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Voltage-Independent Calcium Channels Mediate Slow
Oscillations of Cytosolic Calcium That Are Glucose
Dependent in Pancreatic 3-Cells*
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ABSTRACT

Pancreatic 3-cells and HIT-T'15 cells exhibit oscillations of cytosolic
calcium ([Ca®*};) that are dependent on glucose metabolism and appear
to trigger pulsatile insulin secretion. Significantly, differences in the
pattern of this [Ca®']; oscillatory activity may have impertant impli-
cations for our understanding of how glucose homeostasis is achieved
during the feeding and fasting states. When single 8-cells are exposed
to a stepwise increase in glucose concentration that mimics the tran-
sition from fasting to feeding states, fast irregular oscillations of
[Ca®*]; are observed. Alternatively, when single §-cells are equilibrated
in a steady state concentration of glucose that mimics the fasting state,
slow periodic oscillations of [Ca®*]; are noted. Here we report a funda-
mental difference in the mechanism by which glucose induces these
two types of [Ca®*]; oscillatory activity. In agreement with previous
studies, we substantiate a role for L-type voltage-dependent CaZ*
channels as mediators of the fast oscillations of [Ca®"]; observed after
a stepwise increase in glucose concentration. In marked contrast, we
report that voltage-independent calcium channels (VICCs) mediate
slow oscillations of [Ca®*]; that occur when §-cells are equilibrated in
steady state concentrations of glucose. Slow [Ca?*); oscillations are

mediated by VICCs which are pharmacologically and biophysically
distinguishable from voltage-dependent Ca?* channels that mediate
fast oscillations. Specifically, slow [Ca®*}; oscillations are blocked by
extracellular La®**, but not by nifedipine, and are independent of
changes in membrane potential. Measurements of membrane conduct-
ance also indicate an important role for VICCs, as demonstrated by a
steady state inward Ca®* current that is blocked by La*". The steady
state Ca®" current appears to generate slow [Ca®']; oscillations by
triggering Ca’*-induced Ca** release from intracellular Ca®*" stores, a
process that is mimicked by extracellular application of caffeine, a
sensitizer of the ryanodine receptor/Ca®* release channel. Depletion of
intracellular Ca®* stores with thapsigargin stimulated Mn** influx,
suggesting the presence of Ca**-release-activated Ca* channels. Taken
together, these observations are consistent with a role for VICCs
(possibly G-type channels) and/or Ca®*-release-activated Ca®* channels
as mediators of slow [Ca®*); oscillations in 8-cells. We propose that
slow oscillations of [Ca®']; probably serve as important initiators of
insulin secretion under conditions in which tight control of glucose
homeostasis is necessary, as is the case during the fasting normogly-
cemic state. (Endocrinology 135: 365-372, 1994)

RISE in the cytosolic free Ca** concentration ([Ca**};)

is the critical signaling messenger that triggers exocy-
tosis in many types of secretory cells. In pancreatic 8-cells,
insulin secretion is stimulated markedly during feeding by a
combination of glucose- and incretin hormone-derived sig-
nals [e.g. glucagon-like peptide-1 (GLP-1)] acting in a syn-
ergistic fashion (1). Although the exact mechanism by which
insulin secretion occurs has yet to be fully elucidated, it is
generally recognized that the postprandial rise in blood glu-
cose is a causative factor. Exposure of 3-cells to a stepwise
increase in glucose concentration (typically from 5 to 20 mm)
results in the closing of ATP-sensitive potassium channels,
membrane depolarization, the opening of voltage-dependent
Ca?* channels (VDCCs), and a subsequent rise in [Ca’'];
characterized by fast oscillatory behavior. Various mecha-
nisms have been proposed to explain the generation of these
glucose-induced [Ca**); fluctuations at the single cell level,
including oscillations of glucose metabolism (2), inositol
1,4,5-trisphosphate production (3), cyclical periods of Ca**-
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induced Ca®* release (CICR) (4), and Ca®*-influx during
action potentials (5).

Much less attention has focused on the slow periodic
oscillations of [Ca®*}; that are observed when f-cells are
exposed to steady state concentrations of glucose. The poten-
tial significance of these slow oscillations of [Ca**]; becomes
apparent when one recognizes that in the fasting state, large
fluctuations in blood glucose are not normally observed due
to the tight control of glucose homeostasis necessary to
maintain normoglycemia. As it is possible that slow oscilla-
tions of [Ca®"); play a significant or even dominant role as
initiators of pulsatile insulin secretion during the fasting state,
we have sought to define the mechanism by which glucose
generates them.

To this end, we have monitored slow oscillations of
[Ca**}; in single rat B-cells and cells derived from a hamster
insulinoma (HIT-T15) cell line (6). HIT-T15 cells are widely
used as a model for 3-cells because they retain the ability to
respond to glucose. HIT cells do, however, respond at lower
concentrations of glucose than normal §-cells. This concen-
tration difference results from the expression of low affinity
GLUT-2 glucose transporters in §-cells and both GLUT-2
and high affinity GLUT-1 transporters in HIT cells (7). Meas-
urements of [Ca**]; were obtained while simultaneously mon-
itoring the resting membrane potential or while cells were
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voltage clamped using the perforated patch method, which
maintains the integrity of [Ca?*]; buffering and intracellular
signaling systems (8-10). We report that slow [Ca**}; oscilla-
tions in B-cells and HIT-T15 cells are not associated with
changes in membrane potential and do not appear to be
triggered by Ca** influx through VDCCs. In contrast, we
present findings that favor an important role for voltage-
independent calcium channels (VICCs) as mediators of this
type of oscillatory activity. We suggest that these slow oscil-
lations in [Ca®*]; levels and concomitant pulses of insulin
secretion may maintain the metabolic activity of §-cells and/
or provide systemic tissues with small pulses of insulin so as
to support glucose homeostasis during interprandial periods
of normoglycemia.

Materials and Methods

Preparation of islet cell and insulinoma cell cultures

Male Sprague-Dawley rats (250-350 g) were anesthetized by ip
injection of sodium pentobarbital. The pancreas was removed, and islets
of Langerhans were isolated by hand picking after collagenase (type XI,
Sigma Chemical Co., S5t. Louis, MO) digestion (11). Islets were disso-
ciated into a single cell suspension by digestion with trypsin-EDTA and
mechanical trituration through a 27-gauge stainless steel needle. The
single cells were allowed to settle on glass coverslips that had been
coated with 1 mg/ml Concanavalin-A (Sigma, type V). Coverslips with
attached cells were placed in petri dishes containing RPMI-1640 con-
taining 11.1 mM glucose and supplemented with 10% fetal bovine serum.
HIT-T15 cells {(passages 65-75) were obtained from the American Type
Culture Collection (Rockville, MD) and grown on Concanavalin-A-
coated coverslips bathed in Ham’s F-12 medium containing 10 mm
glucose and supplemented with 10% horse serum and 2.5% fetal bovine
serum. All culture media also contained penicillin-G (100 U/ml) and
streptomycin (100 ug/ml). Cultures were maintained at 37 C in a 5%
CO, atmosphere incubator, and experiments were conducted 1-4 days
postplating. 8-Cells were selected for recording based on morphological
criteria, as previously described (1). Briefly, cells 10-15 um in diameter
were considered §-cells, as these are considerably larger than the other
cell types.

Fura-2 microspectrofluorimetry of [Ca**];

Cells were prepared for measurement of [Ca®*}; by incu-
bating in external recording solution (see below) containing
fura-2AM (Molecular Probes, Sunnyvale, CA). 3-Cells were
loaded with 0.5-1.0 um fura-2AM for 0.5 h at room temper-
ature (20-23 C), whereas HIT-T15 cells loaded less well and
required 5 uM fura-2AM for 1.5 h at room temperature (see
below). Glass coverslips with fura-2-loaded adherent cells
formed the base of a recording chamber, which was main-
tained at 32 C by a Peltier temperature controller (Micro
Devices, Inc., Jenkintown, PA) mounted on the stage of a
Zeiss IM35 microscope (Zeiss, New York, NY) equipped with
an Ionoptix Corp. (Milton, MA) dual excitation video imaging
system. [Ca**}); was estimated from the ratio of 510 nm
emission fluorescences due to excitation by 350 nm and 380
nm wavelength light from the following equation (12): [Ca};
= K4 X 8 X [(R = Ranin)/(Rmax — R)], where K4 is the dissociation
constant of fura-2 (225 nm), 8 is the ratio of 380 nm induced
fluorescences of free/bound fura-2, R is the measured ratio
of 350 nm/380 nm fluorescences, and Ry, and R« are 350
nm/380 nm fluorescence ratios in zero [Ca**] and saturating
[Ca®™), respectively.
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Compartmentalization of fura-2

The degree of compartmentalization of fura-2 was assessed for HIT-
T15 cells loaded at room temperature or 37 C. The fura-2 fluorescence
after permeabilization of single cells with a 120-sec pulse (see below) of
10 umM digitonin as a ratio of the fluorescence before permeabilization
was used to assess the extent to which fura-2 was compartmentalized
into subcellular organelles. Cells were bathed in the following intracel-
lular-type saline during these measurements: 140 mm KCl, 1.2 mm
MgCl;, 1 mm EGTA (pH 7.4 with KOH), and 10 mm HEPES, pH 7.4,
with NaOH. Using this method, the post/prepermeabilization fluores-
cence ratio for cells loaded at 37 C was 0.25 + 0.02 (n = 19 cells), and
that for cells loaded at room temperature was 0.09 + 0.01 (n = 20 cells).
In the subsequent experiments reported here, HIT-T15 cells were fura-
2 loaded at room temperature.

Perforated patch-clamp recording conditions

Patch-clamp recordings were obtained from fura-2AM-loaded cells
bathed in an external solution containing 138 mm NaCl, 5.6 mm KCl,
2.6 mm CaCl,, 1.2 mm MgCl;, and 20 mm HEPES (pH adjusted to 7.4
with NaOH; 295 mosmol). Glucose was added to this solution as
specified in the text. The resting membrane potential of cells was
measured under current clamp, or the cells were voltage clamped using
the perforated patch (1, 8-10) configuration. Patch pipettes pulled from
soft glass (Kimax-51, Kimble Glass, Inc., Vineland, NJ) were fire polished
(final resistance, 3-6 megohms) and tip-dipped in 95 mm K;50,, 7 mm
MgCl,, and 5 mm HEPES-NaOH (pH 7.4), then back filled with the
same solution containing nystatin (240 ug/ml). The patch pipette was
connected to an EPC-9 (Heka Electronics, Lambrecht, Germany) patch-
clamp amplifier, and the access resistance (15-30 megohms) and whole
cell capacitance (5-15 picofarads) were monitored after seal formation.
In voltage-clamp experiments, the series resistance was compensated for
by at least 60%. The pipette solution did not contain fura-2 and was
nominally Ca®* free. A sudden rise in [Ca®*}; and simultaneous decrease
in fluorescence intensity provided a useful marker for seal breakdown
or rupture of the cell membrane during an experiment.

Application of test substances

A stepwise increase in the concentration of glucose in the bathing
solution was achieved by a rapid superfusion system (equilibration time,
1 min). GLP-1, caffeine, thapsigargin, and econazole were applied
directly to individual cells by pneumatic pressure ejection from blunt-
tipped puffer pipettes, as described previously (1).

Results

Slow oscillations of [Ca®*]; recorded from rat 8-cells and
HIT-T15 cells

Rat pancreatic §-cells were bathed in saline containing 7.5
mM glucose. This concentration is within the range of 5-8
mM, and more than 7 mum glucose reported as the threshold
for insulin secretion in rat or mouse 8-cells (13). Under these
conditions, [Ca?"}; in the majority of cells (n = 79 of 100
cells) was stable (mean * seM, 120 + 30 nm), with no
oscillations of [Ca®*]; observed during the standard 20-min
recording session. In contrast, 21% of the cells (n = 21 of
100) exhibited slow oscillations of [Ca®*]; (Fig. 1A). These
oscillations were typically 200-300 nm in amplitude, were
not superimposed on an underlying shift in the baseline
[Ca**}, and had a mean periodicity of 4.2 + 0.3 min (n =
21), a frequency similar to that observed in whole rat islets
(4.6 £ 0.2 min) (14), but somewhat slower than that observed
in mouse islets under steady state (15 mm) glucose concen-
trations (15). Slow oscillations were also observed when §-
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Fic. 1. Representative examples of glucose and insulinotropic peptide-
induced alterations of [Ca); in B-cells. A, Slow oscillations of [Ca®'];
recorded when a §-cell was equilibrated in a steady state concentration
(7.5 mM) of glucose. B, A B-cell was initially equilibrated in 5 mMm
glucose, then a stepwise increase in glucose concentration to 15 mM
was applied by rapidly switching the contents of the bathing solution.
C, A 30-sec pulse of 10 nM GLP-1-(7-37) was directly applied to a cell
bathed in 5 mM glucose, using a puffer pipette (see Materials and
Methods).

cells were equilibrated in 5 mm glucose (data not shown).
Higher concentrations of glucose (10-20 mm) were not ex-
amined in detail due to the appearance of fast irregular
oscillations associated with electrical bursting activity. HIT-
T15 insulinoma cells also exhibited slow oscillations of
[Ca**], but at concentrations of glucose (2 mm) lower than
that required for -cells (Figs. 1A and 3A). [Ca®*]; oscillations
were not observed when g-cells or HIT-T15 cells were equil-
ibrated in a solution to which no glucose was added.

The pattern of slow oscillatory activity observed under
steady state glucose concentrations differed from that ob-
served when the extracellular glucose concentration was
raised in a stepwise fashion from an initial value of 5 mm to
a final value (15 mwm) that is nearly saturating for stimulation
of insulin secretion (13). In about 30% of cells tested, such a
rise in glucose concentration produced a rise in [Ca**); (Fig.
1B) on which a series of smaller amplitude, fast oscillations
were observed (n = 5), similar to those reported in whole
mouse islets after a shift from 2 to 20 mm glucose (14). These
findings suggested a fundamental difference in the mecha-
nism by which steady state and stepwise changes in glucose
concentration regulate [Ca**].

A stepwise change in glucose concentration from 5 to 15
mu is known to raise [Ca**}; by shifting the resting membrane
potential to less negative values, thereby opening dihydro-
pyridine-sensitive (L-type) VDCCs (16). Membrane depolar-

ization can also be achieved by treatment of S-cells with the
insulinotropic hormone GLP-1-(7-37) (1). GLP-1-(7-37) in-
creased [Ca**}; in a biphasic manner (n = 5), but did not
induce the slow oscillations of [Ca®*), characteristic of cells
equilibrated in a steady state concentration of glucose (Fig.
1C). Therefore, it appeared that the slow oscillatory activity
might be independent of changes in membrane potential and
not dependent on calcium entry through VDCCs.

A role for VICCs as mediators of slow [Ca®*]; oscillations

To more directly assess the role calcium channels might
play in the generation of slow [Ca®"}; oscillations, we exam-
ined the extracellular Ca®* dependence of this type of activ-
ity. The slow oscillations recorded from a -cell equilibrated
in 7.5 mm glucose were rapidly and reversibly abolished in
all cells tested (n = 3) by switching the superfusate to a
nominally Ca®*-free solution (Fig. 2), as expected if the
oscillations are maintained by calcium influx through plasma
membrane-associated calcium channels. Similar results were
obtained with HIT-T15 cells. These [Ca**}; oscillations ap-
peared identical in both g-cells and HIT cells, and the ma-
jority of subsequent experiments were performed only on
HIT cells. Slow [Ca®*}; oscillations in HIT-T15 cells were
blocked by extracellular application of 100-500 um La** (Fig.
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Fic. 2. Slow oscillations of [Ca®*); require extracellular Ca**. A, A 8-
cell exhibited slow oscillations of [Ca®**]; when the bath solution con-
tained a normal concentration (2.6 mM) of Ca®*. As illustrated in B,
when the superfusate was switched to a nominally Ca”*-free saline (as
indicated by the bar), the oscillations were abolished. As illustrated in
C, reintroduction of 2.6 mM Ca®* briefly restored the slow oscillatory
activity. All recordings are from the same cell under conditions of
steady state equilibration in 7.5 mM glucose. Records A and B are
separated by a 350-sec interval, whereas records B and C are separated
by a 200-sec interval.
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3A), a competitive blocker of both VDCCs and VICCs. To
test for a possible role of L-type VDCCs as mediators of slow
[Ca**]; oscillations, HIT-T15 cells were pretreated with 5 um
of the L-type VDCC blocker nifedipine. Nifedipine failed to
block the slow oscillations of {Ca**}; (Fig. 3B), indicating that
L-type channels are unlikely to mediate this form of oscilla-
tory activity. In contrast, we confirmed that in rat 8-cells, the
fast oscillations of [Ca®*]; evoked by a stepwise change in
glucose concentration from 5 to 15 mM are markedly dimin-
ished by pretreatment with nifedipine (n = 5 cells; data not
shown).

So as to more accurately characterize the subtype(s) of the
non-L-type calcium channel(s) involved in the initiation of
slow oscillations, measurements of [Ca’*], were obtained
while simultaneously current or voltage clamping the cells.
As shown in Fig. 4A (top trace), the resting membrane
potential of a HIT-T15 cell remained nearly constant (about
—60 mV) during all phases of the [Ca**]; oscillation cycle
(Fig. 4A, bottom trace). Further, [Ca®") oscillations continued
if the membrane potential was held under voltage clamp at
—70 mV (Fig. 4B), negative to the activation threshold of L-
type (fast deactivating) and T-type (slow deactivating non-
dihydropyridine-sensitive) VDCCs in HIT-T15 (17) and rat
B-cells (18). To confirm that electrical access to the cell was
intact, depolarizing voltage clamp steps from —70 to 0 mV
were applied to open VDCCs, resulting in a large increase in
[Ca®*): (Fig. 4B). Although these findings suggested that slow
oscillations of [Ca**}; were independent of VDCC activity, it
remained possible that a periodic shift of the activation
threshold for L- or T-type channels to more negative poten-
tials might contribute to the oscillatory activity. This appears
to be highly unlikely given that pretreatment of HIT-T15
cells with 5 um nifedipine failed to block the slow oscillatory
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FiG. 3. Slow oscillations of [Ca®"]; are blocked by La®*, but not by
nifedipine. In A, slow [Ca®*]; oscillations were recorded from a HIT-
T15 cell bathed in a solution containing 2 mM glucose and 2.6 mM
Ca®, Note that the oscillations were rapidly blocked by superfusion
with an identical saline solution to which 500 uM La** was added. In
B, slow [Ca®*]; oscillations recorded from a HIT-T15 cell bathed in 2
mM glucose and 2.6 mM Ca®" were unaffected by the addition of 5 um
nifedipine to the superfusate.
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Fic. 4. Slow oscillations of [Ca®*); are independent of changes in
membrane potential. In A and B are illustrated perforated patch
recordings from the same fura-2AM-loaded HIT-T15 cell equilibrated
in 2 mM glucose. As indicated in A, [Ca®*}; (lower trace, left side scale)
and the resting membrane potential (E.; upper trace, right side scale)
were simultaneously monitored in the current clamp recording config-
uration. Little or no change in membrane potential was observed during
the [Ca®*]; oscillations. As illustrated in B, the cell was then voltage
clamped to a holding potential of ~70 mV. At this holding potential,
the slow oscillations were not blocked (note different scales for [Ca®*);
in A and B). Application of a depolarizing voltage step to 0 mV induced
a large rise in [Ca®*]; due to the opening of VDCCs, thereby confirming
that electrical access to the cell was intact. Similar results were obtained
with rat 3-cells.

activity (Fig. 3B), whereas the depolarization-induced rise in
[Ca**]; observed under voltage clamp was completely abol-
ished (n = 5 cells; data not shown).

A steady state inward calcium current may generate slow
oscillations of [Ca®*];

Taken together, these findings indicate that the slow os-
cillations of [Ca®*}; are dependent on calcium influx through
VICCs. Such a mechanism implies that §-cells exhibit a
significant resting membrane permeability to Ca®* that is
glucose dependent and membrane potential independent. As
an indirect test of this hypothesis, we examined the effects
of extracellular Mn** (substituted for Ca*) on HIT-T15 cells
loaded with fura-2AM and equilibrated in a steady state
concentration (2 mm) of glucose. Mn** has previously been
reported to permeate some types of VICCs (but not VDCCs),
and the consequence of such a transmembrane flux of Mn?**
is the rapid quenching of intracellular fura-2 fluorescence
(19). Extracellular application of Mn?* (but not La**) resulted
in quenching of the fura-2 signal (Fig. 5A), suggesting the
presence of active VICCs that are permeant to Mn** and
blocked by La®*. To test this possibility, the resting membrane
conductance of voltage-clamped HIT-T15 cells was meas-
ured, and the effects of extracellular La** tested. As shown
in Fig. 5B, La>* decreased the resting membrane conductance
under conditions of steady state glucose equilibration. The
decreased membrane conductance was accompanied by an
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Fic. 5. HIT-T15 cells equilibrated in 2 mM glucose exhibit a pathway
for divalent cation influx that is permeant to Mn®*, but blocked by
La*. In A is illustrated quenching of the intracellular fura-2 fluores-
cence signal by 2.6 mM Mn?* applied extracellularly from a puffer
pipette (Ca®* was omitted from the Mn?*-containing solution). Fura-2
was excited at 350 nm, and the fluorescence emmision was measured
at 510 nm. In B is illustrated a voltage-clamp experiment in which the
resting membrane conductance was monitored by applying £10 mV
voltage steps (each for 1 sec) from a holding potential of —~80 mV. La**
(100 uM), applied extracellularly from a puffer pipette, caused a reduc-
tion in membrane conductance (as indicated by the smaller current
responses to applied voltage steps) and a shift in the holding current
(Iy) in the outward direction.

outward shift in the holding current, as expected if La*®
blocks a steady state inward current that is active at a holding
potential (—80 mV) close to the resting potential. This finding
indicated that the demonstrated ability of La** to block slow
[Ca®*]; oscillations (Fig. 3A) most likely resulted from its
ability to competitively block the entry of Ca’* through
VICCs that are glucose regulated.

Possible role for CICR and Ca** release-activated Ca®* channels
(Icrac) in the generation of slow [Ca**]; oscillations

The entry of Ca** through VICCs might serve to generate
slow Ca®* oscillations by triggering CICR, a process that is
mimicked by extracellular application of caffeine, a sensitizer
of the ryanodine receptor/Ca®" release channel (4, 20). To
test for a role of intracellular Ca®* stores in the generation of
slow Ca** oscillations, caffeine was applied to quiescent §-
cells bathed in 7.5 mm glucose. Caffeine at a concentration
of 10 mm also evoked slow oscillations of [Ca®*}; (Fig. 6A;
n = 10). These oscillations were not superimposed on a shift
in the baseline [Ca®*},, and their periodicity resembled that
observed in spontaneously active cells equilibrated in steady
state concentrations of glucose. Caffeine is known to increase
the sensitivity of ryanodine receptors/Ca** release channels
to intracellular Ca** and to enhance CICR. The response of
B-cells to caffeine, therefore, is consistent with an important
role for CICR in the generation of slow [Ca*']; oscillations
that are triggered by a glucose-dependent Ca** influx
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F1G. 6. Evidence for a Icrac. In A, a rat §-cell, equilibrated in 7.5 mM
glucose, responded to a single 60-sec application of caffeine (caff.; 10
mM) with a series of slow oscillations of [Ca?*].. In B, a HIT-T15 cell
equilibrated in 2 mM glucose was stimulated with 2 uM thapsigargin
(TG), causing a rise in {Ca®'], detected as a small increase in the
intensity of fluorescence due to excitation of fura-2 at 350 nm. A
subsequent application of 2.6 mM Mn?* (substituted for Ca?*) caused
quenching of the fluorescence signal in six of seven cells, indicating
activation of a Mn?*-permeant conductance by thapsigargin. No
quenching by Mn?* was observed before application of thapsigargin. In
C, a HIT-T15 cell equilibrated in 2 mM glucose was treated with 2.6
mM Mn®** before and after stimulation with 10 uM econazole (EC).
Mn?**-induced quenching of the fura-2 fluorescence was not increased
after treatment with econazole (n = 7). Note that econazole caused a
rise in [Ca®'], measurable as an increase in the intensity of fura-2
fluorescence.

mechanism.

The exact nature of the VICCs that allow Ca** influx has
yet to be determined. Mn** quenching of the fura-2 signal,
as reported here, could arise from influx of Mn** through G-
type channels (21) in the plasma membrane, which would
normally serve to generate a steady state inward Ca** current
at a fixed bathing glucose concentration. A second possibility
is that Mn?* enters through a Icrac (22) that is regulated by
a calcium influx factor (CIF) and/or by direct protein-protein
interaction (23). Although Icrac channels are reportedly Mn?*
permeant in some cell types (19), an Icrac current has not
yet been reported in insulinoma or 8-cells. To indirectly test
for the presence of such a current in HIT-T15 cells, we
treated quiescent cells with 2 uM thapsigargin, an inhibitor
of ATP-dependent calcium pumps (24). Thapsigargin inhibits
intracellular sequestration of Ca®*, thereby causing a rise in
free cytosolic Ca** that is detectable as an increase in the 350
nm fura-2 fluorescence intensity. After stimulation by thap-
sigargin, the 350 nm fluorescence intensity increased, indi-
cating the release of intracellular calcium stores (Fig. 6B).
Under these conditions, cells that were initially unaffected
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by Mn?* now displayed Mn** quenching, suggesting the
activation of Icrac by an as yet to be characterized CIF. To
more directly test whether the thapsigargin-induced Mn**
quenching might be due to activation of Icgac, cells were
stimulated with 10 uM econazole. Econazole inhibits cyto-
chrome P-450 and increases free cytosolic [Ca®*]; by depleting
intracellular Ca®* stores, but, unlike thapsigargin, it is be-
lieved to block activation of Icrac (25, 26). Stimulation of
HIT-T15 cells (n = 7 cells) with econazole resulted in a rise
of [Ca®*];, but in these cells, Mn** quenching was not ob-
served (Fig. 6C), as expected if the entry of Mn** occurs via
VICCs of the Icrac subtype. These results suggest that an
Icrac-type current is present in HIT-T15 cells and may con-
tribute to the replenishment of intracellular Ca®* stores dur-
ing oscillations.

Discussion

The [Ca**]; oscillations described here most closely resem-
ble the slow (0.2-0.3 min™") oscillations reported in rat (13)
and mouse (14, 27) islets under conditions of steady state
glucose concentration. Oscillations of [Ca**]; have also been
reported in single mouse (28-30) and rat (31, 32) 8-cells, but
the relationship of these oscillations to changes in membrane
potential have not been fully assessed. Fast [Ca”*}; oscillations
in whole mouse islets and single rat §-cells appear to be
generated by §-cell electrical bursting or spiking activity (27,
32), and are induced by stepwise changes in glucose concen-
tration that trigger membrane depolarization and Ca** influx
via VDCCs. In marked contrast, we demonstrate by simul-
taneous recordings of membrane potential and [Ca**}; that
slow [Ca®'}; oscillations are observed under steady state
concentrations of glucose and occur in the absence of mem-
brane depolarization. We have also demonstrated that these
slow oscillations are dependent on extracellular Ca** and
show that they can be blocked by La**, but not by the L-
type Ca®* channel blocker, nifedipine. These findings indi-
cate that slow [Ca®*]; oscillations are not dependent on
VDCCs, but are instead dependent on VICCs.

Rat islets show oscillations in O, consumption and insulin
secretion with a similar frequency to slow [Ca®*]; oscillations
(13, 14); therefore, it is possible that pulsatile insulin secretion
is driven by metabolic oscillations that are glucose dependent
and that regulate the free cytosolic Ca®* concentration
through influences on calcium influx and/or CICR. A meta-
bolically regulated Ca** channel with low voltage depend-
ence was recently described in human @-cells (21). These G-
type VICCs have also been described in bovine chromaffin
cells, where they were shown to be activated by pertussis
toxin (33). Although G-type Ca®* channels have not been
directly recorded in rat $-cells, the dependence of slow [Ca®*);
oscillations on glucose metabolism and extracellular Ca**
may be explained by the influx of Ca** through such a
channel. Because the experiments reported here were per-
formed at a fixed bath glucose concentration, the inward
current through the G-channel might be expected to be
constant. This is consistent with our observation that the
membrane potential and membrane current did not change
detectably during slow [Ca®*}; oscillations, whereas La*>* de-
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creased the steady state membrane conductance and shifted
the holding current in the outward direction.

Using Mn** quenching of fura-2 fluorescence as an indi-
cator, we have also shown the presence in HIT-T15 cells of
a divalent cation entry pathway activated by depletion of
Ca®* stores with thapsigargin, and sensitive to econazole.
These pharmacological properties are as expected if the di-
valent cation entry is mediated by a Icrac. Icrac calcium
currents activated by thapsigargin have been recorded in rat
mast cells (22), but under the experimental conditions of this
study, these currents would be expected to be too small to
be reliably resolved.

Although we have not begun to fully explore the biophys-
ical properties of the glucose-regulated VICCs, our findings
suggest a dual mechanism of action by which slow oscilla-
tions of [Ca’*]; are generated by Ca** influx through both G-
type and Icrac-type channels. The G-type channel is pro-
posed to provide the necessary means by which transmem-
brane Ca** influx triggers CICR, possibly acting through
ryanodine receptor/Ca*" release channels located in the en-
doplasmic reticulum. In contrast, Icrac-type channels are
proposed to provide the entry path for Ca’ influx that is
directed to refilling calcium stores (capacitative calcium entry
mechanism). The combination of Ca®* influx via G-type
channels and the resultant CICR would generate the rising
phase of the oscillations, whereas influx via Icrac-type chan-
nels would play a role in refilling intracellular Ca** stores. A
combination of Ca** uptake by intracellular stores and extru-
sion across the plasma membrane would result in the falling
phase of these oscillations. It has been shown in mouse
pancreatic acinar cells that after a cytosolic Ca®* spike, an
average 39% of the total mobilizable cellular Ca** pool is
extruded (34). The proportions of cytosolic Ca** removed by
uptake or extrusion are not known for g8-cells or HIT-T15
cells; however, stimulation of HIT-T15 cells with thapsigar-
gin, which elevates intracellular [Ca**], does cause an
increased efflux of Ca** from these cells (Leech, C. A., and
P.J. S. Smith, unpublished observations).

At the metabolic level, the glucose signaling system that
mediates slow oscillations of [Ca’*}, appears to be quite
distinct from that which mediates fast oscillations of [Ca®*);
observed during stepwise shifts in glucose concentration.
The fundamental features of these two glucose signaling
systems are summarized in Fig. 7. In Fig. 7A is illustrated the
conventional signaling system involving VDCCs (12, 16),
which comes into play during stepwise shifts in the glucose
concentration. This signaling system is likely to trigger Ca**-
dependent insulin secretion during the transition from fasting
to feeding states. In Fig. 7B is illustrated the herein proposed
nonconventional signaling system that uses VICCs and may
play a dominant role to maintain insulin secretion under
conditions of steady state glucose concentration, as occurs
during the fasting normoglycemic state. Both signaling sys-
tems require glucose metabolism, but differ in that the con-
ventional pathway uses ATP generated by aerobic glycolysis,
whereas the nonconventional pathway uses a yet to be
characterized metabolite(s), possibly including cyclic ADP-
ribose (35, 36).
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FIG. 7. A, Glucose-signaling pathways that may mediate the rise in
[Ca®*); observed after a stepwise increase in glucose concentration. The
uptake and metabolism of glucose generate ATP, which acts to depo-
larize (depol.) 8-cells by inhibiting ATP-sensitive potassium channels
(ATP-K) that regulate the resting membrane potential. Membrane
depolarization leads to the activation of VDCC. Influx of Ca** through
these channels causes the elevation of cytosolic [Ca®*'], which also
triggers CICR through activation of the ryanodine receptor/calcium
release channels (RYR). B, For a cell equilibrated in a fixed concentra-
tion of glucose below the threshold for initiation of electrical bursting,
metabolism of glucose may generate multiple signals. These are pro-
posed to include ATP, cyclic ADP-ribose (cADP-R) generated from
nicotinamide adenine dinucleotide (NAD), and an as yet to be charac-
terized metabolite (?) that activates the G-type channel (I¢). Influx of
Ca®* through the G-channel raises [Ca?*]; until it reaches a level that
stimulates CICR. Sensitization of the ryanodine receptors to Ca?* may
result from the action of cADP-R on them (37). Release of Ca®*" from
intracellular stores and subsequent depletion of the stores leads to
activation of a Icrac by a CIF or a small mol wt G-protein (23). Further
elevation of [Ca?*]; then inhibits release from the stores, and a combi-
nation of Ca?* extrusion from the cell and reuptake by the stores brings
[Ca?*]; back to basal levels.

It is important to emphasize that the slow [Ca®*]; oscilla-
tions described here depend on glucose concentrations in the
normoglycemic range, such as occurs during the fasting state.
The mechanisms regulating the oscillations in [Ca®*}; are
entirely different from the abrupt sustained rise in [Ca®*);
due to the opening of VDCCs in response to elevations of
blood glucose and intestinal insulinotropic peptides during
feeding. The oscillations of [Ca®*}; observed in constant nor-
moglycemic glucose concentrations originate from the pul-
satile mobilization of Ca®* from intracellular stores triggered
by a constant influx of extracellular Ca**.

In conclusion, we propose that these glucose-requiring
spontaneous oscillations in [Ca’*]; and insulin secretion are
of physiological significance during periods of interprandial
normoglycemia and serve to maintain the metabolic activity
of the B-cell and/or provide small pulses of insulin to the
peripheral insulin-sensitive tissues so as to maintain glucose
homeostasis during fasting.
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