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A B S T R A C T Calcium and cyclic AMP are important
in the stimulation of insulin release. The phospho-
diesterase inhibitor 3-isobutyl- l-methylxanthine
(IBMX) raises islet cAMP levels and causes insulin
release at nonstimulatory glucose concentrations. In
isolated rat pancreatic islets maintained for 2 d in
tissue culture, the effects of IBMX on insulin re-
lease and 45Ca++ fluxes were compared with those
of glucose. During perifusion at 1 mM Ca++, 16.7 mM
glucose elicited a biphasic insulin release, whereas
1 mM IBMX in the presence of 2.8 mM glucose caused
a monophasic release. Decreasing extracellular Ca++
to 0.1 mM during stimulation reduced the glucose ef-
fect by 80% but did not alter IBMX-induced release.
Both glucose and IBMX stimulated 45Ca++ uptake (5
min). 45Ca++ efflux from islets loaded to isotopic
equilibrium (46 h) was increased by both substances.
IBMX stimulation of insulin release, of 45Ca++ up-
take, and of efflux were not inhibited by blockade of
Ca++ uptake with verapamil, whereas glucose-in-
duced changes are known to be inhibited. Because
IBMX-induced insulin release remained unaltered at
0.1 mM calcium, it appears that cAMP-stimulated
insulin release is controlled by intracellular calcium.
This is supported by perifusion experiments at 0
Ca++ when IBMX stimulated net Ca++ efflux. In addi-
tion, glucose-stimulated insulin release was poten-
tiated by IBMX. These results suggest that cAMP-
induced insulin release is mediated by increases in
cytosolic Ca++ and that cAMP causes dislocation of
Ca++ from intracellular stores.
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INTRODUCTION

Cyclic AMP (cAMP)' plays an important role in cell
function in general and in hormone secretion in par-
ticular (1). With regard to insulin release from the
pancreatic p-cell, it is well established that agents that
increase cellular cAMP levels potentiate glucose-
induced insulin release both in vivo (2-4) and in
vitro (5-12). Whether increases in the concentration
of cellular cAMP mediate glucose-induced insulin
release is still unclear. On the one hand, stimtulation
of insulin Telease by glucose has been reported to
be associated with increased cAMP levels in isolated
islets (9-14). On the other hand, increasing cAMP
levels with agents other than glucose does not neces-
sarily stimulate insulin release (11-13). Furthermore,
some authors failed to show increased cAMP in re-
sponse to glucose (15, 16) and, in contrast to freshly
isolated islets, Rabinovitch et al. (14) found that in
islets maintained in tissue culture medium for periods
from 4 h to 6 d, glucose stimulates insulin release
without changing the concentrations of cAMP. Re-
cently, no increases in cAMP levels were observed
in the perfused rat pancreas in response to glucose
(17). Current evidence favors the hypothesis that an
increase in the concentration of ionized cytosolic
Ca++ directly mediates the effect of glucose to stim-
ulate insulin release (18-22). Thus, in the present
study glucose-induced modifications in Ca++ move-
ments accompanying insulin release were compared
with the changes induced by cAMP. The phospho-
diesterase inhibitor 3-isobutyl- l-methylxanthine

'Abbreviations used in this paper: cANIP, cyclic ANMP;
IBMIX, 3-isobutyl-1-methylxanthinie; KRB, Krebs-Ringer bi-
carbonate.
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(IBMX) which has been shown to stimutlate insulini
release at nonstimulatory glucose concentrations (8,
11, 14) was used to raise islet cAMP levels in islets
maintained in tissue culture (14). In addition, the rela-
tive importance of intra- and extracellular calcium in
insulin release stimulated by glucose or IBMX was
assessed.

NIETHODS

Isolation of the islets and maintenance in tissue culture.
Pancreatic islets were isolated by the collagenase digestion
technique (23) from male Wistar rats weighing 220-270 g.
Batches of 250-500 islets were washed and maintainied for
46 h in Petri dishes (6 cm Diam) containing 4 ml Dulbeeco's
modified Eagle's Medium (24) supplemented with 10% heat-
inactivated newborn calf serum, 14 mM NaHCO3, 8.3 mM
glucose, 400 IU/ml sodium penicillin G, 200 ug/ml strep-
tomycin sulfate. For 45Ca++ efflux studies, the medium con-
tained 100 ,.Ci/ml of 45Ca++ at a final concentration of 1.05
mniM CaCl2. The phosphate concentration was 1.0 mNM (normiial
phosphate medium). For one experimental series islets were
maintained in the presence of 5.0 mM phosphate for the
purpose of increasing intracelluilar Ca++ content (22). A 1-NI
solution of NaH2PO4 was titrated with a 1-NI solution of
Na2HPO4 to pH 7.40. To 50 ml of phosphate-free culture
medium 50 or 250 ul of this phosphate solution was added
for normal or high phosphate medium, respectively. Islets
used for 45Ca++ uptake studies were maintained either in
the normal phosphate medium or in medium 199 as de-
scribed previously (22, 25). Basal and stimulated 45Ca++ up-
take were not different after culture in the two types of
media. The islets were maintained at 37°C, pH 7.4, in an
atmosphere saturated with water and gassed with an air-CO2
mixture.

Static incubation for measurement of 45Ca++ uptake and
insulin release. After the maintenance period the islets were
washed twice by centrifugation (150 g) at room temperature
with a modified Krebs-Ringer bicarbonate (KRB) Hepes buf-
fer containing 5 mM NaHCO3, 1 mM CaCl2, 250 kallikrein
inhibitory U/ml Trasylol, 0.5% dialyzed bovine serum al-
bumin, 10 mM Hepes, and 2.8 mM glucose, pH 7.4. 45Ca++
uptake and insulin release were measured as described (25).
In brief, 10 islets were incubated for 5 min in microfuge
tubes on top of an oil layer in KRB-Hepes at 37°C in the
presence of the test substances. The incubation buffer also
contained 0.8 ,tCi of 45CaC12 and 1.4 ,uCi [6,6'n3H] suicrose
(4 ,M) as a marker of the extracellular space (25). The
islets were separated from the radioactive medium by cen-
trifugation at 8,000g through the oil layer into 6 NI urea.
Insulin release was measured in an ali(quot of the super-
natant buffer. The bottom of the tubes was cut above the
urea layer and placed in 5 ml Ready-Solv HP for liquid
scintillation spectrometry. 45Ca++ uptake was calculated from
the 45Ca++ space in excess of the [3H]sucrose space. The
sucrose space became maximal within 1 min of incubatioin
and remained constant over 30 min (25). At 5 min the extra-
cellular space was 0.67+0.06 nl/islet (n = 25) (mean+SEM)
and unchanged by any of the test agents. 45Ca++ uptake was
linear for 5 min in the presence of both 2.8 and 16.7 mM
glucose (25). Immunoreactive insulin was measured by the
method of Herbert et al. (26) using rat insulin as standard.
Perifusion for measuretmient of 45Ca++ efflux and instulini

release. The islets were perifused using 40 islets per cham-
ber as described in detail previously (25, 27, 28). The perifusate
consisted of KRB buffer containing 1.0 mM CaC12 (except
when stated), 0.5% dialyzed bovine serum albumin, and 2.8

mM1 glucose. The phosphate concentration was 1.0 mM (normal
KRB buffer). Islets maintained in a medium containing 5
mnM phosphate were perifused with a KRB buffer containing
5 mM phosphate. The phosphate salt used was H2PO4-
and the concentration of Cl- in the high phosphate KRB was
reduced to maintain iso-osmolarity. The islets were placed
directly in the perifusion chamber without washing. From
0 to 46 min the islets were perifused with the appropriate
KRB buffer containing 2.8 mM glucose. After 46 min the
perifusate was changed to a KRB buffer containing the
respective stimulus and the stimulation period continued
for another 44 min. Changes in CaC12 concentration are
detailed in the text.
Samples were collected every minute between mintutes 41

and 55 and thereafter every 5th mmin, whereas no samples
were taken durinig the initial 40-min equilibration period.
An ali(luot was assayed for immunoreactive insulin (26).
To 0.5 ml of the samples, 5 ml of Instagel wats added for
measuremiient of 45Ca`+ by liquid scintillation spectrometry.
After background subtraction, the counts per minute were
normalized by setting the mean couints per minute of the
six sam)ples collected between minutes 41 and 46 to 100%
and expressing the subse(quent values as a percentage of this
ieani for everv inidividual chamber. The meani basal efflux
raniged between 70 and 150 cpm.

M11easureyment of islet cAMP content. Batches of 10 islets
were incubated for 20 min in KRB-Hepes buffer at 37°C. The
islets were then boiled in 0.05 M acetate buffer (pH 6.2).
Islet cAMP levels were determined by radioimmunoassay
using a commercially available kit (Becton Dickinson & Co.,
Basel, Switzerland) after succinylation of samples and stand-
ards according to the method of Cailla et al. (29).

Statistical analysis was by Student's t test for unpaired data.
The materials employed and their sources were as follows:

collagenase (Serva GmbH, Heidelberg, West Germany);
Dulbecco's modified Eagle's Medium, medium 199, and Hepes
solution (Grand Island Biological Co., Grand Island, N. Y.);
sodium penicillin G (Pfizer Chemicals, Div. Pfizer, Inc., New
York, N. Y.); streptomycin sulfate (Novo Industri A.S.,
Copenhagen, Denmark); plastic Petri dishes (Falcon Labware,
Div. Becton, Dickinson & Co., Oxnard, Calif.); bovine
serum albumin (Behring-Werke AG, Marburg/Lahn, West
Germany), Trasylol (kindly provided by Professor Haberland,
Bayer AG, Wuppertal, West Germany); verapamil (kindly
provided by Professor Oberdorf, Knoll AG, Ludwigshafen,
WVest Germany); 3-isobutyl-1-methyl-xanthine and EGTA
(Sigma Chemical Co., St. Louis, Mo.); guinea pig anti-pork
insulini serum was a generous gift from Dr. H. H. Schoene,
Farbwerke Hoechst AG, Frankfurt, West Germany); rat
insulin standard (Novo Research Institute, Copenhagen,
Denmiiark); 45CaC12 and 16,6'n3H]sucrose (The Radiochemical
Centre, Amershamii, England); Instagel (Packard Instrulment
International S.A., Zurich, Switzerland); and Ready-Solv
HP (Beckman Instruments Internationial SA, Geneva,
Switzerland).

RESULTS

Effects of lowering the extracellular Call on glu-
cose- and IBMX-induced insulin release. At normal
extracellular Ca++ 16.7 mM glucose elicited a biphasic
insuliin release (Fig. 1, left panel). The rise started 1
min after exposure; a peak at 3 min and a nadir at
6-7 min were followed by an increasing second
phase. To limit the availability of extracellular Ca",
the perifiisate Ca++ concentration was lowered from
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FIGURE 1 Comparison of the effects of glucose and IBMX on insulin release at normal and low
extracellular calcium. Islets maintained in tissue culture for 46 h were perifused for 46 min with
2.8 mM glucose and then stimulated for 44 min with either 16.7 mM glucose or 1 mM IBMX in the
continued presence of 2.8 mM glucose. In experiments presented on the right panel the calcium
concentration was changed from 1 to 0.1 mM at the start of the stimulation. Numbers of observa-
tions are indicated in parentheses. G, glucose. All values are mean+SEM.

1 to 0.1 mM as the glucose was increased from 2.8
to 16.7 mM (Fig. 1, right panel). This caused a marked
inhibition of both first and second phase insulin re-

lease. The total release above base line over the whole
stimulation period was only 20% of the situation at
normal extracellular Ca++ (see also Table IA). IBMX,
in the presence of 2.8 mM glucose and 1 mM Ca++,
elicited a monophasic insulin release. The release was
of rapid onset reaching a plateau level at 1 min. In
contrast to the stimulation with 16.7 mM glucose,
IBMX-induced insulin release was not affected by
lowering the extracellular Ca'+ (comparing the right
with the left panel of Fig. 1). At no point in time was

there a significant difference between the release rates
at 1 and 0.1 mM Ca+'. Furthermore, there was no dif-
ference in the integrated insulin release above base
line (Table IA). In control experiments, the shift from
1 to 0.1 mM Ca++ in the continued presence of 2.8
mM glucose alone had no effect on insulin release.

Effects ofglucose and IBMX on islet cAMP content.
The release data of Fig. 1 were compared with the
effects of IBMX and glucose on islet cAMP levels
after 20 min of static incubation (Table II). At 1 mM
Ca++, the islet cAMP content in the presence of 16.7
mM glucose was not significantly different from 2.8
mM glucose. By contrast, an almost fourfold increase
was seen in response to 1 mM IBMX. Reduction of
the Ca++ to 0.1 mM Ca++ did not significantly alter
islet cAMP levels in the presence of 2.8 or 16.7 mM
glucose. At 0.1 mM Ca++, IBMX enhanced islet
cAMP to a similar extent as that seen at 1 mM Ca++.

Insulin release, 45Ca++ efflux, and 45Ca++ uptake in

the presence of IBMX at low glucose and the effects

of verapamil. The monophasic insulin release in-
duced by 1 mM IBMX at 1 mM Ca++ was paralleled
by an increase in 45Ca++ efflux (Fig. 2). 45Ca++ efflux
remained elevated during the entire stimulation period.
5 uM verapamil, a dose that has been shown to com-

pletely block glucose-stimulated 45Ca++ uptake over 5

min (19) was without any significant effect on IBMX-
induced insulin release (Table IB) and 45Ca++ efflux.
Basal 45Ca++ efflux (2.8 mM glucose) decreased grad-
ually, as anticipated, during the entire perifusion
period.
When 45Ca++ uptake and insulin release were

measured over 5 min, 1 mM IBMX stimulated both
parameters significantly (Table IIIA). The addition of
5 ,uM verapamil failed to inhibit significantly the
stimulatory effects of IBMX on 45Ca++ uptake (P
> 0.05) and insulin release (P > 0.05). To find out,
therefore, whether these stimulatory effects of IBMX
could be dissociated, a lower concentration was tested.
As shown in Table IIIB, 0.1 mM IBMX did not af-
fect 45Ca++ uptake, although it stimulated insulin re-

lease threefold. Verapamil did not inhibit basal 45Ca++
uptake and insulin release (Table IIIA).
Effects of IBMX at high glucose. The biphasic

glucose-induced insulin release was clearly potentiated
by the addition of 1 mM IBMX (Fig. 3). The total
release was increased by 250% (Table IC). In the
presence of 16.7 mM glucose, both phases of insulin
release were associated with an increase in 45Ca++
efflux that was markedly enhanced by IBMX. 45Ca++
uptake and insulin release over 5 min were stim-
ulated by 16.7 mM glucose (Table IIIC). IBMX
potentiated the glucose-induced insulin release to an

Cyclic AMP-induced Ca++ Fluxes and Insulin Release
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TABLE I
Integrated Insulin Release above Base Line during 44 min of Stimulation

Insulin release

pg144 min

A. Comparison of glucose and IBMX at normal and low
extracellular calcium

G 16.7 mM at 1 mM Ca+
G 16.7 mM at 0.1 mM Ca++
G 2.8 mM + IBMX 1 mM at 1 mM Ca++
G 2.8 mM + IBMX 1 mM at 0.1 mM Ca++

B. Effect of verapamil on IBMX-induced insulin release

* 2.8 mM + IBMX 1 mM
G 2.8 mM + IBMX 1 mM + verapamil 5 ,uM

C. Effect of IBMX at high glucose

* 16.7 mM
* 16.7 mM + IBMX 1 mM

D. Effect of IBMX at low glucose in normal and calcium-loaded
islets at normal and low extracellular calcium

G 2.8 mM + IBMX 1 mM in
Normal islets at 1 mM Ca++
Normal islets at 0.1 mM Ca++
Calcium-loaded islets at 0.1 mM Ca++
Calcium-loaded islets at 1 mM Ca++

1,319±153 (10)
255±42 (10)
695±82 (10)
539±86 (10)

860±68 (5)
781±63 (5)

1,609±263 (4)
5,870±1,000 (4)

641±94 (6)
579±129 (5)
429±72 (6)
376±84 (5)*

Insulin release values over 44 min were calculated by integrating the insulin release from 47-90
min of perifusion (see Figs. 1-3) after subtraction of the basal values in the presence of 2.8 mM
glucose (mean of the insulin release between minutes 41 to 46) for every individual experiment.
Values are presented as mean±SEM, number of experiments in parentheses; G, glucose.
* P > 0.05 vs. normal islets.

extent similar to that seen in the perifusion experi-
ments, but had no significant further effect on glucose-
stimulated 45Ca++ uptake.
Effects of IBMX in calcium-deficient media. In

these experiments the islets were perifused from the
start of the experiments with a buffer prepared without
the addition of calcium. When 1 mM IBMX was added
after 46 min, no increase of insulin release occurred
(Fig. 4), but there was a small stimulation of45Ca++ efflux.

Between 48 and 65 min all the values for 45Ca++ efflux
were significantly higher in the presence of IBMX
compared with control values obtained in islets from
the same batches (P < 0.02). A similar stimulation was

also seen when a calcium chelator was added (1 mM
EGTA); data not shown.
Effects of IBMX on insulin release by islets with

increased calcium stores. Islets maintained in tissue
culture for 46 h in the presence of 5 mM phosphate

TABLE II
Islet cAMP Content in the Presence ofIBMX or Glucose at Different Ca++ Concentrations

cAMP content (fmol/islet) cAMP content (fimol/islet)
at 1 mM Ca++ P vs. G 2.8 at O.1 mM Ca" P vs. G 2.8

G 2.8 mM 11.2± 1.5 (9) 10.3± 1.7
G 16.7 mM 10.3+1.2 (10) >0.60 12.2±41.3 >0.30
G 2.8 mM + IBMX 1 mM 39.7±3.2(10) <0.001 35.0±3.5* <0.001

The islet content of cAMP was determined after 20 min of incubation in KRB-Hepes buffer
following 46 h maintenance in tissue culture (see Methods). The different Ca++ concentrations
were imposed from the beginning of the incubation. Values are presented as mean±SEM,
numbers of experiments in parentheses; G, glucose.
* P > 0.30 vs. G 2.8 mM + IBMX 1 mM at1 mM Ca++.
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FIGURE 2 Effects of verapamil on IBMX-induced 45Ca++
efflux and insulin release. Islets preloaded with 45CaC12 for
46 h were perifused at 1 mM calcium and 2.8 mM glucose
throughout. At 46 min, the islets were stimulated with 1 mM
IBMX. At the same time, 5 ,uM verapamil was added to one

group and the stimulation continued for another 44 min. For
every individual experiment, mean 45Ca++ efflux during
minutes 41-46 was set to 100% and the subsequent changes
expressed as percentage of this mean. G, glucose. All
values are mean±SEM.

have been shown to have a 50-fold increase in intra-
cellular calcium content (22). To investigate whether
this increased intracellular calcium could be readily
utilized by IBMX to cause enhanced insulin release,
these islets were stimulated with 1 mM IBMX at normal
and low (0.1 mM) extracellular Ca'. In these experi-
ments, islets from the same initial pool were main-
tained at either 1 (controls) or 5 mM (calcium-loaded)
phosphate. Because the release profile of the calcium-
loaded islets was similar to that of the controls (cf. Fig.
1), the data are shown as the integrated insulin release
above base line over 44 min of stimulation (Table ID).
There was no significant difference in IBMX-stimu-
lated release between calcium-loaded and control
islets, whether the experiments were performed at
normal or low extracellular Ca++. IBMX thus failed to
cause enhanced insulin release from islets with in-
creased calcium stores.

DISCUSSION

The in vitro maintenance of isolated pancreatic islets
used in this study has two main advantages compared
with freshly isolated islets. First, islets used for 45Ca++
efflux studies have been loaded to isotopic equilibrium
(28). Second, the pattern of glucose-induced insulin
release is clearly biphasic with a spikelike first phase
followed by a distinct nadir and a progressively in-
creasing second phase (Figs. 1 and 3), a pattern similar
to that observed in the perfused pancreas (17, 30) or
the portal vein in humans (31). In these islets, glucose
can cause insulin release without an increase in cAMP
levels (14). This was confirmed in the present study
using a more direct method (Table II). This is in con-
trast to freshly isolated islets (14) where several authors
have reported glucose to raise cAMP levels (32). In the
islets used in this study, IBMX raised islet cAMP four-
fold (Table II) and stimulated insulin release at non-
stimulatory glucose concentrations (Figs. 1 and 2) in a
manner similar to that observed in the perfused pan-
creas (33).

Stimulation of 45Ca++ efflux from preloaded cells
during cellular activation is generally thought to reflect
increases in cytosolic Ca++ (1). This appears also to
apply to isolated islets, particularly because stimulated
45Ca++ efflux can be dissociated from the event of in-
sulin release per se (18, 20, 25, 28). It is therefore im-
probable that a major part of the 45Ca++ is released to-
gether with the content of the secretory granules. In-
creases in cytosolic Ca++ are now generally believed
to trigger glucose-induced insulin release (18-22).
The following findings suggest that increases in cyto-
solic Ca++ are also involved in cAMP-induced insulin
release. First, the IBMX-induced insulin release at low
glucose was accompanied by a parallel rise in 45Ca++
efflux (Fig. 2). Second, glucose-stimulated 45Ca++ efflux
was further increased when insulin release was po-
tentiated by IBMX (Fig. 3). Third, in islets of which
the calcium content had been decreased by preperi-
fusion with calcium-deficient media (21, 28, 34) IBMX
failed to cause insulin release (Fig. 4). Because -80% of
the islet cells are 83-cells (35), changes in 45Ca++ efflux
can be assumed to reflect changes in these cells.
The increase in cytosolic Ca++ during glucose stim-

ulation may be the result of an increased Ca++ uptake
(18, 19, 25), an inhibition of Ca++ efflux (20, 21, 28, 36),
and/or utilization of Ca++ from cellular stores (18, 19,
22, 37). Calcium has been localized mainly in mito-
chondria, secretory granules, and the plasma mem-
brane (38-40). For IBMX-induced insulin release, the
effect of cytosolic Ca++ does not appear to depend on
increased Ca++ uptake. Although 1 mM IBMX at low
glucose increased Ca++ uptake (Table III), it is unlikely
that this contributes to a major extent to the increased
cytosolic Ca++, because the insulin release was not

Cyclic AMP-induced Call Fluxes and Insulin Release
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TABLE III
IBMX-induced Insulin Release and Simultaneous Measurement of 45Ca+ Uptake

45Ca++ uptake P Insulin release P

pmollisletl5 min pglislet/5 min
A. Effects of 1 mM IBMX and verapamil at low glucose

G 2.8 mM 0.907±0.060 (15) '0 001 42.35.6 (15) '0 001
G 2.8 mM + IBMX 1 mM 1.544±0.087(25) >0.05 252.3±23.4 (25) 0.005
G 2.8 mM + IBMX 1 mM + verapamil 5 ,uM 1.282±0.133 (21) 188.2t26.1(21)
G 2.8 mM + verapamil 5 IuM 0.954±0.127 (10)* 62.1±9.1 (10)t

B. Effects of 0.1 mM IBMX at low glucose
G 2.8 mM 0.846±0.101 (9) >0.40 34.8±7.7 (9) <0.001
G 2.8 mM + IBMX 0.1 mM 0.743±0.078 (8) 104.8± 18.1 (8)

C. Effects of 1 mM IBMX at high glucose
G 2.8 mM 1.233±0.201 (9) <0.001 34.3±16.2 (9) <0.005
G 16.7 mM 2.724±0.258(15) >0.10 148.5±24.6 (15) <0.001
G 16.7 mM + IBMX 1 mM 3.395±0.330(11) 519.6±49.2 (11)

Insulin release and 45Ca++ uptake were measured over 5 min, on the same batches of islets. Values are presented as
meantSEM, numbers of experiments in parentheses; G, glucose.
*P > 0.70 vs. G 2.8 mM alone.
t P > 0.05 vs. G 2.8 mM alone.
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FIGuRE 3 Effects of IBMX on glucose-stimulated 45Ca++
efflux and insulin release at 1 mM calcium. Islets preloaded
with 45CaC12 for 46 h were used. The perifusate glucose con-
centration was changed from 2.8 to 16.7 mM at 46 min and
the glucose stimulation continued for another 44 min in the
presence or absence of 1 mM IBMX. G, glucose. All values
are mean±SEM.

affected when the extracellular Ca++ was lowered to
0.1 mM (Fig. 1). More direct evidence, however, is that
0.1 mM IBMX stimulated insulin release without an
increase in Ca++ uptake, and at 16.7 mM glucose, a
marked potentiation of insulin release occurred with-
out a further increase of glucose-stimulated Ca++ up-
take (Table III). In an earlier report, no increase in
calcium net uptake was observed either when glucose-
induced insulin release was potentiated with theo-
phylline (6).
Ca++ uptake via the voltage-dependent Ca++ channel

which is opened as a consequence of depolarization
of the cell membrane can be inhibited by verapamil
in various tissues (41) including islets (19, 42, 43).
Depolarization of the ,3-cell membrane by glucose
(18, 44) is thought to be causally related to the stim-
ulation of Ca++ uptake. Inhibition of this Ca++ uptake
by verapamil has been shown not to affect the first
phase of glucose-induced insulin release, whereas the
second phase was markedly inhibited (19). In contrast,
verapamil did not alter IBMX-stimulated insulin re-
lease or Ca++ uptake (Fig. 2 and Table III). This finding
is not so surprising in view of the fact that 10 mM
theophylline at non-stimulatory glucose concentrations
(2.8 mM) does not induce electrical activity in 1-cells,
but only causes a slight depolarization of 6-7 mV.2
The mechanism by which Ca++ enters the islet cells in
response to IBMX is unknown. One possible explanation
for the enhanced 45Ca++ uptake may be that an increase
in cytosolic Ca++ in tum triggers the exchange between
radioactive and nonradioactive Ca++ (21, 28).

2 Meissner, H. P. Personal communication.
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",,14% Two lines of evidence support the assumption that
the changes induced by IBMX in this study are medi-
ated by increased cellular cAMP levels. First, IBMX
enhanced the islet content ofcAMP at 1 mM Ca++ and its
effects both on insulin release and cAMP remained
unaltered at 0.1 mM Ca++ (Table II and Fig. 1).
Second, when glucagon, a specific stimulator ofadenyl-
ate cyclase, was used to potentiate insulin release, both

~~~~~~~ ~~~~~~glucose-stimulated insulin release and 45Ca++ efflux
were enhanced to a similar extent as observed for IBMX

0 50 60 70 80 9O in Fig.3 (43). In addition, like IBMX, glucagon did not
alter glucose-stimulated Ca++ uptake (43).

minutes After perifusion for 45 min in the absence of Ca++

ifectsofI n 45 el a i IBMX failed to stimulate insulin release. Under similarfects of IBMX on Ca+ efflux and insulin re-
cniin ohtepyln 1)adIM 4)hvLbsence of extracellular calcium. Islets preloaded conditions both theophylline (13) and IBMX (47) have

for 46 h were perifused in a buffer prepared been shown to enhance islet cAMP levels. A possible
addition of calcium throughout the perifusion explanation for failure of IBMX to stimulate insulin
From 47 to 90 min 1 mM IBMX was added to the release may be the depletion of a labile Ca++ pool (34)
:,glucose. All values are mean±SEM.

necessary for insulin release. Although in the absence
of extracellular Ca++ glucose does not elicit insulin

the IBMX action does not appear to be de- release (6, 21, 28), the combination of glucose and
increased Ca++ uptake, the possibility that agents that raise cAMP levels stimulates insulin release
its Ca++ efflux across the plasma membrane (6, 13, 47, 48). This may be the result of a combined
tosolic Ca++ was considered. Under con- effect of glucose or its metabolites (37) and cAMP
n glucose clearly inhibits 45Ca++ efflux, i.e., (37, 39, 46) on cellular calcium stores and inhibition of
+ (20, 21,28,36), IBMX was found to stimu- Ca'+ efflux across the plasma membrane by glucose
4). Indeed, the stimulation of 45Ca++ efflux (20,21,28,36). Therefore, cytosolic Ca++ may rise high
islets that had attained isotopic equilibrium enough to cause insulin release. Phosphorylation of
re then perifused in the absence of Ca++ to islet proteins with IBMX has been demonstrated (49),
)topic dilution unequivocally permits the and this could be the manner by which cAMP utilizes
that IBMX causes a net increase of Ca++ cellular calcium. In addition to the above considera-
concluded, therefore, that IBMX uses cellu- tions, cAMP could also sensitize the release machinery
stimulate insulin release. In an earlier study to the effects of calcium ions (8, 47).
oaded islets a similar conclusion was drawn The results presented here may also have clinical
phylline was used (45). In an attempt to implications. Patients with decreased serum calcium
effect of cAMP on intracellular calcium resulting from hypoparathyroidism show an impaired
[X-induced insulin release was measured in insulin response to an oral glucose load (3, 50). The in-
increased calcium stores after culture in 5 fusion of theophylline was shown to overcome this im-
hate (22). Insulin release was not increased pairment (3). Similarly, Cerasi and Luft (4) have re-
vith control islets (Table ID) thus indicating ported that the defective early insulin response to a
creased cellular calcium cannot be readily glucose infusion in prediabetic patients could be re-
cAMP. stored by aminophylline infusion. In rat islets, first
unclear whether the presumed increase in phase insulin release has been shown to depend mainly
a++ is a result of mobilization of Ca++ from on cellular Ca+' stores (19, 22) and a defective cellular
)res or of inhibition of uptake into these Ca++ handling would thus mainly affect the first phase.
vell et al. (39) reported cAMP to inhibit Ca++ The beneficial effect of aminophylline in the pre-
rat islet homogenates, whereas IBMX and diabetic subjects might therefore be a result ofan action

ie had no effect. In a mitochondria-rich ofcAMP on cellular Ca++ stores as shown for IBMX in
,MP also inhibited Ca++ uptake. Using a this study.

Cyclic AMP-induced Ca++ Fluxes and Insulin Release

200-

x
J -

L- in
(a

$ -+e

U)

100-

OJ

239



ACKNOWLEDGMENTS
The authors thank Miss Danielle Cassard and Mrs. Theres
Cuiche for their skilled technical assistance. We are grateful
to Professor Erol Cerasi for his advice concerning the measure-
ment of islet cAMP.
This work was supported by the Swiss Niational Science

Foundation (grant 3 774 076 SR).

REFERENCES

1. Rasmussen, H., and D. B. P. Goodman. 1977. Relation-
ships between calcium and cyclic nucleotides in cell
activation. Physiol. Rev. 57: 421-509.

2. Samols, E., G. Marri, and V. Marks. 1966. Interrelation-
ship of glucagon, insulin and glucose. The insulinogenic
effect of glucagon. Diabetes. 15: 855-866.

3. Gedik, O., and M. S. Zileli. 1977. Effects of hypocalcemia
and theophylline on glucose tolerance and insulin release
in human beings. Diabetes. 26: 813-819.

4. Cerasi, E., and R. Luft. 1969. The effect of an adenosine
3',5'-monophosphate diesterase inhibitor (aminophylline)
on the insulin response to glucose infusion in prediabetic
and diabetic subjects. Horm. Metab. Res. 1: 162-168.

5. Sussman, K. E., and J. W. Leitner. 1967. Insulin release
after ACTH, glucagon and adenosine-3',5'-phosphate
(cyclic AMP) in the perfused isolated rat pancreas.
Diabetes. 16: 449-454.

6. Brisson, G. R., F. Malaisse-Lagae, and W. J. Malaisse.
1972. The stimulus-secretion coupling of glucose-in-
duced insulin release. VII. A proposed site of action for
adenosine-3',5'-cyclic monophosphate. J. Clin. Invest.
51: 232-241.

7. Somers, G., G. Devis, E. van Obbergen, and W. J. Malaisse.
1976. Calcium antagonists and islet function. II. Inter-
action of theophylline and verapamil. Endocrinology.
99: 114-124.

8. Siegel, E. G., C. B. Wollheim, G. W. G. Sharp, L. Herberg,
and A. E. Renold. 1979. Defective calcium handling
and insulin release in islets from diabetic Chinese ham-
sters. Biochem. J. 180: 233-236.

9. Charles, M. A., R. Fanska, F. G. Schmid, P. A. Forsham,
and G. M. Grodsky. 1973. Adenosine 3',5'-monophos-
phate in pancreatic islets. Glucose-induced insulin re-
lease. Science (Wash. D. C.). 179: 569-571.

10. Grill, V., and E. Cerasi. 1974. Stimulation by D-glucose
of cyclic adenosine 3',5'-monophosphate accumulation
and insulin release in isolated pancreatic islets of the rat.
J. Biol. Chem. 249: 4196-4201.

11. Hellman, B., L-A. Idahl, A. Lernmark, and I-B. Taljedal.
1974. The pancreatic beta-cell recognition of insulin
secretagogues. Does cyclic AMP mediate the effects of
glucose? Proc. Natl. Acad. Sci. U. S. A. 71: 3405-3409.

12. Zawalich, W. S., R. C. Karl, J. A. Ferrendelli, and F. M.
Matschinsky. 1975. Factors governing glucose-induced
elevation of cyclic 3':5' cAMP levels in pancreatic islets.
Diabetologia. 11: 231-235.

13. Charles, M. A., J. Lawecki, R. Pictet, and G. M. Grodsky.
1975. Insulin secretion. Interrelationships of glucose,
cyclic 3':5'-monophosphate, and calcium. J. Biol. Chem.
250: 6134-6140.

14. Rabinovitch, A., G. S. Cuendet, G. W. G. Sharp, A. E.
Renold, and D. H. Mintz. 1978. Relation of insulin re-
lease to cyclic AMP content in rat pancreatic islets main-
tained in tissue culture. Diabetes. 27: 766-773.

15. Montague, W., and J. R. Cook. 1971. The role ofadenosine
3',5'-cyclic monophosphate in the regulation of insulin
release by isolated rat islets of Langerhans. Biochem. J.
122: 115-120.

16. Cooper, R. H., S. J. H. Ashcroft, and P. J. Ran(dle. 1973.
Concentration of adeniosine 3',5'-monophosphate in
mouse pancreatic islets meastured by a protein-binding
radioassay. Biochermi. J. 134: 599-605.

17. Trus, M. D., C. S. Hintz, J. B. Weinstein, A. D. Williamiis,
A. S. Pagliara, and F. NM. Matchinsky. 1979. A comparisoni
of the effects of glucose and acetylcholinie on insulin re-
lease and intermediary metabolism in rat pancreatic
islets.J. Biol. Che in. 254: 3921-3929.

18. Malaisse, W. J., A. Herchuelz, G. Devis, G. Somers, A. C.
Boschero, J. C. Hutton, S. Kawazu, A. Senler, I. J. Atwater,
G. Duncan, B. Ribalet, and E. Rojas. 1978. Regulation of
calcium fluxes and their regulatory roles in pancreatic
islets. Ann. N. Y. Acad. Sci. 307: 562-582.

19. Wollheim, C. B., M. Kikuchi, A. E. Renold, ancl G. NV. G.
Sharp. 1978. The roles of intracellular and extracellular
Ca++ in glucose-stimiiulated biphasic insulini release by rat
islets. J. Cliti. Intvest. 62: 451-458.

20. Gylfe, E., and B. Hellman. 1978. Calciumiii anid pancreatic
B-cell function. 2. Mobilisation of glucose-senisitive 45Ca
from perifused islets rich in B-cells. Biochim. Biophlijs.
Acta. 538: 249-257.

21. Frankel, B. J., W. T. Imagawa, NI. D. L. O'Connor, I.
Lundquist, J. A. Kromhlout, R. E. Faniska, and G. NI.
Grodsky. 1978. Glucose-stimulated 45calcium efflux from
isolated rat pancreatic islets.J. Cliil. Invest. 62: 525-531.

22. Kikuchi, NI., C. B. Wollheim, E. G. Siegel, A. E. Renold,
and G. W. G. Sharl). 1979. Biphasic insulin release in rat
islets of Langerhans and the role of intracelluilar Ca++
stores. Endocritnology. 105: 1013- 1019.

23. Lacy, P. E., and NM. Kostianovsky. 1967. Method for the
isolation of intact islets of Langerhans from the rat pan-
creas. Diabetes. 16: 35-39.

24. Morton, H. J. 1970. A survey of commercially available
tissuie eultuire media. In Vitro (Rockville). 6: 89-108.

25. Wollheim, C. B., NI. Kikuiehi, A. E. Renold, and G. W. G.
Sharp. 1977. Somnatostatin and epinephrine inducedc
modlifications of 45Ca++ fluxes and insuilin release in rat
pancreatic islets miaintainled in tissue cultuire. J. CliGu.
Invest. 60: 1165-1173.

26. Herbert, V., K-S. Lau, C. W. Gottlieb, aud(I S. J. Bleicher.
1965. Coated-charcoal immunoassay of inssulin.]. Clin.
Endocrinol. Metab. 25: 1375-1384.

27. Kikuchi, NI., A. Rabinovitch, W. G. Blackardl, and A. E.
Renold. 1974. Periftusion of pancreas fragments. A system
for the study of dynamic aspects of insuilin secretion.
Diabetes. 23: 550-559.

28. Kikuchi, NM., C. B. Wollheim, G. S. Cuendet, A. E. Renold,
and G. W. G. Sharp. 1978. Studies on the dual effects of
glucose on 45Ca++ efflux from isolated islets. Endocrinology.
102: 1339-1349.

29. Cailla, H. L., NI. S. Racine-Weisbuth, and M. A. Delaage.
1973. Adenosine 3',5' cyclic monophosphate assay at 10-15
mole level. Anal. Biochem. 56: 394-407.

30. Devis, G., G. Somers, E. van Oberghen, and W. J. Malaisse.
1975. Calcium antagonists and islet fuinction. I. Inhibition
of insulin release by verapamil. Diabetes. 24: .547-551.

31. Blackard, W. G., and N. C. Nelson. 1971. Portal vein in-
sulin concentrations in diabetic subjects. Diabetes. 20:
286-288.

32. Sharp, G. W. G. 1979. The adenylate cyclase-eyclic AMP
system in islets of Langerhans and its role in the control of
insulin release. Diabetologia. 16: 287-296.

33. Katada, T., and M. Ui. 1977. Perfusion of the pancreas
isolated from pertussis-sensitized rats: potentiation of in-
sulin secretory responses due to ,-adrenergic stimuilation.
Endocrinology. 101: 1247-1255.

34. Helman, B., T. Anderson, P-0. Berggren, P. Flatt, E.

240 Siegel, Wollheim, Kikuchi, Renold, and Sharp



Gylfe, and K-D. Kohnert. 1979. The role of calcium in
insulin secretion. In Hormones and Cell Regulation.
H. J. van der Molen, J. E. Dumont, and J. Nunea, editors.
Elsevier Scientific Publishing Co., Amsterdam. 3: 69-97.

35. McEvoy, R. C., and 0. D. Hegre. 1977. Morphometric
quantitation of the pancreatic insulin-, glucagon-, and
somatostatin-positive cell populations in normal and
alloxan-diabetic rats. Diabetes. 26: 1140-1146.

36. Malaisse, W. J., G. R. Brisson, and L. E. Baird. 1973.
Stimulus-secretion coupling of glucose-induced insulin
release. X. Effect of glucose on 45Ca efflux from perifused
islets. Am. J. Physiol. 224: 389-394.

37. Sugden, M. C., and S. J. H. Ashcroft. 1978. Effects of
phosphoenolpyruvate, other glycolytic intermediates and
methylxanthines on calcium uptake by a mitochondrial
fraction from rat pancreatic islets. Diabetologia. 15: 173-
180.

38. Herman, L., T. Sato, and C. N. Hales. 1973. The electron
microscopic localization of cations to pancreatic islets of
Langerhans and their possible role in insulin secretion.
J. Ultrastruct. Res. 42: 298-311.

39. Howell, S. L., W. Montague, and M. Tyhurst. 1975. Cal-
cium distribution in islets of Langerhans: a study of cal-
cium concentrations and of calcium accumulation in
B-cell organelles. J. Cell Sci. 19: 395-409.

40. Ravazzola, M., F. Malaisse-Lagae, M. Amherdt, A. Per-
relet, W. J. Malaisse, and L. Orci. 1976. Patterns ofcalcium
localization in pancreatic endocrine cells. J. Cell Sci.
27: 107-117.

41. Fleckenstein, A. 1977. Specific pharmacology of calcium
in myocardium, cardiac pacemakers, and vascular smooth
muscle. Annu. Rev. Pharmacol. Toxicol. 17: 149-166.

42. Malaisse, W. J., A. Herchuelz, J. Levy, and A. Sener. 1977.
Calcium antagonists and islet function. III. The possible
site of action of verapamil. Biochem. Pharmacol. 26:
735-740.

43. Wollheim, C. B., E. G. Siegel, M. Kikuchi, A. E. Renold,
and G. W. G. Sharp. 1979. The role of extracellular Ca++
and islet calcium stores in the regulation of biphasic in-
sulin release. Horm. Metab. Res. In press.

44. Meissner, H. P. 1976. Electrical characteristics of the
beta-cells in pancreatic islets. J. Physiol. (Paris). 72:
769-786.

45. Brisson, G. R., and W. J. Malaisse. 1973. The stimulus
secretion coupling ofglucose-induced insulin release. XI.
Effects of theophylline and epinephrine on 4Ca++ efflux
from perifused islets. Metab. Clin. Exp. 22: 455-465.

46. Sehlin, J. 1970. Calcium uptake by subcellular fractions
of pancreatic islets. Biochem. J. 156: 63-69.

47. Hellman, B. 1975. The significance of calcium for glucose
stimulation of insulin release. Endocrinology. 97:
392-398.

48. Henquin, J. C. 1978. Relative importance of extracellular
and intracellular calcium for the two phases of glucose-
stimulated insulin release: studies with theophylline.
Endocrinology. 102: 723-730.

49. Lipson, L. G., C. Vachon, C. A. Forristal, and G. W. G.
Sharp. 1978. Stimulation of specific protein phosphor-
ylation in intact rat islets of Langerhans by both 3-
isobutyl-1-methylxanthine and D-glucose. Clin. Res.
26: 530A. (Abstr.)

50. Yasuda, K., Y. Harukawa, M. Okuyama, M. Kikuchi, and K.
Yoshinaga. 1975. Glucose tolerance and insulin secretion
in patients with parathyroid disorders. Effect of serum
calcium on insulin release. N. Engl .J. Med. 292: 501-504.

Cyclic AMP-induced Ca++ Fluxes and Insulin Release 241


