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Abstract

The stimulus-secretion coupling for insulin secretion by pancreatic� cells in response to high glucose involves synchronic cytosolic calcium
o ar ca
s cillations by
b find that
g ous nuclear
c h as
g n of
p s
i us,
b
©

K

1

r
g
T
m
p
m
d
C
(

nous
a
ivity

iated
,
of

n and
s
pli-
l
is is
al
tab-

0
d

scillations driven by bursting electrical activity. Calcium inside organelles can regulate additional functions, but analysis of subcellullcium
ignals, specially at the single cell level, has been hampered for technical constrains. Here we have monitored nuclear calcium os
ioluminescence imaging of targeted aequorin in individual cells within intact islets of Langerhans as well as in the whole islet. We
lucose generates a pattern of nuclear calcium oscillations resembling those found in the cytosol. Some cells showed synchron
alcium oscillations suggesting that the islet of Langerhans may also regulate the activation of Ca2+-responsive nuclear processes, suc
ene transcription, in a coordinated, synchronic manner. The nuclear Ca2+ oscillations are due to bursting electrical activity and activatio
lasma membrane voltage-gated Ca2+ channels with little or no contribution of calcium release from the intracellular Ca2+ stores. Irregularitie

n consumption of aequorins suggests that depolarization may generate formation of steep Ca2+ gradients in both the cytosol and the nucle
ut further research is required to investigate the role of such high [Ca2+] microdomains.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Pancreatic�-cells within the islet of Langerhans are
esponsible for insulin secretion after an increase of blood
lucose and their dysfunction causes diabetes mellitus.
he stimulus-secretion coupling process involves glucose
etabolism, which provokes the closure of ATP-dependent
otassium channels (KATP), responsible for the resting
embrane potential[1]. As a result, the plasma membrane
epolarizes and causes the opening of voltage dependent
a2+ channels and a rise of the cytosolic Ca2+ concentration

[Ca2+]cyt) [2]. Glucose-induced Ca2+ signals in all the�-
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cells within the same islet of Langerhans have a synchro
and homogeneous [Ca2+]cyt oscillatory pattern. This is
consequence of the bursting pattern of electrical act
characteristic of pancreatic�-cells [3,4] which drives Ca2+

oscillations, and the characteristic gap junctional-med
coupling among the�-cell population[5]. Consequently
insulin secretion is pulsatile, coinciding with the peaks
[Ca2+]cyt [6–8].

In addition to its role in insulin secretion, Ca2+ mediates
other processes, such as gene transcription, proliferatio
apoptosis. The ability of Ca2+ to elicit different cell response
depends on its route of entry, localization and code of am
tude or frequency of Ca2+ oscillations. The role of loca
subplasmalemmal gradients in the control of exocytos
well known[9]. In contrast, information on the role of loc
Ca2+ signals in subcellular organella is scarce. It is well es
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lished that the nucleoplasmic concentration of free calcium
([Ca2+]nuc) regulates gene transcription[10], but how nucle-
oplasmic Ca2+ signals are generated is still unclear.

In pancreatic�-cells, nutrients, such as glucose and cer-
tain fatty acids, modulate the expression of several candidate
immediate early genes (IEGs), most of them being involved
in many aspects of�-cell function including differentiation,
proliferation and apoptosis. The action of these nutrients is
specific for some IEGs and occurs at the transcriptional level
in a Ca2+-dependent manner[11–13]. Additionally, Ca2+ ions
are thought to participate in the transcriptional control of
insulin [14,15]. Thus, regulation of Ca2+ dynamics in the
nucleus might be important for�-cell function. In pancreatic
�-cells there seems to be no Ca2+ barrier between the cytosol
and the nucleoplasm[16], but the nuclear envelope contains
functional ATP-dependent K+ channels that may link glucose
metabolism, nuclear Ca2+ signaling and gene expression[17].
Therefore Ca2+ signals in nucleus and cytosol may be dif-
ferentially regulated. Current evidence suggests independent
regulation of nuclear calcium in some cell types[18–22].

The use of targeted aequorins has enabled unambigu-
ous monitoring of subcellular calcium changes in several
organella including the nucleus[23]. We have reported
recently that single-cell imaging of targeted aequorin can
be used to monitor [Ca2+]nuc oscillations in excitable cells
[24]. We also reported that sustained [Ca2+] increases were
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Molecular Probes and cloned in the pHSVpUC plasmid as
previously reported[26].

2.2. Pancreatic islet culture and expression of aequorins

Experiments were conducted under the guidelines of the
Commission d’Ethique d’Exṕerimentation Animale of the
University of Louvain School of Medicine. Islets were iso-
lated by collagenase digestion of the pancreas followed by
selection by hand[27]. Islets were infected with herpes sim-
plex virus type 1 (HSV1) delivering the targeted aequorins
(1–3× 103 infectious virus particles per islet)[26]. Infected
islets were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and antibiotics for
24 h. Packaging and titration of the pHSVnuAEQ (nuclear)
and pHSVcytAEQ (cytosolic) viruses was performed as
reported previously[26].

2.3. Fura-2 imaging of cytosolic calcium

Cultured pancreatic islets were incubated with fura-2/AM
(4�M) for about 1 h at room temperature in standard medium
of the following composition (mM): NaCl, 145; KCl, 5;
MgCl2, 1; CaCl2, 1; HEPES, 10; pH, 7.4; glucose, 10. Then,
islets were washed with the same medium and placed in a
chamber thermostated at 37◦C in the stage of an inverted
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aithfully transmitted into the nucleus, whereas [Ca2+]cyt
scillations driven by electric activity were dampened by
uclear envelope[20].

The aim of the present work is to study nuclear C2+

ignals in�-cells within intact islets by bioluminescen
maging of targeted aequorins. We find that [Ca2+]nuc was
ncreased in response to stimulation with high glucose. S
ndividual cells of the islet showed synchronous [Ca2+]nuc
scillations which resemble those triggered by elect
ctivity in cytosol. [Ca2+]nuc oscillations were dependent
a2+ entry through L-type Ca2+ channels at the plasma me
rane but were not affected by emptying of intracellular C2+

tores. The existence of this nuclear synchronization indi
hat�-cells within each intact islet may also behave as a s
ium in terms of nuclear Ca2+ signals and the regulation
uclear Ca2+-responsive processes. This is suggested b

act that gap-junction-mediated coupling between�-cells is
requirement for an appropriate gene expression[25].

. Material and methods

.1. Materials

Twelve-weeks old, male Balb/c mice were kept at the
ersity animal facilities under 12 h light–12 h dark conditi
nd fed ad libitum. Culture medium, sera and antibiotics w
btained from GIBCO. Fura-2 and fluo-3 were purcha

rom Molecular Probes Europe (Leiden, The Netherlan
uclear and cytosolic aequorin cDNAs were obtained f
icroscope (Nikon Diaphot). Islets were then perifused
rewarmed (37◦C) bicarbonate-buffered solution of the f

owing composition (in mM): NaCl, 120; KCl, 4.8; CaC2,
.5; MgCl2, 1.2; NaHCO3, 24; glucose, 3. The solution w
ontinuously gassed with 94% O2–6% CO2 to maintain pH a
.4. Islets were epi-illuminated alternately at 340 and 380
nd light emitted above 520 nm was measured using a

cal Image Processor (Applied Imaging, Newcastle, U
ixel by pixel ratios of consecutive frames were produ
nd [Ca2+]i was estimated from these ratios by compar
ith fura-2 standards. Other details have been reported e

4,28].

.4. Confocal microscopy of cytosolic calcium

Swiss albino OF1 male mice (8–10 weeks old) were k
y cervical dislocation according to national guidelines. P
reatic islets of Langerhans were isolated by collage
igestion as previously described[27] and loaded with 5�M
luo-3 AM for at least 1 h at room temperature. Loa

slets were kept in a medium containing (mM): NaCl, 1
aHCO3, 25; KCl, 5; MgCl2, 1.1; NaH2PO4, 1.2; CaCl2, 2.5;
EPES; 2,5; bovine serum albumin, 1%;d-glucose, 5 mM
his solution was kept at pH 7.35 by continuous gas
ith 95% O2–5% CO2. Islets were perfused with a mo
ed Ringer solution containing (mM): 120 NaCl, 5 KCl,
aHCO3, 1.1 MgCl2 and 2.5 CaCl2; pH 7.35, when gasse
ith 95% O2 and 5% CO2. Experiments were performed
4◦C. Calcium measurements were performed in indivi
ells with a Zeiss Pascal 5 confocal microscope equipped
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a×40 oil immersion objective (N.A., 1.3). Images were col-
lected at 2 s intervals and treated with the Zeiss LSM software
package. Results are expressed as the change in fluorescence
�F expressed as the percentage of the basal fluorescence
(F0) observed in absence of stimulus.� and�-cells within
the islets were identified by their [Ca2+]i oscillatory pattern
in 3 and 11 mM glucose, respectively[29].

2.5. Bioluminescence imaging of islets expressing
targeted aequorin

Islets expressing apoaequorins were incubated for 1–2 h
at room temperature in standard medium with 1�M coe-
lenterazine. Then the islets were placed into a incubation
chamber thermostated to 37◦C mounted in a Zeiss Axiovert
100 TV microscope and perfused at 5–10 ml/min with the
same bicarbonate-buffered detailed above with low (3 mM)
glucose. At the times indicated, islets were perfused with
the same medium containing high glucose (11 mM), high K+

(30 mM, replacing isosmotically Na+) or other test solutions,
prewarmed at 37◦C. At the end of each experiment, cells
were permeabilized with 0.1 mM digitonin in 10 mM CaCl2
to release all the residual aequorin counts. Bioluminescence
images were taken with a Hamamatsu VIM photon counting
camera handled with an Argus-20 image processor and inte-
grated for 10 s periods. Photons/cell in each image were quan-
t were
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fused with the luciferase structural gene. The resulting fusion
protein locates at the cytosol, but is excluded from the nucleus
(data not shown).

3. Results

Adequate expression of the targeted aequorins requires
24 h of culture. Therefore, we investigated first whether the
infection and the subsequent culture for 1 day in vitro (DIV)
influences the normal cytosolic calcium responses of pancre-
atic islets. For this end, islets were infected with the virus
delivering targeted probes and cultured for 24 h. Then, they
were loaded with fura-2 or fluo-3 and subjected to either
conventional fluorescence microscopy (Fig. 1A) or confocal
microscopy (Fig. 1B). Fig. 1A shows the cytosolic calcium
responses imaged in a single fura-2 loaded islet. Increasing
the glucose (GLU) concentration from 3 to 11 mM (GLU)
induced, after a 2–4 min lag, a rapid increase of [Ca2+]cyt
followed by a plateau that was sometimes associated with
oscillations occurring over the plateau. When imaged with
confocal microscopy, these [Ca2+]cyt oscillations were more
apparent in some individual cells (Fig. 1B), with clear signs

Fig. 1. Cytosolic calcium responses in cultured pancreatic islets. Freshly
isolated mouse pancreatic islets were infected with herpes virus deliver-
ing nuclear aequorin and cultured for 24 h. Then, the islets were loaded
with fura-2 (A) or fluo-3 (B) and [Ca2+]cyt was monitored by conventional
fluorescence (A) or confocal (B) microscopy. A. The effects of increasing
glucose concentration from 3 to 11 mM (GLU) and of high K+ (K) was stud-
ied. Furnidipine was used at 1�M. The results shown are representative of
3 (A) and 4 (B) similar experiments.
ified using the Hamamatsu Aquacosmos software. Data
rst quantified as rates of photoluminescence emission
.p.s remaining at each time and divided by the integra
eriod (L/LTOTAL in s−1). Emission values of less than 4 c.
r 40 c.p.s for individual cells and whole islets respectiv
ere not used for calculations. Calibrations for [Ca2+] are
hown with the Figures. More details about bioluminesc
maging of aequorin have been reported previously[24]. For
alculation of oscillation indexes the differences (in ab
ute value) between eachL/LTOTAL value and the followin
ne were added and divided by the total number of m
urements during the integration period. This paramet
ensitive to both the amplitude and the frequency of osc
ions[20,24,30]

.6. Batch luminescence measurements

In some experiments batch measurements using 2–5
ere performed in order to increase sensitivity. For th
urposes, islets expressing nuclear aequorin were incu
ith coelenterazine for 2 h at room temperature. Then

slets were placed into the incubation chamber of a lu
ometer constructed by Cairn Research. The islets were
red with a 70�m mesh nylon net to keep them in pla
nd they were perfused with prewarmed (37◦C) standard
edium and photoluminescence emission measured
photon-counting phototube. Counts were integrated

ntervals and [Ca2+]nuc or [Ca2+]cyt was estimated as pr
iously reported[20,31]. For [Ca2+]cyt measurements, isle
ere infected with a virus delivering an aequorin const



134 C. Villalobos et al. / Cell Calcium 38 (2005) 131–139

of synchronization among them, as previously documented
[4,29]. Return to low glucose concentration restored resting
[Ca2+]cyt values. A second stimulation with glucose provoked
a second, [Ca2+]cyt increase, which was often associated with
slow [Ca2+]cyt oscillations (Fig. 1A). The dihydropyridine
VOCC blocker furnidipine prevented the effects of stimu-
lation with high glucose (Fig. 1A). Removal of extracellular
calcium had the same effect (not shown). Depolarization with
high K+ provoked larger [Ca2+]cyt increases (Fig. 1A and B),
which were also prevented by Ca2+-free medium or furni-
dipine (not shown). Taken together, these data indicate that
islets cultured for 1 DIV show the same behavior in terms of
[Ca2+]cyt responses to glucose and depolarization than freshly
obtained pancreatic islets.

We asked next whether bioluminescence imaging of
targeted aequorins would enable monitoring dynamics of
[Ca2+]nuc in pancreatic islets.Fig. 2A shows the changes of
[Ca2+]nuc in an islet stimulated first with high glucose and
then with high K+. Four representative images of photonic
emissions superimposed to the bright field image of the pan-
creatic islet are also shown. In the resting condition the rate of
photon emission was very low (Resting in Fig. 2A). Increas-
ing glucose concentration from 3 to 11 mM induced, after a
2–3 min lag, a rise in the rate of photonic emissions (Glu-
cose) that returned to resting values when glucose was again
decreased to 3 mM. Depolarization with high K+ induced
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Fig. 2. Nuclear calcium responses of cultured pancreatic islets monitored
by bioluminescence imaging of targeted aequorin. Islets were infected with
nuclear aequorin as inFig. 1, cultured for 24 h and reconstituted for 2 h at
20◦C with 1�M coelenterazine h. (A) Nuclear calcium dynamics of a sin-
gle pancreatic islet stimulated sequentially with high glucose (11 mM) and
high K+ medium (75 mM). The pictures on top show photon 10 s-counting
images superimposed over a bright field image in resting conditions, dur-
ing high glucose stimulation and during stimulation with high potassium.
The pseudocolor scale is shown at right. The experiment was terminated
by permeabilization with digitonin (100 mg/ml) in medium containing high
calcium (10 mM). (B) Response to high glucose in four individual cells
(shown by arrows in A) of the same islet. (C) Comparison of the oscillation
indexes (OI; computed for 5 min-periods) before, during stimulation with
high glucose and after returning to control medium. Mean± S.E. of 4 values
is shown. The OI during stimulation was computed 5 min after beginning
perfusion with 11 mM glucose. Data are representative of 53 individual cells
studied in four independent experiments.
much larger increase in the rate of photonic emiss
High K+). Finally, all the remaining aequorin was burn
y permeabilization of the islet with digitonin and expos

o excess (10 mM) Ca2+ (Digitonin). Integration of the whol
equorin counts is required for calibration of the signal[31].
his maneuver also revealed all the (infected) individual
howing large levels of photonic emissions, thus enab
nalysis of individual cells within the islet (seesupplementar
ovie). Fig. 2B compares the average changes of [Ca2+]nuc

n the whole islet and in four representative individual c
ithin the same islet. At the single cell level the respo

o high glucose include [Ca2+]nuc oscillations that were no
pparent either before increasing glucose concentrati
fter returning to low glucose concentration. The oscilla
ctivity remained as long as perfusion with high glucose
aintained. InFig. 2C the oscillatory activity has been qua

ified using the oscillation index, a parameter which refl
oth the amplitude and frequency of oscillations[24,30]. The
scillation index increased about 20 fold on stimulation w
igh glucose and returned back near the resting levels
lucose was decreased to the low concentration (Fig. 2C).

It has been established previously that high glu
nduces [Ca2+]cyt oscillations that are synchronized amo
ancreatic�-cells of the same islet[4,29], and we hav
hown here that this behavior is preserved in islets cul
uring 1 DIV (Fig. 1). We asked then whether the gluco

nduced [Ca2+]nuc oscillations could also be synchroniz
ig. 3shows an experiment in which [Ca2+]nucwas monitored
imultaneously in two individual islets (a and b) that beco
ttached during culture. The effects of two consecutive s



C. Villalobos et al. / Cell Calcium 38 (2005) 131–139 135

Fig. 3. Synchronization of nuclear calcium oscillations. (A) Effects of two sequential stimulation with high glucose on nuclear calcium dynamics intwo islets
(a and b). The traces corresponding to the average of each islet and to five individual cells is shown. (B) Detailed comparison of [Ca2+]nuc oscillations induced
by high glucose in two individual cells. Results are representative of three independent experiments.

ulations with glucose in both islets and in several individual
cells within them (a1–a3 and b1–b2) are shown. The bright
field (left) and photonic emissions (right) images are shown
on top. The first stimulation with glucose induced a biphasic
increase of [Ca2+]nuc in both islets whereas the second stim-
ulation induced a [Ca2+]nuc increase composed of three slow
waves. The behavior of the individual cells illustrates further
the synchronization among cells of the same islet. Notice that
the slow oscillations occurring during second glucose stimu-
lation were also observed at the level of the cytosol (Fig. 1A).
Fig. 3B illustrates further a quite extensive (though not abso-
lute) synchronization among two cells within the same islet.

It has been established that high glucose-induced cytosolic
calcium oscillations are due to electrical activity and open-
ing of voltage-gated L-type Ca2+ channels (VOCC)[2–4].

We next investigated the source of Ca2+ for the [Ca2+]nuc
changes induced by high glucose.Fig. 4shows that removal
of extracellular Ca2+ abolished the effects of high glucose
on [Ca2+]nuc and that these effects resumed on re-addition of
Ca2+. The effects of glucose on [Ca2+]nuc were also inhibited
by furnidipine but not by emptying the intracellular calcium
stores with thapsigargin (Fig. 4), suggesting that the intracel-
lular Ca2+ stores do not participate in the generation of the
[Ca2+] responses.

Fig. 5 compares the [Ca2+]nuc responses to sequential
stimulation with high glucose and with high K+. Two consec-
utive applications of high glucose provoked a reproducible
aequorin consumption of about 5% (Fig. 5A). In contrast, the
first high K+ stimulus consumed much more aequorin than the
following ones (25% versus 5%;Fig. 5A). As a consequence,
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Fig. 4. The high-glucose-induced [Ca2+]nuc increase is due to activation
of voltage-operated calcium channel and not to release of calcium from
intracellular stores. Pancreatic islets were infected, cultured and handled as
in Fig. 2. The effects of furnidipine (1�M), Ca2+ removal and thapsigargin
pre-treatment (1�M during 1 h) are shown.

the estimate of the [Ca2+]nuc response (shown asL/LTOTAL in
Fig. 5B) was much larger for the first high-K+ stimulus than
for the two following. Conversely, both fura-2 (Fig. 1A) and
fluo-3 (Fig. 1B) reported reproducible [Ca2+]cyt responses to
repetitive stimulations with high K+. Fig. 5C compares the
estimates of [Ca2+]cyt and of [Ca2+]nuc for the first and the
second high K+ stimulus obtained in several experiments.
[Ca2+]cyt was measured using both approaches, fura-2 and
aequorin. Measurements using aequorins reported that the
first response to K+ was about four times larger than the fol-
lowing ones. Despite these differences between consecutive
K+ pulses, Ca2+ values in the cytosol and in the nucleus were
similar for each stimuli, suggesting that changes of [Ca2+]cyt
are faithfully transmitted to the nucleus (see Section4).

4. Discussion

Calcium signals within cells are sculpted in time and space
in the form of calcium oscillations, waves and microdomains.
This allows specific regulation of different cell functions,
which may be located in different cell compartments,
for example, regulated exocytosis in the subplasmalemmal
region, respiration in mitochondria or gene transcription in
nucleus. Measurements of subcellular calcium concentration
i been
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Fig. 5. Comparison of the [Ca2+]cyt and [Ca2+]nuc responses to repetitive
stimulation with high glucose or high K+. Pancreatic islets were infected,
cultured and handled as inFig. 2. (A and B) Time course of the effects of the
stimuli on aequorin content (A; remaining cps) or the calibrated signal (B,
L/LTOTAL; note logarithmic scale). Data are representative of four similar
experiments. (C) Comparison of the [Ca2+]cyt and [Ca2+]nuc responses to
repetitive stimulation. The values (mean± S.E.,n = 7) reported by fura-2,
cytosolic aequorin and nuclear aequorin are shown.* p < 0.05 (Student’st-
test). The values for [Ca2+]cyt and [Ca2+]nuc were not significantly different.

iological situation than isolated single pancreatic cells or
islet-derived cell lines, specially when considering glucose-
induced Ca2+ signals.

We find that stimulation by high glucose produced
an increase of [Ca2+]nuc, which often took the form of
oscillations that were synchronized in numerous single cells
within the islet of Langerhans. This [Ca2+]nuc response
pattern resembles the [Ca2+]cyt response, synchronous and
oscillatory, responsible for the pulsatile secretion of insulin
[6–8]. Thus, our results suggest that the cytosolic calcium
nside discrete organelles or functional domains has
ampered by technical constrains, but development o
eted (protein) probes is paving the way for this analysis
xample, the bioluminescent probe aequorin has been
o monitor calcium changes in different organelles includ
he nucleus[23], even though single-cell imaging of targe
equorin in discrete organelles has been a very difficult
chieved only in a few cases[20,24,32]. Here we have use

his novel approach to gain new insights into the homeos
f nuclear calcium in whole pancreatic islets and its re

ation by glucose. As demonstrated by in vivo studies[33],
ntact whole islets constitute a preparation closer to the p
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oscillations propagate into the nucleus to generate a similar
synchronic pattern of nuclear calcium oscillations. Signal
synchronization is mainly the result of the gap-junction-
mediated coupling network among the�-cell population.
Interestingly, the lack of coupling, which leads to synchronic-
ity malfunction, can affect not only insulin secretion[34]
but also insulin gene expression[25]. Thus, synchronization
of nuclear function could be critical for�-cell function.

It has been reported that Ca2+ signals participate in the
regulation of some transcription factors[35,36] as well as
IEGs and insulin gene expression[12–15,37]in the pancre-
atic�-cell. This regulation occurs at the transcriptional level
and can be modified or abolished by pharmacological inter-
ference with the electrical activity and Ca2+ signals in the
pancreatic�-cell [12–15]. Thus, the nuclear calcium oscilla-
tory pattern reported here could lead to a pulsatile pattern of
insulin gene expression, or any other genes involved in�-cell
function. This is not entirely new, as we have shown a pul-
satile pattern for the transcription of genes coding for other
hormones or neuropeptides that are secreted in a pulsatile
manner[38,39]. In addition, in both cases, gene transcription
dynamics may be secondary to an oscillatory calcium pat-
tern driven by electrical activity[38–42]. Thus, the bursting
pattern of electrical activity could be translated to a pattern
of transcriptional activity by means of the nuclear calcium
oscillatory pattern found here.
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domains at the submicron level, this approach may fail to
give measurements of average changes in large intracellular
compartments such as the nucleoplasm[44]. Thus, the Ca2+

signals previously reported in the�-cell nucleus could have a
particular local and restricted function in these microdomains
but would not probably represent a significant change for the
nucleoplasm Ca2+ homeostasis, specially when considering
massive Ca2+ entries from the cytosol. Second, these previ-
ous studies have used isolated cultured cells rather than intact
islets. It is known that important differences exist between
both preparations in terms of Ca2+ signals, being the latter
model closer to the physiological situation as evidenced by
in vivo studies[29,33,45].

Repetitive stimulation by depolarization with high K+

showed that both the cytosolic and the nuclear aequorins
reported Ca2+ signals of the same magnitude, but in both cases
the response to the first stimulus was larger than the response
to the following ones. This behaviour is at variance with the
findings in rat pituitary cells and bovine chromaffin cells,
where repeated stimulations yielded reproducible [Ca2+]nuc
increases[24,28]. As proposed before to explain a similar
output in mitochondria of chromaffin cells[24,28,31], these
results could be interpreted as the result of the generation of
high Ca2+ microdomains in�-cells during stimulation with
high glucose. This interpretation is complicated, however, by
the observation of the same behavior with both the cytosolic
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1990)
Whether nuclear and cytosolic calcium signaling are
erentially regulated is a matter of controversy. Dependin
he cell type studied or the technical approach employed
ences supporting either one view or the other have acc

ated[18–22]. In the case of the pancreatic�-cell, a previou
tudy concluded that glucose induced parallel changes in
Ca2+]cyt and [Ca2+]nuc of isolated individual cells from th
b/ob mouse[16]. However, it has been reported recently
ctivation of KATP channels located at the nuclear envel
ould lead to changes of [Ca2+]nuc that may modulate nucle
unction [17]. In addition, some nutrients may induce C2+

ignals of different amplitude in the cytosol and the nucleu
solated pancreatic�-cells[43]. Here we have found in inta
slets that high glucose induces a similar pattern of [C2+]
scillations in the cytosol and in the nucleus. In addition
esponse to glucose was dependent on Ca2+ entry through
OCCs in both the cytosol and the nucleus and not affe
y emptying intracellular calcium stores with thapsigar
hus, our observations using targeted aequorins suppo
iew that glucose-induced [Ca2+]nuc changes are prima

ly relayed by cytosolic Ca2+ signals, and mainly depe
n extracellular Ca2+ entry rather than intracellular inpu
herefore, it is likely that the contribution of intracellu
tores during glucose signaling, represents a minor fra
f the total Ca2+ change in the nucleus. The discrepan
ith previous reports indicating a involvement of a nuc
a2+ store in [Ca2+]nuc changes[17] may arise from differ
nt reasons. First, while the technique used in these pre
tudies, spot confocal microscopy, excels in measuring
a2+ signals and intracellular Ca2+ release sites in spat
nd the nuclear aequorins, which would require generati
igh Ca2+ domains both in the cytosol and in the nucleopla
hether such microdomains may be important for ins

ecretion and gene expression remains to be establishe
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