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Abstract
To determine whether oscillations in glycolysis could underlie the oscillations in O2 consumption
observed in intact islets, we evaluated the capacity of an islet extract to exhibit spontaneous
oscillations in glycolysis. When a cell-free extract obtained from approximately 1,000 islets was
supplied with glucose and glycolytic cofactors, oscillations in NADH fluorescence were obtained.
After this demonstration of spontaneous oscillations in islet extracts, we bathed permeabilized
clonal β-cells in the more plentiful spontaneously oscillating glycolytic muscle extract that
generates pulses of alpha-glycerophosphate and pyruvate and induces oscillations in free Ca2+ and
the ATP/ADP ratio. This preparation was used to investigate whether changes in Ca2+ and
possibly alpha-glycerophosphate or pyruvate supply could underlie observed oscillations in O2
consumption and explain coordination between cytosolic and mitochondrial metabolism. We
found that oscillations of O2 consumption and Ca2+ of a similar period were induced. Removal of
medium Ca2+ with EGTA did not prevent the oscillations in O2 consumption nor were they
greatly affected by the substantial rise in medium Ca2+ on treatment with thapsigargin to inhibit
sequestration into the endoplasmic reticulum. The O2 oscillations were also not eliminated by the
addition of relatively high concentrations of pyruvate or alpha-glycerophosphate. However, they
were lost on addition of fructose-2,6-P2 at concentrations that prevent oscillations of glycolysis
and the ATP/ADP ratio. Addition of a high concentration of ADP increased O2 consumption and
also prevented O2 oscillations. These results suggest that the changes in respiration reflected in the
O2 oscillations occur in response to the oscillations in the ATP/ADP ratio or ADP concentration
and that this parameter is a primary regulator of O2 consumption in the pancreatic β-cell.

INTRODUCTION
Insulin secretion in vivo, in the perfused pancreas, and by groups of perifused islets is
pulsatile (1-3). Similar oscillations in intracellular free Ca2+ and O2 consumption have been
observed in glucose-stimulated perifused islets (1,4). Ca2+ oscillations have also been seen
in single β-cells stimulated with glucose (5-7). We have suggested that these oscillatory
phenomena may derive from oscillatory metabolism of glucose, such as has been
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demonstrated in extracts of skeletal muscle (8-12), heart (13), and yeast (14,15), as well as
in intact yeast (16-18) and ascites cells (19). The mechanism of the oscillations in skeletal
muscle extracts involves a rather unusual form of enzyme regulation in which the product
activates the enzyme. Autocatalytic, AMP-dependent activation of the key glycolytic
enzyme phosphofructokinase (PFK) by its product, fructose-1,6-P2, has been well
documented, and its role is supported by observations that the oscillations can be blocked by
addition of sufficiently high concentrations of fructose-2,6-P2 or glucose-1,6-P2 (10,11),
activators that are natural analogs of fructose-1,6-P2 and compete for the same regulatory
side on PFK. There are three mammalian isoforms of PFK with differing tissue distribution
(20,21). Adult muscle has only the M-type subunit, and liver has mainly the L-type subunit.
Brain has C-type as well as M- and L-type subunits. Skeletal muscle PFK is strongly
activated by micromolar levels of fructose-1,6-P2 (22,23), whereas there is little, if any,
activation of liver or platelet PFK (mainly C- and L-type subunits) in the presence of near
physiological concentrations of ATP (several millimolar) and AMP and fructose-6-
phosphate (micromolar) (24). Our recent Western blots of pancreatic islets and clonal β-cells
(INS-1) showed the presence of both M- and C-type isoforms, with perhaps a smaller
amount of L-, and kinetic studies demonstrated that the activity under near-physiological
conditions was dominated by the M-type fructose-1,6-P2 activatable form (25). Thus, the
autocatalytic activation of PFK by micromolar levels of fructose-1,6-P2, which is the basis
of the glycolytic oscillations in the muscle extract system, should be expected to occur in
islets. Because of the limited amount of islet material obtainable, oscillations were examined
by NADH fluorescence, a sensitive technique frequently used to monitor glycolytic
oscillations in other cell types. We previously used a model experimental system consisting
of permeabilized clonal pancreatic β-cells incubated in a synthetic cytosol containing
oscillatory glycolyzing muscle extract; under these conditions, oscillations in free Ca2+ were
generated (26). Because such permeabilized cells maintain mitochondrial function, we
examined this model system for oscillations in O2 consumption. The behavior of the
oscillatory muscle extract has been well characterized; it also produces pulses of the
mitochondrial substrates pyruvate and alpha-glycerophosphate (8,9), as well as oscillations
in the ATP/ADP ratio or ADP concentration (9-12). Furthermore, several of the
mitochondrial dehydrogenases are activated by Ca2+ (27-32). We therefore tested which of
these factors was involved in generating the observed oscillations in O2 consumption. Our
data demonstrate that an islet extract exhibits spontaneous metabolic oscillations like the
muscle extract, and using the muscle extract, oscillations in respiration by the permeabilized
cells are indeed driven by the glycolytic oscillations. Removal or elevation of Ca2+ or the
addition of high saturating concentrations of mitochondrial substrate did not dampen the O2
oscillations. In contrast, inhibition of glycolytic oscillations with fructose-2,6-P2 or
stimulation of maximal rates of respiration with ADP eliminated oscillations in O2
consumption, suggesting that the ATP/ADP ratio or ADP concentration is probably the
dominant regulator of these oscillations.

RESEARCH DESIGN AND METHODS
Isolation, extraction, and assessment of islets

Islets were prepared by collagenase digestion as described previously (1). Islet extracts were
prepared by placing islets in a microfuge tube, washing with Hanks’ buffer, removing as
much medium as possible, and freezing until the day of use. Islets suspended in 0.2 ml/1,000
islets of 15 mmol/l potassium phosphate, pH 7.0, 100 mmol/l KCl, and 1 mmol/l
dithiothreitol were sonicated for 10 s in ice and centrifuged for 5 min in a microfuge.

Oscillations were induced in a reaction mixture containing ATP, MgCl2, NAD, potassium
phosphate, KCl, and HEPES buffer and a 50% volume of islet extract in a total volume of 70
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μl. Hexokinase and apyrase were added as needed to achieve the desired rates of ATP usage
and glucose phosphorylation.

Glycolytic oscillations were monitored by pyridine nucleotide fluorescence (9,15,16) using a
Farrand fluorometer.

Growth and incubation of HIT cells
Clonal pancreatic β-cells (HIT-T 15) were cultured in RPMI 1640 medium supplemented
with 50 U/ml penicillin, 50 μg/ml streptomycin, and 10% fetal calf serum (33). Cells were
used between passages 64 and 80, harvested with phosphate-buffered saline containing
0.02% EDTA, and washed in Hanks’ Ca2+-Mg2+-free buffer, pH 7.4. Cells were incubated
at 30°C in a buffer containing an oscillating glycolytic muscle extract (high speed
supernatant fraction, gel filtered to remove endogenous metabolites) (12) in a total volume
of 1.7 ml. Although we provide evidence of metabolic oscillations in islet extracts, the
muscle extract has two important advantages as a reagent at this point: it is easily prepared
in sufficient quantity, and it has been well characterized (8-12) and already used
successfully with permeabilized clonal β-cells (26). Saponin (60-80 μg/ml) was added to
selectively permeabilize the plasma membrane of cells in suspension. The precise
concentration used was the minimum amount required to permeabilize the plasma
membrane within 5 min without altering the Ca2+ set point (33).

Oxygen consumption
O2 consumption was measured using a Clark type electrode with an amplifier designed and
built by the Bio-Instrumentation Group of the University of Pennsylvania in a stirred water-
jacketed open chamber. An open chamber was used in these studies, since otherwise the
total O2 of the chamber was consumed too quickly to allow observation of multiple
oscillations. Air was blown over the top surface of the solution at a rate sufficient to balance
average O2 use such that a concentration of O2 in the chamber of ~150 μmol/l was
maintained.

Thus, a rise in the O2 traces shown indicates a decreased rate of O2 consumption, and a fall
in the trace indicates an increased rate of O2 consumption compared with the average.

Ca2+ measurements
Ca2+ was measured in permeabilized cells in the presence of 2 μmol/l free fura 2 added to
the buffer. Ca2+ values were calculated from the fura 2 signals at excitation wavelengths of
340 and 380 nm and emission at 510 nm (34) using a time-sharing fluorometer designed and
built by the Bio-Instrumentation Group of the University of Pennsylvania (35).

Metabolite assays
Samples (0.1 ml) of the reaction mixture were deproteinized and assayed by enzymatic
methods, as described previously (8,9), using a Hewlitt Packard model 8450
spectrophotometer system set to read A335-345 minus A390-400. A new specific method was
used to assay ADP separate from GDP (36).

Materials
RPMI 1640 media, penicillin, and streptomycin were from Gibco. Fetal calf serum was
obtained from Hyclone Laboratories. Fura 2 (free acid) was obtained from Molecular Probes
(Eugene, OR). Thapsigargin was from Calbiochem. All other biochemicals were from
Sigma or Boehringer Mannheim.
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RESULTS
Figure 1 illustrates spontaneous oscillations in NADH fluorescence in islet extracts supplied
with ATP, NAD, hexokinase, and glucose.

The three panels show data obtained from two different preparations of ~1,000 islets.
Figures 1A and B were from the same preparation and Fig. 1C from a separate preparation.
Figure 1A shows repetitive oscillations superimposed on an upward drift that may be due to
mitochondrial contamination. To show the oscillations more clearly, the raw data in Fig. 1A
were fitted with a polynomial function (narrow line), which was then subtracted out in Fig.
1B.

It should be noted that glycolytic oscillations in extracts show a considerable range of
periods and amplitudes, depending on the particular extract and the experimental conditions,
especially factors affecting phosphofructokinase activity (9,11,12,37). Furthermore, there
may be a considerable lag after the reaction is started before the oscillations begin, most
likely to allow suitable shifts in metabolite concentrations to bring them into the oscillatory
region for phosphofructokinase. Thus, the data in Fig. 1 are consistent with our prior
observations of oscillations in skeletal muscle extracts.

Oscillations in NADH fluorescence have been associated with every oscillating glycolytic
system so far studied and have in fact been used for monitoring the yeast and heart extract
systems. Oscillations in NADH fluorescence have also been reported in single β-cells on
stimulation with glucose (5). Importantly, the initial rise in NADH preceded that of Ca2+,
consistent with Ca2+ changes being secondary to metabolic coupling factors. The data
indicate that a cell-free islet extract, like the cell-free skeletal muscle extract, is capable of
generating spontaneous oscillations of glycolysis. However, the large amount of material
required made it impractical to use such islet extracts in the following studies of oxygen
consumption by permeabilized clonal β-cells (HIT). To obviate this constraint, experiments
were performed using skeletal muscle extract.

As illustrated in Figure 2, when the permeabilized HIT cells were incubated in a
spontaneously oscillating glycolytic extract and oscillations in Ca2+ were observed (bottom
trace), then O2 consumption also oscillated (top trace) and with the same period.

When the cells are permeabilized, Ca2+ is taken up by the endoplasmic reticulum Ca2+-
ATPase and the free concentration in the medium declines and approaches a set point, which
is in part determined by the ATP/ADP ratio (33,34); in this case, because of the oscillations
in glycolysis and the ATP/ADP ratio, Ca2+ does not remain constant but oscillates. We
previously showed a strong correlation between Ca2+ and the ATP/ADP ratio in
permeabilized clonal β-cells, a high ATP/ADP ratio promoting Ca2+ sequestration (26,34).
The inverse correlation of Ca2+ and oxygen changes during the oscillations in Fig. 2
suggests that oxygen consumption may be enhanced by low ATP/ADP ratios and relatively
suppressed at high ATP/ADP ratios. This is consistent with our recent results of effects of
different fixed ATP/ADP ratios on oxygen consumption in permeabilized HIT cells (38).
The correlation of oxygen consumption and ATP/ADP ratio could not be determined
directly in the oscillating system because sampling for measurement of the nucleotides
would disrupt the oxygen measurements. As noted above, and illustrated in Fig. 2, there may
be a considerable lag before oscillations begin, and furthermore, it takes some time after
permeabilization for Ca2+ and oxygen to reach near plateaus around which they oscillate.
Thus, the subsequent oxygen traces shown are portions from the plateau phases.

Removal of Ca2+ with EGTA (Fig. 3) had little effect on the oscillations in Oxygen use
(amplitude, 118 ± 51%; period, 85 ± 23% of same-day control; mean ± SD, n = 5), even
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though EGTA lowers the free Ca2+ to <10 nmol/l and eliminates Ca2+ oscillations. Under
control conditions, free Ca2+ oscillates in the range of 100-200 nmol/l (26,33); however, it is
likely that higher levels of Ca2+ may be reached in response to stimulatory concentrations of
glucose in intact cells.

To assess the influence of higher Ca2+ concentrations on the oscillations of O2 consumption
in our permeabilized cell system, we inhibited the endoplasmic reticulum Ca2+-ATPase with
thapsigargin (39). Under these conditions the Ca2+ set point is presumably maintained by the
mitochondria, rather than the endoplasmic reticulum, but at a much higher level of
500-1,000 nmol/l (40). We previously showed that thapsigargin greatly raises the Ca2+

concentration in permeabilized HIT cells under steady-state conditions (33). Like the
removal of Ca2+, this treatment had little effect on the oscillations in O2 consumption (Fig.
3) (amplitude, 92 ± 27%; period, 93 ± 17% of control, n = 3). These findings indicate that
variations in free Ca2+ do not generally control the rate of respiration and are not responsible
for the oscillations in O2 consumption. This conclusion is supported by the relatively small
effects of Ca2+ on oxygen consumption by permeabilized HIT cells under steady-state
conditions (38). Furthermore, when a suspension of intact HIT cells is stimulated with
glucose, the increase in oxygen consumption precedes and is not further augmented by the
increase in intracellular free Ca2+(41).

In addition to oscillations in Ca2+ and the ATP/ADP ratio, the extract is characterized by
pulsatile delivery of the mitochondrial substrates alpha-glycerophosphate and pyruvate.
These can be metabolized by the permeabilized cells, and therefore their levels also
oscillated (Fig. 4). alpha-glycerophosphate increased when its precursor, dihydroxyacetone-
phosphate, was high. Pyruvate decreased as dihydroxyacetone-phosphate rose, perhaps in
part because of the use of pyruvate to reoxidize the pulse of NADH that occurs when
phosphofructokinase is activated and flux through glyceraldehyde-3-phosphate
dehydrogenase suddenly increases (8,9). The repeated activation of phosphofructokinase
that generates the metabolite oscillations is indicated by the decreases in glucose-6-
phosphate (which is in equilibrium with fructose-6-phosphate) and corresponding increases
in dihydroxyacetone-phosphate (which is in equilibrium with fructose-1,6-P2).

To test the possibility that the fluctuations in mitochondrial fuels caused the observed
oscillations in O2 consumption, we added high concentrations of pyruvate or alpha-
glycerophosphate (10 times the levels in Fig. 4) to markedly dampen the influence of their
pulsatile production from glucose. These additions did not inhibit the O2 oscillations (Fig. 5)
(pyruvate: amplitude, 103 ± 30%; period, 108 ± 21% of control, n = 5; alpha-
glycerophosphate: amplitude, 101 ± 21%; period, 99 ± 27% of control, n = 4). Thus,
mitochondrial fuel supply does not appear to be the dominant factor regulating oscillations
in our system under these conditions. Clearly although the rate of respiration can be affected
by substrate supply, the oscillations here are not.

To demonstrate that the O2 oscillations could be inhibited in a rather simple manner that
does not involve poisoning or greatly altering the metabolic state of the mitochondria, we
added fructose-2,6-P2. High concentrations of fructose-2,6-P2 prevent glycolytic oscillations
by competing with fructose-1,6-P2 for an activator site on phosphofructokinase, thereby
preventing the autocatalytic activation of the enzyme; this leads to continuous flow through
the glycolytic pathway rather than the normal pulsatile flux (10). Similar results are seen
with another analog, glucose-l,6-P2 (11). Importantly the associated oscillations in the ATP/
ADP ratio and ADP concentration are eliminated, being replaced with steady-state values of
intermediate magnitude (10,11). Addition of fructose-2,6-P2 in the permeabilized cell
system also blocked oscillations in O2 consumption (Fig. 6A). This experiment confirms
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that the O2 oscillations are metabolically generated and are not a consequence of artifacts
such as pulsating air flow or electrical oscillations in the measuring equipment.

A high concentration of ADP (1 mmol/l) maximally stimulates mitochondrial respiration
and should make it independent of the micromolar fluctuations in ADP caused by glycolytic
oscillations. Indeed, addition of ADP increased respiration and blocked the oscillations (Fig.
6B). It should be noted that because these experiments were performed in an open system,
the resupply of O2 from the air prevented cells from becoming anoxic, even when respiring
in the presence of large amounts of ADP. These data also indicate that ADP limits
respiration under the conditions of these experiments and thus may be the dominant factor
linking oscillatory glycolysis to oscillatory O2 consumption.

DISCUSSION
In the studies presented here, the oscillations in O2 consumption by the permeabilized HIT
cells were induced by the oscillatory glycolyzing extract in which they were placed.
However, intact β-cells or islets also exhibit oscillations in O2 consumption, as well as
oscillations in membrane potential, intracellular free Ca2+, and insulin secretion. The
pulsatile character of insulin secretion is seen in vivo in normal individuals and is lost in
some type II diabetic patients and their near relatives (42), a fact that suggests its
physiological importance.

We have proposed that the basis of all these oscillatory phenomena is the same as in the
model system used here, namely oscillatory metabolism of glucose. We suggest that it is the
changes in ADP associated with glycolytic oscillations that most likely cause repeated
opening and closing of ATP-sensitive K channels (43) and thus the changes in membrane
potential and Ca2+ fluxes. The Ca2+ rises in turn are important for the secretory process and
also for activating mitochondrial dehydrogenases, shifting the metabolic stance to favor the
production of additional signaling compounds, such as malonyl CoA and long-chain acyl
CoA (44). However, it is also ADP that appears to be the major controller of the oscillations
in O2 consumption, rather than the mitochondrial substrates or Ca2+ activation of the
dehydrogenases. The overall increase in O2 consumption in glucose-stimulated islets
presumably reflects the increased ATP utilization by the exocytotic secretory process and
perhaps ion pumping, as well as the increase in substrate supply. The apparent paradox is
that enhanced O2 consumption would require a rise in the ADP concentration, whereas
closure of ATP-sensitive K channels would require a decrease in ADP. The resolution of
this paradox may well lie in the oscillatory behavior of glycolysis and the energy state,
whereby ADP concentrations alternate between high and low values. The observed
oscillations in membrane potential and O2 consumption in intact cells are consistent with
such alternating control. Our recent demonstration of oscillations in the ATP/ADP ratio and
glucose-6-phosphate in a suspension of β-cells, correlating with oscillations in intracellular
free Ca2+, further supports this proposal (45). The present studies with permeabilized cells
obviously do not test whether the glucose-induced oscillations in Ca2+ and insulin release in
intact islets are indeed due to glycolytic oscillations; they are useful for showing the
responses of mitochondrial metabolism to putative coupling factors that may link O2
consumption to these other oscillating parameters.
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ABBREVIATIONS

PFK phosphofructokinase

ADP Adenosine Diphosphate

Oxygen O2

a-glycerophosphate alpha-glycerophosphate
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Figure. 1. Oscillations in NADH fluorescence in a cell-free supernatant prepared from isolated
rat islets
A and B are traces obtained from the same extract, and C represents a separate extract. The
raw data in A were fitted with a 6th order polynomial (narrow line), which was subtracted
out in B to show the repetitive oscillations more clearly. Data are arbitrary fluorescence
units. The reaction mixture contained 1 mmol/l ATP, 1 mmol/l MgCl2, 20 mmol/l HEPES,
pH 7.1, 100 mmol/l KCl, 7.5 mmol/l potassium phosphate, 10 mmol/l glucose, 0.5 mmol/l
NAD, 0.06 U/ml crystalline yeast hexokinase (gel filtered in 20 mmol/l HEPES), 0.04 U/ml
apyrase (an ATPase), and islet extract equivalent to 50% of the volume. In C, the HEPES
buffer was pH 7.2. Reactions were started by adding hexokinase, apyrase, and islet extract in
rapid succession.
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Figure. 2. Oscillations in free Ca2+ and Oxygen consumption in permeabilized HIT cells induced
by an oscillating glycolytic muscle extract
The reaction mixture contained 2 μmol/l fura 2 (free acid), 2 mmol/l sodium ATP, 3 mmol/l
MgCl2, 20 mmol/l HEPES adjusted to pH 7.1 with KOH, 97 mmol/l KCl, 5 mmol/l KHCO3,
6.5 mmol/l potassium phosphate, 0.3 mmol/l GTP, 4 mmol/l sodium aspartate, 10 mmol/l
glucose, 30 μmol/l NAD, 0.2 U/ml crystalline yeast hexokinase (gel filtered in 20 mmol/l
HEPES), rat muscle extract equivalent to 1 mg of protein per milliliter, ~80 mg/ml saponin,
and HIT cells equivalent to ~1 mg protein per milliliter. The reaction was started by addition
of muscle extract, saponin, and hexokinase in rapid succession. Free Ca2+ was measured
using the fluorescent signals of fura 2 and O2 consumption using an O2 electrode. Note that
air was blown over the surface of the solution to balance the average rate of O2
consumption; thus, a rise in the trace indicates a decreased rate of O2 consumption, and a
fall in the trace indicates an increased rate of O2 consumption, compared with the average.
These traces are representative of experiments that were repeated at least three times.
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Figure. 3. Effect of different concentrations of Ca2+ on oscillations in O2 consumption
Conditions were similar to those described for Fig. 2, except that fura 2 was omitted and
EGTA (2 mmol/l) or thapsigargin (3 μmol/l) was added as indicated. These traces are
representative of experiments that were repeated at least three times.
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Figure. 4. Oscillations in alpha-glycerophosphate (a-GP), pyruvate, dihydroxyacetone-phosphate
(DHAP), glucose-6-phosphate (G6P), ATP, and ADP
Conditions were similar to those described for Fig. 2. The development of oscillations was
monitored by following changes in Ca2+ by fura 2 fluorescence. In one experiment, after
several oscillations in Ca2+ were seen (A, trace a), samples were taken in interval S at the
times indicated by the experimental points in B and C and deproteinized and assayed for the
metabolites. The sampling disrupted the fluorescence trace. Trace b shows the Ca2+

oscillations in a similar reaction mixture run previously and not sampled for metabolites.
The Ca2+ scale ranges from ~ 100-1,000 nmol/l, but the traces have been offset.
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Figure. 5. Effect of high concentrations of alpha-glycerophosphate or pyruvate on oscillations in
O2 consumption
Conditions were similar to those described for Fig. 2, except that fura 2 was omitted and 5
mmol/l alpha-glycerophosphate or 1 mmol/l pyruvate was added as indicated. These traces
are representative of experiments that were repeated at least three times.
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Figure. 6. Effect of fructose-2,6-P2 (A) or ADP (B) on oscillations in O2 consumption
Conditions were similar to those described for Fig. 2, except that fura 2 was omitted and 100
μmol/l fructose-2,6-P2 (A) or 1 mmol/l ADP (B) was added at the time indicated by the
arrow. These traces are representative of experiments that were repeated at least three times.

Civelek et al. Page 15

Diabetes. Author manuscript; available in PMC 2012 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


