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Novel aspects of the molecular mechanisms controlling
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Pancreatic β-cells secrete insulin by Ca2+-dependent exocytosis of secretory granules. β-cell
exocytosis involves SNARE (soluble NSF-attachment protein receptor) proteins similar to those
controlling neurotransmitter release and depends on the close association of L-type Ca2+

channels and granules. In most cases, the secretory granules fuse individually but there is
ultrastructural and biophysical evidence of multivesicular exocytosis. Estimates of the secretory
rate in β-cells in intact islets indicate a release rate of ∼15 granules per β-cell per second, 100-fold
higher than that observed in biochemical assays. Single-vesicle capacitance measurements reveal
that the diameter of the fusion pore connecting the granule lumen with the exterior is ∼1.4 nm.
This is considerably smaller than the size of insulin and membrane fusion is therefore not
obligatorily associated with release of the cargo, a feature that may contribute to the different
rates of secretion detected by the biochemical and biophysical measurements. However, small
molecules like ATP and GABA, which are stored together with insulin in the granules, are small
enough to be released via the narrow fusion pore, which accordingly functions as a molecular
sieve. We finally consider the possibility that defective fusion pore expansion accounts for the
decrease in insulin secretion observed in pathophysiological states including long-term exposure
to lipids.
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Insulin secretion in vivo follows a characteristic biphasic
time course: an initial component, which develops rapidly
but only lasts a few minutes (1st phase), is followed by a
slowly developing but sustained component (2nd phase)
(Curry et al. 1968). Type-2 diabetes is associated with
complete loss of 1st phase secretion and strong reduction
of 2nd phase release (Hosker et al. 1989). If we knew
the cellular/molecular background of biphasic insulin
secretion, then we might understand what goes wrong
in type-2 diabetes.

The last 15 years have, thanks to the application
of several high-resolution techniques like capacitance
measurements (Neher, 1998), carbon fibre amperometry
(Wightman et al. 1991; Chow et al. 1992) and single-vesicle
imaging (TIRF and confocal) (Steyer et al. 1997),
witnessed an explosion in our knowledge about exocytosis
in the β-cell. Here we attempt to review some of these
new data. We will first discuss the β-cell biology of

biphasic insulin secretion. Second, we will describe the
roles of some of the proteins that are part of the molecular
machinery involved in insulin granule exocytosis. Third,
we will evaluate the possibility that the release of
biomolecules from β-cell granules is regulated in a size-
dependent manner by the fusion pore. Fourth, we present
some evidence indicating that insulin granules, in addition
to fusing individually with the plasma membrane, can
undergo compound exocytosis. Finally, we summarize the
data to suggest that defects of the exocytotic process may
be of pathophysiological significance and even contribute
to the lowered insulin secretory capacity in diabetes.

The insulin granule

Insulin plays a central role in the fuel homeostasis of
the entire body. It is secreted by the islets of Langerhans
in the pancreas. Human insulin is synthesized as a 110
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amino acid precursor (prepro-insulin) in the rough endo-
plasmic reticulum. Following removal of a 24-residue
signal sequence and packaging in the Golgi complex,
insulin is stored as pro-insulin in the immature secretory
granules where conversion into its biologically active
form is catalysed by the concerted activities of PC1-2
and the exoprotease CPH, to produce mature insulin
and C-peptide (Goodge & Hutton, 2000). Once mature
insulin has been formed, it can be stored for several
days before being released or degraded by crinophagia
(i.e. the intracellular destruction of the insulin granules
by the lysosomes; Schnell et al. 1988). Interestingly and
for reasons that remain obscure, the granules last to be
generated are the most likely ones to undergo release when
the β-cell is stimulated (Gold et al. 1982; Duncan et al.
2003).

Every β-cell contains 10 000–13 000 secretory granules
(Dean, 1973; Olofsson et al. 2002; Straub et al. 2004).
These have a diameter of ∼350 nm and often contain an
electron-dense Zn2-insulin6 crystal, which is surrounded
by a halo. A single insulin granule contains ∼1.6 amol
(10−18 mol) of insulin (8 fg or 106 molecules of insulin)
(Rorsman & Renström, 2003). In addition to insulin,
the secretory granules contain another ∼50 polypeptides
(Baillyes et al. 1992), some of which have biological
functions like islet amyloid polypeptide (IAPP) and
chromogranin A. The granules also store a number
of low-molecular weight compounds like ATP, GABA,
serotonin and glutamate and high concentrations of metal
ions including Zn2+ and Ca2+ (Hutton et al. 1983).
Ultrastructural studies have revealed that ∼600 granules
are docked with the plasma membrane (Olofsson et al.
2002; Straub et al. 2004) and a further ∼1500 are situated
≤ 0.2 μm from the cell surface (Olofsson et al. 2002).

The β-cell is electrically excitable and changes in the
membrane potential couple variations in plasma glucose
concentration to stimulation or inhibition of insulin
secretion (Ashcroft & Rorsman, 1989). This process
is well understood and involves glucose metabolism,
production of ATP, closure of KATP channels, membrane
depolarization and Ca2+-dependent action potential
firing. Insulin is then released by Ca2+-dependent
exocytosis of the secretory granules. Once plasma glucose
has been lowered by insulin-dependent uptake into the
target organ, reversal of the process outlined above leads
to cessation of insulin secretion. Thus, plasma glucose
is under feedback control of insulin via changes in
β-cell metabolism, KATP channel closure and electrical
activity/secretion. The ability of glucose to elicit electrical
activity is referred to as its ‘triggering’ action. In addition,
glucose exerts an ‘amplifying’ action on secretion and that
results in a greater secretory response for a given increase in
cytosolic [Ca2+]i (Henquin, 2000). The molecular identity
of the ‘amplifying’ signal remains to be established. The
triggering and amplifying effects of glucose also operate in

human β-cells (Henquin et al. 2006). Human β-cells are
equipped with KATP channels which maintain a negative
membrane potential at low glucose concentrations and are
closed in response to glucose stimulation (Gromada et al.
1998). Interestingly, the complements of the voltage-gated
ion channels are quite different in mouse and human
β-cells (Braun et al. 2008).

β-cell biology of biphasic insulin secretion

In response to a glucose challenge from 1 to 20 mM,
insulin secretion from intact mouse islets increases 15-fold
to a peak value of 90 pg islet−1 min−1. The latter value
corresponds to 11 granules β-cell−1 min−1, assuming 1000
β-cells per islet and 8 fg of insulin per granule (Fig. 1A).
Over the duration of 1st phase insulin secretion (4 min),
a single β-cell can thus be estimated to release a total
of ∼20 granules. Capacitance measurements on isolated
β-cells have identified a pool of readily releasable granules
(RRP) that are immediately available for release. Under
basal conditions (no activation of protein kinases), the
size of RRP has been estimated as ∼60 fF (Gromada et al.
1999). This equates to ∼20 granules using a conversion
factor of ∼3 fF per granule (MacDonald et al. 2006; Braun
et al. 2007). The close agreement of these numbers led to
the proposal that 1st phase insulin secretion may reflect
the release of RRP and that these represent a subset
of the docked pool (Daniel et al. 1999; Rorsman &
Renström, 2003). Indeed, ultrastructural analysis before
and after a high-K+ depolarization (a condition believed
to simulate 1st phase insulin secretion) leads to a slight
reduction of the physically docked granules (Olofsson et al.
2002). More recently, TIRF imaging of isolated β-cells
has provided direct evidence that the initial component
of insulin secretion involves release of already docked
granules (Ohara-Imaizumi et al. 2007). In this scenario,
the end of 1st phase insulin secretion reflects the emptying
of the RRP, and 2nd phase secretion involves the supply
of new granules for release by ATP- and time-dependent
granule priming, which thus becomes rate-limiting for
exocytosis. It is possible that glucose-induced acceleration
of granule priming underlies the amplifying effect
of glucose on insulin secretion. Although there is
consensus that membrane depolarization (evoked by
high-K+ stimulation or voltage-clamp depolarizations)
is associated with discharge of docked granules, there is
an ongoing debate with regard to the role of the docked
granules in glucose-induced 1st phase insulin release.
Thus, a recent study reported that 1st phase secretion
did not involve the docked granules but rather granules
that approached the plasma membrane during stimulation
only to be immediately released (‘restless newcomers’;
Shibasaki et al. 2007).
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It should be emphasized that apart from the insulin
secretion data, all studies summarized above were based
on experiments in isolated β-cells and it is not self-evident
that such data can be extrapolated to the situation in situ.
Indeed, when capacitance measurements are carried out
on superficial β-cells in intact mouse islets, the evidence
for a defined RRP is less convincing and exocytosis appears
to proceed linearly with time/stimulus (Fig. 1B; Göpel
et al. 2004). Using pancreatic slices and β-cells located in
the islet centre, the relationship between stimulation and
exocytosis was also found to be linear (Speier & Rupnik,
2003).

Changes in islet [Ca2+]i will report the summed
behaviour of all superficial β-cells that in turn is due to
β-cell electrical activity (Sánchez-Andrés et al. 1995). The
similar and biphasic kinetics of β-cell electrical activity
and insulin secretion in intact mouse islets was first
noted more than 30 years ago (Meissner, 1976; Meissner
& Atwater, 1976). The temporal correlation between
glucose-evoked insulin secretion and changes in islet
[Ca2+]i (Fig. 1A) is indeed suggestive of a direct link
between the two processes. This may seem incompatible
with the finding that no synchronization of [Ca2+]i

across the pancreas was observed in simultaneous in
vivo recordings of electrical activity in different islets
(Valdeolmillos et al. 1996). However, theoretical analyses
suggest that the fact that the single-islet response is
biphasic might nevertheless suffice to explain the biphasic
response observed systemically. As illustrated in Fig. 1C,
summation of the secretory responses from 400 islets
predicts a secretory response similar to that which can
be measured in the perfused pancreas and groups of
perifused islets.

The number of docked granules is sufficient for several
hours of glucose-induced insulin secretion. However,
granule exocytosis must eventually be balanced by the
supply of new granules towards the plasma membrane.
Directed movements of secretory granules occur along a
microtubule network (Ivarsson et al. 2004). Like other
secretory cells (Vitale et al. 1995), the β-cells are equipped
with a dense actin web below the plasma membrane
that controls the docking of the secretory granules
(Fig. 2). Disruption of the actin network with latrunculin
or cytochalasin B leads to strong stimulation of insulin
secretion in rodent and human islets (Orci et al. 1972;
Jewell et al. 2008). The importance of reorganization of
the actin network is highlighted by recent experiments
in NCAM-deficient mice (Esni et al. 1999). Insulin
secretion from these mice at high glucose concentrations
(30 mM) is reduced by > 50% relative to wild-type islets.
This defect is associated with impaired reorganization of
the actin network. Disruption of the actin network by
pre-treatment of the islets with cytochalasin B resulted in
strong stimulation of insulin secretion evoked by 30 mM

glucose in NCAM−/− islets and abolished the difference

between wild-type and knockout islets (C. S. Olofsson,
P. Rorsman & H. Semb, unpublished observations). These
data raise the possibility that remodelling of the cyto-
skeleton contributes to the amplifying action of glucose
on insulin secretion.
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Figure 1. [Ca2+]i and biphasic insulin secretion
A, biphasic insulin secretion measured in ∼100 isolated islets (grey
dotted line) and [Ca2+]i recorded from a single intact islet (black
continuous trace). B, exocytosis measured in β-cells in situ. Note linear
relationship between pulse length and response. Data from Göpel
et al. (2004). C, mathematical simulation of [Ca2+]i and secretion.
Summation of the responses in 400 islets obtained by assuming a 1st
phase response of 800% of the basal value that occurred with a delay
of 0–180 s and lasted 300 s followed by oscillations that had a variable
amplitude of 200–400% of basal and a random period of 10–30 s.
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Molecular control of β-cell exocytosis

Exocytosis in the β-cell mostly occurs in response
to an elevation of cytosolic [Ca2+]i and bears strong
resemblance to the release of neurotransmitters in the
synapse (Fig. 2). Indeed, many of the SNARE proteins
(soluble NSF (N-ethylmaleimide-sensitive factor)-
attachment protein receptor) critical to synaptic vesicle
release are also expressed in the β-cell and presumably
fulfil the same function(s) (Lang, 1999; Gerber & Sudhof,
2002). This includes the t-SNAREs syntaxin 1 and
SNAP-25 as well as the v-SNARE synaptobrevin/VAMP-2.

Syntaxin 1 and SNAP-25 aggregate into ∼400
complexes in mouse β-cells (Vikman et al. 2006). The
latter number is similar to the number of docked granules
in the β-cell as estimated by ultrastructural studies
(Olofsson et al. 2002). It is also close to the number
of voltage-gated L-type Ca2+ channels in a single β-cell
as estimated by non-stationary fluctuation analysis (Barg
et al. 2001). The syntaxin 1/SNAP-25 clusters concentrate
in cholesterol-rich membrane regions (membrane rafts)
(Fig. 2). Removal of cholesterol from the plasma
membrane using methyl-β-cyclodextrin (MBCD) reduces
insulin secretion and inhibits exocytosis as monitored
by TIRF microscopy (Ohara-Imaizumi et al. 2004)
and capacitance measurements (Vikman & Eliasson,
2005). The effects of MBCD treatment on secretion are
associated with the translocation of SNAP-25 from the
plasma membrane to the cytosol (Vikman & Eliasson,
2005).
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Figure 2. Insulin secretion
In mouse β-cells, exocytosis is principally dependent on Ca2+
influx through Cav1.2 L-type Ca2+ channels. A subset of the
release-competent granules (readily releasable pool; RRP) is
believed to be situated in the immediate vicinity of the Ca2+
channels and is referred to as the immediately releasable pool
(IRP). Only a few per cent of the total granule number exist in
RRP/IRP and the remainder belongs to a reserve pool. These
granules must undergo a number of priming reactions and/or
physical translocation to dock with the plasma membrane and
attain release competence. The existence of cholesterol-rich
membrane areas, to which the exocytotic proteins syntaxin 1A,
SNAP-25 and synaptobrevin/VAMP-2 concentrate, as well as an
actin web between the plasma membrane and the majority of
secretory granules is indicated.

Immunoneutralization of SNAP-25 leads to inhibition
of rapid exocytosis (i.e. that which can be evoked by
a single 500 ms depolarization) via a direct effect that
cannot be accounted for by inhibition of the Ca2+ current
(Vikman et al. 2006). In chromaffin cells, PKA- and
PKC-dependent phosphorylation/dephosphorylation of
SNAP-25 at Thr-138 (Nagy et al. 2004) and Ser-187
(Nagy et al. 2002), respectively, plays a central role in
the modulation of the secretory capacity. Recent data
indicate that overexpression of a mutant form of SNAP-25
lacking the last nine residues (i.e. SNAP-251-197) leads
to ablation of the cAMP-induced enhancement of β-cell
exocytosis (Eliasson et al. 2005). Phosphorylation of
SNAP-25 by PKC has also been found to stimulate
exocytosis in insulin-secreting cell lines (Shu et al. 2008).
In addition, high concentrations of cAMP (> 10 μM)
enhance rapid exocytosis through a PKA-independent
mechanism (Eliasson et al. 2003) that culminates in
activation of the low-affinity cAMP sensor cAMP-GEFII
via RIM2 (Seino & Shibasaki, 2005; Shibasaki et al. 2007).
Exactly how cAMP-GEFII enhances exocytosis remains
unknown but the effect is also lost upon overexpression
of the truncated form of SNAP-25 (Eliasson et al. 2005).
Thus, SNAP-25 appears to play an integral part in the
adjustment of β-cell exocytosis over a wide range of cAMP
concentrations. Inhibitory agonists like somatostatin
inhibit exocytosis by G-protein-dependent activation of
the protein phosphatase calcineurin (Renström et al.
1996). It is tempting to speculate that this is mediated
by dephosphorylation of SNAP-25.
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SNAP-25 is also involved in the priming of new
granules for release. The blind-drunk mouse (+/Bdr) has
a mutation in SNAP-25b (Jeans et al. 2007), which is
coexpressed in mouse β-cells with SNAP-25a. Islets from
+/Bdr mice exhibit reduced glucose-stimulated insulin
secretion whereas K+-stimulated release was unaffected.
As discussed above, the high K+ stimulation protocol is
believed to principally evoke exocytosis of RRP granules
(Rorsman & Renström, 2003). Indeed, in capacitance
measurements, exocytosis evoked by brief stimulations
was unaffected in +/Bdr β-cells, whereas that observed
during protracted and repetitive stimulation was strongly
affected. In silico analysis of protein interactions indicates
that the Bdr mutation stabilizes the SNARE complex, an
effect that can be envisaged to result in slower disassembly
of the complex following exocytosis. This might interfere
with the supply of new granules to the release sites. This
idea is suggested by analogy to the effects upon intra-
cellular application of antibodies against NSF (Vikman
et al. 2003), a protein with a well-established role in the
disassembly of the SNARE complex (Barnard et al. 1997).

The t-SNARE syntaxin 1 has multiple roles in the
exocytotic process. Intracellular application of antibodies
directed against the N-terminal part of syntaxin 1 inhibits
β-cell exocytosis. This effect appeared to be secondary
to strong inhibition of the voltage-gated Ca2+ current
(Vikman et al. 2006). Syntaxin 1 changes from a closed
to an open conformation during granule priming in a
process mediated by munc-18 (Yang et al. 2000; Dulubova
et al. 2007). Whilst playing an important role in the
docking of the granules with the plasma membrane,
syntaxin 1 does not appear to be required for granule
priming and 2nd phase insulin secretion is unaffected in
islets from syntaxin-deficient mice (Ohara-Imaizumi et al.
2007). Intriguingly, syntaxin 1 also modulates the activity
of ATP-regulated K+ channels as well as voltage-gated
delayed rectifying K+ channels in insulin-secreting β-cells
(Leung et al. 2007) and its function may accordingly not
be limited to the regulation of exocytosis.

Mouse β-cells also express syntaxin 4. Islets from
heterozygous syntaxin 4+/− mice exhibit reduced 1st
and 2nd phase secretion (Spurlin & Thurmond, 2006).
Syntaxin 4 exists in an open and a closed state. In its closed
state, syntaxin 4 tethers F-actin to the plasma membrane
and thereby prevents granule docking. Glucose-induced
reorganization of the actin network liberates syntaxin 4 (it
enters an ‘open’ state) and allows the granules to traffic to
the plasma membrane and interact with syntaxin 4 (Jewell
et al. 2008).

The CAPS (Ca2+-dependent activator protein for
secretion) proteins (Olsen et al. 2003; Speidel et al. 2008)
and munc-13 (Kang et al. 2006) are likewise important
for granule priming. Whereas munc13–1 mediates vesicle
priming by activating syntaxin and promoting SNARE
complex formation, the role of the CAPS proteins in

insulin secretion is not fully understood. However, the
similarities between munc13–1 and CAPS deficiency
suggest that the proteins co-operate in the priming process.
In addition, CAPS proteins influence granule stability
and ablation leads to increased crinophagia (Speidel et al.
2008).

Another protein influencing granule docking in β-cells
is granuphilin (Wang et al. 1999). Ablation of granuphilin
leads to a reduction of the number of docked granules
but nevertheless stimulates insulin secretion (Torii et al.
2002). Conversely, overexpression of granuphilin leads to
suppression of insulin secretion and there is evidence that
up-regulation of granuphilin could mediate the inhibitory
effects of long-term exposure to lipids on insulin secretion
(Kato et al. 2006). Granuphilin mediates its effects on
exocytosis via interaction with the syntaxin 1/munc18-1
complex (Fukuda et al. 2005).

MicroRNAs (miRs) are small non-coding RNAs that
can regulate the translation of specific target proteins
(Gauthier & Wollheim, 2006). Overexpression of miRs
375, 96 and 124 results in inhibition of glucose-induced
insulin secretion (Poy et al. 2004; Lovis et al. 2008). These
effects were associated with changes in the expression of
exocytotic proteins including SNAP-25 (Lovis et al. 2008).
It will be interesting to study the phenotype of mice lacking
these miRs.

Ca2+ sensor of β-cell exocytosis

Insulin secretion is a Ca2+-dependent process.
Experiments using photorelease of caged Ca2+ in
conjunction with capacitance measurements indicate
that exocytosis triggered by a step increase in [Ca2+]i

occurs with a delay of ∼10 ms, is half-maximal at 17 μM

and exhibits high co-operativity as suggested by a Hill
coefficient > 5 (Barg et al. 2001). Regulation of exocytosis
in β-cells by a low-affinity Ca2+ sensor is in agreement
with the finding that exocytosis evoked by voltage-clamp
depolarizations in mouse β-cells echoes the Ca2+ current
and stops almost immediately upon repolarization and
closure of the Ca2+ channels (Ammala et al. 1993; Barg
et al. 2001). There is evidence that in mouse β-cells
L-type Ca2+ channels and the secretory granules assemble
into a tight complex which ensures that the exocytotic
machinery is exposed to the very high [Ca2+]i in the
immediate vicinity of the Ca2+ channels (Wiser et al.
1999). However, exocytosis in β-cells also proceeds at
low [Ca2+]i and at rates inconsistent with the idea that
exocytosis is regulated solely by a low-affinity Ca2+

sensor. Indeed, β-cells have been shown to contain a
highly Ca2+-sensitive pool of granules (HCSP) (Barg &
Rorsman, 2004; Yang & Gillis, 2004). Exocytosis of HCSP
granules occurs at [Ca2+]i levels close to the resting level
and is enhanced by PKA and PKC activators. It is tempting

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



3318 L. Eliasson and others J Physiol 586.14

to attribute exocytosis at widely different [Ca2+]i to the
involvement of distinct Ca2+ sensors.

Synaptotagmins represent the obvious candidate for
Ca2+ sensors of membrane fusion in β-cells. There are
16 isoforms of synaptotagmins: synaptotagmins 5, 7 and
9 have been detected in primary β-cells (Iezzi et al. 2004,
2005; Gauthier et al. 2007; Grise et al. 2007; Gustavsson
et al. 2008). Synaptotagmin-7 knockout mice exhibit
impaired glucose tolerance and lowered basal as well as
glucose-induced insulin levels (Gustavsson et al. 2008).
Insulin secretion in vitro was likewise reduced by ∼50%.
In neurones, synaptotagmin-9 is coupled to fast neuro-
transmitter release (Xu et al. 2007). In rat islets (Iezzi
et al. 2005), down-regulation of synaptotagmin-9 by

Figure 3. The fusion pore as a molecular sieve
Molecular dimensions of the fusion pore and space-filling models of
insulin and ATP drawn to scale. A, cross-sectional view and B, the
fusion pore viewed from the extracellular space into the granule
lumen when the pore has expanded sufficiently to accommodate ATP
(left) and insulin (right). Note that whereas insulin will not fit in a
fusion pore with a diameter of only ∼1.5 nm, this is sufficient for ATP.

siRNAs reduces glucose- and tolbutamide-induced insulin
release (i.e. when secretion is evoked during the brief
and localized Ca2+ entry associated with individual action
potentials) but had less effect when the apparent Ca2+

sensitivity of exocytosis was increased by elevation of
intracellular cAMP (cf. Yang & Gillis, 2004). Collectively,
these observations indicate that synaptotagmin-9
constitutes the low-affinity Ca2+ sensor of exocytosis also
in β-cells. If this turns out to be the case, then either
synaptotagmin 5 or 7 may represent the high-affinity Ca2+

sensor(s).

Why do capacitance measurements report
higher rates of exocytosis than insulin
secretion assays?

The rate of exocytosis during depolarizations to 0 mV
reported by capacitance measurements in β-cells in intact
islets is as high as 40 fF s−1 (Göpel et al. 2004). The latter
value equates to 15 granules per second using a conversion
factor of∼3 fF per granule. This is two orders of magnitude
faster than the maximum rate of glucose-induced insulin
secretion (0.16 granules s−1; see Fig. 1). Even if allowance
is made for the fact that exocytosis at the physiological
membrane potential of −20 mV is only 30% of that at zero
millivolts (Göpel et al. 2004), it is clear that a significant
difference persists that cannot be accounted for by other
factors (like the absence or presence of cAMP).

On-cell capacitance measurements allow determination
of the conductance of the fusion pore, the structure
connecting the granule lumen to the extracellular
space (Fig. 3). Increases in cell capacitance become
detectable when the conductance exceeds ∼200 pS.
The latter value predicts a diameter of a cylindrical
pore extending the width of the plasma membrane of
< 1.5 nm (MacDonald et al. 2006). For comparison,
insulin is ∼3 nm × 3 nm × 4 nm (Barg et al. 2002). Thus,
a capacitance increase can be detected even when the
fusion pore has not expanded sufficiently to allow the
exit of insulin and membrane fusion is accordingly
not obligatorily associated with insulin secretion. This
might provide an explanation for the surprising finding
that the rates of exocytosis monitored by capacitance
measurements are generally much higher than those
predicted from hormone release measurements.

Exocytosis studied by ATP release
measurements

It is noteworthy that although the correlation between
capacitance and insulin release measurements is weak
at the quantitative level, a much better correlation
is observed between capacitance and the release of
low-molecular weight granule constituents like ATP
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(dimensions 1.6 nm × 1.1 nm × 0.5 nm; Fig. 3) (Braun
et al. 2007). In cells that have been engineered to
express ATP-sensitive P2X2 receptors at high density,
exocytotic release of ATP will give rise to transient
inward currents that are similar to those that can be
recorded by amperometry (Fig. 4A and B). However, this
novel technique has the advantage that the measurements
can be performed over the entire cell surface whereas
amperometry only covers 20–30% of the cell (Braun
et al. 2007). In addition, there is no need to preload the
cell with serotonin, which is required for amperometric
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Figure 4. Measurements of exocytotic ATP release suggest compound exocytosis
A, membrane currents recorded from a β-cell engineered by adenoviral infection to express ATP-sensitive P2X2
receptors. Note large amplitude variation. B, parallel recordings of ATP release (using P2X2 receptors; black) and
5-HT (using carbon fibre amperometry; red). The three examples are interpreted to represent full fusion (a), opening
of the fusion pore (giving rise to the initial pedestal; Chow et al. 1992) (b), stand alone pedestal during a release
event aborted prior to full fusion (c). Some of the events detected by the P2X2Rs appear more long-lived than
the amperometric responses. This may reflect slow unbinding of ATP from the P2X2Rs but this feature is not
consistently observed. C, schematic diagram of single-vesicle and compound exocytosis. Under certain conditions
(e.g. global elevation of [Ca2+]i) granules can prefuse inside the β-cells (left). Following elevation of [Ca2+]i to
exocytotic levels, the single granules as well as the multivesicular structures undergo exocytosis and are connected
via a single fusion pore thus accounting for the small- and large-amplitude events illustrated above (right). D,
electron micrograph showing a multivesicular structure within a β-cell (red arrows). A δ-cell is shown to the right.

recordings of exocytosis in the β-cell (Bokvist et al.
2000) and that may interfere with the measurements
of insulin release (Zawalich et al. 2001). An average
capacitance increase of 3.4 fF per exocytotic event was
observed under conditions that would minimize the
number of simultaneous exocytotic events (intracellular
Ca2+ clamped at 0.2 μM) (Braun et al. 2007). This value
is close to that expected for exocytosis of a secretory
granule (MacDonald et al. 2006). It is of interest that
although the amplitude distribution of the events could
be reasonably described by a single Gaussian at low
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Ca2+, a long tail of very large events became observable
when the cells were dialysed with a buffer containing
2–20 μM [Ca2+]i. These events were associated with a
release of ATP at amounts corresponding to ∼10 ‘normal’
secretory granules and large stepwise capacitance increases
(∼20 fF). Furthermore, they remained observable when
the measurements were made in isolated outside-out
patches that contain only a few per cent of the total cell
surface area, making it unlikely that they can be explained
by superimpositions of several unitary events. It is possible
that global elevation of [Ca2+]i leads to fusion of several
(5–10) granules inside the cell and that such multivesicular
complexes are then released as one unit (Fig. 4C). There
is ultrastructural evidence suggestive of several secretory
granules prefusing within the cell and that these complexes
may then undergo compound exocytosis (Fig. 4D).

Kiss-and-run exocytosis

Careful analysis of the ATP-evoked current transients
reveals that although many of them activated very quickly,
others initially developed with a slow time course until
a rapid further increase was observed (Fig. 4B). It is

Ca2+ Ca2+

 

Ca
2+

Ca
2+

Aa

Ba

b c

b c

Figure 5. Kiss-and-run/full fusion and Ca2+ channels
Full fusion takes place when the granules and Ca2+ channels are situated in close proximity to each other so
that the exocytotic machinery is exposed to the high Ca2+ concentrations that occur close to the inner mouth
of the Ca2+ channel (A). Cholesterol depletion or other procedures that lead to the disruption of the Ca2+
channel–granule complex will result in the exocytotic machinery being exposed to [Ca2+]i too low to trigger full
fusion thus favouring transient (kiss-and-run) exocytosis (B). In A and B, a–c correspond to docked granules, the
opening of the fusion pore and full fusion/kiss-and-run exocytosis, respectively.

tempting to attribute the initial component to the gradual
expansion of the fusion pore until the granule membrane
collapses into the plasma membrane. Interestingly, a fairly
large number (30%) of stand alone slow events was
observed (MacDonald et al. 2006) that may represent
exocytotic events aborted before full fusion (kiss-and-run)
(Fig. 4A). In addition to ATP, the inhibitory neuro-
transmitter GABA may also be released via the fusion
pore (Braun et al. 2004, 2007; Wendt et al. 2004). Parallel
recordings of GABA release with amperometric detection
of serotonin suggest that at least a subset of the insulin
granules store GABA (Braun et al. 2007). In mouse and rat
islets GABA functions as a paracrine inhibitor of glucagon
secretion (Wendt et al. 2004; Bailey et al. 2007).

The notion that the fusion pore may function as a sieve
is corroborated by several recent reports indicating that
as little as < 25% of the exocytotic events (identified as
an increase in granule pH and pHluorin fluorescence;
Obermüller et al. 2005) are associated with emptying
of the granule content (monitored, for example, as the
disappearance of NPY-Venus; Tsuboi & Rutter, 2003). In
the remaining 75% of the events, the fusion only opens
transiently (kiss-and-run exocytosis).
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Pathophysiology of β-cell exocytosis:
implications for type-2 diabetes

Interestingly, long-term exposure to glucose appears to
increase the fraction of kiss-and-run events at the expense
of full fusion and following 48 h exposure to high glucose,
only 5% of the release events proceed to full fusion (Tsuboi
et al. 2006). We have observed a similar effect in islets sub-
jected to long-term exposure to the lipids and palmitate,
a condition that leads to a strong reduction of insulin
secretion. In adrenal chromaffin cells, the likelihood of
a granule undergoing full fusion increases with [Ca2+]i

(Elhamdani et al. 2006). It is tempting to speculate
that granules undergoing kiss-and-run exocytosis are the
ones situated far away from the Ca2+ channels (Fig. 5).
Indeed, in mice fed a high-fat diet for 15 weeks and
that exhibit impaired glucose-induced insulin secretion,
a rapid component of exocytosis believed to reflect
granules in close proximity to the Ca2+ channels is
selectively inhibited (S. Collins, A. Toye, D. Gauguier
& P. Rorsman, unpublished observations). The latter
effect was reminiscent of that observed when β-cells
are dialysed with an excess of recombinant synprint
peptide, the part of the L-type Ca2+ channel that is
associated with the exocytotic core complex (Wiser et al.
1999). The effects of high glucose and/or lipids were
selective for the β-cells and glucagon secretion was not
suppressed and if anything it was enhanced (Collins
et al. 2008). Insulin secretion is also reduced following
removal of plasma membrane cholesterol (J. Vikman &
L. Eliasson, unpublished observations). This highlights the
high sensitivity of β-cell exocytosis to changes in the lipid
environment of the plasma membrane. Taken together,
these observations suggest that insulin secretion can be
regulated at the level of fusion pore and that its failure
to expand contributes to insulin secretion defects under
pathophysiological states like hyperglycaemia and hyper-
lipidaemia. It is now important to determine which factors
determine the expansion of the fusion pore and whether
they are defective in diabetic β-cells and thereby contribute
to the insufficient insulin secretion that is a hallmark of
this disorder.

The impairment of insulin secretion in islets from
type-2 diabetic donors correlates with strong (> 70%)
reduction of the mRNA levels for key exocytotic proteins
like synaptotagmin 5, syntaxin 1, SNAP-25 and VAMP-2
(Ostenson et al. 2006). Lower levels of these proteins
can be speculated to result in the assembly of fewer
Ca2+ channel/secretory granule complexes with resultant
favouring of kiss-and-run exocytosis. It is pertinent
that the diabetic islets used in the above study were
refractory not only to stimulation with glucose but also
to glibenclamide. This observation raises the interesting
possibility that some forms of type-2 diabetes involve
defective secretory machinery and that it does not solely
result from impaired regulation of the KATP channels. It

is not known whether type-2 diabetes is associated with
altered levels of any miRs but, given that several of them
influence both the levels of the exocytotic proteins (Lovis
et al. 2008) and exocytosis itself (Poy et al. 2004), this is an
intriguing possibility that should be explored.
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