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Closure of ATP-sensitive K* (K,,,) channels is part of the
stimulus—secretion coupling mechanism in the pancreatic j-cell,
leading to membrane depolarization and influx of Ca** through
voltage-sensitive L-type Ca** channels. The elevated ATP/ADP
ratio seen in the presence of high levels of glucose has been
postulated to mediate the glucose-induced closure of the K, .,
channels and rise in cytoplasmic free Ca** concentration ([Ca®'],),
or alternatively to be a consequence of activation of mito-
chondrial dehydrogenases by the increase in [Ca®*']. To dis-
tinguish between these two possibilities, the time course of the
change in the ATP/ADP ratio was determined in comparison
with that of [Ca®'],. We here show that a severalfold rise in the
ATP/ADP ratio occurs rapidly on stimulation of suspensions of
mouse pancreatic f-cells with glucose. The change in the ATP/

ADP ratio is an early event that begins within 20-40 s and
precedes the rise in [Ca®*],. The temporal relationship indicates
that the adenine nucleotide changes cannot be a consequence of
the [Ca*'], changes and may indeed be the connecting link
between glucose metabolism and [Ca®'], changes. When the cells
were sequentially treated with high glucose concentration, cloni-
dine and finally high extracellular Ca** concentration to induce
synchronized oscillations in [Ca*']; in the cell suspension, cor-
responding oscillations in the ATP/ADP ratio were observed.
Glucose 6-phosphate levels oscillated out of phase with the
ATP/ADP ratio. These results support the hypothesis that the
Ca?** oscillations previously observed in glucose-stimulated single
islets or p-cells may reflect oscillations in the ATP/ADP ratio
that accompany oscillatory glycolysis.

INTRODUCTION

A rise in cytoplasmic free Ca** concentration ([Ca®'],), owing to
influx through voltage-gated L-type Ca®* channels in the plasma
membrane, is a central component of the stimulus—secretion
coupling mechanism leading to insulin release by the pancreatic
p-cell[1]. Glucose stimulation of secretion requires metabolism of
the sugar [2], but the connecting linkage between its metabolism
and the rise in [Ca®'], is not established. The mechanism seems to
involve closure of ATP-sensitive K* (K,,,) channels [3-8], to
cause membrane depolarization. In excised inside-out patches,
these K,,, channels are closed by subphysiological levels of
ATP; however, counteracting effects of ADP and the requirement
for closure of nearly all channels should allow regulation by ATP
and ADP at their physiological concentrations [7-9]. The ATP/
ADP ratio is elevated in isolated islets incubated with stimulatory
glucose concentrations (reviewed extensively in [10]). However,
there have been few time-course data, especially in comparison
with changes in [Ca®'],. An alternative proposal has been made
that the increase in the ATP/ADP ratio could be a consequence,
rather than a cause, of the Ca®" rise, owing to activation of
mitochondrial dehydrogenases by Ca?" and enhanced oxidative
phosphorylation [11-13].

We recently developed a highly sensitive bioluminescent assay
for ADP suitable for high ATP/ADP ratios, in which endogenous
ATP is first removed by reaction with ATP sulphurylase [14]. We
have now applied this method to timed samples from suspensions
of mouse pancreatic g-cells, in which [Ca*'], was also monitored
by fura-2 fluorescence. Our results show that the glucose-induced
rise in the ATP/ADP ratio precedes, and therefore cannot be a
consequence of, the rise in [Ca®'];; thus it may indeed be a link
in the stimulus—secretion coupling mechanism. Furthermore
when the suspension was subsequently treated with clonidine
and high Ca?* concentration to induce synchronized oscillations

in [Ca®*], [15,16], oscillations in the ATP/ADP ratio and glucose
6-phosphate level were observed. This is the first demonstration
of such metabolite oscillations in intact pancreatic f-cells. The
data support the hypothesis that oscillations of glycolysis and the
ATP/ADP ratio may underlie previously observed oscillations
in [Ca*"];, in single f-cells and islets, and oscillations in insulin
secretion in vivo and in vitro.

EXPERIMENTAL

Pancreatic islet cells (over 90 9, j-cells) were prepared from adult
non-inbred obese hyperglycaemic mice (0ob/ob) as described
previously [17] and cultured overnight in RPMI 1640 culture
medium supplemented with 109, (v/v) fetal calf serum,
100 i.u./ml penicillin, 100 pzg/ml streptomycin and 60 ug/ml
gentamycin. The cells were loaded with Ca®' indicator by
incubation with 2 yuM fura-2/AM for 45 min in the culture
medium (which contained 11 mM glucose). They were then
washed in medium containing 140 mM NaCl, 5.9 mM KCI,
1.28 mM CaCl,, 1.2 mM MgCl,, 25 mM Hepes, pH 7.4, and
1 mg/ml BSA. The cells (about 4 x 10%) were suspended in 2.5 ml
of fresh washing medium in a stirred cuvette placed in a Perkin-
Elmer LS5 spectrofluorometer or in a SPEX Fluorolog-2 system
for monitoring [Ca®']; changes by 340 or 340/380 nm excitation
ratio [18] respectively at 37 °C. Intracellular Ca** levels could not
be directly calibrated, and the [Ca®*], changes presented are
relative changes in fluorescence. After a stable baseline was
reached, glucose (20 mM) was added. The time that the cells
spent in the absence of glucose, that is, the time needed for
washing, suspending and establishment of baseline, was
10-15 min. Each experiment used a separate preparation of
islets.

For assay of ATP and ADP, 50 x4l samples were taken from
the cell suspension being monitored for [Ca®'], changes, at

Abbreviations used: [Caz*]_ cytoplasmic free Ca®* concentration; Kate Channel, ATP-sensitive K* channel.
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various times before and after the glucose addition, and added
immediately to chilled microcentrifuge tubes containing 10 xl of
109% (w/v) trichloroacetic acid and vortexed. After centri-
fugation, the supernatants were neutralized by ether extraction,
freeze-dried (SpeedVac) and stored at —80 °C until they were
redissolved in 0.5 ml water for assay. ATP and ADP were
assayed by bioluminescent methods as described previously [14].
In brief, aliquots of each deproteinized sample were assayed for
ATP directly with luciferase. Other aliquots were treated with
ATP sulphurylase in the presence of molybdate, to hydrolyse the
endogenous ATP to AMP and PP,. After inactivation of the
sulphurylase, ADP was converted to ATP with pyruvate kinase
and phosphoenolpyruvate for measurement with luciferase. The
removal of endogenous ATP greatly increases the precision of
the ADP measurement; duplicate measurements generally agree
within 109, [14]. Data are presented as the ATP/ADP ratio,
which is unaffected by loss of sample volume in the ether
extraction or by the numbers of cells. Glucose 6-phosphate was
measured by enzyme cycling [19]; because of a significant reaction
of the glucose (present at vastly higher concentrations) with
glucose 6-phosphate dehydrogenase under these conditions,
samples were also assayed for glucose spectrophotometrically
[19], and samples and standards in the glucose 6-phosphate assay
were run with the same concentration of glucose. A systematic
correction of 1.8 was applied to compensate for apparent
inhibition of cycling rate by the 259%, volume of processed
samples generally used, as determined with added glucose 6-
phosphate. Glucose 6-phosphate values given are normalized to
(ATP + ADP) content to remove effects of variability of numbers
of cells in sample aliquots or loss of material in processing.

RESULTS

When glucose was added to suspensions of S-cells, the ATP/ADP
ratio increased severalfold, as illustrated in Figure 1 (left panels).

The rise was detectable between 20 and 40 s after glucose addition
and wusually reached a maximum by 60-90s (68+11s;
mean+S.E.M., n = 7). Measurements of [Ca*'], in the same
suspensions showed a rise that occurred later (Figure 1, right
panels), beginning at 68+5s and reaching near-maximum at
128+ 10s. The beginning of the rise in the ATP/ADP ratio
preceded the rise in [Ca®'], in every case (P < 0.0001); in most
(five out of seven) experiments the ATP/ADP ratio reached
maximum by the time the [Ca®'], rise began.

In some experiments the ATP/ADP ratio rose monotonically
to a fairly constant plateau after glucose stimulation (e.g. Figure
1C). In other experiments the ATP/ADP ratio appeared to
oscillate (e.g. Figures 1B and 1D). However, under these condi-
tions oscillations in [Ca**], were not visible.

Subsequent treatment of the f-cell suspension with clonidine,
followed by addition of high Ca** concentration to the buffer, led
to damped oscillations in [Ca®'], with a period of several minutes
(Figure 2), as reported previously [15,16]. Measurement of the
ATP/ADP ratio showed oscillations of similar period, with rises
in the ATP/ADP ratio roughly correlating with rises in [Ca®*]..
The rise in the ATP/ADP ratio seems to begin slightly before the
rise in [Ca®*], but without the time difference of 30-60 s seen
on the initial addition of glucose (in this experiment, too; results
not shown but included in the means above). As discussed below,
this could be due to activation of protein kinase C. The glucose
6-phosphate level also appeared to oscillate, but roughly in
opposite phase to the ATP/ADP ratio, as would be expected
from previous studies of glycolytic oscillations in muscle extracts.
Although they could still be seen because of the continuous
nature of the Ca*" trace, the Ca*" oscillations in Figure 2 rapidly
lost amplitude, by a factor of 3 or 4, presumably owing to loss of
synchrony in the cell suspension. Because of the smaller number
of points and greater error in the metabolite assays, oscillations
in these parameters were no longer clearly visible after the first
one or two oscillations.
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Figure 1

Glucose-stimulated rises in the ATP/ADP ratio and [Ca®']; in suspensions of mouse fS-cells

Results from five separate experiments are shown. Glucose (20 mM) was added at zero time. [Ca“]‘ was monitored continuously with fura-2 (right panels). Samples were taken at the times indicated

by the experimental points and assayed for ATP and ADP (left panels).
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Figure 2 Oscillations in ATP/ADP ratio, glucose 6-phosphate and [Ca®'];
induced by clonidine/high Ca** treatment

Glucose (20 mM), clonidine (10 nM) and an additional 5 mM CaCl, were added, thereby
inducing Ca** oscillations as shown in the upper panel. The first oscillations are shown in
expanded scale in the lower panel. Samples were taken at the times indicated by the
experimental points and assayed for ATP, ADP and glucose 6-phosphate (G6P). Glucose 6-
phosphate values are normalized to adenine nucleotide content (AN = ATP + ADP). Data for
the ATP/ADP ratio are means and ranges of duplicate assays. Data for glucose 6-phosphate
are means & S.E.M. for three to six replicate measurements.

DISCUSSION

The time courses presented here, showing a substantial rise in the
ATP/ADP ratio of pancreatic f-cells beginning shortly after
glucose stimulation and preceding the rise in [Ca*'], clearly
establish that the change in the ATP/ADP ratio is not a
consequence of Ca®** activation of mitochondrial dehydrogenase
enzymes, as proposed previously [11-13]. This is in agreement
with the observation by M. Ohta and M. Erecinska (unpublished
work, cited in [10]) that the glucose-stimulated rise in the
ATP/ADP ratio is not prevented by Ca*" channel blockers that
prevent the rise in [Ca®*],. The time-course data are consistent
with a role of ATP and ADP as the connecting linkage between
increased glucose metabolism and the ionic events that lead to
release of insulin. According to that model, enhanced glycolysis
raises ATP and lowers ADP, thus closing K, .., channels. This in
turn causes membrane depolarization, opening of voltage-sen-
sitive L-type Ca?* channels and influx of Ca?*. This sequence of
events is in agreement with observations of an increase in
endogenous pyridine nucleotide fluorescence (a metabolic par-
ameter) preceding membrane depolarization and the increase in
[Ca®'], [20-22]. These data are also consistant with observations
of Duchen et al. [22] that closure of K, channels occurs earlier
than the [Ca®], rise. The actual parameter sensed by the K,
channel under physiological conditions might be the ADP
concentration (in the presence of inhibitory ATP), rather than
the ATP/ADP ratio per se [9].

The basal and glucose-stimulated values of the ATP/ADP
ratio seen here in suspensions of f-cells from o0b/ob mice are
similar to values reported for rat islets (reviewed in [10]). It
should, however, be noted that the actual change in the cyzo-

plasmic ATP/ADP ratio may be greater, because the analysed
levels include significant amounts of ATP and ADP in secretory
granules and other compartments [10].

The large increase in the ATP/ADP ratio on glucose stimu-
lation appears to be an unusual characteristic of the pancreatic
p-cell that is not seen in most other respiring cells that can use
other fuels. (In the absence of glucose, islets use endogenous
fuels, principally fatty acids, and can maintain a constant rate of
oxygen consumption over 2 h [2]. In the presence of respiratory
inhibitors, energy production in all cells is totally dependent on
glycolysis and the ATP/ADP ratio generally decreases in the
absence of glucose.) Liver is the other tissue that has high levels
of glucokinase and thus responds metabolically to changes in
glucose concentration; however, glucose causes little if any
change in the ATP/ADP ratio in liver in vivo [23], the perfused
liver [24] or isolated hepatocytes [25], despite large increases in
glycolytic intermediates indicative of accelerated glycolysis.
Similarly, little increase and in some cases a decrease in the
ATP/ADP ratio with elevated glucose has been seen in resting
skeletal muscle [26], subcutaneous tumours [27], ascites tumour
cells [28-30] and yeast [31]. The severalfold change in the
ATP/ADP ratio in glucose-stimulated p-cells may reflect
the particular signalling role of the adenine nucleotides in the
stimulus—secretion coupling via the K,,, channel, rather than
their ubiquitous role in energy coupling for biosynthetic, trans-
port or contractile processes.

Oscillations in [Ca**], have been observed previously in single
islets and single #-cells on stimulation with glucose [13,21,32-36],
as well as in a variety of cells stimulated with hormones or
neurotransmitters [37,38]. The problem in observing such oscil-
lations in a suspension of cells may be largely a matter of
inducing synchrony in the population. The effectiveness of the
clonidine/high Ca** treatment used here may be due to the
repolarization caused by the a,-adrenergic agonist; similar effects
can also be obtained with galanin or somatostatin [15]. Whether
the treatment with high Ca*" concentration itself has a role in
inducing synchrony, or merely increases the magnitude of the
Ca®" fluxes and thus the amplitude and visibility of the oscil-
lations, remains to be determined. Clonidine addition has also
been shown to induce regular oscillations in single mouse islets
[36].

A number of practical rationales have been given for oscil-
lations in [Ca?®*],, including signal-to-noise advantages of pulsed
signals and avoidance of deleterious effects of high steady-state
[Ca®*], [37,38]. In the pancreatic g-cell the oscillations in [Ca®*'],
may be of particular physiological importance. Insulin secretion
itself is pulsatile, in man and animals in vivo, from the perfused
pancreas and even from groups of perifused islets [33,39-42].
Recent studies have shown synchrony of [Ca*'], and insulin
secretion oscillations in single islets [35,36]. The oscillatory nature
of insulin secretion is perturbed in patients with Type II diabetes
and their near relatives [43,44]. It has been demonstrated that
insulin infused in an oscillatory manner is more effective than a
steady infusion in regulating the blood glucose concentration,
perhaps by avoiding down-regulation of insulin receptors [39,40].

We have proposed that oscillatory glycolysis and associated
oscillations in the ATP/ADP ratio may be responsible for the
observed oscillations in [Ca**], and insulin secretion in glucose-
stimulated pancreatic islets [33,45]. This proposal is based on our
studies of spontaneous oscillations of glycolysis and the ATP/
ADP ratio in skeletal muscle extracts [46—50] and the ability of
such metabolic oscillations to cause oscillations in Ca** handling
[45] and O, consumption in permeabilized f-cells (V. N. Civelek,
J. T. Deeney, G. E. Fusonie, B. E. Corkey and K. Tornheim,
unpublished work). Glycolytic oscillations have also been shown
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to occur in other extracts (heart, yeast) and cell suspensions
(yeast, ascites cells) [S1-57]. The observations of oscillations in
the ATP/ADP ratio and glucose 6-phosphate level shown here
are the first direct evidence of oscillations in adenine nucleotides
and glycolytic intermediates in intact glucose-stimulated f-cells.
They are consistent with the oscillations in O, consumption
previously shown by us in perifused islets [33], with oscillations
in lactate release [58], and with oscillations in NAD(P)H fluor-
escence seen in single p-cells [13,21]. Interestingly, in the oscil-
lations in Figure 2, the rise in the ATP/ADP ratio seems to begin
only slightly before the rise in [Ca®]; there is clearly not the
degree of temporal separation seen on the initial addition of
glucose. The decreased lag may be due to the prior and continuing
glucose stimulation, perhaps because of activation of protein
kinase C that occurs on glucose stimulation [59]. It has previously
been shown that down-regulation of protein kinase C sub-
stantially delays the glucose-induced rise in [Ca®*], by an effect on
the Ca*" channel, whereas acute stimulation of protein kinase C
seemed to shorten the lag [60].
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