose persisted for several
minutes following withdrawal of the diuretic (Fig. 7,
middle panel), but a normal response could generally
be restored by a prolonged period of drug ‘washout’
(Fig. 7, lower panel). When similar experiments were
carried out using amphotericin B (with 150 mm [Cl−]p)
instead of gramicidin, bumetanide pre-treatment failed to
prevent glucose-induced electrical activity (Fig. 8). This
indicates that the imposition of a high [Cl−]i via the
pipette solution could effectively counteract the reduction
of [Cl−]i resulting from NKCC1 inhibition by the diuretic.

Discussion

The purpose of the present study was to test the hypothesis
that glucose-induced depolarization and electrical activity
in the pancreatic β-cell are dependent on maintenance of a
positive value for ECl with respect to the resting membrane
potential. As noted earlier, the available estimates for [Cl−]i

in the β-cell indicate that intracellular Cl− is accumulated
above its electrochemical equilibrium, at least in part
through the action of NKCC1. Two distinct experimental

Figure 6. Mean inward current amplitudes (Ii) in β-cells
voltage-clamped at −65 mV under gramicidin-perforated patch
conditions in the presence of 4 or 16 mm glucose
The pipette solution contained 150 mM (n = 6) or 12 mM (n = 7) Cl−.
∗P < 0.02; ∗∗P < 0.005 compared with 4 mM glucose controls.
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approaches have therefore been used to alter [Cl−]i whilst
maintaining cellular integrity.

The first approach took advantage of the Cl−

permeability of amphotericin B used for perforated patch
recording, allowing exchange of Cl− between the pipette
solution and the cell interior. As noted earlier, a limitation
of this technique is that, even after a period of equilibration,
the precise value of [Cl−]i (and hence ECl) cannot be
certain, since these will depend on the relative rates of
Cl− exchange via the amphotericin B pores in the cell
patch and via the various Cl− exchange mechanisms
in the plasma membrane. However, it was clear from
these studies that both electrical activity and magnitude
of the VRAC current evoked by 16 mm glucose were
markedly dependent on [Cl−]i. Thus, 16 mm glucose
routinely caused depolarization and electrical activity only
when [Cl−]p was 150 or 80 mm, broadly corresponding to
estimates of [Cl−]i in intact cells. In contrast, the use of
lower [Cl−]p progressively impaired depolarization and
reduced the amplitude of I i induced by 16 mm glucose.
When gramicidin, which forms Cl−-impermeable pores,

Figure 7.
Inhibition of glucose-induced electrical activity by pre-treatment with
10 µM bumetanide (upper and middle recordings) and 30 min
following exposure to bumetanide (lower recording). The pipette
solution contained gramicidin and 150 mM Cl−. The traces are
representative of at least 5 similar recordings in each case.

was used as perforating agent instead of amphotericin B,
responses to 16 mm glucose were unaffected by altered
[Cl−]p.

Comparable findings have been reported in other
cell types. For example, studies in neocortical neurones
have shown that changes in membrane potential and
excitability mediated via chloride channels are influenced
by altering [Cl−]i, using the conventional whole-cell
recording configuration (Nakanishi & Kukita, 2000). A
similar dependency on [Cl−]i has been demonstrated for
membrane potential and the polarity of Cl− currents with
the perforated patch technique in neurones and smooth
muscle cells using the Cl−-permeable antibiotics nystatin
and amphotericin (Abe et al. 1994; Rhee et al. 1994; Kyrozis
& Reichling, 1995). In each of these studies, artefactual
changes in [Cl−]i could be eliminated by the use of
gramicidin as perforating agent.

The present study is consistent with the hypothesis
that depolarization of the pancreatic β-cell by glucose
involves activation of the VRAC and the generation of an
inward anion current (Best et al. 1997; Best & McLaughlin,
2004). However, these findings could also have significant
implications regarding previously published perforated
patch studies with the glucagon-secreting α-cell. The
mechanism by which glucose inhibits glucagon release
is at present unclear. Indeed, reports that glucose
hyperpolarizes (Barg et al. 2000) and depolarizes
(Gromada et al. 2004) the α-cell have originated from the
same laboratory. The pipette solution used in these studies
was reported to contain amphotericin B with 22 mm Cl−,
conditions that, in the present study, generated a modest
depolarization in β-cells. It is conceivable the imposition
of an abnormal [Cl−]i could profoundly influence the
α-cell response to glucose. In this respect, it should
be borne in mind that, in contrast to the pancreatic
β-cell, α-cells express the outward K+–Cl− co-transporter
KCC which would be expected to maintain ECl at a
negative value (i.e. low [Cl−]i; Davies et al. 2004). In
these circumstances, VRAC activation by glucose would be

Figure 8. Lack of inhibition of glucose-induced electrical activity
by 10 µm bumetanide under amphotericin-perforated patch
conditions with a pipette solution containing 150 mm Cl–

The trace is representative of 5 similar recordings.
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expected to generate an outward (hyperpolarizing) current
(see Best & McLaughlin, 2004 for further discussion).
Taken together, the above factors suggest that future
perforated patch-clamp studies of islet cells should include
the use of gramicidin in order to avoid possible pitfalls
resulting from the unwitting alteration of [Cl−]i.

The second experimental approach to investigate the
role of [Cl−]i in β-cell function involved the use of the
loop diuretic bumetanide to inhibit NKCC1 and thereby
reduce [Cl−]i. Bumetanide has been previously shown
to hyperpolarize arterial smooth muscle (Davis, 1992)
and skeletal muscle (van Mil et al. 1997), indicating
an important role for [Cl−]i in regulating membrane
potential in these tissues. In the present study, the resting
membrane potential in the presence of 4 mm glucose was
not significantly affected by bumetanide, consistent with
the idea that [Cl−]i does not make a major contribution
to β-cell membrane potential at low concentrations of
glucose. However, treatment with the diuretic caused
a marked impairment of depolarization in response to
a stimulatory concentration of glucose and effectively
blocked electrical activity. The finding that this inhibitory
effect could be reversed by raising [Cl−]i strongly suggests
that the primary action of bumetanide on the β-cell was
inhibition of NKCC1 resulting in a reduction in [Cl−]i

and a consequent impairment in glucose-induced VRAC
current. This conclusion is consistent with the earlier
suggestion of Sandstrom (1990), who demonstrated an
inhibition of insulin release by bumetanide, and could
explain the diabetogenic action of loop diuretics (Furman,
1981).

In conclusion, the results of the present study support
the hypothesis that VRAC activation, generating an inward
anion current, is an important step in depolarization of the
β-cell membrane potential and the induction of electrical
activity by glucose. The primary physiological function of
the KATP channel, which is regulated by glucose within a
substimulatory concentration range, could be to hyper-
polarize and lower the electrical resistance of the β-cell
during hypoglycaemia, thereby preventing insulin release.
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