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The GK rat is a spontaneous model of NIDDM. The insulin
response to 16.7 mmol/1 glucose was markedly impaired in
both isolated perfused pancreas and isolated islets from
GK rats compared with control Wistar rats. Depolariza-
tion with 30 mmol/1 KC1 in the presence of 3.3 mmol/1
glucose and 250 |xmol/l diazoxide induced similar insulin
responses in perfused pancreases of GK and control rats.
In contrast, the glucose-stimulated insulin release was
also severely impaired in GK pancreases in the depolar-
ized state. Forskolin (1 (xmol/1) markedly enhanced insu-
lin release at 3.3 mmol/1 glucose in GK but not control
pancreases (54 ± 15 vs. 3 ± 1 pmol/10 min, P < 0.001).
Dibutyryl cAMP (1 mmol/1) exerted effects similar to
forskolin on insulin release in the perfused pancreas. In
depolarized pancreases of GK but not control rats, for-
skolin also induced a marked insulin response at 3.3
mmol/1 glucose (163 ± 48 vs. 16 ± 1 pmol/20 min, P <
0.03). Similarly, in studies on isolated islets from GK rats
cultured in 5.5 or 16.7 mmol/1 glucose for 48 h, forskolin
(5 |xmol/l) restored insulin release in response to 16.7
mmol/1 glucose but had no effect on islet glucose utiliza-
tion at 3.3 or 16.7 mmol/1 glucose. Forskolin markedly
stimulated insulin release at 3.3 mmol/1 glucose in GK but
not control rat islets cultured for 48 h in 5.5 mmol/1
glucose, whereas 20 mmol/1 arginine had an almost iden-
tical effect in both islet varieties. However, in islets
cultured in 16.7 mmol/1 glucose, forskolin stimulated
insulin release similarly both in control and GK islets at
3.3 mmol/1 glucose. In conclusion, this study suggests that
the insulinotropic effects of glucose are coupled to a
direct regulation of the exocytotic machinery in the pan-
creatic 3-cell. This pathway is markedly impaired in GK
rats, contributing to defective insulin response to glu-
cose. In this model, cAMP generation restores the insulin
response to 16.7 mmol/1 glucose and exerts a marked
insulin release even at 3.3 mmol/1 glucose. Diabetes 45:
934-940, 1996
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The spontaneously diabetic GK (Goto-KakizaM) rat
is a lean model of NIDDM. These animals exhibit a
markedly impaired insulin release in response to
glucose stimulation early in life (1,2). The mecha-

nism behind this defect is not well understood.
It is generally accepted that glucose is metabolized in islets

to generate the ATP required to close the ATP-dependent K+

channels (K^p-,). This leads to membrane depolarization,
opening of the L-type voltage-gated Ca2+ channels, Ca2+

influx leading to increased cytoplasmic free Ca2+ concentra-
tion, [Ca2+]i, and insulin release. Glucose, however, was also
demonstrated to dose dependently induce insulin release
from islets in which the K(ATP) channel is inactivated by
perifusion with tolbutamide, quinine (3), or diazoxide with
high K+ concentration to depolarize the plasma membrane
(4,5). These effects strongly indicated that glucose stimulates
insulin release also by mechanisms independent of mem-
brane ion channels and likely involving direct interaction
with the exocytotic machinery. It is not known whether this
direct effect of glucose on exocytosis is also impaired in the
endocrine pancreas of GK rats. Therefore, we studied the
effects of glucose on insulin release under depolarized con-
ditions in the isolated perfused pancreas of both diabetic GK
and nondiabetic Wistar rats. Additionally, we investigated
the effects of cAMP generation on insulin release from
normal and depolarized pancreases of GK and control rats.
The rationale for this approach was, first, the fact that
compounds known to exert their effects through cAMP
generation have been reported to restore or significantly
ameliorate insulin release in a variety of glucose-unrespon-
sive cell and islet preparations (6-10). Second, enhanced
effects of cAMP on insulin release were reported in electri-
cally permeabilized cell lines (11) and islets (12-15) by a
mechanism largely involving direct interaction of the nucle-
otide with the exocytotic processes of insulin release from
(3-cells (16).

RESEARCH DESIGN AND METHODS
Animals. Male GK rats between 2 and 3 months of age were obtained
from our colony at the Karolinska Institute. As controls, male Wistar rats
matched for age and weight were obtained from a local breeder (B&K
Universal, Sollentuna, Sweden). All rats were fed ad libitum with free
access to water and were kept in rooms in which alternate 12-h periods
of light and darkness were enforced.
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Perfusion of isolated pancreas. Each animal was anesthetized with an
intraperitoneal injection of sodium thiopental (100 mg/kg body wt). A
sample of blood was obtained before the perfusion experiment by tail
snipping. The blood glucose level was estimated with a glucose oxidase
method using test strips (BM-test glycemia 1-44) read for absorbance
with a reflectance photometer (Reflolux-S, Boehringer Mannheim,
Mannheim, Germany).

The operation entailed the free dissection of the pancreas from the
adjacent tissues, as previously described by Loubatieres et al. (17). The
perfusion medium was administered to the pancreas through a cannula
inserted in the abdominal aorta and consisted of Krebs-Ringer bicarbon-
ate (KRB) buffer supplemented with 2 g/1 bovine plasma albumin (Sigma,
St. Louis, MO). The perfusion medium was gassed during the whole
experiment with a mixture of 95% O2:5% CO2. The perfusion protocols
started with a 20-min equilibration period and ended with 10 min with
3.3 mmol/1 glucose. Only the test periods and the final basal points were
recorded in the figures.

No edema of the pancreases was noted. The amount of hormone
secreted was estimated as the result of the flow rate multiplied by the
amount of hormone secreted per milliliter of perfusate. All perfusion
samples were collected in ice-chilled tubes containing 1,000 kallekrein
inhibitor units aprotinin (Trasylol, Bayer, Leverkusen, Germany), stored
at -20°C and subsequently analyzed in radioimmunoassays for insulin
(18).
Isolation of pancreatic islets and batch incubation studies. Islets
were isolated from both control and GK rats by digestion with collage-
nase (Boehringer Mannheim). The islets were cultured for 48 h in
RPMI-1640 medium supplemented with 5.5 or 16.7 mmol/1 glucose and
10% (vol/vol) fetal calf serum (FCS). For the studies of insulin release,
the islets were first preincubated in KRB buffer and 3.3 mmol/1 glucose
for 45 min. Insulin release was then determined in batches of five islets
incubated in 500 |xl KRB supplemented with albumin (as described
above) for 45 min, and the effluent was frozen to be subsequently
analyzed for insulin (18).
Glucose utilization experiments. Glucose utilization was determined
from the yield of 3H2O from [5-3H]glucose as previously described (19).
For this purpose, islets were cultured for 48 h in RPMI-1640 medium
supplemented with FCS and 11 mmol/1 glucose. The islets were then first
preincubated for 45 min in KRB with 3.3 mmol/1 glucose. Subsequently,
batches of 20 islets were incubated for 90 min in KRB with the different
stimuli and 0.6 (xCi [5-3H]glucose (Amersham, Amersham, Bucks, U.K.).
Measurements of [Ca2+]i. Measurements of [Ca2+]i were performed in
islets cultured for 48 h in RPMI-1640 medium supplemented with FCS
and 11 mmol/1 glucose. Single islets were then preincubated for 30 min
at 37°C in KRB buffer supplemented with 2% albumin (Sigma) containing
3.3 mmol/1 glucose and 1.5 |xmol/l fura-2/AM. A coverslip was used as
part of the bottom of an open chamber designed for microscopic work,
covering a centrally located circular hole in the bottom plate. A rubber
ring constituted the chamber wall and was pressed to the coverslip by a
circular steel plate, with a central opening and by a thin steel ring. Two
cannulas penetrated the top piece of the chamber and were connected
to a two-channel peristaltic pump (Ismatec, Glattbrugg-Zurich, Switzer-
land) allowing steady perifusion of the islet. A perifusion rate of 300
ixl/min was used. The chamber was placed in a holder on the stage of an
inverted microscope (Zeiss Axiovert 35M). The stage itself was thermo-
statically controlled to maintain a temperature of 37°C in the perifusate
inside the chamber. The islet was placed under a metal grid in the center
of the chamber. The microscope was equipped with a photon-counting
photometer and was connected to a SPEX fluorolog-2 CM1T11I system,
allowing fluorometry using two excitation wavelengths. The excitation
wavelengths (340 and 380 nm) were generated by two monochromators,
and emitted light was collected through a 510-nm filter inside the
microscope. One 340/380 fluorescence ratio was obtained every second.
By using a 40X/0.75 NA objective and by changing the diameter of a
variable diaphragm in the microscope, it was possible to select and
measure from the central parts of the islets. The perifusion protocol
started with 150 s of 3.3 mmol/1 glucose, 300 s of 3.3 mmol/1 glucose plus
250 fjimol/1 diazoxide and 30 mmol/1 KC1, and 200 s of the latter cocktail
plus 5 |xmol/l forskolin; the protocol was terminated by 200 s of 3.3
mmol/1 glucose alone. The figures give [Ca2+]j as fluorescence ratio.
Each figure shows one representative experiment from a single islet
chosen from a group of at least five experiments performed on different
rats using the same protocol.
Patch-clamp experiments. Islets cultured for 24 h in RPMI-1640
medium supplemented with FCS and 11 mmol/1 glucose were dispersed
to single cells, as previously described (20). The dispersed cells were

16.7mM Glucose

FIG. 1. Insulin release in the presence of 3.3 and 16.7 mmol/1 glucose in
control ( • , n = 6) and GK (1 , n = 7) rat pancreases. When not
otherwise indicated, the perfusion medium contained only 3.3 mmol/1
glucose.

recultured for another 24 h in RPMI-1640 medium and 11 mmol/1
glucose. The perforated patch configuration of the patch-clamp tech-
nique was used to record membrane potential. Pipettes were pulled from
borosilicate glass, coated with Sylgard resin (Dow Coming) near the
tips, and fire-polished and had resistances between 4 and 6 MIX The
extracellular solution was the previously described KRB without addi-
tion of albumin. The pipette solution consisted of 10 mmol/1 KC1, 76
mol/1 K2SO4, 10 mmol/1 NaCl, 1 mmol/1 MgCl2, and 10 mmol/1 Hepes-
NaOH, pH 7.35, and 200 |xg/ml amphotericin B, dissolved in DMSO. The
voltage signal was recorded using an Axopatch 200 patch-clamp ampli-
fier (Axon, Foster City, CA). During the experiments, the voltage signal
was stored using a VR-100A digital recorder (Instrutech) and a high-
resolution video cassette recorder (JVC, Japan). The bath had a volume
of 0.4 ml and was perfused at a rate of 4 ml/min. Test compounds were
added to the perfusion medium. Experiments were performed at a bath
temperature of ~35°C.
Presentation of results and statistics. In perfusion experiments,
insulin secretion is expressed as the mean ± SE of the total integrated
responses, using minute 0 as baseline level, during the test periods of 3.3
mmol/1 glucose (0-10 min) and 16.7 mmol/1 glucose (10-30 min). All
statistical tests were performed with SigmaStat for Windows Version
1.0. (Jandel Scientific, Erkrath, Germany). Tests of significance of
differences were performed using the t test for unpaired data and the
Mann-Whitney U test.

RESULTS
Animals. Both GK and control rats had similar body weights
(248 ± 6 g for GK [n = 19] vs. 241 ± 9 g [n = 16] for control
rats, NS). The blood glucose level just before pancreas
isolation was significantly elevated in GK compared with
control rats (11.4 ± 1.0 mmol/1 in GK [n = 17] vs. 5.3 ± 0.2
mmol/1 in control rats [n = 13], P < 0.0001).
Perfusion of isolated pancreases. In control pancreases,
increasing the glucose concentration in the perfusate from
3.3 to 16.7 mmol/1 elicited a marked and biphasic insulin
release. However, the response to 16.7 mmol/1 glucose stim-
ulation was almost absent in the GK glands (3 ± 2 pmol/20
min [n - 7] in GK vs. 47 ± 8 pmol/20 min in control rats [n =
8],P< 0.0004) (Fig. 1). To investigate whether the stimula-
tory effects of glucose were dependent on transmembrane
ionic fluxes, we investigated insulin release from pancreases
depolarized with 30 mmol/1 KC1. Additionally, the perfusate
was supplemented with 250 [xmol/1 diazoxide known to open
the ATP-dependent K+ channels. Depolarization of the pan-
creases elicited a prompt and monophasic insulin release,
which tended to be more pronounced in GK glands than in
control glands (52 ± 8 pmol/20 min in GK [n = 4] vs. 35 ± 6
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FIG. 2. Insulin release in control ( • , n = 5) and GK ( 1 , n = 4) rat
pancreas in the presence of 3.3 and 16.7 mmol/1 glucose under
depolarized conditions with 30 mmol/1 KCI and 250 u.mol/1 diazoxide.
When not otherwise indicated, the perfusion medium contained 3.3
mmol/1 glucose.

pmol/5 min in controls [n = 5], NS) (Fig. 2). This was
followed by a constant insulin release, which tended to be
higher (albeit not significantly) in GK pancreases than in
control pancreases. The switch from 3.3 to 16.7 mmol/1
glucose induced a prompt and marked release of insulin in
control glands, while only a small response was elicited in
GK pancreases (49 ± 10 pmol/20 min in GK [n = 4] vs. 158 ±
28 pmol/20 min in controls [n = 5], P < 0.02) (Fig. 2).

When control pancreases were perfused with 1 (xmol/1
forskolin, a slight but significantly enhanced insulin release
was elicited at 3.3 mmol/1 glucose (3 ± 1 pmol/10 min [n =
4] with forskolin vs. 0.02 ± 0.07 pmol/10 min [ft = 4], P <
0.02). The compound augmented insulin response more
markedly when 16.7 mmol/1 glucose was administered (150
± 49 pmol/20 min [n = 4] with forskolin vs. 47 ± 8 pmol/20
min [n = 4], P < 0.02) (Fig. 3^4). Interestingly, forskolin
elicited a marked and biphasic insulin response already at 3.3
mmol/1 glucose in GK rats (Fig. SB). Indeed, this response
was almost identical to that elicited in control rats with 16.7
mmol/1 glucose and forskolin when the integrated responses
during 10 min were calculated (54 ± 15 pmol/10 min in GK

21 -, 21 -i
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16.7 mM Glucose

1 uM Forskolin

5 10 15 20 25 30 35 40
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1 uM Forskolin

FIG. 3. Insulin release in the presence of 1 jjimol/1 forskolin. A: Control
pancreases perfused with 3.3 and 16.7 mmol/1 glucose (D, n = 6) or with
forskolin (• , n = 4). B: GK pancreases perfused with 3.3 and 16.7 mmol/1
glucose (D, n = 7) or with forskolin ( • , n = 4). When not otherwise
indicated, the perfusion medium contained 3.3 mmol/1 glucose.
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1 mM dbcAMP 1 mM dbcAMP

FIG. 4. Insulin release in the presence of 1 mmol/1 dbcAMP. A: Control
pancreases perfused with 3.3 and 16.7 mmol/1 glucose ( • , n = 6) or with
dbcAMP ( 1 , n = 4). B: GK pancreases perfused with 3.3 and 16.7 mmol/1
glucose ( • , n = 7) or with dbcAMP (• , n = 4). When not otherwise
indicated, the perfusion medium contained 3.3 mmol/1 glucose.

[n = 4] vs. 60 ± 21 pmol/10 min in control rats [n - 4], NS).
Administration of 16.7 mmol/1 glucose with forskolin further
increased insulin release from the GK pancreases (Fig. SB).
Hormone release in response to high glucose stimulation
with forskolin was not significantly different between GK and
control pancreases (91 ± 9 pmol/20 min in GK [n = 4] vs. 150
± 49 pmol/20 min in controls [n = 4], NS).

Similar to forskolin, 1 mmol/1 dibutyryl cAMP (dbcAMP)
(Fig. 4A and B) markedly enhanced insulin release at 3.3
mmol/1 glucose in GK but not in control rats (15 ± 5 pmol/10
min [ft = 4] in GK vs. 0.3 ± 0.2 pmol/10 min [ft = 4] in
controls, P < 0.03). Additionally, it almost restored early
insulin response to 16.7 mmol/1 glucose in GK pancreases (6
± 4 in GK pmol/5 min [n = 4] vs. 16 ± 2 pmol/5 min [ft = 4]
in controls, P < 0.05). However, the late phase of insulin
release was more pronounced in control rats than in GK rats.

Notably, even under the depolarized condition, forskolin
in the presence of 3.3 mmol/1 glucose induced a powerful
insulin response in GK pancreases, while virtually no re-
sponse was elicited in control pancreases, (163 ± 48 pmol/20
min in GK [ft = 4] vs. 16 ± 1 pmol/20 min in control rats [ft =
4], P < 0.03) (Fig. 5).
Islet batch incubation. Insulin release in response to 5
(xmol/1 forskolin was studied at 3.3 and 16.7 mmol/1 glucose
in isolated islets after 48 h of culture at 5.5 mmol/1 glucose
(Table 1). Insulin release at 3.3 and 16.7 mmol/1 glucose was
markedly impaired in GK islets compared with control islets
(P < 0.0001). When 5 |xmol/l forskolin was added to 3.3
mmol/1 glucose, a fivefold increase of insulin release was
observed in GK islets (P < 0.0001 vs. without forskolin),
while no effect for forskolin was noted in control islets.
Forskolin at 16.7 mmol/1 glucose, however, significantly
enhanced insulin release in both islet varieties by inducing a
modest 2.6-fold increase in control islets and a strong 19-fold
increase in GK islets.

Insulin release was also studied in islets cultured at 16.7
mmol/1 glucose. Again, insulin release was impaired in GK rat
islets in response to 3.3 and 16.7 mmol/1 glucose (P <
0.0001). Stimulation with forskolin elicited an almost 20-fold
increase in insulin release in GK islets at both 3.3 and 16.7
mmol/1 glucose. Notably, also in control islets cultured in this
high glucose concentration, forskolin induced an approxi-
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FIG. 5. Insulin release in the presence of 1 (xmol/1 forskolin and 3.3
mmol/1 glucose in control ( • , n = 4) and GK ( 1 , n = 4) rat pancreases
under depolarized conditions with 30 mmol/1 KCI and 250 (j.inol/1
diazoxide. When not otherwise indicated, the perfusion medium
contained 3.3 mmol/1 glucose.

mately sixfold increase in insulin release at both glucose
concentrations.

In a separate experiment, we determined insulin release in
response to 20 mmol/1 arginine from control and GK islets
cultured for 48 h in either 5.5 or 16.7 mmol/1 glucose (Table
2). Arginine stimulates insulin release by membrane depolar-
ization and without interference with cAMP generation.
Unlike forskolin, arginine at 3.3 mmol/1 glucose significantly
stimulated insulin release not only in GK but also in control
islets cultured at 5.5 mmol/1 glucose. In islets cultured at 16.7
mmol/1 glucose, arginine similarly increased insulin release
from both GK and control islets, irrespective of whether 3.3
or 16.7 mmol/1 glucose was present in the medium.
Glucose utilization. The utilization of glucose was in-
creased threefold by stimulating control islets with 16.7
mmol/1 glucose compared with the response at 3.3 mmol/1
glucose (P < 0.002) (Fig. 6). The GK islets also increased
their rate of glucose utilization by ~ 1.8-fold in response to
high glucose compared with basal stimulation (P < 0.02).
The utilization rates were at least five- to eightfold higher
in GK islets compared with control islets at both 3.3 mmol/1
(271 ± 39 pmol • islet"1 -h"1 in GK [n = 4] vs. 33 ± 4

TABLE 1
Insulin release in response to forskolin in isolated control and GK
rat islets

Condition

Islets cultured in 5.5
mmol/1 glucose

3.3 mmol/1 glucose
+5 ixmol/l forskolin
16.7 mmol/1 glucose
+5 (jumol/1 forskolin

Islets cultured in 16.7
mmol/1 glucose
3.3 mmol/1 glucose
+5 jjimol/1 forskolin
16.7 mmol/1 glucose
+5 |j,mol/l forskolin

Control
(pmol -ml"1

•islet"1)

0.05 ± 0.008
0.09 ± 0.020
0.28 ± 0.050*
0.75 ± 0.070t

0.09 ± 0.007
0.48 ± 0.060t
0.19 ± 0.020*
1.11 ± 0.0901

GK
(pmol -ml"1

•islet"1)

0.02 ± 0.004
0.09 ± 0.009t
0.04 ± 0.004$
0.79 ± 0.060t

0.04 ± 0.005
0.66 ± 0.0701
0.06 ± 0.005§
1.15 ± 0.120t

P value

<0.002
NS

<0.0001
NS

<0.0001
NS

<0.0001
NS

Condition

Islets cultured in 5.5
mmol/1 glucose

3.3 mmol/1 glucose
+20 mmol/1 arginine
16.7 mmol/1 glucose
+20 mmol/1 arginine

Islets cultured in 16.7
mmol/1 glucose

3.3 mmol/1 glucose
+20 mmol/1 arginine
16.7 mmol/1 glucose
+20 mmol/1 arginine

Control
(pmol -ml"1

•islet"1)

0.02 ± 0.004
0.07 ± 0.020||
0.12 ± 0.020*
0.16 ± 0.033

0.10 ± 0.022
0.31 ± 0.057U
0.25 ± 0.0421
0.57 ± 0.133||

GK
(pmol • ml"1

•islet"1)

0.03 ± 0.003
0.07 ± 0.022
0.05 ± 0.007$
0.17 ± 0.047

0.05 ± 0.007
0.44 ± 0.049#
0.14 ± 0.021§
0.44 ± 0.094**

P
value

NS
NS

<0.01
NS

NS
NS

<0.05
NS

Data are means ± SE of control (n — 4) and GK (??, = 4) rat islets.
*P < 0.0004 vs. low glucose; tP < 0.008 vs. low glucose; $P < 0.03
vs. low glucose; §P < 0.0008 vs. low glucose; \\P < 0.04 vs. without
arginine; HP < 0.006 vs. without arginine; #P < 0.0003 vs. without
arginine; **P < 0.03 vs. without arginine.

pmol • islet"1 • h"1 in controls [n = 4], P < 0.0002) and 16.7
mmol/1 glucose (501 ± 74 pmol • islet"1 • h"1 in GK [n = 4]
vs. 99 ± 13 pmol-islet"1-h"1 in controls [n = 4], P <
0.0002). Forskolin had no effect on the rates of glucose
utilization at either glucose concentration in GK or control
islets.
[Ca2+]j and membrane potential. One possibility to ex-
plain the effects of forskolin on insulin secretion is altered
levels of [Ca2+]j either by transmembrane ion flux or by
release from intracellular Ca2+ pools. We therefore studied
the effects of forskolin on [Ca2+]; in islets and membrane
potential in single (3-cells from control and GK rat islets.
Depolarization of islets from control rats (Fig. 7A) led to an
increase in [Ca2+]i. This effect was, however, not affected by
the inclusion of 5 |xmol/l forskolin in the perifusion medium.
Likewise, no effect on membrane potential could be ob-
served during similar conditions in dispersed fJ-cells (Fig.
IB). Also in the GK rat, no effect on [Ca2+]j and membrane
potential after addition of forskolin could be observed (Fig.
1C and D).

600 -,

3.3 mMG

Data are means ± SE of control (n = 7-8) and GK (n = 7-8).
*P < 0.0001 vs. low glucose; | P < 0.0001 vs. without forskolin;
XP < 0.0008 vs. low glucose; §P < 0.003 vs. low glucose.

16.7 mM G
+ 5pMF

FIG. 6. Effect of 5 |xmol/l forskolin on islet glucose utilization as
determined from the yield of 3HaO from [5-3H]glucose from control
( • , n = 4) and GK ( 1 , n = 4) rats. G, glucose; F, forskolin.
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FIG. 7. The effect of 5 fimoVl forskolin on [Ca2+]j in islets and
membrane potential in dispersed 0-cells. Islets from control (A ) and GK
(C) rats were depolarized by the addition of 30 mmol/1 KCI
supplemented with 250 jimol/1 diazoxide and 5 (j.mol/1 forskolin, as
indicated by the bars, in the continued presence of 3.3 mmol/1 glucose.
Membrane potential recordings from single p-cells obtained from control
(B ) and GK rat pancreas (D ) using the same protocol.

DISCUSSION
In this study, depolarization with 30 mmol/1 KCI or 20 mmol/1
arginine induced comparable insulin responses in control
and GK islets. This notion of preserved capacity to release
insulin is further supported by the fact that the density of
P-cells (21) and insulin content (22,23) were intact in
2-month-old GK rats from our colony. We and other groups
have tried to explore the cellular mechanisms behind the
impaired insulin response in the diabetic GK rat. These
studies indicate that defective glucose metabolism may play
an important role in this context (24-27). The results of the
present study in the depolarized pancreases strengthen the
hypothesis that the defective insulin release in GK animals is
due to impaired glucose metabolism. Under these experi-
mental conditions, the impact of changes in transplasma
membrane ionic fluxes for insulin secretion is greatly mini-
mized, and events in glucose metabolism can be envisaged to
be almost directly coupled to exocytosis. In this context, it is
of interest that Gembal et al. (28) have demonstrated that the
direct effect of glucose on exocytosis of insulin is at least
partly mediated by changes in the cellular ATP/ADP ratio.
Hence, it is likely that an impaired glucose metabolism in
islets of GK rats results in a decreased ATP/ADP ratio, which
in turn decreases insulin release both by altered membrane
depolarization and molecular mechanisms regulating exocy-
tosis.

With regard to the direct effect of glucose on the exocy-
totic machinery, two points merit consideration. First, the
depolarized nondiabetic islets (4,5,28) respond promptly and
dose dependency to glucose or a-ketoisocaproic acid (4,28),
indicating that such treatment of the cells does not affect
their responsiveness. Second, the defect in insulin release
found in the nondepolarized state in GK compared with
control islets was also reproduced in the depolarized state.

However, basal insulin release and the responses obtained
under depolarized conditions were qualitatively similar but
more pronounced compared with those elicited in the non-
depolarized state. This can probably be explained by the fact
that with the high KCI concentration, the cell is clamped at
increased intracellular levels of Ca2+, resulting in a higher
level of insulin secretion. In experiments in which the K(ATP)

channel is inactivated with diazoxide, glucose elicited no
insulin release (29). This is expected since inclusion of
diazoxide hyperpolarizes the [3-cell membrane because of
the opening of the K(ATP) channel.

It was suggested that cAMP formation may set the (3-cell's
sensitivity and secretory capability for nutrient stimuli such
as glucose (6,7) and that a basal, permissive rate of cAMP
formation may be a requirement for maintenance of the
normal response to glucose stimulation (30). Eizirik et al. (8)
have shown that compounds known to increase intracellular
cAMP levels (leucine and (BU)2cAMP ) were able to partially
counteract the streptozotocin (STZ)-induced reduction of
insulin release in cultured islets. A significant improvement
in glucose-induced insulin secretion was also demonstrated
in islets and isolated (3-cells when glucagon was supple-
mented. This was suggested to occur through a mechanism
attributed to a probable relief of a state of relative cAMP
deficiency that adversely affected the potentiation of the
signal produced (6,7). Glucagon-like peptide I (GLP-I)(7-36)
amide, a gastrointestinal peptide with incretin effects, was
demonstrated to increase cAMP levels and to restore insulin
release in response to glucose in a subpopulation of previ-
ously unresponsive (3-cells (10). The peptide markedly en-
hanced meal-related insulin release in patients with NIDDM
(9). These findings together indicate that generation of cAMP
may restore glucose responsiveness in (3-cells of diabetic
patients and in vitro models of the disease. With this infor-
mation as a background, we studied the effects of forskolin
stimulation on insulin release in GK and control rats. We
have generally opted to choose a low concentration of
forskolin. The concentration used for islet studies in this
report (5 |xmol/l) was previously used on nondiabetic rat
islets (31). The concentration of forskolin was reduced to 1
|xmol/l in the perfused pancreas, as we noted that the marked
effects of forskolin on insulin release were already exerted at
this concentration. In nondepolarized pancreases and islets,
forskolin stimulation at 16.7 mmol/1 glucose concentration
was able to restore insulin secretion in the GK rat. Another
interesting finding in this study is that forskolin, but not 20
mmol/1 arginine, induced a powerful insulinotropic response
at 3.3 mmol/1 glucose in GK compared with control islets.
This enhanced response to forskolin was also obtained in
depolarized GK pancreases.

Forskolin stimulates adenylate cyclase and cAMP forma-
tion (30-34) but may also exert its actions through other
pathways (34,35). It is, however, most probable that the
effects of forskolin on GK pancreases in this study were
mainly involving cAMP generation because similar qualita-
tive responses were obtained with the membrane-permeable
dbcAMP at both 3.3 and 16.7 mmol/1 glucose. Similar to
forskolin, the incretin GLP-I stimulated insulin release at
basal glucose concentration in GK (36), neonatally injected
STZ (37), and fa/fa rats (38) but not control rats. Forskolin
decreased glucose utilization by 30% in mouse islets (33).
Therefore, we studied the effects of forskolin on glucose
utilization in islets of GK rats, in which the rate of utilization
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is increased by at least two- to threefold compared with
control islets (24). Forskolin did not have any effect on the
rates of glucose utilization from both control and GK islets at
basal or high glucose concentrations. It is not clear why
forskolin decreased glucose utilization in mouse but not rat
islets.

An interesting question then is how does cAMP generation
by forskolin induce such strong insulin responses at sub-
stimulatory glucose concentrations in the perfused pancre-
ases and isolated islets of GK rats? In this context, it is of
interest that forskolin also exerted this stimulatory effect
under depolarized conditions, which suggests that enhanced
generation of cAMP facilitated direct effects of glucose on
the exocytotic machinery. Furthermore, prolonged exposure
of nondiabetic rat islets to high glucose levels sensitized the
fj-cells to the insulinotropic effect of cAMP. This may indi-
cate that increased phosphorylation and/or glycosylation of
islet proteins involved in the exocytosis of insulin sensitizes
the system to the action of cAMP.

In conclusion, our studies demonstrate that the glucose
signal is directly coupled to regulation of the exocytotic
process in the pancreatic (3-cell. The data also show that this
pathway of signal transduction is severely impaired in GK
rats, a model of NIDDM. This proposed pathway is modu-
lated by cAMP by virtue of the marked hypersensitivity to the
nucleotide at a low glucose concentration in GK rats. At high
glucose levels, cAMP fully normalized the insulin response in
the GK rat.
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