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1 Individual pancreatic b-cells are functionally heterogeneous. Their sensitivity to glucose is
variable, so that the proportion of active cells increases with the glucose concentration (recruitment).

2 We have investigated whether sulphonylureas also recruit b-cells, by measuring cytoplasmic Ca2+

([Ca2+]i) ± the triggering signal of insulin secretion ± in single cells and clusters of cells prepared from
mouse islets.

3 In 4 mM glucose, the threshold concentration of tolbutamide inducing a [Ca2+]i rise was variable
(5 ± 50 mM). The proportion of responsive cells and clusters therefore increased with the tolbutamide
concentration, to reach a maximum of 90% of the cells and 100% of the clusters. This recruitment
occurred faster when the glucose concentration was increased from 4 to 5 mM (EC50 of *14 and
*4 mM tolbutamide respectively).

4 Within responsive clusters little recruitment was observed; when a cluster was active, all or nearly
all cells were active probably because of cell coupling. Thus, tolbutamide-induced [Ca2+]i oscillations
were synchronous in all cells of each cluster, whereas there was no synchrony between clusters or
individual cells.

5 Independently of cell recruitment, tolbutamide gradually augmented the magnitude of the [Ca2+]i
rise in single cells and clusters. This increase occurred over a broader range of concentrations than
did recruitment (EC50 of *50 and 25 mM tolbutamide at 4 and 5 mM glucose respectively).

6 Tolbutamide (10 mM) accelerated the recruitment of single cells and clusters brought about by
increasing glucose concentrations (range of 3 ± 7 mM instead of 4 ± 10 mM glucose), and potentiated
the ampli®cation of the individual responses that glucose also produced.

7 In conclusion, both metabolic (glucose) and pharmacologic (sulphonylurea) inhibition of K+-
ATP channels recruits b-cells to generate a [Ca2+]i response. However, the response is not of an all-
or-none type; it increases in amplitude with the concentration of either glucose or tolbutamide.
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Introduction

Glucose and other nutrient secretagogues control insulin

secretion by activating two pathways in pancreatic b-cells
(Henquin, 2000). The triggering pathway involves a sequence
of now well characterized events: glucose metabolism by

oxidative glycolysis causes a rise in the ATP:ADP ratio,
which closes ATP-sensitive K+ (K+-ATP) channels, leading
to membrane depolarization, opening of voltage-dependent

Ca2+ channels, Ca2+ in¯ux, rise in cytoplasmic Ca2+

concentration ([Ca2+]i) and activation of the exocytotic
machinery (Ashcroft & Rorsman, 1989; Gilon & Henquin,

1992). The more recently identi®ed (Gembal et al., 1992;
1993; Sato et al., 1992) amplifying pathway also requires
glucose metabolism and leads to an increase in the e�cacy of
Ca2+ on exocytosis by as yet incompletely understood

mechanisms (Sato & Henquin, 1998). In b-cells, hypogly-
caemic sulphonylureas bind to the sulphonylurea receptor

SUR-1, which is the regulatory subunit of the K+-ATP

channel (Aguilar-Bryan & Bryan, 1999; Ashcroft & Gribble,
1999). This binding causes closure of the channel, membrane
depolarization and eventual rise of [Ca2+]i, thus the same

triggering pathway as that set in motion by glucose
metabolism (Gilon & Henquin, 1992; Panten et al., 1996;
Satin, 1996).

Individual b-cells are functionally heterogeneous. Their
sensitivity to glucose is variable, so that the proportion of b-
cells showing a metabolic (Kiekens et al., 1992), biosynthetic

(Schuit et al., 1988; Bosco & Meda, 1991) or secretory
(Salomon & Meda, 1986; Lewis et al., 1988; Hiriart &
Ramirez-Medeles, 1991) response increases with the concen-
tration of glucose. This has led to the proposal that the

glucose dose-response relationship largely re¯ects recruitment
of b-cells into an active state (Pipeleers et al., 1994). We have
recently reported that b-cell recruitment also occurs at the

stage of the [Ca2+]i response, but that b-cell association in
clusters, a situation that is closer to that within islets,
decreases the heterogeneity of the individual responses
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(Jonkers et al., 1999). Moreover, besides recruitment, an
increase in the magnitude of the [Ca2+]i changes in individual
b-cells markedly contributes to the concentration-dependent

e�ects of glucose (Jonkers & Henquin, 2001).
The functional responses of individual b-cells to sulpho-

nylureas have not been extensively studied, and not compared
to those of coupled b-cells in clusters. It has been reported

that, in the presence of 3 mM glucose, single rat and mouse b-
cells respond heterogeneously to tolbutamide in terms of
sensitivity and pattern of the [Ca2+]i rise (Grapengiesser et

al., 1990; Herchuelz et al., 1991; Yaekura et al., 1996).
Experiments using an insulin-secreting cell line (MIN6 cells)
have also shown that a higher proportion of cells respond to

tolbutamide with an elevation of [Ca2+]i when the cells are
aggregated than isolated (Hauge-Evans et al., 1999).
In the present study, single cells and clusters were prepared

from normal mouse islets and used to investigate whether
pharmacological blockade of the K+-ATP channel by
therapeutical concentrations of tolbutamide recruits b-cells
to generate a [Ca2+]i response and su�ces to modulate the

amplitude of the individual responses. We also evaluated
whether tolbutamide interferes with the e�ects of increasing
glucose concentrations.

Methods

Solutions

The medium used for islet isolation and for the experiments
was a bicarbonate-bu�ered solution that contained (mM):
NaCl 120, KCl 4.8, CaCl2 2.5, MgCl2 1.2 and NaHCO3 24. It
was gassed with O2 ±CO2 (94 : 6) to maintain pH 7.4 and was

supplemented with 0.5 mg ml71 bovine serum albumin (BSA,
fraction V). The Ca2+-free solution used to disperse islets in
isolated cells and clusters contained (mM): NaCl 138, KCl

5.6, MgCl2 1.2, HEPES 5 and EGTA 1, with 100 iu ml71

penicillin and 100 mg ml71 streptomycin, and its pH was
adjusted to 7.35 with NaOH. The culture medium was RPMI

1640 medium containing 10 mM glucose, 2 mM glutamine,
10% heat-inactivated foetal calf serum, and 100 iu ml71

penicillin and 100 mg ml71 streptomycin.

Preparation

The pancreas from female NMRI mice was digested with

collagenase, and the isolated islets were collected by hand-
picking under stereomicroscope (Jonas et al., 1998). Islet cells
and clusters were obtained by incubating the islets for 5 min

in Ca2+-free medium followed by dissociation in RPMI
medium by gentle pipetting through a siliconized glass
pipette. Cells and clusters were then cultured for 1 day on

22 mm circular, untreated glass coverslips to which they
spontaneously attached (Jonkers et al., 1999). All recordings
were performed with single cells or clusters between 2 and 20
cells.

Measurements of [Ca2+]i

Islet cells and clusters attached to the coverslip were loaded
with fura-PE3 by incubation for 90 min in control medium
containing 10 mM glucose and 1 mM fura-PE3 acetoxymethy-

lester. The coverslip was then transferred into a temperature-
controlled perifusion chamber (Intracell, Royston, Herts,
U.K.) of which it formed the bottom. The chamber was

placed on the stage of an inverted microscope (406objective)
and perifused (1.5 ml min71) at 378C with control medium
containing increasing concentrations of tolbutamide or
glucose. Cells and clusters were successively excited at 340

and 380 nm, and the ¯uorescence emitted at 510 nm was
captured by a CCD camera (Photonic Science Ltd, Turn-
bridge Wells, U.K.). The images were analysed by the

MagiCal system (Applied Imaging, Sunderland, U.K.).
Further details of the technique, including the method for
in vitro calibration of the signals, have been reported

elsewhere (Gilon & Henquin, 1992; Jonkers et al., 1999).
At the end of each experiment, the perifusion chamber was

®lled with 1 ml of control solution containing 1 mM
bisbenzimide for 30 min. The preparation was then excited
at 365 nm to reveal ¯uorescent nuclei, permitting unambig-
uous identi®cation of single cells and counting of the number
of cells within clusters.

Experimental protocols

The e�ects of tolbutamide and glucose were studied in
parallel, often with islet cells and clusters from the same
preparations. In the ®rst experimental series, the concentra-

tion of tolbutamide was increased stepwise (0, 5, 10, 15, 25,
50 and 100 mM) for periods of 12 min each, in the continuous
presence of either 4 or 5 mM glucose. In early experiments,

however, 5 or 50 mM tolbutamide was not tested. In the
second experimental series, the concentration of glucose was
increased stepwise (3, 4, 5, 6, 7, 8, 10 and 20 mM) for periods
of 12 min each, in the absence or presence of 10 mM
tolbutamide. However, because of memory limitations of
the recording system only seven concentrations could be
tested in sequence; therefore, either 8, 10 or 20 mM glucose

was omitted when tolbutamide was present, whereas 3 or
20 mM glucose was omitted in the absence of tolbutamide.

Characterization of the preparations

We ®rst determined the percentage of endocrine non-b-cells
in the mouse islets in situ. The whole pancreas of three mice

was stretched on cork, ®xed in Bouin's ¯uid for 24 h, and
embedded in para�n. Longitudinal slices (5 mm thick) were
then cut and processed to immunostain a- and d-cells with a

cocktail of anti-glucagon and anti-somatostatin serum, at a
dilution of 1/1800 and 1/2000 respectively (Novo Biolabs,
Bagsvaerd, Denmark). Positive cells were identi®ed by a

peroxidase method using 3,3'-diaminobenzidine as the
substrate for staining. The method has been described in full
elsewhere (Sempoux et al., 1998). Two slices separated by

500 mm were completely examined in each pancreas. In all
islet sections, the number of endocrine cell nuclei was counted
and the percentage of stained nucleated cells was determined.

We also measured the proportion of a- and d-cells in

preparations of islet cells and clusters similar to those used
for the experiments. After one day of culture, coverslips were
®xed in formol (4% in phosphate bu�er) during 18 h at room

temperature. Cells were then permeabilized with 0.02%
Triton X-100 (Fluka Chemica, Switzerland) and processed
to immunostain a-cells or d-cells separately, with anti-
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glucagon or anti-somatostatin serum (Novo Biolabs) at a
dilution of 1 : 10,000 or 1 : 25,000, respectively. Positive cells
were identi®ed by a streptavidin-biotin peroxidase system

using 3,3'-diaminobenzidine as the substrate for staining. The
preparations were then counterstained with hemalun. La-
belled non-b-cells were counted (at a ®nal magni®cation of
4006) in preparations from four di�erent cultures, and their

proportion was determined by counting the number of nuclei.

Presentation of results

The experiments are illustrated by representative recordings,
and quanti®ed data are presented as means+s.e.mean.

Results

Cellular composition of the preparation

The proportion of non-b-cells was counted in 133 islet

sections (20,290 cells), in the pancreas of three mice. It
averaged 19.8% (19, 19.2 and 21.1%), which is clearly less
than the 35% classically reported for rat islets (Baetens et al.,

1979).
The preparations used for the experiments contained a

higher proportion of non-b-cells among the isolated cells:

21% a-cells and 12% d-cells. In contrast, clusters contained
only 6% a-cells and 7% d-cells, which is in agreement with
the 9% non-b-cells previously found with a double labelling

for a- and d-cells (Jonkers & Henquin, 2001). The latter
approach also showed that 58% of the clusters did not
contain non-b-cells. These characteristics are ascribed to the
particular localization of the di�erent types of cells within the

islets: peripheral non-b-cells readily dissociate from other
cells whereas central b-cells are more prone to form clusters
without non-b-cells.
To increase the probability of studying single b-cells rather

than single non-b-cells, ®elds containing relatively large cells
were selected. Mouse b-cells are larger than a-and d-cells
(Berts et al., 1995). The studied clusters were selected on their
size that was between two and a maximum of 20 cells (mean
of 7.4+0.3 cells, n=284).

Influence of increasing tolbutamide concentrations on
[Ca2+]i in islet single cells and clusters

Islet single cells and clusters were continuously perifused with
a medium containing 4 or 5 mM glucose, and stimulated by
stepwise increases in the tolbutamide concentration (5 ±

100 mM). In this series, only few cells (7%) or clusters (1%)
were found to show [Ca2+]i elevations in response to these
glucose concentrations. These cells and clusters were not

included in the calculations to permit strict evaluation of the
e�ects of tolbutamide. The typical response to tolbutamide
was characterized by repetitive transient elevations of [Ca2+]i
(Figure 1).

Cells and clusters exhibited di�erent sensitivity thresholds
to tolbutamide. Figure 1 illustrates the responses of two cells
and two clusters which started to respond to 25 and 15 mM
tolbutamide in the presence of 4 mM glucose. It also shows
the increase in sensitivity to tolbutamide observed in single
cells and clusters when the glucose concentration was raised

to 5 mM: a rise in [Ca2+]i was already elicited by 5 mM
tolbutamide.
The percentage of islet single cells showing a [Ca2+]i rise

increased with the concentration of tolbutamide, to a
maximum of about 90% (Figure 2A). The cells that remained
silent under these conditions were probably a-cells that are
known not to respond to sulphonylureas in the mouse (Nadal

et al., 1999), but we cannot exclude the possibility that some
of these cells were unresponsive b-cells. The percentage of
clusters responding to tolbutamide also increased with the

concentration of the drug, but reached a maximum of 100%
at 25 ± 50 mM tolbutamide (Figure 2B). Both single cells and
clusters were sensitized to tolbutamide by changing the

glucose concentration from 4 to 5 mM. Thus, the EC50

values decreased from 13 to 3.9 mM tolbutamide in single cells
and from 14.8 to 3.8 mM in clusters.

The in¯uence of the tolbutamide concentration on the
magnitude of the mean [Ca2+]i response, was also measured.
In both single cells and clusters, tolbutamide induced a
concentration-dependent rise in mean [Ca2+]i that was not yet

maximal at 100 mM of the drug (Figure 3A,B). In other series
of experiments, the maximum [Ca2+]i concentrations reached
in the presence of tolbutamide were 330 nM in single cells and

420 nM in clusters (Jonkers & Henquin, 2001). The
recruitment of active cells contributes to this rise in mean
[Ca2+]i at least in the low-tolbutamide concentration range.

However, when only those cells or clusters active at a given
tolbutamide concentration were taken into consideration, a
rise in mean [Ca2+]i was still observed as the tolbutamide

concentration was raised (Figure 3C,D). The phenomenon
can be seen in Figure 1. Except at the lowest (5 ± 10 mM) and
highest (100 mM) concentrations of tolbutamide, [Ca2+]i was
higher in 5 than 4 mM glucose. In high tolbutamide (50 ±

100 mM), [Ca2+]i was higher in clusters than in single cells.
Altogether these experiments indicate that tolbutamide
augments the amplitude of the individual response and that

this e�ect is larger in clusters that in single cells. Again, the
slight increase in the glucose concentration from 4 to 5 mM

lowered the EC50 values from 50 to 28 mM tolbutamide in

single cells, and from 47 to 23 mM in clusters (Figure 3A,B).
The presence of a [Ca2+]i response within a cluster does not

necessarily imply that all cells of the cluster are active. This
was examined by analysing the signal over di�erent regions

of the cluster. Figure 4 illustrates [Ca2+]i changes in three
regions of two near clusters in the same preparation. An
excellent synchrony of the [Ca2+]i oscillations was observed

within each cluster, even when the amplitude was di�erent, as
it sometimes happens (cell 1 in cluster 1). It is also striking
that, except during the ®rst minutes following application of

15 mM tolbutamide, there was no synchrony between the two
clusters or with a nearby single cell (Figure 4). The synchrony
of the [Ca2+]i signal between cells of a cluster is shown with a

higher resolution in Figure 5. Only those transients of small
amplitude and short duration di�ered between the ®ve
di�erent regions, each covering a portion of the ®ve cells
composing the cluster.

In only 4.5% of the clusters did we observe some cells that
started to respond at di�erent tolbutamide concentrations,
and in only 2% of the clusters did we ®nd occasional cells

that remained inert in the presence of 100 mM tolbutamide.
These small percentages are in keeping with those previously
reported for glucose-stimulated clusters (Jonkers & Henquin,
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Figure 1 Examples of [Ca2+]i responses to increasing tolbutamide concentrations in islet single cells or clusters perifused with 4 or
5 mM glucose (G). Each tolbutamide concentration was applied for 12 min except 100 mM (6 min). Cells 1 and 2, and clusters 1 and
2 showed di�erent sensitivities to tolbutamide in the presence of 4 mM glucose. Cell 3 and cluster 3 already responded to 5 mM
tolbutamide in 5 mM glucose. The quanti®cation of these di�erent responses is presented in Figures 2 and 3.

Figure 2 In¯uence of the tolbutamide concentration on the percentage of single islet cells and clusters showing a [Ca2+]i response
(recruitment). The results were obtained from experiments similar to those shown in Figure 1. The total numbers of studied single
cells were 98 in 4 mM glucose (G4) and 84 in G5, and those of studied clusters were 88 in G4 and 79 in G5. These cells and clusters
were obtained in 17 di�erent cultures.

British Journal of Pharmacology vol 133 (4)

Recruitment of pancreatic b-cells by tolbutamideF.C. Jonkers et al578



2001). However, we cannot exclude the possibility that they
are slightly underestimated because not all clusters were

strictly monolayers, and inactive cells may have been masked
by active ones. Anyhow, these experiments indicate that
tolbutamide recruits islet single cells and clusters to generate
a [Ca2+]i response, and that, within the recruited clusters, all

or nearly all cells are active and respond synchronously.

Influence of tolbutamide on the [Ca2+]i responses induced
in islet single cells and clusters by increasing glucose
concentrations

We have recently described the characteristics of the e�ects of
glucose concentrations between 6 and 20 mM (Jonkers &
Henquin, 2001). The present study con®rms that glucose

recruits single b-cells and clusters over a narrow range of
concentrations and that it also increases the amplitude of the
individual response. Here, our aim was to investigate how a

sulphonylurea in¯uences these e�ects of glucose. To address
this question we selected a concentration of tolbutamide

(10 mM) that caused about 50% recruitment between 4 and
5 mM glucose.
Figure 6 illustrates the [Ca2+]i response recorded in di�erent

cells and clusters stimulated by increasing glucose concentra-

tions in the absence or presence of 10 mM tolbutamide. The
di�erences in threshold sensitivities are evident. Tolbutamide
increased the sensitivity to glucose (Figure 7). Whereas the

recruitment of active cells and clusters occurred between 5 and
10 mM glucose in the absence of the drug, it occurred between 3
and 6 ± 7 mM glucose in its presence. Not more than 5% of

single cells (probably a-cells) did not respond to high glucose in
the presence of tolbutamide, as compared with 22% in its
absence (Figure 7A). These experiments show that tolbutamide

shifts to lower values the narrow range of concentrations over
which glucose recruits single cells and clusters into an active
[Ca2+]i state. The drug lowered the EC50 value from 6.0 to

Figure 3 In¯uence of the tolbutamide concentration on average [Ca2+]i in islet single cells and clusters. At each tolbutamide
concentration, mean [Ca2+]i was calculated for each cell and cluster even when there was no elevation of [Ca2+]i. (A and B) show
the results for all, active and inactive, single cells and clusters. The observed increase in [Ca2+]i thus re¯ects both the recruitment of
cells and clusters and the increase in the individual responses. (C and D) only consider those single cells and clusters showing a
[Ca2+]i rise above basal values. The n values thus increase with the tolbutamide concentration. These curves therefore illustrate the
increase in the amplitude of the individual responses.
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4.3 mM glucose in single cells and from 5.8 to 4.2 mM in clusters

(Figure 7).
Raising the glucose concentration also augmented mean

[Ca2+]i in control single cells and clusters (Figure 8) as a

result of both recruitment of more and more active cells and
increase in their individual response (Figure 8C,D). Similar
changes were observed in the presence of 10 mM tolbutamide,

with, however, an increase in the amplitude of the maximum
response and a slight lowering of the EC50 values: from 7.4 to
6.3 mM glucose in single cells and 7.4 to 6.5 mM glucose in

clusters (Figure 8A,B). Tolbutamide, therefore, sensitizes to
glucose and augments the magnitude of the mean [Ca2+]i rise
that increasing glucose concentrations produce in individual
cells and clusters.

Discussion

The rise in [Ca2+]i produced by tolbutamide in b-cells results

from a closure of K+-ATP channels by the drug, with
subsequent membrane depolarization and Ca2+ in¯ux
through voltage-dependent Ca2+ channels (Grapengiesser et
al., 1990; Herchuelz et al., 1991; Gilon & Henquin, 1992). By

monitoring this rise we show here that tolbutamide recruits b-
cells as does glucose (Jonkers & Henquin, 2001). Our model
of single cells and clusters of cells prepared from the same

islets also permitted us to evaluate the impact of cell
association (as in the intact islet) on the individual b-cell
response to the drug.

The threshold concentration of tolbutamide inducing a
[Ca2+]i rise was variable between individual isolated b-cells.
Hence, the proportion of active cells increased with the rise in

the tolbutamide concentration (recruitment). This variability
might re¯ect marked di�erences in the number of K+-ATP

Figure 4 Synchrony of tolbutamide-induced [Ca2+]i changes within
clusters and asynchrony of the signals between clusters and single
cells. On top of the ®gure are drawn the two clusters comprising 14
cells (cluster 1) and seven cells (cluster 2), and the single cell that
were studied simultaneously. The arrow indicates the direction of the
perifusion ¯ow. In each cluster, the signal was analysed on three
regions marked 1 ± 3. The concentration of tolbutamide was increased
stepwise in the presence of 5 mM glucose.

Figure 5 Example of the synchronization of [Ca2+]i changes
induced by tolbutamide in the di�erent cells of a cluster. The signal
was analysed in the ®ve non-contiguous regions marked 1 ± 5, and
covering each a portion of the ®ve cells composing the cluster. The
recording corresponds to steady-state stimulation with 50 mM
tolbutamide in the presence of 4 mM glucose.
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Figure 6 Examples of [Ca2+]i responses to increasing glucose concentrations in islet single cells or clusters perifused without or
with 10 mM tolbutamide. Each glucose concentration was applied for 12 min. Cell 1 and cluster 1 showed a glucose sensitivity
threshold at 7 and 6 mM, respectively, in the absence of tolbutamide. Cells 2 and 3, and clusters 2 and 3 showed di�erent
sensitivities to glucose in the presence of 10 mM tolbutamide. The quanti®cation of these results are shown in Figures 7 and 8.

Figure 7 In¯uence of 10 mM tolbutamide (T10) on the recruitment of single islet cells and clusters by increasing glucose
concentrations. The results were obtained from experiments similar to those shown in Figure 6. The total numbers of single cells
and clusters analysed without tolbutamide were 69 and 54, respectively, and those in the presence of tolbutamide were 62 single cells
and 64 clusters. These cells and clusters were obtained in 13 di�erent cultures.
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channels in the plasma membrane of distinct b-cells. The
hypothesis is di�cult to test directly. Estimates of the whole
cell K+-ATP current have yielded variable results between

studies and, within individual studies, also between b-cells
(discussed by Kinard et al., 1999). The signi®cance of these
di�erences is unclear when one considers that over 95% of

the channels have to be closed for the b-cell to depolarize
(Cook et al., 1988) and that the recruitment of b-cells by
glucose occurs over a narrow range of concentrations
(Jonkers & Henquin, 2001; this study). One indirect argument

against the hypothesis is provided by the measurements of
similar total K+-ATP currents in single b-cells that did or did
not release insulin in response to glucose (Soria et al., 1991).

An alternative explanation is that the observed di�erences in
sensitivity to tolbutamide are only apparent and re¯ect
di�erences in glucose metabolism between b-cells (Kiekens

et al., 1992). As a result, the ATP : ADP ratio might be
di�erent (Detimary et al., 1998) and the K+-ATP channels
closed to di�erent extents by glucose. This would of course

explain b-cell recruitment by increasing glucose concentra-
tions, but might also account for the e�ects of tolbutamide: a
higher drug concentration is needed to close enough channels

in the less metabolically active cells. Another factor further
complicates the mechanistic interpretation. Changes in
adenine nucleotides in b-cells not only directly in¯uence

K+-ATP channels but may also modulate the inhibitory
action of sulphonylureas (Schwanstecher et al., 1994; Panten
et al., 1996; Ashcroft & Gribble, 1999). This interaction is too

complex, with paradoxical enhancing e�ects of Mg2+ ADP,
to permit any prediction of how the small changes in glucose
concentration applied here will in¯uence the genuine action
of tolbutamide on the channel.

Recruitment by tolbutamide, and glucose (Jonkers &
Henquin, 2001), was also observed when b-cells were
associated in clusters which are more representative of the

physiological situation of the cells within islets. Raising the
tolbutamide concentration induced a [Ca2+]i response in an
increasing proportion of clusters. The di�erence with single

cells did not reside in the tolbutamide or glucose sensitivities
(EC50 were similar: *14 and *4 mM tolbutamide in 4 and
5 mM glucose) but in the maximum response. All clusters

responded, whereas 25% of single cells did not respond to
glucose alone and 5 ± 10% did not respond to the
combination of glucose and tolbutamide. These silent cells

Figure 8 In¯uence of 10 mM tolbutamide (T10) on the rise in average [Ca2+]i produced in single cells and clusters by increasing
glucose concentrations. At each glucose concentration mean [Ca2+]i was calculated for every single cell and cluster. (A and B) show
mean [Ca2+]i for all cells and clusters even when there was no elevation of [Ca2+]i. The observed increase in [Ca2+]i thus re¯ects
both the recruitment of cells and clusters and the increase in the individual responses. (C and D) show mean [Ca2+]i when only
active cells and clusters are considered. The n values thus increase with the glucose concentrations. These curves therefore illustrate
the increase in amplitude of the individual responses.

British Journal of Pharmacology vol 133 (4)

Recruitment of pancreatic b-cells by tolbutamideF.C. Jonkers et al582



may be unrecognized a-cells included in the analysis.
Although di�erences were observed between clusters, vir-
tually no recruitment occurred within clusters. Thus, in less

than 5% of the active clusters was there evidence for the
presence of cells with di�erent threshold sensitivities to
tolbutamide. Once a cluster was active, all cells were active.
We attribute this homogeneity of the response to the

electrical coupling of b-cells (Meissner, 1976; Eddlestone et
al., 1984). The synchrony of the membrane potential changes
induced by sulphonylureas in distinct b-cells from the same

islet does not seem to have been veri®ed experimentally.
However, our results show that tolbutamide-induced [Ca2+]i
oscillations are as well synchronized as are glucose-induced

oscillations (Jonkers & Henquin, 2001). The synchronization
was excellent between all cells of the clusters but not between
clusters or isolated cells. This supports the interpretation that

electrical coupling rather than an extracellular, di�usible
factor, ensures the homogeneity of the response. Further
argument for this proposal is provided by the fact that the
[Ca2+]i signals are synchronized when they are driven by

changes in membrane potential and Ca2+ in¯ux (glucose and
tolbutamide) (Jonkers & Henquin, 2001; this study) and
asynchronous when they result from a mobilization of

intracellular Ca2+ (acetylcholine in the absence of Ca2+

in¯ux) (Jonkers et al., 1999). A di�erent view has been
expressed on the basis of experiments using aggregated

insulin-secreting MIN6 cells. Tolbutamide also induced
synchronous [Ca2+]i oscillations in adjacent cells, but this
synchrony was not disrupted by putative blockers of gap

junctions (Squires et al., 2000). However, it is not certain that
electrical coupling was abrogated under these experimental
conditions. In our hands, blockers of gap junctions such as
heptanol or 18-a-glycyrrehetinic acid cannot reliably be used

to uncouple b-cells because of side e�ects that alter [Ca2+]i
even in isolated cells (Perez-Armendariz et al., 1991; Jonkers
et al., 1999).

An important observation of the present study is that
tolbutamide causes a concentration-dependent increase in the
magnitude of the individual [Ca2+]i responses, as does glucose

(Jonkers & Henquin, 2001; this study). Recruitment of single
b-cells or clusters into an active state was complete well
before the elevation of [Ca2+]i reached a maximum; EC50

values for recruitment were 3.5 ± 5-fold lower (*14 and

*4 mM tolbutamide at 4 and 5 mM glucose) than EC50 values
for the elevation of mean [Ca2+]i (*50 and *25 mM
tolbutamide). The bursts of action potentials that sulphony-

lureas produce in b-cells in vitro (Henquin & Meissner, 1982)
and in vivo (Gomis & Valdeolmillos, 1998), re¯ect the in¯ux
of Ca2+. In intact mouse islets studied in vitro, this Ca2+-

dependent electrical activity increases with the concentration
of tolbutamide provided a minimum concentration of glucose
is present (Henquin, 1998). The present study establishes that

this holds true for the [Ca2+]i changes. Gradual blockade of

K+-ATP channels by a pharmacological agent largely
reproduces the e�ects of a gradual rise in the glucose
concentration. This similarity, therefore, reinforces the view

that K+-ATP channels remain the major target (not
necessarily the only one) on which suprathreshold glucose
concentrations act to control the production of a triggering
signal for insulin secretion (Henquin, 1988). The increase in

the maximum [Ca2+]i rise brought about by tolbutamide can
be explained by the fact that maximally e�ective concentra-
tions of glucose do not close all K+-ATP channels in mouse

b-cells studied at 378C. Tolbutamide still increases Ca2+-
dependent electrical activity and insulin secretion in mouse
islets stimulated by 30 ± 40 mM glucose (Henquin, 1988).

The reported e�ects of tolbutamide on b-cell [Ca2+]i
occurred over a similar concentration range as that
characterizing stimulation by the drug of b-cell electrical

activity and insulin secretion in mouse islets (Henquin, 1988;
1998; Panten et al., 1989). It may seem surprising that
marked e�ects of tolbutamide were already observed at lower
concentrations than the therapeutic plasma concentrations

(Sartor et al., 1980; Cattaneo et al., 1990). However, one
should always bear in mind that sulphonylureas are largely
bound to albumin the concentration of which is lower in the

solutions used in vitro than in plasma. The range of 5 ± 50 mM
tolbutamide in our solutions covers the range of free
tolbutamide concentrations in the plasma of chronically

treated patients (Panten et al., 1989). At these concentrations,
the drug does not erase the di�erences in glucose sensitivity
existing between b-cells or between clusters. At higher

concentrations causing a [Ca2+]i rise in all cells, tolbutamide
would obviously mask the recruiting e�ect of glucose. A
similar confounding action might also be expected from the
use of low concentrations of sulphonylureas which, like

glibenclamide (Hellman et al., 1984), accumulate in b-cells
and become more and more active with time (Panten et al.,
1989). Nevertheless, complete recruitment of b-cells to

generate a triggering signal does not imply complete
functional homogeneity. A variable secretory response
remains possible in face of a similar triggering signal if the

amplifying signals are di�erent (Henquin, 2000; Jonkers &
Henquin, 2001). This might explain the heterogeneous
degranulation of b-cells within islets of rats treated with
glibenclamide in vivo (Stefan et al., 1987; Rahier et al., 1989;

Jorns, 1994).
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