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Summary In spontaneously diabetic GK rats, insulin
secretion from pancreatic beta cells in response to
glucose is selectively impaired, probably due to defi-
cient intracellular metabolism of glucose and im-
paired closure of K 41 channels during glucose stimu-
lation. By using electrically permeabilized islets of
GK rats, we explored the functional modulations in
exocytotic steps distal to the rise in [Ca%* ]i in the dia-
betic condition. At 30 nmol/l Ca?* (basal conditions)
insulin release was similar between GK and non-dia-
betic control Wistar rats. In response to 3.0 umol/l
Ca?* (maximum stimulatory conditions), insulin re-
lease was significantly augmented in permeabilized
GK islets (p <0.01). Raising glucose concentrations
from 2.8 to 16.7 mmol/l further augmented insulin re-
lease induced by 3.0 pmol/l Ca?* from permeabilized
control islets(p < 0.001), but had no effect on that

from permeabilized GK islets. The stimulatory effect
of glucose on insulin release from permeabilized con-
trol islets was partly inhibited by 2,4-dinitrophenol,
an inhibitor of mitochondrial oxidative phosphoryla-
tion (p < 0.01). The hyperresponse to Ca?* in GK is-
lets may play a physiologically compensatory role on
the putative functional impairment both in [Ca®* ]i
rise and energy state in response to glucose in diabet-
ic B cells, and may explain the relative preservation of
insulin release induced by non-glucose depolarizing
stimuli, such as arginine, from pancreatic islets in
non-insulin-dependent diabetes mellitus. [Diabeto-
logia (1995) 38: 772-778]
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The impairment of glucose-induced insulin secretion
is known to be one of the major characteristics of
non-insulin-dependent diabetes mellitus (NIDDM).
Insulin release has been found to be selectively re-
duced in response to glucose, but not to other secreta-
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gogues such as arginine, both in humans with
NIDDM [1-3] and in animal models such as neona-
tally streptozotocin-induced diabetic rats (NSZ rats)
[4.5]

Recently, the GK rat (Goto-Kakizaki rat) has
been reported to be a novel spontaneous non-obese
model of NIDDM [6-9]. The rats were developed by
repetitive selective inbreeding of Wistar rats with ab-
normal glucose tolerance. After tens of generations,
the diabetic state became stable. Thus, the diabetic
aetiology of GK rats is thought to be exclusively ge-
netic, and they show glucose intolerance at 2 weeks
of age.

It is well established that a rise in the cytoplasmic
Ca?* concentration ([Ca?* ]i) is essential for insulin
secretion from pancreatic beta-cells [10-12]. During
glucose stimulation, metabolic fluxes such as produc-
tion of ATP close ATP-sensitive K* channels (K p
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channels). The resultant membrane depolarization
brings about Ca?* influx through voltage-dependent
Ca’* channels, leading to the rise in [Ca®* }i, which
eventually activates exocytosis of insulin granules.
We have recently reported that the inhibition of
Karpchannel activity in response to glucose is signifi-
cantly reduced in diabetic beta-cells of NSZ [13] and
GK rats [14}, probably due to insufficient ATP pro-
duction by a deficiency of intracellular glucose meta-
bolism. These findings might suggest that the me-
chanism of impaired insulin secretion induced by glu-
cose in NIDDM is based on the defective step(s) in
insulin secretory machinery proximal to the [Ca®* ]i
elevation. Accordingly, we have demonstrated that
the rise in [Ca®* ]i in response to glucose is selective-
ly impaired in beta-cells of diabetic NSZ rats [15],
and also reported that pancreatic beta-cells main-
tained under prolonged hyperglycaemic conditions
show deficient glucose-induced [Ca?* i rise together
with the decreased insulin secretory capacity to glu-
cose [16].

On the other hand, the exocytotic process distal to
the rise in [Ca®* ]i may also be affected in diabetes,
and can be explored independently of ionic events
by permeabilizing the endocrine cells. The elevation
of Ca’* has been reported to be sufficient to activate
exocytosis in the permeabilized insulin-secreting cells
[17-20] as well as in other endocrine cells [21-24].
However, functional alterations in the insulin secre-
tory machinery distal to [Ca?* ]i elevation in diabetic
beta-cells are still to be elucidated. In this study, we
have examined the modulation of [Ca?* [i-activated
exocytotic pathway in the diabetic state using electri-
cally permeabilized pancreatic islets of GK rats.

Materials and methods

Animals. Male diabetic GK rats were donated by Pharmaceuti-
cal Research Laboratories-1I (Takeda Chemical Industries
Ltd., Osaka, Japan). Male non-diabetic age-matched Wistar
rats were used as control animals. The animals were fed ad libi-
tum with a standard pelleted chow and allowed free access to
water in an air-conditioned room with a 12-h light/dark cycle
until killing. All experiments were carried out with GK and
control rats at 7- to 10-weeks of age.

Measurement of serum glucose and insulin. Blood was drawn
from the left renal vein immediately before isolation of the
pancreatic islets of Langerhans under pentobarbital anaesthe-
sia (40 mg/kg body weight). Sera obtained by centrifugation
were used for the measurements of glucose and immunoreac-
tive insulin. Serum glucose was measured by the glucose- oxi-
dase method [25]. Immunoreactive insulin was determined by
radioimmunoassay using the polyethylene glycol method with
rat insulin (Novo Nordisk, Copenhagen, Denmark) as the stan-
dard [4].

Measurement of insulin release from intact islets. Islets of Lan-
gerhans were isolated from GK and control rats by collage-
nase digestion as described previously [26]. The islets then

were preincubated at 37°C for 30 min in Krebs-Ringer bicar-
bonate buffer (KRBB)[16] supplemented with 2.8 mmol/l glu-
cose and 0.2 % bovine serum albumin (BSA). Groups of five
islets were then batch-incubated for 60 min at 37°C in 0.4 ml
KRBB with test materials. At the end of the incubation peri-
od, islets were pelleted by centrifugation (10,000 x g, 60 s) and
aliquots of the buffer were removed and diluted to one-twen-
tieth for insulin assay.

Measurement of insulin release from permeabilized islets. After
the preincubation as described above, the islets were washed
twice in cold potassium aspartate buffer (KA buffer) contain-
ing 140 mmol/l potassium aspartate, 7 mmol/l MgSO,,
5mmol/l ATP, 28 mmol/l glucose, 2.5mmoll EGTA,
30 mmol/l HEPES, 0.5 % BSA (pH 7.0), with CaCl, added to
give a Ca’* concentration of 30 nmol/l. The islets were then
permeabilized by high voltage dischage (four exposures each
of 450-ps duration to an electrical field of 4.0 kV/cm) in KA
buffer and washed once with the same buffer. Groups of five
electrically permeabilized islets were then batch-incubated for
60 min at 37°C in 0.4 ml KA buffer with various concentra-
tions of Ca2* (from 30 nmol/l to 10.0 pmol/l) and test materi-
als. Aliquots of the buffer were assayed for insulin using the
same protocol described above. Ca?* concentrations in the
KA buffer were calculated by using the dissociation constants
of Martell and Smith [27]. In some series of experiments, insu-
lin was extracted from groups of five islets with 0.4 ml 1 mol/l
acetic acid both before and after the permeabilization proce-
dure and the content was determined by radioimmunoassay [4].

Materials. Potassium aspartate was obtained from Sigma Che-
micals Co. (St. Louis, Mo., USA); ATP was obtained from
Kohjin Co., Ltd. (Tokyo, Japan); and all other reagents were
of analytical grade and were obtained from Nacalai Tesque
Inc. (Kyoto, Japan).

Statistical analysis. All results are presented as mean + SEM
for the indicated number of observations. Data were analysed
by Student’s #-test for unpaired data. Differences were consid-
ered significant at p < 0.05.

Results

Characteristics of GK and control rats. The in vivo
characteristics of diabetic GK and non-diabetic Wis-
tar rats are summarized in Table 1. The body weight
and the serum insulin level were not significantly dif-
ferent between the two groups. The serum glucose
concentration in the GK rats was significantly higher
(p <0.001) than that of the controls. In each experi-
ment, GK rats stably exhibited higher glucose levels
than controls.

Insulin release from intact islets. Figure 1 shows the in-
sulin secretory capacity in response to glucose and ar-
ginine. Insulin release in response to 2.8 or 8.3 mmol/l
glucose was not significantly different between GK
and control rats. Basal insulin secretion at 2.8 mmol/l
glucose was 0.62 +0.03 ng - islet™ - 60 min™ (n = 25)
in control and 0.53+0.04 ng-islet’-60 min™
(n =24) in GK rats. Insulin response to 16.7 mmol/l
glucose was significantly decreased in GK rats
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Table 1. Body weight, serum glucose, and serum insulin of
control and GK rats

Control GK
Body weight (g) 2747164 256.6+8.3
Serum glucose (mmol/1) 10.9+0.3 21.1+£0.52
Serum insulin (ng/ml) 228+0.24 2491030

Values are means + SEM for 39 control and 43 GK rats.
All animals were in the fed state. * p < 0.001 vs control

.l iE

Fig.1 Effects of glucose and arginine on insulin release from
isolated pancreatic islets of control ([(]) and GK rats (22). The
response was tested for 60 min at 37°C in KRBB under the in-
dicated conditions. Bars represent mean * SEM for 15-25 bat-
ches of islets from three separate experiments. *p <0.01,
**p < 0.001 vs control

(4.5210.30 ng-islet!- 60 min?, n=23, p<0.01)
compared with controls (7.48 £0.85, n=23). The
rise in glucose concentration from 8.3 to 16.7 mmol/l
in the incubation medium did not elicit further insu-
lin secretion from islets of GK rats. In contrast,
20 mmol/] arginine in the presence of 2.8 mmol/l glu-
cose markedly enhanced insulin release from islets
of GK rats (3.02+0.43 ng - islet™ - 60 min™', n =15,
p <0.001) compared with that of controls (1.09 +
0.10, n = 14). In another series of experiments, the ef-
fect of depolarizing concentrations of potassium was
tested. In the presence of 2.8 mmol/l glucose, insulin
secretion induced by 25 mmol/l potassium also was
significantly higher in GK rats (by 3.10 + 0.28-fold,
n =38, p<0.05) when compared with controls (by
1.67 £ 0.28-fold, n = 8).

Characteristics of the Ca®* -induced insulin release
from electrically permeabilized normal pancreatic is-
lets. In permeabilized insulin-secreting cells, the ele-
vation of Ca?* levels directly stimulates exocytosis
of insulin, as has been previously reported [17-20].
When permeabilized islets were incubated in solu-

125
T_E 10.0 1
E .
o L L]
©
T
s 7.5 4
0
o
£
@ 50
[
o
o
£
3 25
£

od . . . —

0.03 0.1 0.3 1.0 3.0 10.0

Calcium (umol/I)

Fig.2 Ca?* -induced insulin release from electrically permea-
bilized islets. Electrically permeabilized islets obtained from
control Wistar rats were incubated for 60 min in solutions con-
taining Ca?* in increasing amounts from 0.03 to 10.0 pmol/l.
Results are means + SEM for four batches of islets. *p < 0.05,
**p < 0.01 vs the value at 0.03 umol/l Ca®*

tions containing increasing Ca’* concentrations
from 30 nmol/l to 10.0 umol/l, insulin release was
dose-dependently stimulated by about three-fold
(Fig.2). Secretion was found to be augmented half-
maximally by about 0.5 umol/l Ca?* and maximally
by 3.0 pmol/l Ca?*. The lactate dehydrogenase con-
tent of the electrically permeabilized islet was mea-
sured as a marker of high molecular weight cytosolic
proteins. Compared with the enzyme content in in-
tact islets, that of permeabilized islets was
65.4+2.6% (n=4) immediately after electric per-
meabilization, and 64.5+£2.6% (n=4) after a 60-
min incubation at 30 nmol/l Ca?*, indicating that no
significant leakage occurred during the incubation
period. The staining of islets with trypan blue after
the incubation period showed that essentially all of
the islet cells were still positive (data not shown), in-
dicating that islets can be kept permeabilized during
the incubation period, a finding consistent with re-
sults in a previous report [28].

Ca’* dose-response of insulin release was augmented
in electrically permeabilized pancreatic islets of GK
rats. Insulin secretory capacity in response to increas-
ing Ca’* concentrations was compared between elec-
trically permeabilized pancreatic islets of GK and
control rats. Although the insulin response to non-sti-
mulatory concentrations of Ca?* was similar in both
groups of islets, the response to stimulatory Ca®*
concentrations was significantly augmented in the
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Fig.3 Augmented Ca?* dose-response of insulin release in
electrically permeabilized pancreatic islets of GK rats. Insulin
release from electrically permeabilized islets of control (0)
and GK rats (@) were tested for 60 min in solutions contain-
ing increasing amounts of Ca?* from 0.03 to 10.0 umol/l in
the presence of 2.8 mmol/l glucose. Results are means + SEM
for 11-12 batches of islets from two separate experiments.
*p < 0.05, **p < 0.01 vs control

Table 2. Effect of glucose on Ca?*-induced insulin secretion
from electrically permeabilized control islets

Agents Ca?" (umol/})
0.03 3.0
2.8 mmol/l Glucose 100 (22) 100 (22)
16.7 mmol/l Glucose 102+10(21) 281 +23 (22)?
16.7 mmol/l Glucose +
100 umol/l 2,4-dinitrophenol 95+ 9 (15) 184 £16 (26)>°

Electrically permeabilized control pancreatic islets were incu-
bated for 60 min in KA buffer containing the indicated
agents. Data are normalized by taking the secretion at
2.8 mmol/l glucose as 100 %, and expressed as mean + SEM.
Number of batches from three separate experiments are
shown in parentheses. Secretion in the presence of 2.8 mmol/l
glucose was 1.74 +0.26 ng - islet™? - 60 min™ at 0.03 umol/l
Ca® and 4.99+0.50 ng-islet” - 60 min™! at 3.0 ymol/l Ca?*
(p < 0.001).

2 p <0.001 vs 2.8 mmol/l glucose; ® p < 0.01 vs 16,7 mmol/l glu-
cose

GK rat islets (Fig.3). In the presence of 2.8 mmol/l
glucose, insulin response to 30 nmol/l Ca’* was
234 +0.36 ng-islet” - 60 min™! (n=12) in control
and 2.81 +0.21 ng - islet - 60 min™ (n=11) in GK
rats. At the maximally stimulatory concentration of
3.0umol/l Ca?*, however, insulin release was
15.12 £2.12 ng - islet™ - 60 min~! (n = 12) in GK rats,

which was significantly higher than the value of
7.8910.66 (n =12, p < 0.01) in control rats. Thus, the
increase in Ca’* concentrations from 30 nmol/l to
3.0 pmol/l stimulated insulin release by 5.4-fold in
GK rats and by 3.4-fold in control rats.

Insulin content of intact islets was not statistically
different between control (49.0 £ 4.3 ng/islet, n = 15)
and GK islets (52.1 £ 3.3 ng/islet, n = 15). In the case
of electrically permeabilized islets, insulin content
was also not statistically different between the two
groups (35.6+2.8 ngfislets, n=15 vs 373132,
n =15, in control and GK rats, respectively). This in-
dicates that insulin content was as well preserved as
with the permeabilization procedure in GK (71.5 %)
and control rats (72.6 %).

Effect of glucose on Ca?* -induced insulin secretion
from electrically permeabilized normal pancreatic is-
lets. The effect of glucose on Ca?* -induced insulin se-
cretion was assessed in electrically permeabilized
normal pancreatic islets by raising the glucose con-
centration in the KA buffer from 2.8 to 16.7 mmol/l.
In addition, we examined the effect of 2,4-dinitrophe-
nol (DNP), an inhibitor of mitochondrial oxidative
phosphorylation, to explore the underlying mechan-
ism of the glucose effect. In intact control islets incu-
bated in KRBB, insulin release of 8.25%1.03
ng - islet™ - 60 min™?! (n =5) induced by 16.7 mmol/l
glucose was found to be markedly inhibited by 100
mol/l DNP to 0.55 £ 0.14 ng - islet™ - 60 min™! (n = 5),
corresponding to the basal insulin secretion at
2.8 mmol/l glucose (0.65%0.09 ng - islet™ - 60 min™,
n =15). As shown in Table 2, 16.7 mmol/l glucose did
not enhance the insulin release from electrically per-
meabilized control islets in the presence of non-sti-
mulatory 30 nmol/] calcium. In contrast, 16.7 mmol/l
glucose significantly augmented insulin release in
the presence of 3.0 pumol/l calcium (p < 0.001 vs secre-
tion at 2.8 mmol/l glucose). DNP at 100 pmol/l signif-
icantly suppressed the augmentative effect of
16.7 mmol/l glucose (p < 0.01), but this inhibitory ef-
fect on glucose-augmented insulin secretion was
only partial; the agent did not completely inhibit the
augmented insulin secretion to the secretory level at
2.8 mmol/l glucose.

It should be noted that the rise in glucose concen-
tration from 2.8 to 16.7 mmol/l failed to increase the
insulin release from intact control pancreatic islets in
KA buffer containing 3.0 pmol/l Ca?* (0.23 +0.04
ng-islet?- 60 min?!, n=5, vs 029+0.05 ng-is-
let™ - 60 min™!, n = S). This finding excludes the possi-
bility that residual intact beta-cells in electrically per-
meabilized islets might perturb the secretory data in
this experiment.

Impaired glucose augmentation of Ca’* -induced in-
sulin release in electrically permeabilized pancreatic
islets of GK rats. The augmentative glucose effect on
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Fig.4 Impairment of glucose effect on Ca?* -induced insulin
secretion from electrically permeabilized GK islets. The stimu-
latory effect of glucose on insulin release from electrically per-
meabilized islets of control (((]) and GK rats () was tested
for 60 min in KA buffer containing either 0.03 or 3.0 umol/l
Ca?*. Data are normalized by taking the basal insulin secre-
tion at 0.03 umol/l Ca2* in the presence of 2.8 mmoV/1 glucose
by 100 %, and expressed as mean + SEM for 15-16 batches
from two separate experiments. *p < 0.001 vs control

Ca?* -induced insulin release was compared between
electrically permeabilized pancreatic islets of control
and GK rats (Fig.4). Basal secretion at 30 nmol/l
Ca’* in the presence of 2.8 mmol/l glucose was not
statistically different between control (1.97 £0.15
ng-islet?- 60 min!) and GK rats (1.5810.16
ng - islet™ - 60 min!). When the data were normal-
ized by taking the basal secretion in each group as
100 %, insulin release induced by 3.0 umol/I Ca?* in
the presence of 2.8 mmol/l glucose was significantly
higher in GK islets, which again confirms the hyper-
response to Ca?* in GK rats. In electrically permea-
bilized control pancreatic islets, the rise in glucose
concentration from 2.8 to 16.7 mmol/l further aug-
mented insulin release induced by 3.0 umol/l
Ca’* (p < 0.001). In contrast, the rise in glucose con-
centration had no effect on Ca?* -induced insulin re-
lease from electrically permeabilized GK islets.

The GK rat has been shown to be a novel genetic an-
imal model of NIDDM [6-9]. In the present study,
the serum glucose level of GK rats was found to be
consistently higher than that of control rats. Further-
more, the insulin release induced by glucose in vitro
from isolated pancreatic islets of GK rats was signifi-
cantly decreased compared with control Wistar rats,
whereas the insulin release induced by other secreta-
gogues such as arginine was rather augmented.

These data confirm the previous findings reported
both in vivo [7,9] and in vitro [8,9,29,30], indicating a
selective reduction of glucose-induced insulin secre-
tion of GK rats. The GK rat thus provides a very suit-
able model for investigating the pathophysiological
aspects of alterations in the insulin secretory machin-
ery of NIDDM beta cells.

A rise in [Ca®* ]iis believed to play a crucial role in
the regulation of insulin secretion from pancreatic
beta-cells in response to various stimuli, including
glucose [10-12]. Investigations of permeabilized insu-
lin-secretory cells have shown that the elevation in
[Ca?" ]i is sufficient to activate exocytosis of insulin
granules [17-20]. We have previously reported that
the selective impairment of glucose-induced insulin
secretion observed in NIDDM beta-cells is associ-
ated with the defective [Ca®* ]i elevation by glucose,
but not by arginine [15], and this phenomenon may
be explained in part by defects in the steps proximal
to the [Ca®*]i elevation in glucose stimulation, in-
cluding deficient intracellular glucose metabolism
[13-15]. However, it is also of great interest to ex-
plore the functional modulations in steps distal to
the rise in [Ca?* ]i in beta cells in the diabetic condi-
tion.

It is noteworthy that in this study insulin release in
response to stimulatory concentrations of Ca?* was
markedly augmented in electrically permeabilized is-
lets of GK rats. This finding may well explain the hy-
perresponse of GK rats to depolarizing stimuli, such
as arginine, found in this study and previous reports
[9], because this positively charged amino acid has
been suggested to exert its insulinotropic effect main-
ly by causing direct depolarization of the plasma
membrane, resulting in an increase in [Ca?* ]i via
Ca’* influx through the voltage-dependent Ca®*
channels [31].

Portha et al. [9] have reported that the hyperre-
sponse to arginine, together with the decreased insu-
lin release in response to glucose, were partially but
not completely improved by perfusion of GK pan-
creas with buffer containing no glucose. Thus, it can
be speculated that the increased insulin response to
Ca?" in electrically permeabilized islets of GK rats
may partly be explained by so-called glucose toxicity
[32,33], although the involvement of genetic back-
ground cannot be excluded. The hyperresponse to ar-
ginine at least in the presence of a non-stimulatory
concentration of glucose has also been demonstrated
in various hyperglycaemic models including NSZ
rats [4,5,34], partially pancreatectomized rats [35], in
vivo glucose-infused rats [36], and another genetical-
ly-diabetic rat model [37]. In the report by Leahy
et al. [34], the hyperresponse to arginine in NSZ rats
was recovered by 24-h insulin treatment, which again
suggests that the increased Ca?* -induced insulin re-
lease from permeabilized diabetic islets may be
ascribed to prevailing hyperglycaemia. In this re-
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spect, we have preliminarily observed that Ca?* -in-
duced insulin release is similarly augmented in an
electrically permeabilized beta cell line, HIT-T 15
cells cultured for 24 h at high concentrations of glu-
cose (Y. Okamoto and H. Ishida, unpublished obser-
vations), whereas the glucose-induced insulin release
from the intact cells is found to be blunted as pre-
viously demonstrated [38].

The presence of intracellular defects of glucose
metabolism has been suggested in beta cells of GK
rats [14,29,30,39]. Thus, we speculate that the signifi-
cant enhancement of Ca?* -activated insulin secre-
tion, which was observed in electrically permeabi-
lized islets of GK rats, might play a physiological
compensatory role in the putative impairment both
in [Ca?*]i rise and energy state after stimulation
with glucose in diabetic beta cells. In electrically per-
meabilized control pancreatic islets, stimulatory con-
centrations of glucose were found to augment Ca?* -
induced insulin release in a dose-dependent manner.
This stimulatory effect of glucose on Ca®* -induced
insulin release was significantly inhibited by DNP, a
metabolic uncoupler which inhibits oxidative phos-
phorylation. This finding strongly suggests that glu-
cose can augment insulin secretion from electrically
permeabilized islets via its intracellular metabolism,
even though it is possible that glycolytic enzymes
might be lost to some extent during the permeabili-
zation procedure. DNP at 100 umol/l completely in-
hibits glucose-induced insulin release from intact
pancreatic islets, but its suppression of the stimula-
tory glucose effect on Ca®* -induced insulin release
from electrically permeabilized islets was incom-
plete. It is, therefore, also suggested that glucose can
exert its stimulatory effect through mechanisms
other than the generation of ATP. Although the pre-
cise mechanisms underlying augmentation by glu-
cose are still to be elucidated, the putative metabol-
ic signals derived from glycolytic intermediates
might participate in the stimulatory glucose effect
on Ca**-induced insulin release from electrically
permeabilized pancreatic islets. In addition, activa-
tion of protein kinases, which facilitate the effect of
Ca’* on the exocytotic pathway, may also play a
role.

Using intact pancreatic islets treated with diazox-
ide and depolarized by potassium, it has been demon-
strated that glucose can control the Ca?* -activated
exocytotic pathway independently from the ionic
events including K ,p channels, presumably by acti-
vating protein kinases [40,41] or changing energy
state [42]. The present finding seems to be consistent
with these reports. In permeabilized GK islets, how-
ever, glucose failed to enhance the calcium-induced
insulin release. This defective augmentation by glu-
cose on the Ca?* -activated effector system could
cause the selective impairment of glucose-induced in-
sulin release from intact GK rats in conjunction with

the putative impaired elevation and function of intra-
cellular Ca?* probably due to the disturbed intracel-
lular glucose metabolism after the glucose stimula-
tion [14].

The detailed molecular mechanisms by which
Ca?* acts on exocytosis are still unclear, but studies
particularly using chromaffin granules have reported
that some cytosolic proteins such as calmodulin and
members of the annexin family can bind to secretory
granules in a Ca?* -dependent manner [24,43]. In se-
cretory granules of pancreatic islets, the presence of
Ca?* -calmodulin-dependent protein kinases (CaM
kinases) and endogenous substrates have also been
demonstrated [44]. Recently, it has been reported
that glucose activates CaM kinase II in pancreatic is-
lets over a similar concentration range to glucose-in-
duced insulin secretion [45]. The precise mechanism
of the increased Ca?* sensitivity at non-stimulatory
concentrations of glucose and of the absence of glu-
cose effect to enhance the secretory response to
[Ca?* ]i elevation in diabetic beta cells is still under
investigation, but it is possible that the phosphoryla-
tion state of exocytosis-related Ca?*-dependent pro-
teins might be altered through putative metabolic ab-
normalities under prolonged hyperglycaemic condi-
tions. The further clarification of abnormal regula-
tory systems in intracellular signalling for insulin se-
cretion is necessary to elucidate the underlying me-
chanism of the selective impairment in glucose-in-
duced insulin secretory capacity characteristic of
beta cells in NIDDM.
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