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a b s t r a c t

When exposed to intermediate glucose concentrations (6e16 mol/l), pancreatic b-cells in intact islets
generate bursts of action potentials (superimposed on depolarised plateaux) separated by repolarised
electrically silent intervals. First described more than 40 years ago, these oscillations have continued to
intrigue b-cell electrophysiologists. To date, most studies of b-cell ion channels have been performed on
isolated cells maintained in tissue culture (that do not burst). Here we will review the electrophysio-
logical properties of b-cells in intact, freshly isolated, mouse pancreatic islets. We will consider the role of
ATP-regulated Kþ-channels (KATP-channels), small-conductance Ca2þ-activated Kþ-channels and voltage-
gated Ca2þ-channels in the generation of the bursts. Our data indicate that KATP-channels not only
constitute the glucose-regulated resting conductance in the b-cell but also provide a variable Kþ-
conductance that influence the duration of the bursts of action potentials and the silent intervals. We
show that inactivation of the voltage-gated Ca2þ-current is negligible at voltages corresponding to the
plateau potential and consequently unlikely to play a major role in the termination of the burst. Finally,
we propose a model for glucose-induced b-cell electrical activity based on observations made in intact
pancreatic islets.
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1. Introduction

The insulin-secreting b-cells play a central role in systemic
glucose homeostasis. Insulin secretion depends on the initiation of
electrical activity in the b-cells (Henquin and Meissner, 1984).
Patch-clamp analyses have revealed that the b-cell contains several
types of ion channel (Ashcroft and Rorsman, 1989). It is well
established that the ATP-sensitive Kþ-channels represent the
glucose-sensitive conductance of the b-cell. The KATP-channels are
spontaneously active at low glucose and efflux of positively charged
Kþ through these channels generates an excess of negative charges
inside the b-cell and thereby accounts for the negative membrane
potential of the unstimulated b-cell.

Glucose produces a concentration-dependent inhibition of KATP-
channel activity with an IC50 of 2e3 mmol/l in isolated b-cells
(Ashcroft et al., 1988; Ashcroft and Rorsman, 1989). At a glucose
concentration of 5 mmol/l, the glucose concentration in a fasted
mouse, channel activity is reduced by w90% but the remaining
<10% of channel activity (<0.5 nS at the whole-cell level) is suffi-
cient to keep the b-cell sufficiently repolarised to prevent action
potential firing (Smith et al., 1990a). When glucose is elevated to
8e10 mmol/l, close to the plasma glucose concentration in fed
mice, KATP-channel activity is completely suppressed. This leads to
membrane depolarization to the threshold for action potential
firing (between �60 and �50 mV). Over the physiological range of
glucose concentrations, this electrical activity consists of oscilla-
tions in membrane potential between depolarised plateaux (lasting
w10 s), on which bursts of action potentials are superimposed,
separated by repolarised electrically silent intervals (Cook et al.,
1991). With increasing glucose concentrations there is a progres-
sive increase in the relative duration of the active phase at the
expense of the silent intervals until continuous action potential
firing occurs at glucose concentrations above 20 mmol/l (Henquin
and Meissner, 1984).

The depolarizing phase of the b-cell action potential depends on
voltage-gated Ca2þ-channels (Rorsman and Trube, 1986; Satin and
Cook, 1985). Mouse b-cell expresses at least three types of
voltage-gated Ca2þ-channel (L-, R- and P/Q-type). L-type Ca2þ-
channels account for >60% of the whole-cell Ca2þ-current (Schulla
et al., 2003). Somewhat surprisingly, pharmacological blockade of
L-type Ca2þ-channels with nifedipine only transiently suppresses
action potential firing (Rosario et al., 1993; Vasseur et al., 1987). The
relatively weak effect on electrical activity contrasts with the strong
suppression of glucose-induced insulin secretion (Gopel et al., 2004;
Schulla et al., 2003). This dichotomy between electrical activity and
insulin secretion may reflect the important role of L-type Ca2þ-
channels in rapid (action potential-dependent) exocytosis (Barg
et al., 2001; Wiser et al., 1999). R-type Ca2þ-channels account for
w20% of the b-cell Ca2þ-current. They have, based on observations
made in Cav2.3�/� (R-type) knockout mice, been proposed to play
a role in 2nd phase insulin secretion (Jing et al., 2005); possibly by
producing the global increase in [Ca2þ]i required for refilling of the
readily releasable pool of granules. The P/Q-type and N-type Ca2þ-
channels account for only w10% (Schulla et al., 2003) of the b-cell
whole-cell Ca2þ-current. The significance of these channels in

mouse b-cells (if any) remains obscure but in human b-cells Ca2þ-
entry via P/Q-type channels plays a central role in depolarization-
evoked exocytosis (Braun et al., 2008).

Action potential repolarization depends on activation of
a delayed outward Kþ-current. The initial experiments suggested in
reflected the activation of delayed rectifying Kþ-channels with
a conductance of w10 pS (Rorsman and Trube, 1986; Smith et al.,
1990b). At the molecular level, the delayed rectifying Kþ-channels
present in mouse b-cells are of the Kv2.1 subtype (MacDonald et al.,
2002). Electrical activity in b-cells from Kv2.1-deficient mice
(Kv2.1�/�) resembles that of wildtype b-cells in the presence of the
selective Kv2.1 blocker stromatoxin (Jacobson et al., 2007).
However, a stromatoxin-resistant and Kv2.1-independent current is
also present in mouse b-cells. This residual current, which is suffi-
cient to repolarise the b-cell action potential, was later identified to
flow through large-conductance Ca2þ-activated Kþ-channels (BK-
channels) (Houamed et al., 2010; Jacobson et al., 2010). A rapidly
activating transient outward Kþ-current component dependent on
Ca2þ-entry was in fact first described inmouse b-cells more than 20
years ago (Satin et al., 1989; Smith et al., 1990b) but its significance
was not fully appreciated following an early report that the specific
blocker charybdotoxin was without effect on glucose-induced
electrical activity (Kukuljan et al., 1991).

The oscillatory nature of b-cell electrical activity reviewed
above, first described by Dean and Matthews more than 40 years
ago (Dean and Matthews, 1968), has never stopped to intrigue (and
vex!) b-cell electrophysiologists. Experimental and theoretical
considerations have led to the proposal of numerous hypotheses.
These include (but are not limited to) inactivation of the voltage-
gated Ca2þ-current (Satin et al., 1994), activation of KATP-channels
via oscillations in the intracellular ATP/ADP-ratio driven by
metabolism (Larsson et al., 1996), activation of Ca2þ-activated Kþ-
channels by mobilization of intracellular Ca2þ-stores (Ammala
et al., 1991), activation of large-conductance (BK) Ca2þ-activated
Kþ-channels by Ca2þ-influx during b-cell electrical activity
(Atwater et al., 1983) and opening of a depolarizing store-operated
conductance (Worley et al., 1994). It has turned out remarkably
difficult to conclusively establish the mechanisms involved. This
may be because isolated b-cells maintained in tissue culture (the
favourite preparation for patch-clamp experiments) do not
generate the typical bursting electrical activity observed in
membrane potential recordings from intact pancreatic islets.
Rather, electrical activity in isolated cells consists of uninterrupted
action potential firing (Ammala et al., 1991; Rorsman et al., 1991),
very brief bursts consisting of two or three action potentials (Kinard
et al., 1999) or very long (5e10 min) (Smith et al., 1990a). The
absence of the normal bursting pattern of electrical activity in
isolated b-cells may reflect the loss of electrical coupling with other
b-cells and/or auto/paracrine interactions. Changes in b-cell elec-
trical activity following islet dissociation may also be a conse-
quence of changes in gene expression, glucose metabolism and
intracellular Ca2þ handling.

The finding that the normal oscillatory electrical activity is not
maintained in isolated b-cells led us to explore whether it is feasible
to perform patch-clamp analyses of b-cells in freshly isolated intact
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