
To regulate insulin secretion pancreatic â cells transduce

variations in the ambient glucose concentration into changes

in cytosolic Ca¥ concentration ([Ca¥]é). Even during

stimulation by constant glucose, [Ca¥]é displays oscillations

that contribute in a large way to the pulsatility of secretion

(Smith et al. 1995; Barbosa et al. 1998; Bergsten et al. 1998;
Henquin et al. 1998).

Different types of [Ca¥]é oscillations have been identified in

â cells, but their respective mechanisms and significance are

only partly understood. Within intact mouse islets, the

membrane potential of glucose-stimulated â cells oscillates

at a frequency of about 3 min¢, sometimes associated with a

slower frequency of about 0·25 min¢ (Henquin et al. 1982;
Cook, 1983). These repetitive depolarizations induce

intermittent influx of Ca¥ through voltage-dependent Ca¥

channels, which generates synchronous [Ca¥]é oscillations

(Valdeolmillos et al. 1989; Santos et al. 1991; Gilon &

Henquin, 1992). In isolated â cells, however, [Ca¥]é

oscillations are inconsistent, usually slow (0·3 min¢) and

often irregular (Herchuelz et al. 1991; Hellman et al. 1992;
Wang et al. 1993), probably reflecting the irregularity and

heterogeneity of the electrical activity in single cells

(Rorsman & Trube, 1986; Hellman et al. 1990; Smith et al.
1990; Satin et al. 1998).

Theoretical models, based on the hypothesis that the

electrical activity is poorly organized in isolated â cells

because of stochastic fluctuations in ionic channel activity,

predict that regular oscillations of the membrane potential

emerge when the cells are associated in clusters (Sherman et
al. 1988; Sherman & Rinzel, 1991). However, these models
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1. The cytoplasmic Ca¥ concentration ([Ca¥]é) was measured in single cells and cell clusters of

different sizes prepared from mouse pancreatic islets.

2. During stimulation with 15 mÒ glucose, 20% of isolated cells were inert, whereas 80%

showed [Ca¥]é oscillations of variable amplitude, duration and frequency. Spectral analysis

identified a major frequency of 0·14 min¢ and a less prominent one of 0·27 min¢.

3. In contrast, practically all clusters (2—50 cells) responded to glucose, and no inert cells were

identified within the clusters. As compared to single cells, mean [Ca¥]é was more elevated,

[Ca¥]é oscillations were more regular and their major frequency was slightly higher (but

reached a plateau at •0·25 min¢). In some cells and clusters, faster oscillations occurred on

top of the slow ones, between them or randomly.

4. Image analysis revealed that the regular [Ca¥]é oscillations were well synchronized between

all cells of the clusters. Even when the Ca¥ response was irregular, slow and fast [Ca¥]é

oscillations induced by glucose were also synchronous in all cells.

5. In contrast, [Ca¥]é oscillations resulting from mobilization of intracellular Ca¥ by

acetylcholine were restricted to certain cells only and were not synchronized.

6. Heptanol and 18á-glycyrrhetinic acid, two agents widely used to block gap junctions,

altered glucose-induced Ca¥ oscillations, but control experiments showed that they also

exerted effects other than a selective uncoupling of the cells.

7. The results support theoretical models predicting an increased regularity of glucose-

dependent oscillatory events in clusters as compared to isolated islet cells, but contradict the

proposal that the frequency of the oscillations increases with the number of coupled cells.

Islet cell clusters function better as electrical than biochemical syncytia. This may explain

the co-ordination of [Ca¥]é oscillations driven by depolarization-dependent Ca¥ influx

during glucose stimulation.
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have not yet been thoroughly tested experimentally. Thus,

most studies of islet cells used single cells or intact islets

(thousands of cells), and only exceptionally cell clusters

(Rorsman & Trube, 1986; Satin et al. 1998). Since [Ca¥]é

oscillations largely depend on membrane potential changes,

one might anticipate that they are also influenced by â cell

coupling. The single investigation using clusters of (6—14)

islet cells only quantified the frequency of glucose-induced

[Ca¥]é oscillations and concluded that it is determined by

the number of cells (Gylfe et al. 1991). This proposal has,
however, been challenged on the basis of theoretical

considerations (Smolen et al. 1993). In the present study,

therefore, normal mouse islets were dissociated into single

cells and clusters of different sizes (2—50 cells). We then

evaluated how the characteristics (regularity and frequency)

of glucose-induced [Ca¥]é oscillations were affected by the

number of cells in the preparation.

METHODS

Solutions

The control medium was a bicarbonate-buffered solution that

contained (mÒ): 120 NaCl, 4·8 KCl, 2·5 CaClµ, 1·2 MgClµ and 24

NaHCO×. It was gassed with Oµ—COµ (94:6) to maintain pH 7·4

and was supplemented with 0·5 mg l¢ bovine serum albumin

(fraction V). When the concentration of KCl was increased to

30 mÒ, that of NaCl was decreased accordingly to maintain

isosmolarity. The Ca¥-free solution used to disperse islets in

clusters contained (mÒ): 138 NaCl, 5·6 KCl, 1·2 MgClµ, 5 Hepes

and 1 EGTA, with 100 i.u. ml¢ penicillin and 100 ìg ml¢

streptomycin, and the pH was adjusted to 7·35 with NaOH. The

medium used for cultures was RPMI 1640 medium containing

10 mÒ glucose, 10% heat-inactivated fetal calf serum, 100 i.u. ml¢

penicillin and 100 ìg ml¢ streptomycin.

Preparation

The research project was approved by, and the experiments were

conducted in accordance with the guidelines of, the Commission

d’Ethique d’Exp�erimentation Animale of the University of

Louvain School of Medicine. Fed female NMRI (Naval Medical

Research Institute) mice were killed by decapitation. Islets were

isolated by collagenase digestion of the pancreas followed by

selection by hand (Jonas et al. 1998). To obtain isolated cells and

clusters, the islets were incubated for 5 min in Ca¥-free solution.

After brief centrifugation, this solution was replaced by culture

medium and the islets were disrupted by gentle pipetting through a

siliconized glass pipette. Clusters and isolated cells were then

cultured for 1—4 days on 22 mm circular glass coverslips.

To determine the proportion of non-â cells in the preparations,

coverslips with cells and clusters cultured for 2 days were fixed in

Bouin-Allen’s fluid for 6 h at room temperature. They were then

processed to immunostain á cells and ä cells with a mixture of anti-

glucagon and anti-somatostatin serum, each at a dilution of

1:25000 (Novo Biolabs, Bagsvaerd, Denmark). Positive cells were

identified by a peroxidase method using 3,3'-diaminobenzidine as

the substrate for staining. The preparations were then

counterstained with hemalun. The method has been described in

full elsewhere (Sempoux et al. 1998). Labelled non-â cells were

counted and their proportion was determined by counting the

number of nuclei.

Measurements of [Ca¥]é

Clusters and cells attached to the coverslips were loaded with fura_2

during 60 min of incubation in control medium containing 10 mÒ

glucose and 1 ìÒ fura_2 acetoxymethylester. In control

experiments, the plasma membrane of cells loaded with fura_2 was

selectively permeabilized by the á toxin from Staphylococcus aureus
(Detimary et al. 1996) to permit exit of the dye located in the

cytoplasm. After 10 min of washing, less than 20% of the dye was

retained within organelles. Loading at room temperature did not

influence this apparent sequestration, and did not affect glucose-

induced [Ca¥]é oscillations, as already reported (Miura et al. 1997).

After the preparation had been loaded with fura_2, the coverslip

was transferred into a temperature-controlled perifusion chamber

(Intracell, Royston, Herts, UK) of which it formed the bottom. The

chamber was placed on the stage of an inverted microscope (²40

objective) and perfused with control medium containing 3 or 15 mÒ

glucose and the indicated test substances, and maintained at 37°C.

The cells in which [Ca¥]é was measured were not identified

immunohistochemically. However, single cell measurements were

usually performed in large cells, which are more likely to be â than

non-â cells (Berts et al. 1995). Clusters used for recordings were

selected by size only to obtain a range from 2 to 50 cells (see below).

The tissue was successively excited at 340 and 380 nm, and the

fluorescence emitted at 510 nm was captured by a CCD camera

(Photonic Science Ltd, Tunbridge Wells, Kent, UK). The images

obtained at 1·8 s intervals were analysed by the MagiCal system

(VisiTech, Sunderland, UK). From the ratio of the fluorescence at

340 and 380 nm, the concentration of intracellular Ca¥ at each

pixel was calculated by comparison with an in vitro calibration

curve. This curve was based on the equation of Grynkiewiez et al.
(1985) and established by filling the chamber with an intracellular-

type, K¤-rich medium containing less than 1 nÒ free Ca¥ or

10 mÒ Ca¥. A dissociation constant (KD) for the fura_2—Ca¥

complex of 224 nÒ was used. The mean [Ca¥]é in an area of

interest (single cell, cluster) was then obtained by averaging the

[Ca¥]é of all pixels within this area. At the end of the experiment,

the perifusion was stopped and the chamber was filled with control

solution containing 1 ìÒ bisbenzimide (Sigma). After 30 min of

incubation, the preparation was excited at 365 nm and the number

of cells in the studied cluster was determined by counting the

fluorescent nuclei.

Analysis of the results

Single cells and clusters of cells from the same islet preparation

were cultured for 1, 2 and 4 days before being subjected to

stimulation with 15 mÒ glucose. This experiment was repeated

10 times. Initially, the characteristics of [Ca¥]é oscillations were

analysed separately for each period of culture. However, because

practically no significant effect of culture duration was observed

(see Results), the results obtained after the three culture periods

were pooled. Four categories of preparations were analysed

separately: single cells, small clusters (2—4 cells), medium clusters

(5—15 cells) and large clusters (16—50 cells).

All [Ca¥]é profiles were subjected to spectral analysis to identify

the major frequencies of the oscillations. This analysis decomposes

the time series data (xi for i = 1 to N) in a sum of cosine waves

with periods T, TÏ2, TÏ3, . . . TÏN, where T is the length of the

experiment and N is the number of samples. To avoid the influence

of slow trends of [Ca¥]é on spectral analysis, the best-fit curve

(trend) was first calculated for each experiment using a least-

squares regression procedure to a third-order polynomial equation

(y = a0xÅ + a1xÂ + aµx + a×). Detrended series were then

calculated by removing the trend from the original series, and
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spectral analysis was performed by two different approaches. First,

the power spectral density (PSD) was estimated by use of a fast

Fourier transform (FFT) algorithm allowing analysis of data when

N is not a power of 2 (FFT function from MatLab version 4.0).

Second, the PSD was estimated, also using MatLab 4.0, by the

normalized periodogram method of Lomb (Lomb, 1976), computed

according to Press et al. (1992). The highest frequency was set at

the level of the Nyquist frequency (0·5ÏÄ where Ä is the time

interval between two consecutive samples). With this method it is

possible to test the significance of a peak in the spectrum, the null

hypothesis being that the data are independent Gaussian random

values. Since the two methods gave similar results, only PSD

obtained by FFT analysis is shown. Before averaging, the spectral

power was normalized in each experiment by multiplying PSD

values by IÏJ, where I is the area under the curve of squared

detrended values and J is the area under the PSD, according to

Parseval’s theorem (Press et al. 1992).

Presentation of results

The experiments are illustrated by representative recordings, and

quantified data are presented as means ± s.e.m. The statistical

significance of differences between means was assessed by analysis

of variance followed by a Newman-Keuls test, and that of

differences between percentages by Fisher’s exact test. Differences

were considered significant at P < 0·05.

RESULTS

Cellular composition of the preparations

Three preparations cultured for 2 days were immunostained

with a mixture of anti-glucagon and anti-somatostatin serum.

They were found to contain 11% (990Ï8932) non-â cells,

which is less than the 20% non-â cells present in intact

mouse islets (Hedeskov, 1980). However, the proportion of

non-â cells was different between single cells and clusters.

As many as 33% of single cells were non-â cells, whereas the

average proportion of non-â cells was 10% in small clusters

(2—4 cells), 8% in medium clusters (5—15 cells) and 7% in

large clusters (16—50 cells). Not all clusters contained non-â

cells. The probability that at least one non-â cell was present

increased with the cluster size: 28% for small clusters, 51%

for medium clusters and 73% for large clusters.
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Figure 1. Patterns of [Ca¥]é responses in single cells and clusters of cells from mouse pancreatic

islets during continuous stimulation with 15 mÒ glucose

The categories of small and large clusters correspond to 2—4 and 16—50 cells, respectively. The recordings

were obtained after 1, 2 or 4 days of culture as indicated. Note that the figure illustrates the different

patterns of [Ca¥]é responses but not their relative incidence, which is shown in Fig. 2.



Characteristics of [Ca¥]é in single islet cells and

clusters

When single islet cells and clusters were perifused with a

medium containing a non-stimulatory concentration of

glucose (3 mÒ), [Ca¥]é was low (between 80 and 125 nÒ) but

often slowly increased with time (not shown). In the

continuous presence of 15 mÒ glucose, a concentration that

causes half-maximum stimulation of mouse â cells

(Detimary et al. 1995), most preparations exhibited

repetitive, transient, elevations of [Ca¥]é with peaks

generally between 300 and 700 nÒ, and troughs between 80

and 140 nÒ. The pattern of these [Ca¥]é responses was

variable between clusters or single cells from different or

even the same preparation (same coverslip). Note that Fig. 1

illustrates the different patterns of [Ca¥]é response, not

their relative incidence, which is quantified in Fig. 2. The

oscillations of [Ca¥]é were sometimes regular in single cells

after 1 day (Fig. 1A) as well as in large clusters after 4 days

of culture (Fig. 1K). In contrast, some single cells and

clusters showed [Ca¥]é oscillations that were regular in

amplitude but irregular in frequency (Fig. 1B and G),
irregular in amplitude but regular in frequency (Fig. 1C and

F), or irregular in both (Fig. 1H and J). A minority of

single cells did not respond to glucose ([Ca¥]é was stable

below 130 mÒ) (Fig. 1D), whereas certain large clusters

showed no oscillations but a sustained elevation of [Ca¥]é

(above 300 nÒ) (Fig. 1L).

When intact islets are cultured for 4 days in the presence of

10 mÒ glucose, the rapid [Ca¥]é oscillations (2—3 min¢)

induced by 15 mÒ glucose progressively disappear and are

replaced by a sustained elevation of [Ca¥]é (Gilon et al.
1994). For unknown reasons, the behaviour of the clusters
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Figure 2. Analysis of [Ca¥]é responses in single cells and clusters of cells from mouse pancreatic

islets during continuous stimulation with 15 mÒ glucose

A, percentage of single cells and clusters showing oscillations or a sustained elevation of [Ca¥]é. The total

number of preparations studied (n) is given for each column. B, frequency of the major [Ca¥]é oscillation

identified by spectral analysis; means and s.e.m. C, percentage of single cells and clusters showing [Ca¥]é

oscillations that were regular in amplitude only, frequency only or both amplitude and frequency. D,
average [Ca¥]é calculated over the 30 min period of stimulation, for all single cells and clusters, or for only

those showing [Ca¥]é oscillations; means and s.e.m.



was different. Except for the fact that the sustained

elevation of [Ca¥]é in clusters mainly (11Ï12 clusters)

occurred after 4 days, no time-dependent change in the

[Ca¥]é responses was observed. In particular, culture

duration did not significantly influence the characteristics of

[Ca¥]é oscillations. The situation might have been different

if the islets had initially been completely dissociated into

single cells, and time needed for the clusters to reconstitute.

The results obtained after 1, 2 and 4 days of culture were

therefore pooled (Fig. 2).

During continuous perifusion with 15 mÒ glucose, a [Ca¥]é

response was observed in 79% of single cells and 97, 99 and

100% of the small, medium and large clusters (Fig. 2A).
This response was characterized by large, slow oscillations

of [Ca¥]é, except in a minority (< 5%) of the clusters, in

which the [Ca¥]é rise was sustained. In some single cells and

clusters, faster oscillations were associated with the slower

ones, giving the response a mixed pattern. They occurred

on top of the slow oscillations, between them or randomly.

Results from all experiments in which [Ca¥]é oscillations

were observed were subjected to a spectral analysis, and the

results were averaged for the four categories of preparation

(Fig. 3). The broad peak obtained in single cells reflects the

variability of the response. The major frequency was 0·14

min¢, but a hump on the left of the spectrum indicates that

a less prominent frequency of 0·27 min¢ was also present.

The distribution was much narrower for clusters, with an

increase in the major frequency to 0·20 min¢ in small

clusters and to 0·26 min¢ in medium and large clusters. The

major frequency of [Ca¥]é oscillations identified by spectral

analysis in individual experiments was also averaged for

each group (Fig. 2B). It increased from 0·17 min¢ in single

cells to 0·26 min¢ in large clusters. The frequency was

significantly higher (P < 0·01) in clusters of all sizes than in

single cells, and in large clusters than in small clusters, but

was not different between medium and large clusters.

The association of islet cells in clusters had a marked impact

on the regularity of [Ca¥]é oscillations (Fig. 2C). Among
responsive single cells, only 30% showed [Ca¥]é oscillations

that were regular in both amplitude and frequency; in 15%

the oscillations were regular in amplitude only and in 8%

they were regular in frequency only; in the remaining 47%

they were irregular in both. The regularity was greater in

clusters, and characterized 70—90% of [Ca¥]é oscillations in

medium and large clusters (P < 0·001 vs. single cells)

(Fig. 2C). The difference between small clusters and single

cells was not significant (P = 0·10).

For each type of preparation, the average [Ca¥]é was

calculated for the whole 30 min period of recording

(Fig. 2D). It was higher (P < 0·001) in clusters of all sizes

than in single cells, and higher (P < 0·01) in large clusters

than in small clusters, but not different between medium

and small or large clusters. Similar results were obtained

after exclusion of unresponsive single cells and clusters with

a sustained elevation of [Ca¥]é, i.e. when only those

preparations showing [Ca¥]é oscillations were considered

(Fig. 2D).

Synchrony of [Ca¥]é changes in clusters of islet cells

The irregularity of the [Ca¥]é changes induced by glucose in

certain clusters of islet cells could result from the

asynchrony of similar or distinct oscillations in poorly

coupled cells. This was evaluated by analysing [Ca¥]é

oscillations in different cells of the clusters, with particular

attention to those in which the pattern of the response was

irregular.

In none of the active clusters that were analysed did we find

cells that remained silent. When the global response of the

cluster was regular (159Ï250 preparations), well

synchronized, similar oscillations of [Ca¥]é were observed in

all regions, as illustrated for five regions each corresponding

to 2—3 cells in a cluster of 41 cells (Fig. 4A). Similar findings
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Figure 3. Spectral analysis of [Ca¥]é profiles in single cells and clusters of cells from mouse

pancreatic islets during continuous stimulation with 15 mÒ glucose

The curves show mean spectra for all responsive preparations in each group.



were obtained in the 37 preparations showing a regular

pattern of [Ca¥]é that were examined.

The response was irregular in 61Ï250 doublets or clusters,

and was analysed in 30 of them. In a cell doublet with slow

and fast [Ca¥]é oscillations, both types of event were almost

perfectly synchronized in the two cells (Fig. 4B). In larger

clusters all slow and most rapid events usually remained

synchronized. Sometimes, however, brief [Ca¥]é transients

(< 10 s) were observed in some but not all cells (Fig. 4C,
arrows below traces 3 and 4). The marked variations in the

duration of [Ca¥]é oscillations occurring in certain clusters

(Fig. 1G) resulted from a similar change in all cells and not

from temporary desynchronization of the signal between

cells (not shown).

Approximately 10% of the single cells exhibited both slow

and rapid oscillations (Fig. 4D). These were similar in two

distinct regions of the cell, but subtle differences might have

escaped detection at the magnification used for the present

experiments.

The preceding analysis indicates that the mixed or irregular

patterns of [Ca¥]é oscillations observed in some clusters do

not result from the association of cells showing distinct

intrinsic responses or from a poor coupling of the cells. If

our interpretation is correct, uncoupling of the cells in a

cluster should perturb the global response. This was

attempted by treating the clusters with heptanol or 18á-

glycyrrhetinic acid, two agents widely used to block gap

junctions (Niggli et al. 1989; Goldberg et al. 1996). Both
indeed altered the pattern of [Ca¥]é oscillations in glucose-

stimulated clusters of islet cells (not shown), but the

following control experiments revealed that these drugs do

not act selectively by inhibiting gap junctions. In six clusters

from three preparations, the amplitude of [Ca¥]é oscillations
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Figure 4. Synchrony of [Ca¥]é oscillations in clusters of cells from mouse pancreatic islets during

continuous stimulation with 15 mÒ glucose

The changes in [Ca¥]é were analysed in the cells or cell regions shown by the numbered shaded areas in the

drawings of the whole clusters at the top of each panel. A, cluster of 41 cells (4 days) in which the global

response was regular. B and C, cell doublet (2 days), and cluster of 10 cells (2 days) with irregular

oscillations. D, single cell (2 days) showing both slow and fast oscillations.



imposed by repetitive depolarizations with 30 mÒ K¤ was

reduced by 1 mÒ heptanol (from 427 ± 42 to 194 ± 27 nÒ).

A similar, 50% inhibition of K¤-induced [Ca¥]é rise was

observed in single cells (not shown). This confirms that

heptanol has a direct effect on â cell voltage-dependent Ca¥

channels (P�erez-Armendariz et al. 1991). 18á-Glycyrrhetinic
acid rapidly and reversibly raised [Ca¥]é in clusters of cells

(not shown), but the same effect also occurred in single cells

(Fig. 5), which demonstrates that the drug exerts effects

other than those mediated by blockade of gap junctions. The

nature of these effects was not investigated.

Glucose-induced [Ca¥]é oscillations depend on oscillations of

membrane potential and Ca¥ influx. [Ca¥]é oscillations can

also result from repetitive mobilization of Ca¥ from intra-

cellular stores. We investigated whether such oscillations are

also synchronized in islet cell clusters. When â cells were

kept hyperpolarized with diazoxide (Henquin & Meissner,

1982), glucose did not induce [Ca¥]é oscillations (Fig. 6A).
Acetylcholine only causes a small (3—4 mV) depolarization

without electrical activity under these conditions (Hermans

et al. 1987), but induces voltage-independent release of Ca¥
from the endoplasmic reticulum (Gylfe, 1991; Miura et al.
1997).

In the two cells of the doublet shown in Fig. 6A, acetyl-
choline (0·5 ìÒ) induced a rapid rise in [Ca¥]é. Thereafter,

large [Ca¥]é oscillations appeared in one cell, while

asynchronous, smaller [Ca¥]é oscillations appeared in the

second cell. In other experiments we first ascertained that

the cells were well coupled by adding diazoxide only after

recording of the synchronous oscillations of [Ca¥]é induced

by glucose. In the cluster of four cells shown in Fig. 6B, the
addition of acetylcholine evoked a similar first rise in [Ca¥]é,

but subsequent repetitive peaks of [Ca¥]é were observed in

only 2Ï4 cells. Not only were the rapid transients

asynchronous, but also the slower [Ca¥]é oscillations, of

similar duration to those induced by glucose, were restricted

to one cell of the cluster. It should be noted that these

repetitive [Ca¥]é transients occurred in only 7Ï20 clusters

stimulated with 0·5 ìÒ acetylcholine. In the others, [Ca¥]é

remained steadily elevated slightly above basal levels after

the initial large peak. When a higher concentration of

acetylcholine was used (10 ìÒ), the proportion of clusters

showing repetitive [Ca¥]é transients was lower (4Ï24) and,

again, these transients were asynchronous and occurred in

some cells only. Mobilization of intracellular Ca¥ by acetyl-

choline thus causes asynchronous [Ca¥]é oscillations in

clusters of islet cells in which stimulation of Ca¥ influx by

glucose causes synchronous [Ca¥]é oscillations. These

experiments also indicate that an asynchrony of the Ca¥

responses to glucose would not have been missed with our

recording system.

DISCUSSION

Single islet cells exhibit heterogeneous [Ca¥]é responses to

glucose (Herchuelz et al. 1991; Hellman et al. 1992; Wang et
al. 1993). The present study provides a quantification of this

heterogeneity and shows that it decreases upon organization

into clusters of coupled cells. About 20% of the isolated cells

did not respond to glucose, 40% showed irregular [Ca¥]é

oscillations, 15% showed oscillations regular in amplitude or

frequency, and only 25% showed completely regular

oscillations. Non-â cells, which made up 33% of the single

cells in our preparations, may contribute to this

heterogeneity. However, we are confident that a

substantially smaller proportion of non-â cells was studied

here because large single cells (mouse â cells are larger than

á and ä cells; Berts et al. 1995) were usually selected for

[Ca¥]é measurements. It is thus clear that single â cells

respond heterogeneously to glucose, but formal identification

of the cells would be necessary to determine their

proportion among the unresponsive cells. It is unlikely that

dead cells were studied because these have apparent high

[Ca¥]é and a dense, very fluorescent nucleus after staining

with bisbenzimide, two features that did not characterize

the unresponsive cells. Moreover, two-thirds of the cells that

were unresponsive to glucose alone showed an increase in

Ca¥ oscillations in pancreatic â cellsJ. Physiol. 520.3 845

Figure 5. Effects of a putative blocker of gap junctions on [Ca¥]é in a single islet cell

A single islet cell was continuously stimulated with 15 mÒ glucose (G15), and 75 ìÒ 18á-glycyrrhetinic

acid (AGA) was added to the medium for the indicated period. Representative of 6 experiments.



[Ca¥]é upon stimulation with tolbutamide (F. C. Jonkers & J.

C. Henquin, unpublished observations).

In contrast to isolated cells, only a small proportion (1—3%)

of the clusters did not show a Ca¥ response consisting of

either oscillations or, much more rarely, a sustained

elevation. Since no silent cells were seen within responsive

clusters, it appears that cells that are unresponsive when

isolated become active when associated with other cells. It

also seems that the 7—10% non-â cells present in the

clusters are entrained by the â cells to which they may be

coupled (Meda et al. 1982). However, these conclusions are

qualified by the fact that some clusters were composed of

two layers of cells, and that the signal originating from

active cells in one layer may have masked the presence of an

inactive cell in the other layer. It is also possible that

disruption of the islet architecture alters the genuine

behaviour of non-â cells. These have been shown to display

[Ca¥]é responses distinct from those of â cells in intact islets

(Asada et al. 1998; Nadal et al. 1999).

Mathematical models (Sherman et al. 1988; Sherman &

Rinzel, 1991) predict an increase in the regularity of

glucose-induced electrical activity in â cells when they

associate in coupled clusters of sufficient size. Although

these models specifically addressed electrical oscillations

faster (3 min¢) than the large [Ca¥]é oscillations occurring

in islet cells, we hypothesized that the latter might also be

influenced by â cell association because they also result from

depolarization-induced Ca¥ influx (Hellman et al. 1992;
Miura et al. 1997). Our observation that coupling of just a

few cells (not necessarily a whole islet) is sufficient for
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Figure 6. Asynchrony of [Ca¥]é changes resulting from intracellular Ca¥ mobilization in clusters

of cells from mouse pancreatic islets

A cell doublet (2 days) and a cluster of 4 cells (2 days) were perifused with a medium containing 15 mÒ

glucose (G15) throughout. A, diazoxide (Dz, 250 ìÒ) was present throughout, and acetylcholine (ACh,

0·5 ìÒ) was added as indicated. B, diazoxide and acetylcholine were added as indicated. The recording was
interrupted for 6 min after addition of diazoxide. The changes in [Ca¥]é were analysed in the cells or cell

regions shown by the numbered shaded areas in the drawings of the clusters above each panel.

Representative of 7 experiments.



regularity to appear thus provides the first direct support to

the models.

Besides the regularity, the frequency of glucose-induced

[Ca¥]é oscillations was also different in isolated â cells and

clusters. When a preparation displays only one type of

regular oscillation, the frequency is easily determined. This

is much less easy when the duration and the amplitude of

the oscillations fluctuate. Results from all experiments,

therefore, were subjected to spectral analysis to identify the

significant frequencies. The major frequency slightly

increased with the cluster size but reached a plateau at

about 0·25 min¢, which is much less than the increase

(0·3—0·6 min¢) found by others who compared a few

clusters of 6—14 cells with single cells from obÏob mouse

islets (Gylfe et al. 1991). In agreement with the prediction of
mathematical models (Smolen et al. 1993), our data,

therefore, do not suggest that the association of increasing

numbers of islet cells leads to the emergence of fast

oscillations.

There seems to exist a basic oscillatory phenomenon, with a

period of •4 min, that is detectable in some single cells and

becomes much more apparent in clusters. In contrast,

assembly of islet cells into clusters did not lead to the

appearance of rapid oscillations (several per minute). These

were present in certain large clusters but sometimes also in

single cells, and may thus depend on factors other than cell

association. Fast [Ca¥]é oscillations (•2 min¢) have also

been found to be rare in single rat (Pralong et al. 1994) or
obÏob mouse islet cells (Hellman et al. 1992), except when
the cells were studied immediately after isolation of the

islets, or when an agent capable of raising cAMP levels was

present in the medium. It is possible that paracrine

communication between the different types of islet cells is

necessary for generation of fast oscillations (Hellman et al.
1992; Nadal et al. 1999). Recently, it has been suggested

that the mixed pattern of slow and superimposed faster

oscillations is due to separate cell populations with the

respective response (Liu et al. 1998). Although this

explanation may be correct for whole islets from obÏob mice,

it does not explain the mixed patterns observed here in

clusters of islet cells from normal mice; both slow and rapid

oscillations could be found in cell doublets and even in

certain single cells.

Both regular and irregular oscillations of [Ca¥]é are well

synchronized in glucose-stimulated islets (Valdeolmillos et
al. 1993; Gilon et al. 1994). Admittedly, the analyses

previously performed at the islet level covered zones of

several tens or hundreds of cells. Here the area of analysis

was cell sized. Yet, even when the pattern of the oscillations

was irregular, the synchrony between cells was good. As

observed previously between two halves of an islet

(Valdeolmillos et al. 1993), partial desynchronization also

occurred in small clusters, but was a rare event. Altogether

the present and previous data indicate that good electrical

coupling of â cells is the rule, resulting in synchronous

voltage-dependent Ca¥ influx in all cells.

The contrast with [Ca¥]é oscillations resulting from IP×-

induced mobilization of intracellular Ca¥ is striking. Except

for a similar initial Ca¥ peak, distinct, asynchronous Ca¥

transients occurred in the different cells of a cluster. Islet

cell clusters thus function as electrical syncytia in which co-

ordinated changes in membrane potential drive synchronous

Ca¥ influx. In contrast, they do not seem to function as

biochemical syncytia when cellular Ca¥ is mobilized by IP×.

It has long been known that only a fraction of isolated â

cells release insulin upon stimulation by glucose, and that

cell contact increases both the number of responsive cells

and their individual response (Halban et al. 1982; Pipeleers
et al. 1982). Our findings perhaps provide an explanation for
these observations. Thus, the proportion of cells failing to

show a Ca¥ response was smaller in clusters than in isolated

cell preparations, and their mean [Ca¥]é was higher. The

triggering signal of exocytosis was therefore present in more

cells and was stronger in each cell after formation of the

clusters. However, because glucose can also amplify the action

of Ca¥ on exocytosis (Gembal et al. 1992), metabolic factors
may also participate in the improvement of the secretory

response of associated cells. Other specific approaches are

needed to distinguish between these possibilities.

In conclusion, our measurements of [Ca¥]é in glucose-

stimulated islet cells support theoretical models (Sherman et
al. 1988; Sherman & Rinzel, 1991) predicting an increased

regularity of the glucose-dependent oscillatory events in

clusters as compared with isolated cells. Association of the

cells also lowered the proportion of non-responsive cells but

only slightly increased the frequency of [Ca¥]é oscillations,

leading to the emergence of a major frequency of about

0·25 min¢. The number of â cells in the cluster thus appears

to have a greater influence on the regularity than on the

frequency of glucose-induced [Ca¥]é oscillations. Even when

the Ca¥ response was characterized by a mixed, irregular

pattern, both slow and fast events were present in the same

cells and, save for a few cases of fast events, were

synchronous in all cells of the clusters. In contrast, [Ca¥]é

oscillations generated by intracellular Ca¥ mobilization with

acetylcholine were restricted to certain cells of each cluster.

It appears, therefore, that islet cell clusters function better

as electrical than as biochemical syncytia and that this may

explain the co-ordination of [Ca¥]é changes driven by

membrane potential-dependent Ca¥ influx.
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