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Introduction

Whether adenine nucleotides in pancreatic B cells serve as
second messengers during glucose stimulation of insulin se-
cretion remains disputed. Our hypothesis was that the actual
changes in ATP and ADPare obscured by the large pool of
adenine nucleotides (ATP/ADP ratio close to 1) in insulin
granules. Therefore, mouse islets were degranulated acutely
with a cocktail of glucose, KCl, forskolin, and phorbol ester
or during overnight culture in RPMI-1640 medium con-
taining 10 mMglucose. When these islets were then incu-
bated in 0 glucose + azide (to minimize cytoplasmic and
mitochondrial adenine nucleotides), their content in
ATP+ADP+AMPwas decreased in proportion to the de-
crease in insulin stores. After incubation in 10 mMglucose
(no azide), the ATP/ADP ratio increased from 2.4 to > 8
in cultured islets, and only from 2 to < 4 in fresh islets.
These differences were not explained by changes in glucose
oxidation. The glucose dependency (0-30 mM) of the
changes in insulin secretion and in the ATP/ADP ratio were
then compared in the same islets. In nondegranulated, fresh
islets, the ATP/ADP ratio increased between 0 and 10 mM
glucose and then stabilized although insulin release kept
increasing. In degranulated islets, the ATP/ADP ratio also
increased between 0 and 10 mMglucose, but a further in-
crease still occurred between 10 and 20 mMglucose, in
parallel with the stimulation of insulin release. In conclu-
sion, decreasing the granular pool of ATP and ADP un-
masks large changes in the ATP/ADP ratio and a glucose
dependency which persists within the range of stimulatory
concentrations. The ATP/ADP ratio might thus serve as
a coupling factor between glucose metabolism and insulin
release. (J. Clin. Invest. 1995. 96:1738-1745.) Key words:
pancreatic islets * stimulus-secretion coupling - ATP
ADP * glucose metabolism
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A peculiar feature of pancreatic B cells is that they probably
use ATP not only as a primary source of energy as other cells,
but also as an intracellular second messenger during stimulus-
secretion coupling.

Stimulation of insulin secretion by glucose and most other
nutrients requires metabolism of these stimuli by B cells (1-
4). The exact biochemical nature of the signals that link the
acceleration of metabolism to the exocytosis of insulin-con-
taining granules has only been partially elucidated. Glucose
entry in B cells is followed by an acceleration of glycolysis and
glucose oxidation, with production of metabolic factors that
close ATP-sensitive K+ channels (K+ATP channels)' in the
plasma membrane. The resulting decrease in K+ conductance
leads to depolarization to a threshold potential where voltage-
dependent Ca2" channels open. Electrical activity then appears,
which corresponds to an influx of Ca2" that eventually increases
the concentration of cytoplasmic free Ca2" and triggers insulin
release. When the concentration of glucose is raised above
threshold values, the electrical activity augments, contributing
to the increase in insulin release (4-9).

There is no dispute that the K+ channels, which close in
response to glucose metabolism, are sensitive to ATP and ADP
(8-10), hence the hypothesis that they are controlled by varia-
tions of the ATP/ADP ratio in B cells. It has long been known
that glucose increases ATP levels in islets, but this effect was
restricted to concentrations of the sugar which are below the
threshold for stimulation of insulin release (11, 12). Measure-
ments of the ATP/ADP ratio have also yielded controversial
results (reviewed in 13). Somestudies have reported low ATP/
ADPratios (between 2 and 4), changing little (14-16) or not
(17) in response to glucose. Other groups measured higher
ratios and larger increases by glucose ( 18-20). However, these
studies usually tested one single concentration of glucose and
did not attempt to correlate the changes in the ATP/ADP ratio
with those of insulin release. Such correlations have only been
reported when the energy state of islet cells was decreased by
mitochondrial poisons or changes in 02 tension (12, 18, 21).

Two studies have reported that insulin granules isolated
from pancreatic islets (22) and from a B cell line (23) contain
substantial amounts of ATP and ADPin a ratio close to unity.
This suggests that granular adenine nucleotides make up a sub-
stantial proportion of total ATP and an even larger proportion
of ADPin intact B cells. Surprisingly, however, the hypothesis
that this granular pool could mask the actual changes in ATP
and ADP in the metabolically active pool has not been tested

1. Abbreviation used in this paper: K+ATP channels, ATP-sensitive K+
channels.

1738 P. Detimary, J.-C. Jonas, and J.-C. Henquin

Abstract

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/95/10/1738/08 $2.00
Volume 96, October 1995, 1738-1745



directly. In the first part of this study, therefore, we examined
the impact of degranulation on adenine nucleotide content in
mouse islets. In the second part, we evaluated the effects of
glucose on adenine nucleotide levels in degranulated islets. Our
aim was to determine whether, under these conditions, correla-
tions exist between insulin release and the ATP/ADP ratio.

Methods

Solutions. The medium used was a bicarbonate-buffered solution which
contained 120 mMNaCi, 4.8 mMKCl, 2.5 mMCaCl2, 1.2 mMMgCl2,
1 mMNa2HPO4, and 24 mMNaHCO3. It was gassed with 02/CO2
(94:6) to maintain pH 7.4, and was supplemented with bovine serum
albumin (1 mg/ml).

Preparation. Islets were isolated by collagenase digestion (24) of
the pancreas of fed female NMRImice (25-30 grams) followed by hand
picking. These islets were either immediately used for the experiments or
first cultured for 18-20 h at 370C in RPMI-1640 medium containing
10% heat inactivated fetal calf serum, 100 IU/ml penicillin and 100 Ag/
ml streptomycin. The concentration of glucose was 10 mM.

Measurements of insulin release. Freshly isolated or cultured islets
were preincubated for 60 min at 370C in a control medium containing
15 mMglucose, a concentration that causes half-maximum stimulation
of mouse islets. They were then distributed in batches of five and incu-
bated in 1 ml medium containing various concentrations of glucose or
test substance. Acute degranulation of fresh islets was achieved by
incubation for 120 min in a medium containing 25 mMglucose, 30
mMKCI, 1 OMforskolin, and 50 nM PMA. The medium was then
removed and the islets were carefully rinsed three times before being
incubated for another 60 min in 1 ml of control medium. The other
experiments, carried out with either fresh or cultured islets, consisted
of only one incubation of 60 min. At the end of each incubation period,
an aliquot of the medium was appropriately diluted for measurement of
insulin by a double-antibody radioimmunoassay using rat insulin as a
standard (Novo Research Institute, Bagsvaerd, Denmark).

Measurements of adenine nucleotides in incubated islets. The ali-
quot of medium used for insulin assay was taken while the incubation
tubes remained at 37°C. The islets were then incubated for another 5
min before the incubation was stopped by addition of 0.6 ml of ice-
cold trichloroacetic acid to a final concentration of 5%. The tubes were
vortex-mixed, left on ice for 15 min and centrifuged for 5 min in a
microfuge (Eppendorf Inc., Fremont, CA). A fraction (0.5 ml) of the
supernatant was then mixed with 1.5 ml diethylether, and the ether
phase containing trichloracetic acid was discarded. This step was re-
peated three times to ensure complete elimination of trichloracetic acid.
The extracts were eventually diluted with 0.5 ml of a buffer containing
20 mMHepes, 3 mMMgCl2, and KOHto adjust pH to 7.75, and frozen
at -70°C until the day of the assay.

ATP, ADP, and AMPwere assayed in duplicates or triplicates by
a luminometric method (25). For ATP measurement, a portion (50 i1l)
of each sample was mixed with 300 sl of the above buffer and 100 t.d
of a commercially available ATP monitoring reagent containing firefly
luciferase and luciferin (BioOrbit, Turku, Finland). The emitted light
was measured in a luminometer (1250 luminometer system; BioOrbit).
For ADPmeasurement, another 50-,ul portion of each sample was incu-
bated for 40 min with 300 jA of buffer containing 1.5 mMphosphoenol-
pyruvate and 2.3 U/ml pyruvate kinase to convert ADP into ATP. For
AMPmeasurement, a 50-j1 portion of each sample was mixed with
300-,lI buffer containing phosphoenolpyruvate, pyruvate kinase, and 36
U/ml adenylate kinase to convert AMPinto ADP before conversion
into ATP. ATP was then assayed as described above, and ADP and
AMPcontents were calculated by difference. Appropriate blanks, ATP,
ADP, and AMPstandards were run through the entire procedure, includ-
ing the extraction step.

Measurements of adenine nucleotides in intact and permeabilized
islet cells. Freshly isolated or overnight cultured islets were rinsed with
the usual bicarbonate-buffered medium containing 10 mMglucose, but

without CaCl2 and with 0.1 mMEGTA. They were then incubated at
370C for 2-3 min in the same medium supplemented with 0.1 mg
trypsin/ml, with gentle pipetting through a siliconized glass pipette until
the islets disappeared. 1 min later, trypsin digestion was stopped and
the cells were rinsed twice with cold RPMI-1640 medium containing
10% fetal calf serum. The cells were then resuspended in 4 ml RPMI-
1640 medium, preincubated for 45 min at 370C in an atmosphere of 5%
CO2 in air, and divided in two batches.

Cells from the first batch were resuspended, counted, and aliquoted
in control medium without glucose. After 60 min at 370C, ice-cold
trichloracetic acid was added and the samples were processed for mea-
surement of adenine nucleotides as described above.

Cells from the other batch were washed twice with a Ca2+-free
medium containing 0.4 mMEGTA. They were then resuspended at a
concentration of 2a 106 cells/ml in a buffer containing 20 mMHepes,
140 mMK glutamate, 5 mMNaCl, 2 mMMgSO4, and 0.2 mMEGTA.
This medium did not contain ATP. The pH was 7.0 and free Ca2+

- 0.1 jLM. This cell suspension was mixed 1:1 with the same buffer
supplemented with Staphylococcus aureus a-toxin (2,000 Hemolytic
U/106 cells/ml) (26, 27), and incubated for 10 min at 37°C. After
centrifugation at 4°C, the supernatant was discarded and the cells were
rinsed twice with 1 ml buffer (5 min each) to remove diffusible adenine
nucleotides. They were then suspended in 1 ml buffer, and processed
as above for adenine nucleotide measurement. More than 95% of cells
were permeable to trypan blue (mol. wt. = 950) and 100% of cells
were permeable to eosin G (mol. wt. = 624). These permeabilized cells
do not release insulin unless the concentration of free Ca2+ is raised
above 1 OMand exogenous ATP is provided (27).

Measurements of islet insulin and DNA content. When the insulin
content of the islets or of dispersed cells was to be measured, the
incubation medium was completely removed and replaced by an acid/
ethanol mixture (ethanol 95%: 750 ml; concentrated HCl: 15 ml; H20:
235 ml) (28). After sonication, the tubes were kept at -200C for at
least 24 h, and an aliquot of the extract was eventually diluted in assay
buffer before measurement of insulin. For measurement of islet DNA,
the tissue (here batches of eight islets) was sonicated in 0.8 ml of a
buffer (pH 7.4) containing 10 mMTris, 2 MNaCl, and 1 mMEDTA.
DNAwas then measured by a spectrofluorimetric method (29) using
bis-benzimide as a dye and fetal calf thymus DNAas a standard.

Measurements of glucose oxidation. After preincubation as above,
freshly isolated or cultured islets were distributed into batches of 10
and incubated, for 60 min at 37°C, in 50 jil medium supplemented with
1 tCi [U- '4C] glucose. The amount of glucose oxidized was determined
from the production of [ 4C ] C02. Technical aspects of the method have
been described previously (30).

Materials. Diazoxide was obtained from Schering-Plough Avondale
(Rathdrum, Ireland); DNA, bis-benzimide and PMAwere from Sigma
Chemical Co. (St Louis, MO); ATP, ADP, AMP, phosphoenolpyruvate,
pyruvate kinase and adenylate kinase were from Boehringer-Mannheim
(Mannheim, Germany); clonidine was from Boehringer-Ingelheim (In-
gelheim, Germany); forskolin was from Calbiochem-Behring Corp.
(San Diego, CA); sodium azide and all other reagents were from Merck
A.G. (Darmstadt, Germany). S. aureus a-toxin was purified and kindly
provided by Dr. M. Palmer (University of Mainz, Germany).

Presentation of results. Results are presented as means±SEM for
the indicated number of batches of islets. The statistical significance of
differences between means was assessed by Student t test for unpaired
data when only two groups were compared, or by an analysis of variance
followed by a Newman-Keuls' test for comparison of more than two
groups. Differences were considered significant at P < 0.05.

Results

Effects of acute B cell degranulation on islet adenine nucleotide
levels. Freshly isolated islets were incubated for 2 h in a medium
containing 10 mMglucose alone or a strongly stimulatory cock-
tail composed of 25 mMglucose, 30 mMKC1, 1 yM forskolin
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Table I. Effects of Acute B Cell Degranulation on Adenine
Nucleotide Levels in Islets Subsequently Incubated with a
Mitochondrial Poison

Experimental conditions during initial incubation
without poison

Experiment A Experiment B

Glucose Cocktail Cocktail Cocktail +
10 mM Nimodipine

Insulin release (ng/
islet per 180 min) 3.6±0.2* 89±3 81±2 6.0±0.3*

Final insulin content
(ng/islet) 220±14* 138±11

Total insulin release +
content (ng/islet) 223±14 226±12

Adenine nucleotides
(pmol/islet)

ATP 7.2±0.3* 4.1±0.3 3.2±0.1 5.1±0.2*
ADP 4.8±0.2* 2.7±0.2 2.3±0.1 3.5±0.2*
AMP 5.3±0.2* 3.6±0.3 -
ATP + ADP 5.5±0.2 8.6±0.3*
ATP + ADP +

AMP 17.3±0.7* 10.4±0.7

Batches of five freshly isolated islets were incubated for 120 min in 1
ml medium containing 10 mMglucose or a stimulatory cocktail com-
posed of 25 mMglucose, 30 mMKCI, 250 ,uM diazoxide, 1 pM for-
skolin, and 50 nMPMA. At the end of this incubation, the medium was
removed and replaced, for 60 min, by 1 ml medium containing no
glucose and 10 mMazide. At the end of this second incubation, certain
batches were used for measurement of insulin content and others for
measurement of adenine nucleotides. Values are means±SEM. Experi-
ment A was repeated three times with eight batches of islets in each
group, four of which were used for measurement of insulin content
(total n = 12) and four for measurement of adenine nucleotides (total
n = 12). In experiment B, n = 8. * P < 0.001 vs islets submitted to
cocktail alone (t test).

and 50 nM PMA. As shown in Table I (experiment A), the
cocktail stimulated insulin release considerably more than did
10 mMglucose and this resulted in a 38% decrease in the
islet insulin content. At the end of this incubation total adenine
nucleotides averaged 31.5±2.0 pmol/islet (65% ATP, 17%
ADP, 18% AMP) in control islets and 25.1±1.2 pmol/islet
(66% ATP, 14% ADP, 20% AMP) in islets incubated with
the cocktail (P < 0.05). To minimize the cytoplasmic and
mitochondrial pools of adenine nucleotides and permit an esti-
mation of the residual granular pool, some of the islets were
then incubated for 1 h in a medium containing no glucose and
10 mMazide, a drug that inhibits ATP synthesis by blocking the
electron transport chain (31 ). This second incubation revealed a
40% decrease in total adenine nucleotides, with a similar rela-
tive fall in ATP, ADP, and AMP, in islets submitted to the
degranulating cocktail (Table I, experiment A).

In a separate experiment, the islets were stimulated with the
degranulating cocktail in the absence and presence of 5 jIM
nimodipine. As shown in Table I (experiment B), the Ca2-
channel blocker largely prevented the stimulation of insulin
release (insulin stores were not measured) and the fall in ade-
nine nucleotides. ATP and ADP levels were indeed 36% lower

in islets submitted to the cocktail alone than in those incubated
with nimodipine.

Effects of overnight culture on islet insulin and adenine
nucleotide content. The insulin content of mouse islets cultured
for 18-20 h in a medium containing 10 mMglucose was 57%
lower than that of fresh islets obtained from the same animals
(Table II). The amount of insulin released in the medium over
the same period averaged 74% of the initial content. The sum
of insulin remaining in the islets and secreted in the medium
was thus higher than in fresh islets (P < 0.01). This indicates
that the important secretion of insulin has been partially com-
pensated for by an increase in insulin synthesis. When 10 ILM
clonidine (which activates a2-adrenoceptors) or 250 jIM di-
azoxide (which opens K'ATP channels) were added to the cul-
ture medium, insulin release was strongly inhibited, as expected
(32, 33). Under these conditions, the islet insulin content was
decreased by only 16% (clonidine) and 17% (diazoxide) as
compared with untreated fresh islets (Table II). Compared to
that in fresh islets, the DNAcontent of cultured islets averaged
96% in controls, and 94 and 100% after culture with clonidine
and diazoxide, respectively. This shows that no cell loss oc-
curred during the culture period.

Fresh and overnight cultured islets were then incubated for
1 h in a glucose-free medium before determination of their
content in ATP and ADP. As shown in Table II, the sum ATP
+ ADPwas decreased by 40% after culture and this decrease
was attenuated by clonidine and diazoxide.

A more complete comparison of fresh and cultured islets
was performed in another series of experiments carried out
in a glucose-free medium alone or with azide (Fig. 1). After
incubation for 60 min in the absence of glucose, total adenine
nucleotides were 49% lower in cultured islets than in fresh
islets, but the relative proportions of ATP, ADP, and AMPwere
still similar: 55, 24, and 21%, respectively, in cultured islets;
48, 25, and 27%, respectively, in fresh islets. Poisoning with
azide decreased total adenine nucleotides by 5.7 pmol/islet
in both fresh and cultured islets. This decrease was due to a
fall in ATP and ADP levels only. There was no significant
change in AMPlevels (Fig. 1). After incubation with azide,
the relative proportions of ATP, ADP, and AMPremained simi-
lar in cultured islets (39, 26, and 35%, respectively) and in
fresh islets (35, 26, and 39%, respectively).

Effects of overnight culture on adenine nucleotides of per-
meabilized islet cells. In another set of experiments, fresh or
cultured islets were dispersed into isolated cells. Half of the
samples were then incubated in a glucose-free medium before
measurement of adenine nucleotides, whereas the other half
were permeabilized with S. aureus a-toxin. The aim of this
permeabilization, which is restricted to the plasma membrane
(34), was to allow diffusion of cytoplasmic nucleotides out of
the cells, without releasing nucleotides from organelles (gran-
ules, mitochondria ...). Intact cells from cultured islets contained
lower stores of insulin than cells from freshly isolated islets
(230+12 vs 563±42 ng/104 cells, n = 15, P < 0.01). As
shown in Fig. 2, their ATP, ADP, and AMPcontent was also
decreased, with a fall of 37% (P < 0.01) in the sum of adenine
nucleotides. Permeabilization of the cells did not affect their
insulin content: 231±19 ng/ 104 cells from cultured islets and
559±16 ng/ 104 cells from freshly isolated islets. On the other
hand, ATP, ADP, and AMPlevels were substantially and simi-
larly decreased after permeabilization. More importantly, the
content of each adenine nucleotide was lower in permeabilized
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Table 1I. Influence of Culture on Insulin and Adenine Nucleotide Contents in Mouse Islets

Insulin (ng/islet) ATP + ADP (pmol/islet) ATP/ADP

Released during 18 h Content Glucose 0 Glucose 10 mM Glucose 0 Glucose 10 mM

Fresh islets 168±4 15.4±0.3 19.0±0.5 2.00±0.04 3.74±0.19
Cultured islets

Controls 125±4 73±5* 9.2±0.5* 17.5±0.8 2.76±0.08* 9.84±0.63*
+ Clonidine 10 sM 18±2t 141±5** 13.2±0.4*t 21.0±0.5t 2.36±0.06*$ 5.73±0.24*t
+ Diazoxide 250 MM 19±2t 140±5** 12.5±0.9*t 20.2±1.0* 2.44±0.06*t 5.55±0.21*1

In the experiments designed to measure the insulin content, islets obtained from the same preparations were distributed in batches of eight and,
either immediately processed for measurement of insulin content, or first cultured for 18 h in RPMI-1640 medium containing 10 mMglucose, with
or without clonidine or diazoxide. At the end of the culture, the amount of insulin secreted in the medium and the insulin content of the islets were
determined. In the experiments designed to measure the ATP/ADP ratio, fresh or cultured islets were incubated for 60 min, in batches of five, in
a medium containing 0 or 10 mMglucose before being processed for assay of adenine nucleotides. Values are means±SEMfor 17 to 24 batches
of islets. * P < 0.01 or less vs fresh islets. * P < 0.01 vs control cultured islets (ANOVA followed by Newman-Keuls test).

cells from cultured islets than from fresh islets (Fig. 2). Thus,
in spite of major differences in their conceptual and technical
basis, the permeabilization of dispersed islet cells and the poi-
soning of intact islets lead to a similar conclusion: islet culture
decreases the size of a relatively stable pool of adenine nucleo-
tides.

Effects of glucose on adenine nucleotide levels in fresh and
cultured islets. We, therefore, evaluated to which extent the
decrease of this background of adenine nucleotides might influ-
ence the apparent changes in the ATP/ADP ratio brought about
by glucose (Table II). After incubation for 60 min in a glucose-

free medium, the ATP/ADP ratio was low (2.00) in fresh islets.
It was slightly higher in cultured islets, and more so when the
culture medium did not contain diazoxide or clonidine. The
differences were much larger after incubation in the presence
of 10 mMglucose. The ATP/ADP ratio increased 3.6-fold in
control cultured (degranulated) islets, but did not even double
in fresh (nondegranulated) islets. The increase was intermediate
when islets had been cultured in a medium supplemented with
clonidine or diazoxide (Table II).

To determine whether changes in the rate of glucose metabo-
lism by cultured islets might contribute to these differences,
glucose oxidation by fresh and cultured islets was measured
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Figure 1. Adenine nucleotide levels in fresh and cultured mouse islets
incubated under conditions of low metabolism. Fresh islets (open col-
umns) and islets cultured for 18-20 h in a medium containing 10 mM
glucose (hatched columns) were incubated for 60 min in 1 ml of glu-
cose-free medium, without (GO) or with 10 mMazide (GO + Az).
Their ATP, ADP, and AMPcontent was then determined at the end of
this incubation. Values are means±SEM for 22 batches of islets from
six separate experiments.
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Table III. Glucose Oxidation by Fresh or Cultured Mouse Islets

Glucose oxidized (pmollislet per 60 min)

Glucose 3 mM Glucose 10 mM

Series 1
Fresh islets 12.8+0.3 48.3+1.8
Cultured islets 16.1+0.4* 57.7+2.5*

Series 2
Cultured islets
Controls 17.2±0.8 51.3±1.4
+ Clonidine 10 MM 50.4+1.5
+ Diazoxide 250 yM - 59.9± 1.9t

In experimental series 1, half of the islets were tested immediately after
isolation, whereas the other half were cultured for 18 h in RPMI-1640
medium with 10 mMglucose before being tested. In experimental series
2, all islets were cultured for 18 h in RPMI-1640 medium containing
10 mMglucose, without or with clonidine or diazoxide. Values are
means+SEMfor 11 batches of islets. * P < 0.01 vs fresh islets (t test).
I P < 0.01 vs control cultured islets (ANOVA followed by Newman-
Keuls test).

(Table III). Control cultured islets oxidized glucose at a slightly
higher rate (- 20%) than did fresh islets. However, culture in
the presence of clonidine or diazoxide did not impair glucose
metabolism. Glucose oxidation was even slightly increased after
culture in the presence of diazoxide (Table III). Partial inhibi-
tion of B cell degranulation, therefore, attenuated the effect of
glucose on the ATP/ADP ratio in islets without decreasing
glucose metabolism.

Concentration dependence of glucose-induced changes in
islet adenine nucleotide levels and insulin release. When fresh
islets were incubated in the presence of increasing concentra-
tions of glucose, their ATP content augmented (Fig. 3). A
significant (P < 0.01) increase by - 2.6 pmol/islet was noted
in 3 mMglucose and the largest change (- 6 pmol/islet) was
recorded in 10 mMglucose. However, there was no significant
difference between ATP levels from 6 to 30 mMglucose. Con-
comitantly, ADP levels decreased slightly (Fig. 3). This de-
crease reached 1.2 pmol/islet (P < 0.01) at 10 mMglucose
and remained stable (- 1.5 pmol/islet) at higher glucose con-
centrations. Since ATP levels increased more than ADP levels
decreased, the sum ATP + ADP slightly augmented with the
concentration of glucose. This increase was maximal (- 3.8
pmol/islet) at 10 mMglucose (P < 0.05), but there was no
significant difference in the sum ATP + ADPfrom 3 to 30 mM
glucose.

In cultured islets, the ATP content was increased by 3 and 6
mMglucose and then plateaued at higher glucose concentrations
(Fig. 3). The ADPcontent slightly (by - 0.5 pmol) decreased
in the presence of 6 mMglucose (P < 0.01). This decrease
then stabilized at - 1.1 pmol/islet between 10 and 30 mM
glucose (Fig. 3). As a result, the sum ATP + ADP increased
between 0 and 6 mMglucose, and then remained stable within
the experimental errors.

From these ATP and ADPcontents, the ATP/ADP ratio in
islets incubated in the presence of various glucose concentra-
tions was calculated (Fig. 4). In fresh islets, this ratio increased
from 1.97+0.04 in 0 glucose to 3.66±0.18 (P < 0.01) in 10
mMglucose and then remained stable as the concentration of
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Figure 3. Effects of vari-
ous glucose concentra-
tions on ATP and ADP
levels in fresh or cultured
mouse islets. Fresh islets
(o) or islets cultured for
18-20 h in a medium
containing 10 mMglu-
cose (*) were first prein-
cubated for 60 min in 1
ml medium containing
15 mMglucose. They
were then incubated for
60 min in the presence of
the indicated glucose
concentrations. Values
are means±SEMfor 25-
30 batches of islets from
six to seven separate ex-
periments.

glucose was raised further. In cultured islets, the ATP/ADP
ratio sharply increased from 2.44±0.06 in 0 glucose to
6.66±0.45 (P < 0.01) in 6 mMglucose. A slower increase
was then observed between 6 and 20 mMglucose (9.51+0.37;
P < 0.01). When the concentration of glucose was raised to
30 mM,however, the ATP/ADP ratio fell slightly to 8.48±+0.35.

Fig. 4 also shows the effect of glucose on insulin release
from the same islets. The relationship between the rate of release
and the glucose concentration was sigmoidal and similar for
both fresh and cultured islets. It is noteworthy that 6 mMglu-
cose did not increase insulin release in either fresh or cultured
islets (103±10 and 106±10% of control values in 0 glucose,
respectively).

The relationship between insulin release and the ATP/ADP
ratio in the same islets incubated in the presence of various
glucose concentrations is shown in Fig. 5. No correlation was
found in fresh islets. From 0 to 10 mMglucose, the ATP/ADP
ratio increased whereas insulin release hardly changed. Higher
glucose concentrations then stimulated insulin release without
changing the ATP/ADP ratio. In cultured islets, low glucose
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Figure 4. Effects of vari-
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mouse islets and on insu-
lin release from the same
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Figure 5. Relationship
between the ATP/ADP
ratio in fresh or cultured
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concentrations also increased the ATP/ADP ratio without af-
fecting release. However, between 6 and 20 mMa linear correla-
tion was disclosed between both parameters (Fig. 5).

The above findings with cultured islets were verified in a
smaller, but totally independent series of experiments. The re-
sults again showed that, after 60 min of incubation in the pres-
ence of 10, 20, and 30 mMglucose, the ATP/ADP ratio in-
creased from 9.11±0.59 to 11.87±1.31 and then declined to
11.01±0.84 (n = 10), respectively. The relationship between
the ATP/ADP ratio and insulin release was similar to that
shown in Fig. 5. When all results are pooled, a statistically
significant difference (P < 0.01) is found between the ATP/
ADPratio in islets incubated in 10 mMglucose (8.3±0.3) and
in 20 mMglucose (10.2±0.5).

Discussion

This study was a test of the hypothesis that adenine nucleotides
present in insulin secretory granules (22, 23) make up a back-
ground that masks the actual changes in ATP and ADP oc-
curring in the metabolically active pool of pancreatic B cells.
We, therefore, investigated whether degranulation of mouse is-
lets would decrease this background and permit better character-
ization of the relationship between the changes in insulin release
and in the ATP/ADP ratio during glucose stimulation.

The model. The fractional rate of insulin secretion is low
(35). Degranulation of normal islets cannot be achieved acutely
by using a physiologic stimulus only. With a cocktail of high
glucose, high KCl, forskolin, and PMA, an - 38% decrease in
insulin stores could be produced within 2 h. However, islets
submitted to such a stimulation cannot reliably be used for a
subsequent study of the effects of glucose alone. We, therefore,
cultured the islets overnight in usual RPMI-1640 medium con-
taining 10 mMglucose. This decreased the insulin content by
57%as compared with freshly isolated islets. A stronger degran-
ulation (e.g. with a higher glucose concentration) was purposely
avoided, because of a possible desensitization of the secretory
process under such conditions (35), and because we wished to
maintain enough insulin reserves to permit reliable measure-
ments of insulin secretion without the insulin content becoming
rate limiting.

Decrease in adenine nucleotides in degranulated islets. Ad-
enine nucleotides and insulin are cosecreted from pancreatic B
cells (22). However, comparison of the changes in adenine
nucleotide and insulin c6ntent of the islets is complicated by
the contamination with nucleotides present in non-B cells,
which make up 15-20% of normal mouse islets (1). Estimation
of the adenine nucleotide content of different cellular compart-

ments is even more difficult. In chromaffin cells which, like
pancreatic B cells (22, 23) contain large amounts of nucleotides
in secretory granules (36), two approaches have been used
successfully to characterize the relatively stable granular pool
(37). First, various poisons were found to minimize the size of
the metabolically active pool without affecting the granular
pool. Second, the cytoplasmic pool could be selectively depleted
by allowing emptying of its nucleotides through a permeabilized
plasma membrane. When this second approach was applied to
dispersed islet cells, adenine nucleotides decreased by - 50%,
in agreement with a previous report which, however, equated
the resistant pool with a mitochondrial pool only ( 15 ). In our
experiments, previous stimulation of insulin secretion and de-
crease in insulin reserves similarly reduced the total and permea-
bilization-resistant pools. According to the first approach, we
poisoned intact islets with azide after degranulation or not. Two
interesting sets of observations were made. First, the fall in the
more stable pool of adenine nucleotides was commensurate with
the decrease in insulin content both after acute degranulation
(40 vs 38%) and after culture (63 vs 57%). Second, the relative
proportions of adenine nucleotides in the azide-resistant pool,
that was decreased by degranulation, are compatible with those
reported for insulin granules. An ATP/ADP ratio of 1.1 has
been measured in insulin granules isolated from rat islets (22),
and the relative proportions of ATP, ADP, and AMPwere 30,
40, and 30% in granules from a rat insulinoma (23).

Taken together, our findings indicate that the decrease in
adenine nucleotides in acutely stimulated or cultured islets is
largely linked to insulin secretion and subsequent degranulation.
The contribution of other mechanisms is not excluded, but
would not invalidate the use of our model for the subsequent
experiments.

Effects of glucose on adenine nucleotides in islets degranu-
lated by culture. Our results confirm that ATP levels fall when
the islets are incubated in a glucose-free medium, and that low
glucose concentrations (3-6 mM) are sufficient to attenuate
this fall (11-13, 38). They further show that increasing the
glucose concentration above 3 mMbrings about a decrease in
ADP levels. As a result, the ATP/ADP ratio increased. The
increase measured between 0 and 10 mMglucose was much
larger in cultured islets (from 2.5 to 8-10) than in fresh
islets (from - 2.0 to 3.7). We first verified whether the
difference could simply be ascribed to a change in the respon-
siveness to glucose. In agreement with other reports (39), cul-
tured islets were found to oxidize glucose at a higher rate than
fresh islets. However, this difference is relatively small (20%)
and cannot entirely account for the differences in energy state.
When the degranulation was partially prevented by addition of
clonidine or diazoxide to the culture medium, the rise in the
ATP/ADP ratio between 0 and 10 mMglucose was much less
(from 2.4 to - 5.6) than in islets cultured in a control me-
dium, although the rate of glucose oxidation was similar or
slightly higher. There may thus exist two components in the
larger rise in ATP/ADP ratio in islets degranulated by culture:
the loss of a stable pool of adenine nucleotides with a low ratio
(background) and an increase in glucose metabolism.

Significance for the control of insulin release. The relation-
ship between insulin secretion and the ATP/ADP ratio, in the
same islets, was characterized by a curve with two components,
of which the first was, at least qualitatively, similar in fresh and
cultured islets. For changes in the glucose concentration be-
tween 0 and 6-10 mM, the ATP/ADP ratio increased, while
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insulin release was not or only slightly stimulated. A similar
relationship has long been described between the decrease in
K + efflux and the increase in insulin secretion from islets stimu-
lated with different glucose concentrations (40). The decrease
in K+ efflux reflects closure of K 'ATP channels. There is general
agreement that this closure underlies the decrease in K + conduc-
tance which causes depolarization of the B cell membrane from
the resting to a threshold potential, when the concentration of
glucose is raised from 0 to 6-7 mM(4-10). The increase in
ATP/ADP ratio occurring between 0 and 6 mMglucose may
indeed subserve this effect.

There is, however, a major quantitative difference between
fresh and cultured islets. The ATP/ADP ratio at all glucose
concentrations was much higher after culture. It is particularly
striking that the threshold was not changed (between 6 and 10
mMglucose) although 6 mMglucose increased the ATP/ADP
ratio in degranulated islets 2.5 times more than did a maximally
effective concentration of glucose (20-30 mM) in fresh islets.
This might mean that the ATP/ADP ratio is irrelevant for the
control of B cell membrane potential and of insulin release.
The weight of the evidence (4-10) speaks against this trivial
explanation. This apparent discrepancy more likely indicates
that the ATP/ADP ratio measured in fresh islets is only a poor
index of that in the cytosol because of the size of the granular
pool of adenine nucleotides, in which the ratio is close to one.
Moreover, the ATP/ADP ratio in the critical submembrane
compartment could also be modified by local consumption of
ATP (41). Cytosolic ADP, which remains difficult to measure
precisely even when the granular pool has been partially de-
creased, could be the essential variable in the ratio. These varia-
tions could well occur within the micromolar range, where they
effectively influence the membrane potential of B cells (10).

The major contribution of this study was to show that raising
glucose levels above the threshold concentration leads to an
increase in the energy state of B cells, that correlates with the
increase in insulin secretion at least up to 20 mMglucose.
Potential mechanisms of control by adenine nucleotides include
the regulation of Ca2+ influx through an action on K'ATP chan-
nels (42) or Ca2+ channels (43), and the regulation of the
efficacy of Ca2+ on the secretory process (44). The present
observations do not prove that changes in the ATP/ADP ratio
are directly involved in the regulation of insulin secretion by
physiological glucose concentrations, but show that this long
disputed hypothesis is plausible.

Acknowledgments

Wethank V. Beaujean for technical help, M. Nenquin for her collabora-
tion in the experiments of glucose oxidation and for editorial assistance,
and Dr. M. Palmer for providing the a-toxin. P. Detimary was Aspirant
and J.C. Jonas is Charge de Recherches of the Fonds National de la
Recherche Scientifique, Bruxelles.

This work was supported by Grant 3.4525.94 from the Fonds de la
Recherche Scientifique Medicale, Brussels, and by Grant SPPS-AC 89/
95-135 from the Ministry of Scientific Policy, Brussels.

References

1. Hedeskov, C. J. 1980. Mechanism of glucose-induced insulin secretion.
Physiol. Rev. 60:442-509.

2. Meglasson, M. D., and F. M. Matschinsky. 1986. Pancreatic islet glucose
metabolism and regulation of insulin secretion. Diabetes Metab. Rev. 2:163-214.

3. MacDonald, M. J. 1990. Elusive proximal signals of /i-cells for insulin
secretion. Diabetes. 39:1461-1466.

4. Henquin, J. C. 1994. The cell biology of insulin secretion. In Joslin's
Diabetes Mellitus, 13th edition. C. R. Kahn and G. C. Weir, editors. Lea &
Febiger, Philadelphia. 56-80.

5. Ashcroft, F. M., and P. Rorsman. 1989. Electrophysiology of the pancreatic
/3-cell. Prog. Biophys. Mol. Biol. 54:87-143.

6. Rajan, A. S., L. Aguilar-Bryan, D. A. Nelson, G. C. Yaney, W. H. Hsu,
D. L. Kunze, and A. E. Boyd. 1990. Ion channels and insulin secretion. Diabetes
Care. 13:340-363.

7. Cook, D. L., and G. J. Taborsky. 1990. B-cell function and insulin secretion.
In Diabetes Mellitus: Theory and Practice, 4th edition. H. Rifkin and D. Porte,
editors. Elsevier Science Publishers B. V., Amsterdam. 89-103.

8. Dunne, M. J., and 0. H. Petersen. 1991. Potassium selective ion channels
in insulin-secreting cells: physiology, pharmacology and their role in stimulus-
secretion coupling. Biochim. Biophys. Acta. 1071:67-82.

9. Misler, S., D. W. Barnett, K. D. Gillis, and D. M. Pressel. 1992. Electrophys-
iology of stimulus-secretion coupling in human ,/-cells. Diabetes. 41:1221-1228.

10. Hopkins, W. F., S. Fatherazi, B. Peter-Riesch, B. E. Corkey, and D. L.
Cook. 1992. Two sites for adenine-nucleotide regulation of ATP-sensitive potas-
sium channels in mouse pancreatic /3-cells and HIT cells. J. Membrane Biol.
129:287-295.

11. Hellman, B., L.-A. Idahl, and A. Danielsson. 1969. Adenosine triphosphate
levels of mammalian pancreatic ,/ cells after stimulation with glucose and hypo-
glycemic sulfonylureas. Diabetes. 18:509-516.

12. Ashcroft, S. J. H., L. C. C. Weerasinghe, and P. J. Randle. 1973. Interrela-
tionship of islet metabolism, adenosine triphosphate content and insulin release.
Biochem. J. 132:223-231.

13. Erecinska, M., J. Bryla, M. Michalik, M. D. Meglasson, and D. Nelson.
1992. Energy metabolism in islets of Langerhans. Biochim. Biophys. Acta.
1101:273-295.

14. Trus, M., H. Warner, and F. Matschinsky. 1980. Effects of glucose on
insulin release and on intermediary metabolism of isolated perifused pancreatic
islets from fed and fasted rats. Diabetes. 29:1-14.

15. Malaisse, W. J., and A. Sener. 1987. Glucose-induced changes in cytosolic
ATP content in pancreatic islets. Biochim. Biophys. Acta. 927:190-195.

16. Warnotte, C., P. Gilon, M. Nenquin, and J. C. Henquin. 1994. Mechanisms
of the stimulation of insulin release by saturated fatty acids: a study of palmitate
effects in mouse /-cells. Diabetes. 43:703-711.

17. Ghosh, A., P. Ronner, E. Cheong, P. Khalid, and F. M. Matschinsky.
1991. The role of ATPand free ADPin metabolic coupling during fuel-stimulated
insulin release from islet /3-cells in the isolated perfused rat pancreas. J. Biol.
Chem. 266:22887-22892.

18. Ohta, M., D. Nelson, J. Nelson, M. D. Meglasson, and M. Erecinska.
1990. Oxygen and temperature dependence of stimulated insulin secretion in
isolated rat islets of Langerhans. J. Biol. Chem. 265:17525-17532.

19. Longo, E. A., K. Tornheim, J. T. Deeney, B. A. Varnum, D. Tillotson,
M. Prentki, and B. E. Corkey. 1991. Oscillations in cytosolic free Ca2+, oxygen
consumption, and insulin secretion in glucose-stimulated rat pancreatic islets. J.
Biol. Chem. 266:9314-9319.

20. Zhou, X.-J., G. Z. Fadda, A. F. Perna, and S. G. Massry. 1991. Phosphate
depletion impairs insulin secretion by pancreatic islets. Kidney Int. 39:120-128.

21. Detimary, P., P. Gilon, M. Nenquin, and J. C. Henquin. 1994. Two sites
of glucose control of insulin release with distinct dependence on the energy state
in pancreatic B-cells. Biochem. J. 297:455-461.

22. Leitner, J. W., K. E. Sussman, A. E. Vatter, and F. H. Schneider. 1975.
Adenine nucleotides in the secretory granule fraction of rat islets. Endocrinology.
95:662-677.

23. Hutton, J. C., E. J. Penn, and M. Peshavaria. 1983. Low-molecular-weight
constituents of isolated insulin-secretory granules. Biochem. J. 210:297-305.

24. Lacy, P. E., and M. Kostianowsky. 1967. Method for the isolation of
intact islets of Langerhans from the rat pancreas. Diabetes. 16:35-39.

25. Hampp, R. 1986. Luminometric method. In Methods of Enzymatic Analy-
sis. H. U. Bergmeyer, editor. VCHVerlagsgesellschaft mbH, Weinheim, Ger-
many. 370-379.

26. Palmer, M., R. Jursch, U. Weller, A. Valeva, K. Hilgert, M. Kehoe, and
S. Bhakdi. 1993. Staphylococcus aureus a-toxin: production of functionally intact,
site-specifically modifiable protein by introduction of cystein at positions 69, 130
and 186. J. Biol. Chem. 268:11959-11962.

27. Jonas, J. C., G. Li, M. Palmer, U. Weller, and C. B. Wollheim. 1994.
Dynamics of Ca2" and guanosine 5'- [y-thio]triphosphate action on insulin secre-
tion from a-toxin-permeabilized HIT-Ti5 cells. Biochem. J. 301:523-529.

28. Scott, D. A., and A. M. Fischer. 1938. The insulin and zinc content of
normal and diabetic pancreas. J. Clin. Invest. 17:725-731.

29. Labarca, C., and K. Paigen. 1980. A simple, rapid, and sensitive DNA
assay procedure. Anal. Biochem. 102:344-352.

30. Henquin, J. C., and A. E. Lambert. 1976. Bicarbonate modulation of
glucose-induced biphasic insulin release by rat islets. Am. J. Physiol. 231:713-
721.

31. Stryer, L. 1988. Biochemistry, 3rd edition. W. H. Freeman and Co., San
Francisco, 1089 pp.

32. Nakaki, T., T. Nakadate, and R. Kato. 1980. a2-adrenoceptors modulating

1744 P. Detimary, J.-C. Jonas, and J.-C. Henquin



insulin release from isolated pancreatic islets. Naunyn-Schmiedebergs Arch. Phar-
macol. 313:151-153.

33. Trube, G., P. Rorsman, and T. Ohno-Shosaku. 1986. Opposite effects of
tolbutamide and diazoxide on the ATP-dependent K+ channel in mouse pancreatic
beta-cells. Pflugers Arch. 47:493-499.

34. Ahnert-Hilger, G., W. Mach, K. J. Fohr, and M. Gratzl. 1989. Poration
by a-toxin and streptolysin 0: an approach to analyze intracellular processes.
Methods Cell Biol. 31:63-90.

35. Grodsky, G. M., and J. L. Bolaffi. 1992. Desensitization of the insulin-
secreting beta cell. J. Cell Biochem 48:3-11.

36. Winkler, H., and E. Westhead. 1980. The molecular organization of adrenal
chromaffin granules. Neuroscience. 5:1803-1823.

37. Corcoran, J. J., M. Korner, B. Caughey, and N. Kirshner. 1986. Metabolic
pools of ATP in cultured bovine adrenal medullary chromaffin cells. J. Neuro-
chem. 47:945-952.

38. Malaisse, W. J., J. C. Hutton, S. Kawazu, A. Herchuelz, I. Valverde, and A.
Sener. 1979. The stimulus-secretion coupling of glucose-induced insulin release.
XXXV. The links between metabolic and cationic events. Diabetologia 16:331-341.

39. Andersson, A., and C. Hellerstrom. 1972. Metabolic characteristics of
isolated pancreatic islets in tissue culture. Diabetes. 21:546-554.

40. Henquin, J. C. 1978. D-glucose inhibits potassium efflux from pancreatic
islet cells. Nature (Lond.). 271:271-273.

41. Niki, I., F. M. Ashcroft, and S. J. H. Ashcroft. 1989. The dependence on
intracellular ATPconcentration of ATP-sensitive K-channels and of Na,K-ATPase
in intact HIT-T15-cells. FEBSLett. 257:361-364.

42. Henquin, J. C. 1988. ATP-sensitive K+ channels may control glucose-
induced electrical activity in pancreatic B-cells. Biochem. Biophys. Res. Commun.
156:769-775.

43. Smith, P. A., P. Rorsman, and F. M. Ashcroft. 1989. Modulation of
dihydropyridine-sensitive Ca2" channels by glucose metabolism in mouse pancre-
atic ,B-cells. Nature (Lond.). 342:550-553.

44. Gembal, M., P. Detimary, P. Gilon, Z. Y. Gao, and J. C. Henquin. 1993.
Mechanisms by which glucose can control insulin release independently from its
action on ATP-sensitive K+ channels in mouse B cells. J. Clin. Invest. 91:871 -
880.

Energy State of B Cells and Insulin Release 1745


