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Abstract

Glucose stimulation of insulin release involves closure of ATP-
sensitive K+ channels, depolarization, and Ca2+ influx in B
cells. Mouse islets were used to investigate whether glucose can
still regulate insulin release when it cannot control ATP-sensi-
tive K+ channels. Opening ofthese channels by diazoxide (100-
250 Mmol/liter) blocked the effects of glucose on B cell mem-
brane potential (intracellular microelectrodes), free cytosolic
Ca2+ (fura-2 method), and insulin release, but it did not prevent
those of high K (30 mmol/liter). K-induced insulin release in
the presence of diazoxide was, however, dose dependently in-
creased by glucose, which was already effective at concentra-
tions (2-6 mmol/liter) that are subthreshold under normal con-
ditions (low K and no diazoxide). This effect was not accompa-
nied by detectable changes in B cell membrane potential.
Measurements of 'Ca fluxes and cytosolic Ca2" indicated that
glucose slightly increased Ca2+ influx during the first minutes
of depolarization by K, but not in the steady state when its
effect on insulin release was the largest. In conclusion, there
exists a mechanism by which glucose can control insulin release
independently from changes in K+-ATP channel activity, in
membrane potential, and in cytosolic Ca2+. This mechanism
may serve to amplify the secretory response to the triggering
signal (closure of K+-ATP channels - depolarization - Ca2"
influx) induced by glucose. (J. Clin. Invest. 1992. 89:1288-
1295.) Key words: diazoxide * pancreatic islets * stimulus-secre-
tion coupling, membrane potential * calcium

Introduction

Insulin secretion is subject to control by nutrients and by hor-
monal, neural, and pharmacological factors. Among all of
these agents, glucose is by far the most important regulator of
pancreatic B cell function. The mechanisms by which glucose
exerts its effects are complex. However, there is general consen-
sus that a metabolic control ofionic events in B cells is a pivotal
step in stimulus-secretion coupling ( 1-7).
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Fig. 1 A schematizes the basic mechanisms by which glu-
cose triggers insulin release. The entry of glucose in B cells is
followed by an acceleration of metabolism that generates one
or several signals that close ATP-sensitive K+ channels (K+-
ATP channels)' in the plasma membrane. The resulting de-
crease in K+ conductance leads to depolarization of the mem-
brane with subsequent opening of voltage-dependent Ca2l
channels. Ca2" influx through these channels then increases,
leading to a rise in cytoplasmic free Ca2", which eventually
activates an effector system responsible for exocytosis of insu-
lin-containing granules. Closure ofK+-ATP channels not only
underlies the depolarization brought about by low concentra-
tions of glucose, it also subserves the lengthening of the rhyth-
mic oscillations ofmembrane potential (responsible for the in-
termittent influx of Ca2+), which occurs when the concentra-
tion ofglucose is increased within a physiological range (8-10).
As of today, K+-ATP channels are the only unambiguously
identified target on which changes in B cell metabolism act to
control insulin release.

The present study was an attempt to determine whether
glucose is still able to control insulin release when it cannot
exert its effects on K+-ATP channels. The effects of glucose on
K+-ATP channels were prevented by diazoxide, a drug that
directly and selectively opens these channels (1 1-14) without
interfering with B cell metabolism (15, 16). However, since
opening of K+-ATP channels by diazoxide holds the mem-
brane potential at the resting level (17), voltage-dependent
Ca2" channels are not activated, Ca2l influx does not occur,
and insulin release is not stimulated (Fig. 1 B). The membrane
was therefore depolarized by increasing the concentration of
extracellular K from 4.8 to 30 mM. Under these conditions
Ca2" influx and insulin release are again stimulated (Fig. 1 C).
It thus becomes possible to test the effects ofglucose on insulin
release independently of changes in K+-ATP channel activity.

Methods

Solutions. The medium used was a bicarbonate-buffered solution that
contained the following (mM): 120 NaCl, 4.8 KC1, 2.5 CaCl2, 1.2
MgC12, and 24 NaHCO3 . It was gassed with OJC02 (94:6) to maintain
pH 7.4 and was supplemented with BSA (1 mg/ml). Ca2+-free solutions
were prepared by replacing CaCl2 with MgCl2 and adding 100 MM of
EGTA.

Measurements ofinsulin release and '5Ca effluxfrom islet cells. All
experiments were performed with islets isolated by collagenase diges-
tion of the pancreas of fed female NMRI mice (25-30 g), killed by
decapitation.

In the first type of experiments, the islets were preincubated for 60
min in a medium containing 15 mM glucose before being distributed

1. Abbreviation used in this paper: K+-ATP channels, ATP-sensitive
K+ channels.
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Figure 1. Schematic representation of the mechanisms by which glu-
cose controls insulin release through changes in B cell membrane
potential and of our experimental approach to demonstrate the exis-
tence of an additional mechanism.

into batches ofthree. Each batch ofislets was then incubated for 60 min
in I ml of medium containing appropriate concentrations of glucose
and test substances. A portion ofthe medium was withdrawn at the end
of the incubation and appropriately diluted for insulin assay. Insulin
was measured by a double-antibody radioimmunoassay with rat insu-
lin as the standard (Novo Research Institute, Bagsvaerd, Denmark).

In another type of experiments, the isolated islets were first loaded
with 4"Ca during 90 min of incubation in 0.25 ml of medium contain-
ing 15 mM glucose and supplemented with 45CaC12 (15 MBq/ml; sp
act. 6 GBq/mmol). The islets were then washed, placed in batches of30
in parallel perifusion chambers, and perifused at a flow rate of 1.25
ml/min ( 18). The radioactivity lost by the islets was measured in ef-
fluent fractions collected at 2-min intervals, and the fractional efflux
rate was calculated for each period. A portion of each effluent fraction
was also taken for insulin assay.

Recordings ofB cell membrane potential. A piece of mouse pan-
creas was fixed in a perifusion chamber and a few islets were partially
microdissected by hand. The membrane potential ofa single cell within
the islet was continuously measured with a high resistance electrode

(19). B cells were identified by the typical electrical activity that they
display in the presence of 10-15 mM glucose. The temperature was
370C, and the perifusion medium was similar to that described above
except for the absence of albumin.

Measurements ofintracellular Ca2" in islet cells. Isolated islets were
cultured for 1-4 d in RPMI 1640 medium containing 10% heat-inacti-
vated FCS, 100 IU/ml of penicillin and 100 gg/ml of streptomycin.
The concentration of glucose was 10 mM.

Islets were loaded with fura-2 during 35 min ofincubation at 370C
in 2 ml of medium containing 10 mM glucose and 0.9 gM fura-2
acetoxymethylester (Molecular Probes, Inc., Eugene, OR; added from
a 1 mM stock solution in DMSO). The loaded islet was then transferred
into a temperature-controlled perifusion chamber (Joyce, Loebl and
Co. Ltd., Gateshead, U.K.) with a bottom made of a glass coverslip.
The islet was held in place by gentle suction with a glass micropipette
and perifused at a flow rate of 1.3 ml/min. The perifusion solutions
were kept at 370C in a water bath, and the temperature controller was
set to ensure a constant temperature of370C (±0.30C) close to the islet,
as monitored by a thermistor placed near the tissue.

The perifusion chamber was mounted on the stage of an inverted
microscope (Nikon Diaphot) used in the epifluorescence mode with a
20X objective. Fura-2 was successively excited at 340 and 380 nm by
means of two narrow band-pass filters mounted on a computer-con-
trolled motorized filter wheel placed in front of a 75 W xenon lamp. A
dichroic mirror centered at 430 nm reflected the ultraviolet (UV) light
to the perifusion chamber and transmitted the emitted fluorescence,
which was further filtered through a 510-nm filter. Fluorescent images
were obtained with a CCD video camera (Photonic Science Ltd., Tun-
bridge Wells, U.K.) at a resolution of256 x 256 pixels. They were then
digitized into 256 grey levels and analyzed with the system Magical of
Joyce, Loebl and Co. Ltd. To improve the signal/noise ratio, eight
consecutive 40-ms frames were averaged at each wavelength before
calculating the ratio. The time interval between successive series of340
to 380 images was 12 s. During these intervals, the excitation light was
stopped to avoid photobleaching of fura-2. The concentration of cyto-
plasmic Ca2" was calculated by comparing the ratio ofthe fluorescence
at each pixel with an in vitro calibration curve based on the equation of
Grynkiewicz et al. (20) as previously described (21). The KD for Ca2+-
fura-2-complex employed was 224 nM. The mean Ca2+ concentration
in the islet was then calculated by averaging the Ca2+ concentration at
all pixels of the islet.

Materials. Diazoxide was obtained from Schering Corp. (Bloom-
field, NJ), mannoheptulose and 3-O-methylglucose were obtained
from Sigma Chemical Co., (St. Louis, MO), a-ketoisocaproate was ob-
tained from Aldrich Chemie (Steinheim, Germany), and all other re-
agents were obtained from E. Merck (Darmstadt, Germany). 45CaC12
was obtained from the Radiochemical Center (Amersham Corp.,
Bucks., U.K.).

Presentation of results. Electrophysiological experiments are illus-
trated by recordings that are representative ofthe indicated number of
experiments. Otherwise, results are presented as means (±SEM) for the
indicated number of experiments (different animals or islet prepara-
tions) or batches of islets. The statistical significance of differences be-
tween means was assessed by Student's t test for unpaired data or by
analysis of variance followed by a test of Newman-Keuls when more
than two groups were compared. Differences were considered signifi-
cant at P < 0.05.

Results

Insulin release by incubated islets. Basal insulin release by islets
incubated in a medium containing 4.8 mM K and no glucose
amounted to 0.43±0.3 ng/islet per h (n = 20). It was not af-
fected by 100-250 ,M diazoxide (Fig. 2). 30 mM of glucose
stimulated insulin release 26-fold (11.0±1.5 ng/islet per h); this
effect was abolished by diazoxide. On the other hand, the 16-
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Figure 2. Effects of diazoxide on glucose- and K-induced insulin re-

lease by incubated mouse islets. Batches of three islets were incubated
for 1 h in 1 ml of medium containing the indicated concentrations
of glucose and K. The medium was supplemented with 100-250 AM
diazoxide or no diazoxide was added. Values are mean±SEM for 20
batches of islets.

fold increase in insulin release brought about by 30 mM K in
the absence ofglucose was not inhibited by diazoxide. High K
also markedly increased insulin release in the presence of 30
mM glucose (Fig. 2). Although this response to high K was

slightly attenuated by both concentrations of diazoxide (P
< 0.01), the net increase was - 2.5-fold larger than when the
medium contained diazoxide but no glucose (P< 0.01; analysis
ofvariance and test ofNewman-Keuls). Glucose is thus able to
increase insulin release in response to K, even when its genuine
effect on release is abolished by diazoxide.

The experiments shown in Fig. 3 were all performed in the
presence of 100 uM diazoxide. It can be seen that 3-0-methyl-
glucose, a nonmetabolized analogue of glucose (22), did not
increase the insulin response to 30 mM K, whereas a-ketoiso-
caproate, which is well metabolized (23), increased it 2.3-fold
(P < 0.01). Fig. 3 also shows that the effect of glucose was

strongly inhibited, though not abolished, by mannoheptulose,
an inhibitor of glucose metabolism (15). Finally, omission of
extracellular Ca totally prevented the stimulation of insulin
release by highK in 30 mM glucose. The amplification ofK-in-
duced insulin release by glucose thus requires metabolism of
the sugar in B cells and depends upon the availability of extra-
cellular Ca.

Fig. 4 shows the sigmoidal relationship between the con-

centration of glucose in the incubation medium and insulin
release under control conditions. It also shows that the effect of
all concentrations ofglucose was abolished by 100 MM diazox-
ide. In 30 mM K, however, glucose again produced a dose-de-
pendent increase in insulin release, in spite of the presence of
diazoxide. This dose-response curve displayed two compo-
nents. A first increase occurred between 0 and 3mM glucose (P
< 0.05), and a second increase occurred at > 6 mM. The initial
increase was characterized in greater detail in another series of
experiments (Fig. 4, inset). A significant amplification ofK-in-
duced insulin release was observed at 2 mM glucose (P < 0.01).
The effect of glucose then plateaued between 3 and 6 mM.
Half-maximal stimulation of insulin release was produced by

Figure 3. Effects of various experimental conditions on K-induced
insulin release by incubated mouse islets. The medium always con-
tained 100 jiM diazoxide (Dz) and either no or 30 mM glucose as in-
dicated. The experimental conditions tested were 3-0-methylglucose
(3-0-MG), a-ketoisocaproate (KIC), mannoheptulose (MH) at the
indicated concentrations, and omission of extracellular Ca (Ca 0).
Values are mean±SEM for 22 batches of islets.

15.5 mM glucose under control conditions (4.8 mM K) and by
11.8 mM glucose in the presence of 30 mM K and diazoxide.

45Ca efflux and insulin releasefrom perifused islets. These
experiments were performed in the presence of diazoxide
throughout. Increasing the concentration ofK from 4.8 to 30
mM in a medium containing 3 mM glucose and 100 ,uM dia-
zoxide induced a rapid, marked, and monophasic acceleration
of 45Ca efflux from perifused islets, and simultaneously in-
duced a biphasic release of insulin (Fig. 5). The second phase
was, however, not sustained. When the concentration of glu-
cose was increased from 3 to 20 mM in the presence of30 mM
K, the rate of 45Ca efflux transiently decreased before increas-
ing marginally above control values (Fig. 5 A). Although the
difference was small, the steady state rate of 45Ca efflux was

consistently higher in 20 than in 3 mM glucose (P < 0.05,
paired t test). The change in glucose concentration also caused
a slightly delayed, marked, and reversible increase in insulin
release (Fig. 5 B).

Increasing the concentration ofK to 30 mM in a medium
containing 250 MM diazoxide triggered a faster and larger (P
< 0.001) acceleration of 45Ca efflux from the islets perifused
with 20 rather than 3mM glucose (Fig. 6 B). In the steady state,
however, the rate of 45Ca efflux was similar; although mean
values were slightly higher in islets perifused with 20 rather
than 3 mM glucose, this was not observed in all paired experi-
ments. In contrast, insulin release was much larger in 20 rather
than 3 mM glucose during both the early and late phases ofthe
response to 30mM K (Fig. 6 B). When these experiments were
performed in a Ca2"-free medium, neither 45Ca efflux nor insu-
lin release was stimulated by high K (not shown).

Membrane potential ofB cells. In the presence of 15 mM
glucose, B cells exhibited a rhythmic electrical activity consist-
ing of slow waves ofthe membrane potential with Ca2" spikes
superimposed on the plateau (Fig. 7, A and B). Increasing the
concentration of K to 30 mM persistently depolarized the
membrane at a potential that was 13±1 mV less negative than
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Figure 4. Concentration dependency of glucose-induced insulin re-

lease by mouse islets incubated: (o o) in a control medium con-

taining 4.8 mM K, (A A) in the presence of 100 AM diazoxide
and 4.8 mM K, (. *) in the presence of 100 AM diazoxide and
30 mM K. Values are mean±SEM (when larger than the symbol) for
40, 13, and 27 batches of islets, respectively. (Inset) Effects of low
glucose concentrations on insulin release by mouse islets incubated
in the presence of 100 AM diazoxide and 30 mM K. Values are
mean±SEM for 20 batches of islets.

the plateau potential. It also induced continuous spike activity,
but the amplitude ofthe spikes decreased with time. After a few
minutes, there remained only small fluctuations of the mem-
brane potential, which probably reflect Ca2" channel activity
(24). Addition of 100 MM diazoxide repolarized the membrane
by 7±1 mV and suppressed the small fluctuations ofthe mem-
brane potential (Fig. 7 A).

When diazoxide was added first to the medium containing
4.8 mM K, glucose-induced electrical activity was abolished
and the membrane repolarized to the resting potential of the
cell (-69±2 mV) (Fig. 7 B). The subsequent increase in K
concentration to 30 mM was followed by a rapid depolariza-
tion by 40±2 mV, but no electrical activity occurred.

High K similarly depolarized the membrane ofB cells peri-
fused with a glucose-free medium containing either 100 4M
diazoxide or no diazoxide (Fig. 7, C and D). However, the
subsequent addition of 20 mM glucose had no effect in the
presence ofdiazoxide (Fig. 7 D), but it caused a further depolar-
ization by 5.2±0.5 mV and induced appearance ofsmall fluctu-
ations of the membrane potential in the absence of diazoxide
(Fig. 7 C). Similar results were obtained whether the experi-
ments started in the absence of glucose or in the presence of 3
mM glucose.

Cytoplasmic Ca2" in islet cells. The concentration of cyto-
plasmic Ca2+ in B cells was estimated in whole islets loaded
with the Ca indicator, fura-2. A first series of control experi-
ments were made to assess that the recorded signal is representa-

20 40 60 80 100 120
Time (min)

Figure 5. Effects of glucose on the stimulation of "Ca efflux and in-
sulin release by 30 mM K in mouse islets perifused with a medium
containing 100 MM diazoxide (Dz) throughout. The experiments were
started with a medium containing 3 mM glucose (G) and 4.8 mM K.
The concentration of K was then increased to 30 mM from 40 min.
In one series (o o), the concentration ofglucose was increased
to 20 mM between 70 and 100 min. Values are mean±SEM for six
parallel experiments.

tive of the changes in Ca,2+ occurring in B cells. In 3 mM
glucose, Ca,2+ averaged 80±5 nM (n = 6). Increasing the con-
centration of glucose to 20 mM in the perifusion medium
caused an initial transient decrease in Ca2+ (7±2 nM; P
< 0.005, paired t test) that was followed by a large biphasic rise
to a plateau at 194±8 nM. Subsequent addition of 100 ,M
diazoxide lowered the concentration of Ca,2+ to 93±7 nM in
spite of the presence of high glucose. In other experiments,
addition of 100 MAM tolbutamide to a medium containing 3
mM glucose increased Ca,2+ from 70±6 to 183±10 nM (n =

10). These changes are similar to those recorded in B cell sus-
pensions (25-27) or in single B cells (21). It should also be
noted that KAT channels, the target of diazoxide and tolbuta-
mide (11), are present in B but not in A cells (28).

Fig. 8 A shows the mean increase in cytoplasmic Ca2+ that
occurred in islet cells upon stimulation by 30 mM K in a me-
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Figure 6. Effects of glucose on the stimulation of 45Ca efflux and in-
sulin release by 30mM K in mouse islets perifused with a medium
containing 250MgM diazoxide (Dz) throughout. The concentration of
glucose was 3 mM (e) or 20 mM (o). The experiments were started
with a medium containing 4.8 mM K. The concentration ofK was
then increased to 30 mM between 40 and 80 min. Values are
mean±SEM for six parallel experiments.

dium containing 3 mM glucose and 100 MAM diazoxide. The
concentration of Ca,2" increased from 82±8 nM in the basal
state to a peak of 314±28 nM before declining slightly and
stabilizing in plateau. When the concentration of glucose was
raised to 20 mM in the presence of 30 mM K, the concentra-
tion of cytoplasmic Ca2" rapidly but transiently decreased be-
fore returning to values similar to those measured in low glu-
cose. A similar response apparently occurred in all regions of
the islets. In the steady state (minute 21 ofthe experiment), the
mean concentrations ofcytoplasmic Ca2+ were 270±26 (n = 7)
and 250±11 nM (n = 8) in 3 and 20 mM glucose, respectively.
These values were not significantly different. However, within
each experiment, Ca2+ was lower 10 min after the increase in
glucose concentration than just before; the average decrease
amounted to 27±4 nM (P< 0.001, paired t test). Over the same
period oftime, there was no change in Ca?2' in islet cells main-
tained in a medium with 3 mM glucose (1±3 nM).

The effect ofglucose on the initial peak ofcytoplasmic Ca2"

K' 30mM

Glucose 20mM

Glucose 20mM

Figure 7. Effects ofK and diazoxide on the membrane potential of
mouse pancreatic B cells. All changes in the composition ofthe me-
dium were made at times indicated by the arrows. (A) The concen-
tration ofK was increased from 4.8 to 30 mM in a medium contain-
ing 15 mM glucose (G). 10 min later, diazoxide was added at the
concentration of 100 MtM. (B) Diazoxide (100 uM) was first added to
a medium containing 15 mM glucose (G) and 4.8 mM K. 10 min
later, the concentration of K was increased to 30 mM. (C) The con-
centration ofK was increased from 4.8 to 30 mM in a glucose-free
medium. 10 min later, glucose was added at the concentration of 20
mM. (D) Same experiments as in C, but in the presence of 100 ,uM
diazoxide throughout. The four recordings were obtained in separate
experiments and are representative of results obtained in four differ-
ent cells (different mice) forA and B and five different cells for C and
D. In the latter two series, however, three experiments were started
in the absence of glucose and the other two were started in the pres-
ence of 3 mM glucose and gave similar results.

caused by the increase in K concentration from 4.8 to 30 mM
was studied in the presence of250 AM diazoxide (Fig. 8 B). The
peak Ca,2+ value was marginally (0.05 < P < 0.10) higher in 20
mM glucose (349±14 nM, n = 12) than in 3 mM glucose
(315+1 1 nM, n = 12), but the steady state Ca,2+ concentration
was not different.

Discussion

The present study demonstrates that glucose is still able to regu-
late insulin release when it no longer can control K+-ATP
channel activity and, hence, the membrane potential ofB cells.
However, this regulation is detectable only when Ca influx is
stimulated by high K.

The resting potential ofB cells is mainly determined by the
high K+ permeability ofthe plasma membrane (29). Although
this permeability decreases as the glucose concentration is
raised (1, 5-7), the membrane potential ofB cells remains very
sensitive to changes in the equilibrium potential of K' (EK).
The shift ofEK to less-negative values when extracellularK was
increased caused a sustained depolarization. However, as
shown in control experiments, mere depolarization by 30 mM
K was not sufficient to clamp the membrane potential and
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Figure 8. Effects of glucose on the increase in cytoplasmic Ca2+
brought about in islet cells by 30 mM K. (A) The experiments were
made in the presence of 100 MM diazoxide (Dz) throughout. They
were started in a medium containing 3 mM glucose and 4.8 mM K.
The concentration ofK was then increased to 30 as indicated by the
arrows. In one series (-), the concentration of glucose was raised to
20 mM, 6 min after the increase in K concentration. The traces
correspond to the mean response obtained in 7-8 islets. (B) The ex-

periments were made in the presence of 250 AM diazoxide (Dz)
throughout and either 3 mM glucose (- -) or 20 mM glucose ( ).
The concentration ofK was increased from 4.8 to 30mM as indicated
by the arrows. The traces correspond to the mean response obtained
in 12 islets.

make it insensitive to glucose. The use of diazoxide was indis-
pensable to prevent the effects of glucose on the membrane
potential.

Although 100 uM diazoxide repolarized the B cell mem-
brane to the resting potential (8) and abolished insulin release
(this study) even in the presence of 30 mM glucose, certain
experiments were also performed using 250 ,uM diazoxide. As
the effectiveness ofdiazoxide on K+-ATP channels decreases at

high concentrations of intracellular ATP (12-14), we did not
wish to incur the slightest risk of using too low a concentration

of the drug; it is also known that 1O% of diazoxide is bound
in solutions containing 1 mg/ml albumin (30). Since the results
obtained with both concentrations of diazoxide were superim-
posable, one can safely conclude that none of the effects pro-
duced by glucose is attributable to any significant closure of
Kt-ATP channels under our experimental conditions.

As expected from previous studies, opening K+-ATP chan-
nels by diazoxide prevented glucose from depolarizing the B
cell membrane and inducing a Ca2"-dependent electrical activ-
ity (17), from increasing cytosolic Ca, in B cells (16, 25), and
from stimulating insulin release (17, 31). B cells thus appar-
ently became insensitive to glucose. This was certainly not be-
cause they did not adequately metabolize the sugar, since high
concentrations of diazoxide (400-500 gM) are without effect
on glucose oxidation by mouse islets (15, 16). It is also known
that diazoxide does not interfere with the stimulation ofinsulin
biosynthesis by glucose at concentrations (435 iM) that abolish
the effects on release (32, 33). This can be explained simply by
the fact that, in contrast to secretion, insulin biosynthesis is
Ca2+-independent (34). The effect ofglucose on insulin release
in the presence ofdiazoxide could be disclosed only when Ca2"
influx, the triggering signal, was restored by depolarizing the
membrane with high K. This effect was clearly dependent on
the metabolism of the sugar, as it was not mimicked by the
nonmetabolizable 3-O-methylglucose, was largely prevented
by mannoheptulose, and was reproduced by a-ketoisocap-
roate.

That high K can induce insulin release in the presence of
diazoxide has long been known (35, 36). The key observation
of the present study was that glucose increased the secretory
response to K in spite ofthe impossibility for the sugar to close
K+-ATP channels. Most surprisingly, the dose dependency of
this effect of glucose was not the same as that measured under
control conditions. A significant increase in release was already
produced by 2 mM glucose and the half-maximal response was
observed at 11.8 mM glucose. These values contrast with the
control values of - 7 mM for the threshold and 15.5 mM for
the half-maximally effective concentrations, respectively. The
curve relating the concentration ofglucose to insulin release in
the presence of high K and diazoxide is reminiscent of the
dose-response curves for glucose usage and oxidation by islets
studied under normal conditions (37, 38).

Changes in Ca2' handling by B cells are an obvious mecha-
nism by which glucose could augment K-induced insulin re-
lease. This possibility was investigated by monitoring 45Ca ef-
flux from preloaded islets and by measuring cytosolic Ca2" in B
cells. The immediate response to high K was characterized by a
larger acceleration of45Ca effilux and a slightly higher (margin-
ally significant) rise in Ca4-+ in 20 rather than in 3 mM glucose,
which suggests that glucose increased Ca2" influx. Since the
change in membrane potential was not different, these observa-
tions could be interpreted as evidence supporting the sugges-
tion that nutrient secretagogues may modulate the activity of
voltage-dependent Ca2" channels (39, 40). In the steady state,
however, the rate of 45Ca efflux and the concentration of cyto-
solic Ca2+ were similar at both glucose concentrations, indicat-
ing that the possible effect of glucose on Ca2" influx faded out
during sustained depolarization. In the other series of experi-
ments, when the concentration ofglucose was increased from 3
to 20 mM in the presence of 30 mM K', an initial decrease in
cytosolic Ca2" occurred. Since it was accompanied by a de-
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crease in the rate of 45Ca effilux, one may conclude that the
change in Ca4+ was not due to accelerated extrusion but to
increased sequestration in cellular organelles. This phenome-
non is similar to, though larger than, the transient lowering of
Cai2 that occurs when the concentration ofglucose is increased
in a normal medium (26) (our control experiments), and which
is also ascribed to Ca sequestration. Subsequently, the rate of
45Ca effilux increased to comparable values as those measured
in low glucose, whereas the concentration of cytosolic Ca2-
tended to remain slightly lower. Therefore, an undisputable,
conservative conclusion is that the steady state increase in insu-
lin release brought about by glucose in a medium containing
high K and diazoxide is not the consequence of a larger rise in
cytosolic Ca2'. The present study was not designed to identify
which of numerous coupling factors might underlie the effect
of glucose. However, stimulation of protein kinases that in-
crease the efficacy ofCa.+ on the secretory machinery is a plau-
sible hypothesis.

In conclusion, we have demonstrated the existence of a
mechanism by which glucose can control insulin release inde-
pendently from changes in K+-ATP channel activity, in mem-
brane potential, and in cytosolic Ca2+. The existence of this
mechanism does not detract from the essential role ofK+-ATP
channels, which clearly remain the major target for the sugar. If
glucose cannot close them to depolarize the membrane and
induce Ca2" influx, insulin release is not stimulated. The newly
identified mechanism can only amplify the secretory response
to the triggering signal induced by glucose. The hypothesis that
glucose induces both initiating and potentiating signals in B
cells has been raised previously (41). It has also been suggested
that the permissive effect ofglucose, that is the potentiation by
the sugar of insulin release induced by other secretagogues, is
partly due to a membrane potential-independent mechanism
(42). Finally, the existence of this intracellular mechanism of
regulation raises the possibility that B cell dysfunction, as that
occurring in noninsulin-dependent diabetes, is not necessarily
secondary to defects in K+-ATP channel control. One might
also wonder whether abnormalities of the intracellular mecha-
nism of control do not contribute to primary or secondary
failures of treatments with sulfonylureas, which only act on
K+-ATP channels.
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