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Abstract. Insulin secretion from B-cells of the pan-
creatic islets of Langerhans is triggered by Ca®" in-
flux through voltage-dependent Ca®>" channels.
Electrophysiological and molecular studies indicate
that B-cells express several subtypes of these channels.
This review discusses their roles in regulating insulin
secretion, focusing on recent studies using [-cells,
exogenous expression systems, and Ca®' channel
knockout mice. These investigations reveal that L-
type Ca®" channels in the B-cell physically interact
with the secretory apparatus by binding to synaptic
proteins on the plasma membrane and insulin gran-
ule. As a result, Ca® " influx through L-type channels
efficiently and rapidly stimulates release of a pool of
insulin granules in close contact with the channels.
Thus, L-type Ca®" channel activity is preferentially
coupled to exocytosis in the B-cell, and plays a critical
role in regulating the dynamics of insulin secretion.
Non-L-type channels carry a significant portion of
the total voltage-dependent Ca®"* current in B-cells
and cell lines from some species, but nevertheless
account for only a small fraction of insulin secretion.
These channels may regulate exocytosis indirectly by
affecting membrane potential or second messenger
signaling pathways. Finally, voltage-independent
Ca’" entry pathways and their potential roles in p-
cell function are discussed. The emerging picture is
that Ca’" channels regulate insulin secretion at
multiple sites in the stimulus-secretion coupling
pathway, with the specific role of each channel
determined by its biophysical and structural proper-
ties.
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Introduction

Pancreatic B-cells, the principal cellular constituent of
the islets of Langerhans, control whole-body metab-
olism by secreting insulin in response to elevations in
the plasma glucose concentration. Discerning the
cellular mechanisms involved in the regulation of
insulin secretion is of considerable interest, since
defective insulin secretion leads to disorders of blood
glucose homeostasis such as type II diabetes mellitus.
Furthermore, the B-cell serves as an interesting par-
adigm for the study of peptide hormone secretion in
electrically excitable neuroendocrine cells. Typical of
such cells, exocytosis in the B-cell is a Ca®>"-depen-
dent process, and elevated intracellular Ca®*
([Ca?"]) is widely understood to be the principal
trigger for insulin secretion. Since [Ca® " ]; in the B-cell
is largely determined by the activity of voltage-
dependent Ca?" channels (VDCCs), the importance
of these channels in stimulus-secretion coupling has
long been appreciated. Nevertheless, only recently
have combinations of electrophysiological, molecular
and sub-cellular imaging approaches begun to shed
light on the roles of each VDCC subtype in insulin
secretion and the structural basis for these roles.
Furthermore, mounting evidence indicates that volt-
age-independent Ca’" entry pathways may also be
involved in regulating B-cell function. This review
summarizes recent findings in this field and their
implications for understanding stimulus-secretion
coupling in the B-cell.

Stimulus-Secretion Coupling in the p-Cell

Since Dean and Matthews first described pancreatic
B-cell electrical activity in 1968 [17], voluminous
experimental data have established that membrane
depolarization and the resulting influx of Ca*”"
through VDCCs are essential steps in the triggering
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pathway of insulin secretion (reviewed in [2, 22,
42]). Glucose, the principal physiologic insulin
secretagogue, is a potent regulator of B-cell mem-
brane potential. As shown in Fig. 14, stimulatory
concentrations of the sugar (>~7 mM) depolarize
the B-cell and initiate a rhythmic electrical activity
called bursting. Bursting consists of active phases of
Ca®"-dependent action potentials interposed with
hyperpolarized silent phases, with the relative
duration of the active phase increasing with the
prevailing glucose level [44]. Importantly, bursting
electrical activity entrains simultaneous oscillations
of the intracellular Ca®* concentration ([Ca®"]y),
owing to enhanced activity of VDCCs during the
active phase [59]. The [Ca®"]; oscillations in turn
drive simultaneous oscillations of insulin secretion
[4, 18].

Figure 1B identifies several ion channels that are
crucial for glucose-induced electrical activity.
Adenosine triphosphate-sensitive K™ channels (Kxmp)
mediate glucose-dependent depolarization by closing
in response to increases in the cytosolic ratio of
adenosine triphosphate to adenosine diphosphate
(ATP:ADP) that accompany glucose metabolism [15,
32]. At stimulatory glucose concentrations the depo-
larization is sufficient to activate VDCCs, which
mediate the upstrokes of the action potentials and
produce the [Ca® " ]; rises that stimulate exocytosis. L-
Type channels are particularly important in this
process, since antagonists of these channels potently
suppress glucose-induced bursting, [Ca®"]; oscilla-
tions and insulin secretion [2, 42]. Repolarization of
the action potentials is attributed to the activity of
voltage-dependent K * channels [38]. The schematic
in Fig. 1B does not account for oscillatory electrical
activity in the B-cell, which likely requires complex
interactions among many ion channels and cellular
signals [9, 31]. Nevertheless, the simplified model
clearly illustrates the importance of VDCCs for
control of electrical activity, [Ca®’"]; and insulin
secretion in the B-cell. The properties of these chan-
nels have therefore been the subject of intense study.

p-Cells Express Multiple Voltage-dependent Ca*™*
Channels

The application of the patch-clamp technique [21] to
excitable cells led to the identification of several
classes of VDCCs, distinguishable by their biophysi-
cal properties and drug sensitivity. Molecularly,
VDCCs are composed of four or five protein subunits
(oq, o, B, 0, and y). The electrophysiological and
pharmacological properties are conferred principally
by the o subunit, for which ten mammalian genes
have been identified [12]. This section focuses on re-
cent electrophysiological and molecular evidence that
multiple VDCCs are expressed in pancreatic B-cells.
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Fig. 1. Electrical activity in pancreatic B-cells. (A4) Intracellular
recording of membrane potential made from a B-cell within a mi-
crodissected mouse islet of Langerhans. The islet was perfused with
a bicarbonate-buffered Krebs solution containing the indicated
glucose concentrations. (B) Schematic of glucose-induced B-cell
electrical activity. Abbreviations: GLUT-2, glucose transporter
isoform-2; ATP/ADP, intracellular ratio of adenosine triphosphate
to adenosine diphosphate; K p, adenosine triphosphate-sensitive
K™ channel; Ca,, voltage-dependent Ca’" channel; K,, voltage
dependent K channel; ¥, membrane potential.

Whole-cell measurements of voltage-dependent
Ca’" currents in p-cells invariably reveal the presence
of a high-voltage activated (HVA) component, acti-
vating at membrane potentials >-50 mV [2]. The
peak amplitude (generally <15 pA/pF in isolated
rodent and human p-cells bathed in 2.6 mM Ca*") is
small compared to many other endocrine cells under
similar ionic conditions [6]. A variable portion of the
HVA current inactivates in a Ca® " -dependent man-
ner during sustained depolarization [51], and a
slower, voltage-dependent component of inactivation
(time constant ~1-7 s) has also been described in
rodent B-cells [61]. The time course of the slow
component of inactivation makes it a candidate
process for controlling bursting electrical activity,
although this hypothesis has not been verified [16].

L-Typre CHANNELS

Dihydropyridine (DHP)-sensitive, L-type Ca®"
channels are responsible for at least a portion of the
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HVA Ca®" current in B-cells from virtually all species
[2, 60]. Since DHPs potently (but often not com-
pletely) suppress insulin secretion, L-type channels
are considered crucial for B-cell function. In mouse B-
cells the L-type current accounts for 50-90% of the
total voltage-dependent Ca>* current [19, 51, 64]. In
contrast, L-type currents may comprise less than 25%
of the Ca®>™ current in INS-1 cells, an insulinoma line
derived from rat. [36, 68]. In all, the data indicate that
L-type channels are not the sole VDCC expressed in
B-cells. Nevertheless, since DHPs usually block
insulin secretion more strongly than they inhibit
voltage-gated Ca”" currents, L-type channels appear
to be preferentially coupled to insulin secretion [62].
The molecular basis for this tight coupling is dis-
cussed in a subsequent section.

Of the four genes that encode o subunits of L-
type Ca®™" channels, either Ca,1.2 (a;¢), Cayl.3 ©up).
or both have been identified in mouse [7, 47, 64, 73],
rat [23, 26, 65] and human islets [65], as well as var-
ious PB-cell lines [23, 24, 50]. The relative expression
levels of the two genes and their importance for
insulin secretion remain controversial, and may differ
among species or even strains. Analyses of mRNA
and protein levels indicate that expression of Ca,l1.3
dominates over Ca,l1.2 in rat islets and INS-1 cells
[23, 24, 26]. Conversely, immunoprecipitation of
DHP-labeled subunits suggested that Ca,1.2 repre-
sents >50% of the L-type channels in a different rat
B-cell line (RIN) [57]. Barg and colleagues detected
expression of both Ca,1.2 and Ca,1.3 in mouse islets
by RT-PCR [7]. However, only Ca,l.2 was detected
in the majority of the islet by immunostaining, with
Ca,1.3 being detected in cells that appeared mor-
phologically different from B-cells. In contrast, a
separate immunohistochemical analysis of mouse
islets revealed the presence of both Ca,l1.2 and
Ca,1.3, with Ca,1.3 showing more intense staining
throughout the islet [47]. As discussed further below,
studies using mice lacking either Ca,l.2 or Ca,l.3
have since provided additional insights into the spe-
cific functional roles of these channels in mouse B-
cells.

NoN-L-TyPE CHANNELS

Although the various components of the B-cell HVA
Ca®" current are difficult to distinguish based on
kinetics and voltage-dependence, in many cases non-
L-type Ca’>" currents have been identified pharma-
cologically. A portion of the voltage-gated Ca®"
current in the B-cell lines HIT and RIN is variably
found to be sensitive to the N-type Ca®>* channel
antagonist ®w-conotoxin GVIA [40, 62, 63, 67]. Others
report no effect of this agent in mouse and human B-
cells [19, 53]. Interestingly, in one study, ®-conotoxin
blocked 35% of the Ca®* current in HIT cells but had
no effect on glucose-induced insulin secretion, dem-
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onstrating that a VDCC subtype can be present
without playing a role in exocytosis [62].

An agatoxin-sensitive, P/Q type Ca®>" current
has been described in RIN, INS-1 and rat B-cells [23,
35, 39, 68]. Consistent with this finding, Ligon et al.
identified two splice variants of Ca,2.1 () in rat
pancreatic islets, and showed that agatoxin inhibited
the majority of the DHP-insensitive component of
glucose-induced insulin secretion in this preparation
[35]. Hovarth and co-workers also identified P/Q type
Ca’" currents in INS-1 cells, but found that the
glucose-induced increase in [Ca® ™" J; in these cells was
mediated entirely by L-type channels [23].

A recently described R-type Ca’’-channel
antagonist (SNX-482, a 41-amino acid peptide from
Hysterocrates gigas) blocked a portion of the non-L,
non-N type current in INS-1 cells, and also slightly
inhibited glucose-mediated insulin secretion [68].
SNX-482 also reduced the voltage-gated Ca>" cur-
rent in mouse B-cells by 25% [64]. The R-type current
in B-cells may be carried at least in part by Ca,2.3
(o), which has been identified in rat islets by RT-PCR
[69], and in human islets by immunohistochemistry
[20].

In rat and human B-cells, a low-voltage-activated
(T-type) Ca®" current can be distinguished from the
HVA Ca®" current by its lower activation threshold,
slower rate of deactivation and susceptibility to
inactivation at holding potentials >—100 mV [2, 45].
In addition, rat islets and INS-1 cells express two
variants of the T-channel family member Ca,3.1 (x;G)
[74]. Determining the functional roles of T-type cur-
rents is difficult since selective antagonists are lacking.
However, the absence of a T-type current in normal
mouse P-cells indicates that it is not necessary for
bursting electrical activity, which is reliably observed
in this preparation [2].

Table 1 summarizes data on VDCC expression in
various B-cell preparations. Much of the remainder of
this review is devoted to the mechanisms by which
these channels regulate insulin secretion. The discus-
sion begins with L-type channels, which play the most
important and best understood role in B-cell function.

L-Type Ca’>" Channels Physically Interact with the
Secretory Apparatus and Mediate First-Phase Isulin
Secretion

In vivo and in vitro, pancreatic islets respond to step
increases in extracellular glucose with a biphasic
pattern of insulin release. The first phase lasts about
ten minutes, during which the secretory rate rises to a
peak and then declines. In mouse, the second phase
consists of steady secretion at slower rate, while in rat
and human the rate progressively increases during
this phase [13]. The mechanisms controlling first-
phase insulin release are of considerable interest,
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Table 1. Calcium channel expression in islets of Langerhans and B-cell lines.

Calcium channel Current Antagonists Islet species Cell lines

Cayl.2 (x10) L-Type Dihydropyridines Mouse, rat, human HIT, RIN

Cayl1.3 (o1p) L-Type Dihydropyridines Mouse, rat, human HIT, RIN, INS-1, BTC3
Ca,2.1 (1) P/Q-Type m-Agatoxin IVA Rat INS-1

Ca,2.3 (o) R-Type SNX-482 Rat, human INS-1

Ca,3.1 (1) T-Type ? Rat INS-1

since its absence is among the first manifestations of
type II diabetes.

At the single-cell level, the kinetics of exocytosis
are most conveniently studied by measuring mem-
brane capacitance changes resulting from granule
fusion [1]. In such studies, voltage-clamp depolar-
ization of mouse B-cells elicits a biphasic pattern of
exocytosis, with 50-60 granules fusing within about
100 ms (~600 granules/s), followed by exocytosis at a
steady rate of less than 15 granules/s [7]. Considering
that processes such as formation of the fusion pore
and dissolution of granule contents could cause sig-
nificant delays between granule fusion and insulin
release, the rapid exocytosis of 50-60 granules may
well correspond to the first phase of insulin secretion
[6]. The evidence described below suggests that these
50-60 granules constitute an immediately releasable
pool (IRP) in close contact with L-type channels.

The fast exocytosis observed transiently upon
depolarization of the B-cell requires a high level of
Ca’" (>20 uM), similar to that required for synaptic
transmission [7]. In nerve terminals, fast exocytosis
involves the formation of an ‘excitosome’ complex
between N-type (or P/Q type) Ca®>" channels and
synaptic proteins, including the plasma membrane
SNARE proteins syntaxin and SNAP-25, and the
likely Ca®>" sensor synaptotagmin I [3]. The interac-
tions occur via the intracellular loop connecting do-
mains II and III of the o) subunit (the “‘synprint”
region) [66] and the resultant anchoring of vesicles to
the Ca®>" entry sites ensures that the granules are
exposed to large, spatially restricted increases in
[Ca’"].. The relatively low density of L-type Ca*”"
channels in the B-cell suggests that a similar tethering
of insulin granules to these channels may be required
for fast exocytosis [7].

Early indications that insulin granules co-
localize with L-type Ca®" channels in mouse B-cells
came from the observation that channel activity was
highest in the region of the cell membrane near
where insulin granules were clustered [11]. Later,
Wiser et al. [71] provided more direct evidence that
L-type channels physically interact with the secre-
tory apparatus by showing that the II-III loop of
Ca,1.2 binds to syntaxin 1A, SNAP-25 and syn-
aptotagmin I. Importantly, injection of an exoge-
nous peptide corresponding to the II-III loop of

Ca,l1.2 into mouse B-cells had dramatic effects on
the kinetic pattern of exocytosis. Capacitance
changes during the initial pulses of depolarizing
train (which normally release the entire IRP) were
dramatically reduced, whereas exocytosis during
later pulses proceeded at rates similar to controls [7,
71]. These changes were not associated with reduc-
tion of Ca’" current density or the number of
granules that could be released when global [Ca®"];
was increased by photolysis of caged Ca®". Pre-
sumably, the exogenous synprint peptide reduced
the size of the IRP by competing with endogenous
L-type channels for binding sites on synaptic pro-
teins, thereby displacing the granules from the
channels. The data indicate that formation of the
excitosome complex serves to expose a pool of
insulin granules to high Ca”?" concentrations in the
vicinity of L-type Ca’" channels. The rapid exo-
cytosis of this IRP at the onset of depolarization
likely accounts for first-phase insulin secretion
(Fig. 24).

The secretory rate during the second phase of
insulin secretion most likely represents the rate of
replenishment of the IRP from a reserve pool of
granules [5]. However, in high-resolution capacitance
measurements, the second phase of exocytosis is
fairly insensitive to disruption of the excitosome
complex with exogenous synprint [7]. This suggests
that the second phase is partly mediated by global
[Ca®™); rises, which could stimulate a low rate of
exocytosis of release-competent granules located at
considerable distance from the Ca’" entry sites
(Fig. 2B). In fact, since the slower phase of exocytosis
is observed in the presence of L-type Ca’®"-channel
antagonists and even in B-cells lacking L-type chan-
nels [64], non-L-type Ca®* channels are likely to
contribute to this process. It should be noted that the
depolarizing pulses used in high-resolution exocytosis
studies are much stronger than physiological, nutri-
ent-induced depolarization. Therefore, the relative
contribution of global [Ca®*]; rises versus replenish-
ment of the IRP to the second phase of glucose-in-
duced insulin secretion is uncertain [64].

It warrants mention that the excitosome com-
plex, in addition to tethering Ca®>" channels to the
secretory apparatus, may be important for regulating
Ca’" influx in B-cells. Syntaxin 1A reduces the
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Fig. 2. Mechanisms underlying the two phases of insulin secretion.
(A) First-phase insulin secretion reflects the release of a pool of
granules in close contact with L-type Ca?" channels (immediately
releasable pool, IRP). These granules are exposed to spatially
localized [Ca®"]; increases near the mouth of open Ca®>" channels
at the onset of depolarization, whereas releasable granules not in
the IRP are not. (B) Two mechanisms that could contribute to

magnitude and activation rate of L-type Ca’" cur-
rents when co-expressed with Ca,l.2 in Xenopus
oocytes [70, 71]. Similarly, overexpression of syntaxin
1A or syntaxin 3 resulted in attenuated L-type cur-
rents in HIT cells [30]. SNAP-25 slightly inhibits L-
type Ca’" currents, and counteracts the effect of
syntaxin on the inactivation rate of the channel [27,
70]. Finally, synaptotagmin restores the L-type cur-
rent amplitude and activation rate in the presence of
syntaxin 1A [71]. This functional crosstalk between
L-type Ca®" channels and synaptic proteins may
increase the efficiency of Ca”* -dependent exocytosis,
by directing Ca®" influx to sites occupied by insulin
granules. Accordingly, plasma membrane-bound
syntaxin (and perhaps SNAP-25) could inhibit L-type
channels that are not associated with a secretory
granule. The subsequent interaction of this complex
with synaptotagmin on a docked insulin granule
could then facilitate channel activation to induce fu-
sion of the granule [5]. The prevention of superfluous
Ca’" entry through these interactions likely benefits
the B-cell, in which secretory activity is tightly cou-
pled to the metabolic state of the cell, by limiting the
need to expend excessive metabolic energy in Ca®"
removal.

Finally, some evidence suggests that Ca,l.3
couples to the secretory apparatus in some [-cell
preparations. For example, Yang et al showed that
Ca,1.3 binds to syntaxin 1 in obese/obese mice, an
animal model of type II diabetes [73]. In INS-1 cells,
such interactions may preferentially couple Ca,1.3 to
exocytosis, as glucose-induced insulin secretion was
inhibited by overexpression of the II-III loop of
Ca,1.3, but not that of Ca,1.2 [36]. Whether this ef-
fect was associated with selective loss of first-phase
insulin secretion was not reported.

(long depolarization)
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second-phase insulin secretion are illustrated. These include
replenishment of the immediately releasable pool from the reserve
pool (upper left), and exocytosis of release-competent granules lo-
cated far from Ca®" channels, owing to widespread increases in
[Ca®"); during prolonged depolarization (lower right). Both L- and
non-L-type channels could contribute to the increase in global
[Ca®"); for the latter mechanism.

What Are the Roles of Non-L-Type Channels in Insulin
Secretion?

The frequent observation that a small fraction of
glucose-induced insulin secretion is insensitive to
saturating concentrations of DHPs suggests that non-
L-type channels also play a functional role in the B-
cell. The previous section introduced the possibility
that Ca®" influx through these channels could par-
tially mediate second-phase insulin secretion by con-
tributing to global [Ca®"]; rises (Fig. 2B). In mouse
B-cells, R-type channels may serve this role, since the
antagonist SNX-482 attenuated the second phase of
depolarization-evoked capacitance changes without
significantly affecting the initial phase [64].

Another suggestion is that non-L-type channels
affect insulin secretion indirectly, by enhancing the
excitability of the B-cell membrane. For example, one
model proposes that glucose-induced insulin secre-
tion involves sequential opening of voltage-depen-
dent Ca®" channels with different activation
thresholds [49]. In this scheme, the depolarization
caused by K otp channel closure first activates T-type
channels, which further depolarize the membrane to
activate R-type channels. The combined depolarizing
action of these channels ultimately activates L-type
channels, which carry most of the Ca®" required for
insulin secretion. While this model could account for
inhibition of insulin secretion by R-channel antago-
nists in INS-1 cells, to date it has not been shown that
pharmacological or molecular ablation of R-type
channel activity actually affects B-cell electrical
activity.

Finally, non-L-type channels could mediate
Ca’"-dependent functions in the B-cell other than
direct stimulation of exocytosis. These could include
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mobilization of secretory granules from the reserve
pool [64], activation of Ca®*-dependent amplifying
pathways [29] and regulation of gene expression [§].

Studies with Ca?* -Channel Knockout Mice

Mice lacking specific VDCCs have been generated
through targeted gene knockout. One caveat in
interpreting currently available data from these ani-
mals is that most studies have used general, rather
than tissue-specific knockout strategies. The resulting
phenotypes may not be attributable to loss of Ca*”"
channels in the B-cell per se. Nevertheless, the models
provide interesting insights into the roles of VDCCs
in insulin secretion and in vivo glucose homeostasis.

Schulla and co-workers used a model in which
Ca,1.2 was selectively ablated in B-cells using Cre/
loxP recombination [64]. In control experiments,
DHPs blocked 65% of the voltage-gated Ca®>" cur-
rent in B-cells of fCa,1.2"/" mice, demonstrating the
presence of both L-type and non-L-type channels.
Strikingly, no DHP-sensitive Ca®" current was ob-
served in B-cells of pCa,1.27/~ mice. The absence of
L-type Ca®>" channels in fCa,1.27/~ mouse p-cells
was accompanied by glucose intolerance and loss of
first-phase insulin secretion following intraperitoneal
glucose injection. In vitro, the first phase of glucose-
induced insulin secretion from perfused islets and the
rapid component of exocytotic capacitance changes
in isolated B-cells were both selectively attenuated by
the mutation. These results demonstrate that Ca,1.2
is the only L-type Ca®>" channel expressed in mouse
B-cells (background strain C57BL/6), and that Ca*"
influx through these channels is indeed essential for
first-phase insulin secretion. Interestingly, glucose-
induced [Ca®"]; oscillations and action potential fir-
ing persisted in B-cells of Ca, 1.2/~ mice. This would
seem to indicate that L-type channels, while crucial
for insulin secretion, play only a minor role in con-
trolling B-cell electrical activity and [Ca®*]; dynamics.
However, this unexpected result contrasts with the
typically potent inhibition of electrical activity and
[Ca®™); rises in normal mouse B-cells by DHPs, and
may be a consequence of compensatory overexpres-
sion of non-L-type channels in -cells lacking Ca,1.2.
The fact that such compensation restores [Ca®™];
signaling but not insulin secretion in Ca,1.27/~ B-cells
further emphasizes the preferential coupling of L-
type channels to exocytosis.

Conflicting results were reported for mice lacking
Ca,1.3. In one study, p-cell Ca®* currents were
unaffected by loss of Cay1.3 [7]. In accord with this
result, resting glucose and insulin levels were not al-
tered in the mutant animals [52]. However, in another
study, Ca,1.3 null mice had low serum insulin levels
and were glucose intolerant, owing to a reduction in
B-cell mass [47]. In vitro glucose-induced insulin
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secretion was not affected by the mutation, and the
only noticeable change in the properties of voltage-
gated Ca®" currents was a shift of the activation
curve to more positive potentials. Based on these
studies, it does not appear that Ca,1.3 expression is
necessary for normal stimulus-secretion coupling in
mouse B-cells. The channels may be involved in reg-
ulating B-cell proliferation, but the mechanism
underlying this function is not known.

Finally, two studies have reported the effects of
loss of Ca,2.3 on in vivo glucose homeostasis. In the
first, mice lacking Ca,2.3 were slightly glucose intol-
erant during IP injection, but this phenotype was
attributed to a decrease in insulin sensitivity rather
than defective insulin secretion [41]. In another study,
glucose intolerance in Ca,2.3™/~ mice was associated
with reduced glucose-stimulated insulin secretion in
vivo and in vitro, suggesting a role for Ca,2.3 in the
B-cell [49]. However, since the effect of the Ca,2.3 null
mutation on Ca’" currents, electrical activity and
[Ca®"]; signaling in P-cells was not reported, the
mechanism underlying the insulin secretory defect
following global knockout of Ca,2.3 remains to be
determined.

Voltage-independent Ca>" Channels in the p-Cell

A number of non-selective, Ca®’-permeable ion
channels are present in B-cells and may serve as
voltage-independent Ca®" entry pathways. These
include channels activated by glucose or agents that
enhance glucose-induced insulin secretion, fueling
speculation that they could play important physio-
logical roles. For example, Rojas et al. identified a
small, non-selective cation channel activated by glu-
cose in human pancreatic B-cells [56]. The channel
was permeable to Ca?", having a conductance of 4.9
pS with 25 mM Ca?" in the pipette. These channels
could account for the glucose-induced uptake of
4Ca’?" that was observed in rat islets exposed to
VDCC antagonists [28]. However, the contribution of
this channel in glucose-induced [Ca®"]; rises and
insulin secretion has not yet been determined.

More recently, the potential roles of store-oper-
ated currents (SOCs) in the PB-cell have received
considerable attention. SOCs activate following re-
lease of Ca®" from intracellular stores, and have been
studied predominantly in non-excitable cells [48]. In
the B-cell, agents that deplete IP3-sensitive intracel-
lular Ca®" stores, such as the muscarinic agonist
acetylcholine and the SERCA antagonist thapsigar-
gin, enhance glucose-induced electrical activity [10,
72]. These agents also stimulate a sustained ‘capaci-
tative’ Ca>" influx, even when the cells are hyper-
polarized [37, 46], suggesting that B-cells express a
store-operated ionic current that is Ca”" -permeable
and voltage-insensitive. Worley and co-workers first
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measured a candidate current in mouse B-cells, a non-
selective cation current activated by removal of
extracellular Ca®>" [72]. The current, called Ca®>" re-
lease-activated non-selective current (/cran), 1S acti-
vated by maitotoxin (MIX) and blocked by SKF
96365 [55]. Mears and Zimliki later showed that
acetylcholine and thapsigargin activate a similar
current in HIT and mouse B-cells [43]. Although the
non-selective, store-operated current in B-cells is
Ca’*-permeable, capacitative Ca®" influx causes
only a modest increase in [Ca®"], and does not
stimulate secretion when [B-cells are hyperpolarized.
This suggests that the principal role of SOCs in
insulin secretion is to provide additional depolariza-
tion in the presence of glucose to enhance voltage-
dependent Ca*" influx.

A Ca? *_dependent, non-selective cation current,
activated by glucagon-like peptide 1 (GLP-1), has
been observed in HIT, mouse and human [-cells
(ICA—NS) [33, 34] Like ICRANa ICA—NS is activated by
MTX and blocked by SKF96365, but whether or not
the currents are molecularly identical remains to be
determined. A small channel that is activated by
GLP-1 and MTX in cell-attached patches (30 pS with
Na™® as the permeating ion) is the likely carrier of
Icans [34]. The channel is active in the presence of
low glucose, suggesting a role as a background con-
ductance that depolarizes the membrane when Ktp
channels close [34].

Mammalian homologs of the Drosophila tran-
sient receptor potential channel (TRP) family have
emerged as likely molecular candidates for voltage-
independent, Ca’"-permeable channels, including
SOC channels [14]. Mouse B-cells express the TRP-
related genes TRPC1 and/or TRPC4, both of
which form non-selective, possibly store-operated ion
channels in heterologous expression systems [55, 58].
However, the role of TRPCI or TRPC4 as SOC
channels in the B-cell is uncertain since overexpres-
sion of these genes in a mouse B-cell line (BTC3) did
not produce detectable store-operated currents [54].
Future work in this emerging field, including the
analysis of islet function in mice lacking specific TRP
genes, is likely to shed new light on the molecular
nature of voltage-independent Ca®>" channels in the
B-cell and their roles in insulin secretion.

Conclusions and Perspectives

Nutrient-induced insulin secretion from pancreatic -
cells is critically dependent on membrane depolar-
ization and Ca”" influx. These cells are endowed with
numerous Ca®* -entry pathways, many of which have
been identified molecularly. Among these, L-type
voltage-gated Ca® " channels unquestionably play the
most prominent role in insulin secretion. However,
the classical view that these channels control insulin
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secretion simply by regulating the bulk cytosolic
Ca®" concentration is an oversimplification. More
precisely, these channels directly control the dynam-
ics of stimulated insulin secretion through physical
interactions with the cellular secretory machinery.
The pool of granules associated with L-type channels
is exposed to high Ca”>" levels upon depolarization,
and their rapid exocytosis produces the first phase of
insulin secretion. Calcium influx through other volt-
age-dependent and independent Ca>* channels in the
B-cell is responsible for, at most, a small fraction of
glucose-stimulated insulin secretion. These channels
may regulate exocytosis by contributing to global
[Ca®"); rises during prolonged depolarization, by
influencing B-cell electrical activity, or by activating
Ca’"-dependent amplifying pathways.

Ongoing studies of Ca® " -channel structure-func-
tion relationships are likely to yield new insights into
their roles in regulating insulin secretion. For example,
it will be interesting to determine if Ca®" channels
interact with other proteins on the secretory granule or
intracellular organelles. One intriguing suggestion is
that L-type Ca*>" channels in the p-cell could couple
directly to intracellular ryanodine receptors, as is well-
documented for Ca,l.1 in skeletal muscle cells [36].
Although the role of ryanodine receptors in the B-cell
is controversial, such a coupling could allow L-type
channels to directly activate an amplifying signal for
Ca’"-dependent exocytosis. Other nascent areas of
investigation include the mechanisms that regulate
Ca’" channel trafficking and the functional roles of
Ca®" channel auxiliary subunits [24, 25]. Ultimately,
it is likely that studies in this field will lead to a more
complete understanding of the membrane events in-
volved in metabolic regulation of insulin secretion,
and how defects in these processes contribute to the
development of type II diabetes.
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References

1. Ammili, C., Eliasson, L., Bokvist, K., Larsson, O., Ashcroft,
F.M., Rorsman, P. 1993. Exocytosis elicited by action poten-
tials and voltage-clamp calcium currents in individual mouse
pancreatic B-cells. J. Physiol. 472:665-688

2. Ashcroft, F.M., Rorsman, P. 1989. Electrophysiology of the
pancreatic B-cell. Prog. Biophys. Mol. Biol. 54:87-143

3. Atlas, D. 2001. Functional and physical coupling of voltage-
sensitive calcium channels with exocytotic proteins: ramifica-
tions for the secretion mechanism. J. Neurochem. 77:972-985

4. Barbosa, R.M., Silva, A.M., Tome, A.R., Stamford, J.A.,
Santos, R.M., Rosario, L.M. 1998. Control of pulsatile 5-HT/
insulin secretion from single mouse pancreatic islets by intra-
cellular calcium dynamics. J. Physiol. 510:135-143

5. Barg, S. 2003. Mechanisms of exocytosis in insulin-secreting f3-
cells and glucagon-secreting a-cells. Pharmacol. Toxicol. 92:3—
13



64

6.

7.

9.

20.

21.

22.

23.

. Cerasi, E.

Barg, S., Eliasson, L., Renstrom, E., Rorsman, P. 2002. A
subset of 50 secretory granules in close contact with L-type
Ca®* channels accounts for first-phase insulin secretion in
mouse B-cells. Diabetes 51:S74-82

Barg, S., Ma, X., Eliasson, L., Galvanovskis, J., Gopel, S.O.,
Obermuller, S., Platzer, J., Renstrom, E., Trus, M., Atlas, D.,
Striessnig, J., Rorsman, P. 2001. Fast exocytosis with few Ca**
channels in insulin-secreting mouse pancreatic B-cells. Biophys.
J. 81:3308-3323

Bernal-Mizrachi, E., Wice, B., Inoue, H., Permutt, M.A. 2000.
Activation of serum response factor in the depolarization
induction of Egr-1 transcription in pancreatic islet p-cells. J.
Biol. Chem. 275:25681-25689

Bertram, R., Previte, J., Sherman, A., Kinard, T.A., Satin, L.S.
2000. The phantom burster model for pancreatic beta-cells.
Biophys. J. 79:2880-2892

. Bertram, R., Smolen, P., Sherman, A., Mears, D., Atwater, 1.,

Martin, F., Soria, B. 1995. A role for calcium release-activated
current (CRAC) in cholinergic modulation of electrical activity
in pancreatic B-cells. Biophys. J. 68:2323-2332

. Bokvist, K., Eliasson, L., Ammala, C., Renstrom, E., Rors-

man, P. 1995. Co-localization of L-type Ca’®* channels and
insulin-containing secretory granules and its significance for
the initiation of exocytosis in mouse pancreatic -cells. EMBO
J. 14:50-57

. Catterall, W.A., Striessnig, J., Snutch, T.P., Perez-Reyes, E.

2003. International Union of Pharmacology. XL. Compen-
dium of voltage-gated ion channels: calcium channels. Phar-
macol. Rev 55:579-581

1992. Aectiology of type II diabetes. In: Insu-
lin—Molecular Biology to Pathology. Ashcroft, F.M., editors.
pp 352-392, IRL, Oxford, U.K.

. Clapham, D.E., Montell, C., Schultz, G., Julius, D. 2003.

International Union of Pharmacology. XLIII. Compendium of
voltage-gated ion channels: transient receptor potential chan-
nels. Pharmacol. Rev 55:591-596

. Cook, D.L., Hales, C.N. 1984. Intracellular ATP directly

blocks K™ channels in pancreatic B-cells. Nature 311:271-273

. Cook, D.L., Satin, L.S., Hopkins, W.F. 1991. Pancreatic f-

cells are bursting, but how? Trends. Neurosci. 14:411-414

. Dean, P.M., Matthews, E.K. 1968. Electrical activity in pan-

creatic islet cells. Nature 219:389—390

. Gilon, P., Shepherd, R.M., Henquin, J.C. 1993. Oscillations of

secretion driven by oscillations of cytoplasmic Ca®* as eviden-
ced in single pancreatic islets. J. Biol. Chem. 268:22265-22268

. Gilon, P., Yakel, J., Gromada, J., Zhu, Y., Henquin, J.C.,

Rorsman, P. 1997. G protein-dependent inhibition of L-type
Ca®" currents by acetylcholine in mouse pancreatic p-cells. J.
Physiol. 499:65-76

Grabsch, H., Pereverzev, A., Weiergraber, M., Schramm, M.,
Henry, M., Vajna, R., Beattie, R.E., Volsen, S.G., Klockner,
U., Hescheler, J., Schneider, T. 1999. Immunohistochemical
detection of alphalE voltage-gated Ca?* channel isoforms in
cerebellum, INS-1 cells, and neuroendocrine cells of the
digestive system. J. Histochem. Cytochem. 47:981-994
Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth,
F.J. 1981. Improved patch-clamp techniques for high-resolu-
tion current recording from cells and cell-free membrane pat-
ches. Pfluegers Arch. 391:85-100

Henquin, J.C., Meissner, H.P. 1984. Significance of ionic fluxes
and changes in membrane potential for stimulus-secretion
coupling in pancreatic B-cells. Experientia 40:1043-1052
Horvath, A., Szabadkai, G., Varnai, P., Aranyi, T., Wollheim,
C.B., Spat, A., Enyedi, P. 1998. Voltage dependent calcium
channels in adrenal glomerulosa cells and in insulin producing
cells. Cell Calcium 23:33-42

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

D. Mears: Ca®>" Channels and Insulin Secretion

Huang, L., Bhattacharjee, A., Taylor, J.T., Zhang, M., Keyser,
B.M., Marrero, L., Li, M. 2004. [Ca”]i regulates trafficking of
Ca,l.3 (u1p Ca?" channel) in insulin secreting cells. Am. J.
Physiol. 286:C213-C221

Iwashima, Y., Abiko, A., Ushikubi, F., Hata, A., Kaku, K.,
Sano, H., Eto, M. 2001. Downregulation of the voltage-
dependent calcium channel (VDCC) B-subunit mRNAs in
pancreatic islets of type 2 diabetic rats. Biochem. Biophys. Res.
Commun. 280:923-932

Iwashima, Y., Pugh, W., Depaoli, A.M., Takeda, J., Seino, S.,
Bell, G.I., Polonsky, K.S. 1993. Expression of calcium channel
mRNAs in rat pancreatic islets and downregulation after glu-
cose infusion. Diabetes 42:948-955

Ji, J., Yang, S.N., Huang, X., Li, X., Sheu, L., Diamant, N.,
Berggren, P.O., Gaisano, H.Y. 2002. Modulation of L-type
Ca?* channels by distinct domains within SNAP-25. Diabetes
51:1425-1436

Jijakli, H., Malaisse, W.J. 1998. Verapamil- and cadmium-
resistant stimulation of calcium uptake and insulin release by
D-glucose in depolarised pancreatic islets exposed to diazoxide.
Cell Signal. 10:661-665

Kang, G., Holz, G.G. 2003. Amplification of exocytosis by
Ca®"-induced Ca®" release in INS-1 pancreatic B-cells. J.
Physiol. 546:175-189

Kang, Y., Huang, X., Pasyk, E.A., Ji, J., Holz, G.G., Wheeler,
M.B., Tsushima, R.G., Gaisano, H.Y. 2002. Syntaxin-3 and
syntaxin-1A inhibit L-type calcium channel activity, insulin
biosynthesis and exocytosis in B-cell lines. Diabetologia 45:231—
241

Kanno, T., Rorsman, P., Gopel, S.0. 2002. Glucose-dependent
regulation of rhythmic action potential firing in pancreatic
beta-cells by Karp-channel modulation. J. Physiol. 545:501—
507

Kohler, M., Norgren, S., Berggren, P.O., Fredholm, B.B.,
Larsson, O., Rhodes, C.J., Herbert, T.P., Luthman, H. 1998.
Changes in cytoplasmic ATP concentration parallel changes in
ATP-regulated K *-channel activity in insulin-secreting cells.
FEBS Lett. 441:97-102

Leech, C.A., Habener, J.F. 1997. Insulinotropic glucagon-like
peptide-1-mediated activation of non-selective cation currents
in insulinoma cells is mimicked by maitotoxin. J. Biol. Chem.
272:17987-17993

Leech, C.A., Habener, J.F. 1998. A role for Ca’>"-sensitive
nonselective cation channels in regulating the membrane po-
tential of pancreatic B-cells. Diabetes 47:1066-1073

Ligon, B., Boyd, A.E., Dunlap, K. 1998. Class A calcium
channel variants in pancreatic islets and their role in insulin
secretion. J. Biol. Chem. 273:13905-13911

Liu, G., Dilmac, N., Hilliard, N., Hockerman, G.H. 2003.
Ca,1.3 is preferentially coupled to glucose-stimulated insulin
secretion in the pancreatic B-cell line INS-1. J. Pharmacol. Exp.
Ther. 305:271-278

Liu, Y., Gylfe, E. 1997. Store-operated Ca’t entry in insulin-
releasing pancreatic B-cells. Cell Calcium 22:277-286
MacDonald, P.E., Sewing, S., Wang, J., Joseph, J.W., Smukler,
S.R., Sakellaropoulos, G., Saleh, M.C., Chan, C.B., Tsushima,
R.G., Salapatek, A.M., Wheeler, M.B. 2002. Inhibition of Ky2.1
voltage-dependent K* channels in pancreatic p-cells enhances
glucose-dependent insulin secretion. J. Biol. Chem. 277:44938—
44945

Magnelli, V., Avaltroni, A., Carbone, E. 1996. A single non-L-,
non-N-type Ca®" channel in rat insulin-secreting RINmSF
cells. Pfluegers Arch. 431:341-452

Marchetti, C., Amico, C., Podesta, D., Robello, M. 1994.
Inactivation of voltage-dependent calcium current in an insu-
linoma cell line. Eur. Biophys. J. 23:51-58



41.

—_

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

. Mears: Ca?" Channels and Insulin Secretion

Matsuda, Y., Saegusa, H., Zong, S., Noda, T., Tanabe, T.
2001. Mice lacking Ca,2.3 (ap) calcium channel exhibit
hyperglycemia. Biochem. Biophys. Res. Commun. 289:791—
795

Mears, D., Atwater, 1. 2000. Electrophysiology of the pancre-
atic B-cell. In: Diabetes Mellitus—A Fundamental and Clinical
Text 2nd ed. LeRoith, Taylor, S.I, Olefsky, J.M., editors. pp
47-60, Lippincott, Williams & Wilkins, Philadelphia

Mears, D., Zimliki, C.L. 2004. Muscarinic agonists activate
Ca>" store-operated and -independent ionic currents in in-
sulin-secreting HIT-T15 cells and mouse pancreatic B-cells. J.
Membrane Biol. 197:59-70

Meissner, HP., Schmelz, H. 1974. Membrane potential of -
cells in pancreatic islets. Pfluegers Arch. 351:195-206

Misler, S., Barnett, D.W., Gillis, K.D., Pressel, D.M. 1992.
Electrophysiology of stimulus-secretion coupling in human (-
cells. Diabetes 41:1221-1228

Miura, Y., Henquin, J., Gilon, P. 1997. Emptying of intracel-
lular Ca®" stores stimulates Ca>* entry in mouse pancreatic f-
cells by both direct and indirect mechanisms. J. Physiol.
503:387-398

Namkung, Y., Skrypnyk, N., Jeong, M.J., Lee, T., Lee,
M.S., Kim, H.L., Chin, H., Suh, P.G., Kim, S.S., Shin, H.S.
2001. Requirement for the L-type Ca>" channel o;p subunit
in postnatal pancreatic B-cell generation. J. Clin. Invest.
108:1015-1022

Parekh, A.B., Penner, R. 1997. Store depletion and calcium
influx. Physiol. Rev. 77:901-930

Pereverzev, A., Mikhna, M., Vajna, R., Gissel, C., Henry, M.,
Weiergraber, M., Hescheler, J., Smyth, N., Schneider, T. 2002.
Disturbances in glucose-tolerance, insulin-release, and stress-
induced hyperglycemia upon disruption of the Ca,2.3 (o) sub-
unit of voltage-gated Ca®" channels. Mol. Endocrinol. 16:884—
895

Perez-Reyes, E., Wei, X.Y., Castellano, A., Birnbaumer, L.
1990. Molecular diversity of L-type calcium channels. Evidence
for alternative splicing of the transcripts of three non-allelic
genes. J. Biol. Chem. 265:20430-20436

. Plant, T.D. 1988. Properties and calcium-dependent inactiva-

tion of calcium currents in cultured mouse pancreatic B-cells. J.
Physiol. 404:731-747

Platzer, J., Engel, J., Schrott-Fischer, A., Stephan, K., Bova,
S., Chen, H., Zheng, H., Striessnig, J. 2000. Congenital deaf-
ness and sinoatrial node dysfunction in mice lacking class D L-
type Ca®>" channels. Cell 102:89-97

Pollo, A., Lovallo, M., Biancardi, E., Sher, E., Socci, C.,
Carbone, E. 1993. Sensitivity to dihydropyridines, omega-
conotoxin and noradrenaline reveals multiple high-voltage-
activated Ca>" channels in rat insulinoma and human pan-
creatic B-cells. Pfluegers Arch. 423:462-471

Qian, F., Huang, P., Ma, L., Kuznetsov, A., Tamarina, N.,
Philipson, L.H. 2002. TRP genes: Candidates for nonselective
cation channels and store-operated channels in insulin-secret-
ing cells. Diabetes 51:S183-189

Roe, M.W., Worley, J.F., Qian, F., Tamarina, N., Mittal,
A.A., Dralyuk, F., Blair, N.T., Mertz, R.J., Philipson, L.H.,
Dukes, I.D. 1998. Characterization of a Ca?" release-activated
nonselective cation current regulating membrane potential and
[Ca?"]; oscillations in transgenically derived P-cells. J. Biol.
Chem. 273:10402-10410

Rojas, E., Hidalgo, J., Carroll, P.B., Li, M.X., Atwater, I.
1990. A new class of calcium channels activated by glucose in
human pancreatic B-cells. FEBS Lett. 261:265-270

Safayhi, H., Haase, H., Kramer, U., Bihlmayer, A., Roenfeldt,
M., Ammon, H.P., Froschmayr, M., Cassidy, T.N., Morano,
I., Ahlijjanian, M.K., Striessnig, J. 1997. L-type calcium

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

65

channels in insulin-secreting cells: biochemical characterization
and phosphorylation in RINmSF cells. Mol. Endocrinol.
11:619-629

Sakura, H., Ashcroft, F.M. 1997. Identification of four trpl
gene variants in murine pancreatic B-cells. Diabetologia
40:528-532

Santos, R.M., Rosario, L.M., Nadal, A., Garcia-Sancho, J.,
Soria, B., Valdeolmillos, M. 1991. Widespread synchronous
[Ca®*]; oscillations due to bursting electrical activity in
single pancreatic islets. Pfluegers Arch. 418:417—422

Satin, L.S. 2000. Localized Ca®* influx in pancreatic p-cells: its
significance for Ca®*-dependent insulin secretion from the is-
lets of Langerhans. Endocrine 13:251-262

Satin, L.S., Cook, D.L. 1989. Calcium current inactivation in
insulin-secreting cells is mediated by calcium influx and mem-
brane depolarization. Pfluegers Arch. 414:1-10

Satin, L.S., Tavalin, S.J., Kinard, T.A., Teague, J. 1995.
Contribution of L- and non-L-type calcium channels to volt-
age-gated calcium current and glucose-dependent insulin
secretion in HIT-T15 cells. Endocrinology 136:4589-4601
Schmidt, A., Hescheler, J., Offermanns, S., Spicher, K.,
Hinsch, K.D., Klinz, F.J., Codina, J., Birnbaumer, L.,
Gausepohl, H., Frank, R. , et al. 1991. Involvement of
pertussis toxin-sensitive G-proteins in the hormonal inhibi-
tion of dihydropyridine-sensitive Ca®" currents in an insu-
lin-secreting cell line (RINmSF). J. Biol. Chem. 266:18025—
18033

Schulla, V., Renstrom, E., Feil, R., Feil, S., Franklin, I.,
Gjinovci, A., Jing, X.J., Laux, D., Lundquist, 1., Magnuson,
M.A., Obermuller, S., Olofsson, C.S., Salehi, A., Wendt, A.,
Klugbauer, N., Wollheim, C.B., Rorsman, P., Hofmann, F.
2003. Impaired insulin secretion and glucose tolerance in beta
cell-selective Ca,1.2 Ca?>" channel null mice. EMBO J. 22:
3844-3854

Seino, S., Chen, L., Seino, M., Blondel, O., Takeda, J., John-
son, J.H., Bell, G.I. 1992. Cloning of the o; subunit of a
voltage-dependent calcium channel expressed in pancreatic -
cells. Proc. Natl. Acad. Sci. USA 89:584-588

Sheng, Z.H., Westenbroek, R.E., Catterall, W.A. 1998. Phys-
ical link and functional coupling of presynaptic calcium
channels and the synaptic vesicle docking/fusion machinery. J.
Bioenerg. Biomembr. 30:335-345

Sher, E., Biancardi, E., Polio, A., Carbone, E., Li, G., Woll-
heim, C.B., Clementi, F. 1992. @-Conotoxin-sensitive, voltage-
operated Ca®" channels in insulin-secreting cells. Eur. J.
Pharmacol. 216:407-414

Vajna, R., Klockner, U., Pereverzev, A., Weiergraber, M.,
Chen, X., Miljanich, G., Klugbauer, N., Hescheler, J.,
Perez-Reyes, E., Schneider, T. 2001. Functional coupling
between 'R-type’ Ca’>* channels and insulin secretion in
the insulinoma cell line INS-1. Eur. J. Biochem. 268:1066—
1075

Vajna, R., Schramm, M., Pereverzev, A., Arnhold, S.,
Grabsch, H., Klockner, U., Perez-Reyes, E., Hescheler, J.,
Schneider, T. 1998. New isoform of the neuronal Ca’"
channel o subunit in islets of Langerhans and kid-
ney—distribution of voltage-gated Ca?* channel o su-
bunits in cell lines and tissues. Eur. J. Biochem. 257:274—
285

Wiser, O., Bennett, M.K., Atlas, D. 1996. Functional interac-
tion of syntaxin and SNAP-25 with voltage-sensitive L- and N-
type Ca>" channels. EMBO J. 15:4100-4110

Wiser, O., Trus, M., Hernandez, A., Renstrom, E., Barg, S.,
Rorsman, P., Atlas, D. 1999. The voltage sensitive Lc-type
Ca?" channel is functionally coupled to the exocytotic
machinery. Proc. Natl. Acad. Sci. USA 96:248-253



66

72.

73.

Worley, J.F. 3rd, Mclntyre, M.S., Spencer, B., Mertz, R.J.,
Roe, M.W., Dukes, I.D. 1994. Endoplasmic reticulum calcium
store regulates membrane potential in mouse islet B-cells. J.
Biol. Chem. 269:14359-14362

Yang, S.N., Larsson, O., Branstrom, R., Bertorello, A.M.,
Leibiger, B., Leibiger, 1.B., Moede, T., Kohler, M., Mei-
ster, B., Berggren, P.O. 1999. Syntaxin 1 interacts with

74,

D. Mears: Ca®>" Channels and Insulin Secretion

the Lp subtype of voltage-gated Ca®* channels in pan-
creatic B-cells. Proc. Natl. Acad. Sci. USA. 96:10164—
10169

Zhuang, H., Bhattacharjee, A., Hu, F., Zhang, M., Goswami,
T., Wang, L., Wu, S., Berggren, P.O., Li, M. 2000. Cloning of a
T-type Ca®>" channel isoform in insulin-secreting cells. Diabe-
tes 49:59-64



