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A

lthough the mechanism of exocytosis is not
fully understood, membrane depolarization,
opening of the voltage-dependent Ca 2+ channels (VDCC), and elevation of cytosolic free
Ca 2+ ([Ca2+]i) due to Ca 2+ influx are considered important components of signal transduction in many endocrine cells (1-3). In the pancreatic B-cell, stimulation with
glucose, the most important physiological secretagogue,
accompanies membrane depolarization (4) due to closure of ATP-sensitive K+ (K+ATP) channel (5); increased
intracellular ATP produced by glucose metabolism is
considered responsible for the closure of the channel (5).
On the other hand, forced membrane depolarization by
pharmacological agents including high concentration of
K+ elicits insulin secretion (6,7). Insulin secretion in
response to high concentrations of glucose and K+ is
blocked by antagonists of VDCC (7). Thus, membrane
depolarization/Ca2+ influx is considered a mediator of
glucose-induced insulin secretion. However, glucoseinduced insulin secretion shows a unique, biphasic temporal profile that cannot be reproduced by any other
secretagogue (8,9). Therefore, a complex intracellular
signal transduction is thought to ensue after glucose
stimulation (8,9). In this study, we show that membrane
depolarization/Ca2+ influx possesses dual function in the
B-cell: direct stimulation of exocytosis and activation of
glucose-responsive K+ATP channel-independent effector or effectors.
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Pancreatic islets were obtained from adult male Wistar
rats by collagenase dispersion (7,10). Insulin secretion
was measured in perifusion and incubation experiments
with Krebs-Ringer bicarbonate buffer (KRBB) containing
118.4 mM NaCI, 4.7 mM KCI, 1.3 mM MgSO4, 1.2 mM
KH2P04, 1.9 mM CaCI2, 3 mM glucose, and 25 mM
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Transient exposure of rat pancreatic B-cell to 50 mM
K + ([K + 50 ]) makes exocytosis unresponsive to further
depolarization, i.e., stimulation with 100 mM K + or 1
uM glyburide, which closes the ATP-sensitive K +
(K + A T P ) channel, simultaneously with [K + 50 ] does not
produce any greater insulin secretion compared with
[K + 50 ] alone. In sharp contrast, 16.7 mM glucose
([G 16 7]) applied simultaneously with [K + 50 ] elicits an
insulin response markedly greater than that produced
by [K + 50 ] alone, which is not attenuated by 100 uM
diazoxide, an inhibitor of K + ATP channel closure.
[G 16 7]-induced insulin secretion at the basal K + concn
of 4.7 mM was greatly (93%) suppressed by 100 uM
diazoxide. Insulin secretion induced by [K + 50 ] plus
[G16.7] (tK+5o + G16.7D w a s markedly suppressed (70%)
by 1 uM nifedipine, a Ca 2+ -channel blocker and was
completely abolished by 2 mM 2-cyclohexen-1-one,
which reportedly decreases reduced glutathione level
and blocks glucokinase. This finding indicates that
insulin release induced by [K + so + G 1 6 7 ] is not due to
leakage produced by toxic stimuli but to activation of
exocytosis. When graded concentrations (25 and 50
mM) of K + were applied simultaneously with [G 167 ] in
the presence of 100 uM diazoxide, insulin response
was clearly dependent on K + concentration, indicating
that the physiological range of membrane
depolarization also activates the glucose-responsive
effector. Membrane depolarization/Ca2+ influx directly
stimulates hormone exocytosis on one hand and
activates the K + ATP channel-independent
glucose-responsive effector or effectors on the other in
the B-cell. The nature of the glucose-responsive
effector or effectors remains to be established.
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PANCREATIC ISLETS

37 "C

5% CO 2 -95%

NaHCO3 (equilibrated with 5% CO2/95% O2, pH 7.4) as
described previously (7,11,12). Each addition was made
without an adjustment of osmolarity, i.e., test substance
was simply added to the basal KRBB. In incubation
experiments, five islets were incubated with KRBB for 30
min at 37°C (preincubation), and the buffer was replaced
with buffer containing secretagogues and incubated for
another 20 or 30 min at 37°C (experimental incubation).
In perifusion experiments, to facilitate quantitative analysis of the data, 10 columns filled with the identical batch
of islets were perifused parallel (Fig. 1). Glyburide was
obtained from Yamanouchi (Tokyo); diazoxide, p-nitrophenyl-a-D-glucopyranoside (PNP-Glu), and nifedipine
were from Sigma (St. Louis, MO); and 2-cyclohexen-1one was from Wako (Osaka, Japan). Insulin was measured by radioimmunoassay with commercially available
kits (Eiken, Tokyo), with rat insulin (Novo, Copehagen) as
a standard. Wilcoxon's signed-rank test was used for
statistical analysis. P <0.05 was significant.
RESULTS
As shown in Fig. 2A 50 mM K+ ([K+50]) and 16.7 mM
glucose ([G167]) elicit typical monophasic and biphasic
insulin secretion, respectively. One hundred millimolar
K+ ([K+1Oo]) also produced monophasic insulin secretion
(Fig. 3). [K + 100 ] caused no greater insulin secretion than
[K + 50 ] (Fig. 3). EK values for various ambient K+ concn
were -85, -43, -25.7, and -8.4 mV for 4.7, 25, 50, and
100 mM K+, respectively, and the actual membrane
potentials measured at these concentrations of ambient
K+ in the presence of stimulatory concentration of glucose were less negative (13) than the EK values. We
know that some fraction of VDCC is open at these levels
of membrane potentials (14). However, only a minor
fraction of Ca 2+ channels is available for activation by
further depolarization by 100 mM K+ in the presence of
50 mM K+ and 3 mM glucose (14); we expect it to be only
a few more millivolts (15). Thus, the data on insulin
release obtained in our experiments are compatible with
previous observations made in other electrophysiological
experiments (12-15). Inability of [K+100] to produce any
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FIG. 2. A: immunoreactive insulin (IRI) secretion in response to 16.7
mM glucose [G16.7] ( • ) , 50 mM K + [K + s0 ] ( • ) , and [K + 5 0 + G 1 6 7 ] (A).
B: subtraction of the response to [K + 50 ] from that to [K + so + G i e 7 ]
yields gradually increasing IRI secretion. Data shown were obtained
with the same batch of islets (for details of experimental procedure,
see METHODS). For clarity, mean values of 3 - 5 columns are shown,
and SD (86% of the mean at most) has been omitted In all perifusion
results except in B. Stimulation is started at time 0 min after
stabilization of basal secretion in all perifusion experiments.
Conversion factor of IRI to SI units is 0.1739 (pg/lslet/mln->nmol/
islet/min).

greater insulin secretion than [K+50] alone is not due to
increased osmolarity because a stepwise elevation of K+
from 4.7 to 50 mM and then from 50 to 100 mM caused
an unequivocal insulin release at the second step-up
(Fig. 3). Because a rapid inactivation of VDCC takes
place with persistent depolarization (16), the second
step-up of K+ concn from 50 to 100 mM is thought to
transiently reopen the VDCC.
One micromolar glyburide ([Glyb]) caused a rather
sustained monophasic insulin release (Fig. 4); the relatively small response to 1 uM Glyb is due to the fact that
ambient glucose concentration is subthreshold (3 mM).
We intentionally avoided using a stimulatory concentration of glucose with Glyb because the interaction of
sulfonylurea and glucose, which occurs only with a
stimulatory concentration of glucose, makes the data
more difficult to interpret. Simultaneous stimulation of the
B-cell with [K+50] and 1 uM glyburide ([K+50 + Glyb])
produced no greater insulin secretion than [K+50] alone.
Thus, further depolarization by higher concentration of
K+ ([K+100]) or by closure of K+ATP channel ([Glyb])
cannot additionally stimulate exocytosis in the B-cell
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FIG. 1. Schema of multiple parallel perifusion system. Batch of 500
islets obtained from 3 - 4 rats were pooled and 50 islets each were
packed into 10 small columns of identical size. All columns were
perifused with a single peristaltic pump in parallel.
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FIG. 3. Comparison of immunoreactive insulin (IRI) response to 100
and 50 mM K + . K + concentration was raised at time 0 min from 4.7 to
100 mM ( • ) or 4.7 to 50 mM ( • ) and then 50 to 100 mM (D) 15 min
later. Conversion factor of IRI to SI units is 0.1739 (pg/islet/min^nmol/
islet/min).

when these stimuli are applied simultaneously with
[K+50]In sharp contrast, stimulation of the B-cell with
[K+5o + G16.7] caused a biphasic insulin release (Fig.
2/4); the response during the initial period (corresponding
to the 1st-phase insulin response to glucose alone, 0 - 6
min) was less than the addition of responses to each
stimulation, but the response during the later period
(2nd-phase insulin response, after 7 min) was significantly greater than the simple addition of responses to
the two stimuli (Fig. 2). As a result, a subtraction of insulin
response induced by [K + 50 ] alone from that induced by
[K+5o + G16.7] resulted in a gradually increasing insulin
secretion (Fig. 28), which temporally resembles the second phase of glucose-induced insulin secretion (Fig. 2A).
Diazoxide, a hyperglycemic sulfonamide (17), sup-

12

16

Time (min)
FIG. 4. Immunoreactive insulin (IRI) release in response to 1 uM
glyburide ( • ) , 50 mM K + plus 1 uM glyburide (A), and 50 mM K + alone
( • ) . Conversion factor of IRI to SI units is 0.1739 (pg/islet/min-»nmol/
islet/min).
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DISCUSSION
In this study, we have clearly demonstrated the dual
functional role of membrane depolarization/Ca2+ influx in
the pancreatic B-cell. One hundred millimolar K+ depolarizes the B-cell membrane stronger than [K+50] (13,14).
However, the two concentrations of K+ produced an
identical insulin response, indicating that the direct stimulation of insulin exocytosis by membrane depolarization/
Ca 2+ influx is already maximum at [K + 50 ]. Further
depolarization does not cause additional insulin release
unless it is applied at a later time in which the Ca 2+
channels regain responsiveness to the step-up of external K+. In agreement with this finding, insulin response to
[K + 50 + Glyb] was identical to [K+50] alone. Because
sulfonylurea closes K+ATP channel and depolarizes the
B-cell to stimulate insulin secretion (24,25), it is expected
that the drug is ineffective when the secretory machinery
is unresponsive to further depolarization due to presence
of [K + 50 ]. We tested the effect of sulfonylurea because
the mechanism of B-cell depolarization is different be-
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presses glucose-induced insulin release in a dose-related manner and does not attenuate K+ depolarizationinduced insulin release (18). This was confirmed in our
laboratory; at a concn of 100 uM, diazoxide greatly
suppressed insulin secretion in response to [G16 7] (93%)
but did not inhibit [K+50]-induced insulin release, which
indicates that the closure of K+ATP channel is of primary
importance for glucose-induced but not K+ depolarization-induced insulin release. To test whether the additional insulin secretion produced by [G-,67], in addition to
[K+50]-induced response, is mediated by closure of the
K+ATP channel, the B-cell was pretreated with 100 uM
diazoxide and stimulated with [K + 50 + G 167 ]. Diazoxide
did not effect [K + 50 + G16 7]-induced insulin release (Table 1, experiment I, group 2 vs. 4).
Effects of other drugs on the insulin release in response
to [K + 50 + G16 7] were also tested to see whether VDCC,
putative glucoreceptor, glucokinase, and sulfohydryl
group-dependent exocytotic process are involved in
this pathway of B-cell activation. The response was
markedly suppressed by 1 uM nifedipine (70%), a
blocker of VDCC; however, the response was significantly greater than insulin secretion produced by [K + 50 ]
alone in the presence of nifedipine (Table 1, experiment
II, group 3 vs. 5). Insulin release induced by [K + 50 +
G16 7] was completely abolished by 2 mM 2-cyclohexen1-one (Table 1), which reportedly inhibits glucokinase
(19) and exocytotic process by lowering reduced glutathione (20). Pretreatment of the B-cell with PNP-Glu, a
putative inhibitor of "glucoreceptor" of the B-cell (2123), did not effect [K + 50 + G167]-induced insulin release
(Fig- 5).
When the B-cell was stimulated with graded concentration of K+ and [G 167 ] in the presence of 100 uM
diazoxide, insulin secretion was clearly dependent on the
concentration of K+ (Fig. 6); i.e., high K+-induced activation of the secretion (the difference between high K+
alone and high K+ plus [G167]) was detectable at K+
concn of 50 and 25 mM (Fig. 6).
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Table 1
Effects of diazoxide, nifedipine, and 2-cyclohexen-1-one on insulin release
Experimental incubation

Pretreatment
Experiment

Concentration

Drug

K + (mM)

Glucose (mM)

(nmol/islet)*

I
Group
1
2
3
4
ii

3

None
None
Diazoxide
Diazoxide
2-Cyclohexen-1 - one
2-Cyclohexen-1 - one

5
6

16.7
100 uM
100 uM
2mM

3

16.7
3
16.7

2mM

4.7
50
4.7
50
4.7
50

100.5 dt37.3
676.2 dt 151.4
70.3 dt 15.2

4.7
50
50
50
50

54.9: t 19.1
121.0:t37.9
64.3: t 29.1
326.7 :t62.2
92.0: t 13.6*

632.6 :t 176.0t
104.3 :t 34.5
96.5: t31.3

Group
1
2

3
4
5

1 uM

3
3
3

1 uM

16.7
16.7

Data are means ± SD of 10-13 determinations. For each experiment, the same batch of islets were used. Drugs used for
pretreatment are present throughout experimental incubation. During pretreatment, glucose and K + concn were 3 and 4.7 mM,
respectively. For details of experimental procedure, see METHODS.
*Experimental incubation was carried out for 30 (experiment I) or 20 (experiment II) min.
tNot significantly different from the value of group 2 (experiment I).
$P < 0.05 vs. group 3 (experiment II).

concentration as well. This finding implies that weaker
membrane depolarization induced by 25 mM K+ than
that produced by [K+50] (4,13) possesses such a role,
although 25 mM K+ causes significant depolarization of
the B-cell compared with the normal basal membrane
potentials (26). We tried to delineate the nature of K+ATP
channel-independent, glucose-responsive effector in
the following experiments; however, it remains unestablished (see below). For the mechanism of K+ATP channel-independent B-cell activation by glucose, the
4.0

8(H

et/20 min

— i

[RI

tween sulfonylurea and high K+, the former depolarizes
the B-cell through its inhibitory action on K+ATP channel,
whereas high K+ clamps the membrane voltage to the
value of Ek.
In sharp contrast to sulfonylurea and increasing K+
concentration, stimulation with high concentration of glucose applied simultaneously with [K+50] caused significantly greater insulin response than that produced by
[K+50] alone. These data indicate that glucose stimulates
B-cell in a qualitatively different manner compared with
sulfonylurea and K+ depolarization under the conditions
examined. The activation of K+ATP channel-independent, glucose-responsive effector by membrane depolarization was clearly detectable with a lower (25-mM) K+
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FIG. 5. Effect of p-nitrophenyl-o-D-glucopyranoside (PNP-Glu) on
Immunoreactlve insulin (IRI) release in response to 50 mM K + plus
16.7 mM glucose ([K + 50 + G 167 ]). Responses to [K + so + G 1 6 7 ] in the
absence (A) or presence (D) of 16.7 mM PNP-Glu are shown.
Conversion factor of IRI to SI units is 0.1739 (pg/islet/min->nmol/islet/
min).

DIABETES, VOL. 41, APRIL 1992

FIG. 6. Effects of graded concentration of K on immunoreactive
insulin (IRI) secretion in the presence or absence of 16.7 mM glucose.
Data are means ± SD of 10-12 determinations. Islets were
preincubated with 100 uM diazoxide at the ambient K + and glucose
concn of 4.7 and 3 mM, respectively. Subsequently, they were
incubated for 20 min (experimental incubation) with the indicated
concentration of K + with {hatched columns) or without {open columns)
16.7 mM glucose in the continuous presence of 100 uM diazoxide. IRI
secreted during experimental incubation was measured. *P < 0.01. See
METHODS for details of experimental procedure. Conversion factor of IRI
to SI units is 0.1739 (ng-Himol).
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None
None
Nifedipine
None
Nifedipine

DEPOLARIZATION Cap INFLUX IN B-CELL

following sequence of events might be possible. Glucose
per se or its metabolism results in modulation of L-type
Ca 2+ channels, thereby increasing initial frequency of
opening at any depolarizing potential. A modulation by
glucose of dihydropyridine-sensitive Ca 2+ channels has
been reported in mouse B-cell (27).
Insulin release in response to [K + 50 + G16 7] was completely resistant to diazoxide, a hyperglycemic sulfonamide that inhibits K+ATP channel closure (17). Thus,
glucose-generated signal or signals responsible for this
action are not traveling through this pathway, the closure

GLUCOSE

K* 0

+

°f K ATP channel.

On the other hand, insulin release in response to
[K 5o + G 167 ] was greatly suppressed (70%) by 1 uM
nifedipine, a blocker of VDCC, although the response
was clearly greater than that induced by [K+50] alone in
the presence of 1 uM nifedipine. We have previously
reported that 1 uM (or even 10 uM) nifedipine does not
completely abolish insulin release induced by [K+50] (7)
and concluded that a fraction of the rat B-cell VDCC is
resistant to dihydropyridine; whereas, 1 uM nifedipine
almost completely abolishes [G167]-induced insulin release at the ambient K+ concn of 4.7 mM, indicating that
glucose-responsive L-type Ca 2+ channels are effectively
blocked by this concentration of nifedipine (7). Thus, the
data clearly indicate that residual [K+50]-induced VDCC
opening/Ca2+ influx in the presence of 1 uM nifedipine
(7) causes direct stimulation of insulin release on one
hand and activates the glucose-responsive effector coupled to the process of exocytosis on the other.
2-Cyclohexen-1-one was thought to inhibit insulin release by lowering the reduced glutathione levels (20).
Miwa et al. (19) reported that 2-cyclohexen-1-one also
inhibits glucokinase and speculated that the blockade of
glucose-induced insulin release by 2-cyclohexen-1-one
is primarily due to blockade of this enzyme (19). In this
study, insulin release in response to [K + 50 + G 167 ] was
completely abolished by 2 mM 2-cyclohexen-1-one. The
data imply that 2-cyclohexen-1-one abolishes insulin
response induced by [G 167 ] and that induced by K+
depolarization. Because insulin release in response to K+
depolarization is not dependent on glucokinase, we
consider the drug not only an inhibitor of glucokinase but
also a global inhibitor of exocytosis, presumably through
its action on reduced glutathione (20). Therefore, the
results of experiments with 2-cyclohexen-1-one do not
necessarily support the idea that glucose metabolism is
required for this process. Nevertheless, inhibition by
2-cyclohexen-1-one and nifedipine of insulin release
induced by [K + 50 + G16 7] indicates that the response is
not due to "leakage" of insulin but to activation of
exocytosis.
A competitive inhibitor of putative glucoreceptor, PNPGlu (21,22), was also without effect on the K+ATP channel-independent branch of glucose-induced signal
transduction. Therefore, PNP-Glu-sensitive glucoreceptor may not be involved in this path, or, alternatively, the
drug may not be as powerful an inhibitor of the glucoreceptor as previously reported (23); we see only marginal
suppression by PNP-Glu of insulin response to high
glucose alone (data not shown). Because biochemical

DEPOLARIZATION

+

2+

Ca

FIG. 7. Schema for dual functional role of membrane
depolarization/Ca2+ influx. Depolarization is caused by K + ATP channel
closure due to increase of ATP. Opening of the voltage-dependent
Ca 2 + channel ensue and cytosolic free Ca 2 + ([Ca2+],) rises as a result
of Ca 2 + influx. It stimulates exocytosis through Ca 2+ -dependent
mechanisms on one hand and induces the coupling of another
glucose-responsive effector and the process of exocytosis on the
other.

evidence for B-cell glucoreceptor is lacking, clarification
of the problem needs further investigation.
For the mechanism of glucose-induced insulin secretion, we showed that the B-cell is equipped with K+ATP
channel-independent, glucose-responsive effector or
effectors. Nevertheless, glucose-induced insulin secretion with ambient nondepolarizing K+ concn of 4.7 mM is
mostly abolished by 100 |xM diazoxide. This implies that,
for the activation of the K+ATP channel-independent
effector, the signal generated by membrane depolarization, most likely elevation of [Ca2+]|, is absolutely necessary. Based on these data, we propose that glucoseinduced biphasic insulin secretion results from the
activation of two mutually interrelated signal transduction
pathways (Fig. 7). One pathway is direct stimulation of
exocytosis due to [Ca2+]| elevation and the other is
stimulation through the K+ATP channel-independent,
glucose-responsive effector or effectors; for the coupling
of the latter effector or effectors and exocytosis, [Ca2+]j
elevation is mandatory (Fig. 7). Because glucose elicits
mostly second-phase response when the former pathway is inactivated by high concentration of K+ (Fig. 28),
the latter pathway appears primarily responsible for the
second-phase insulin release, whereas, the direct stimulation of exocytosis by elevated [Ca2+]| may be closely
related to the first-phase response.
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