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Abstract

Aims/hypothesis ATP links changes in glucose metabolism
to electrical activity, Ca>" signalling and insulin secretion in
pancreatic beta cells. There is evidence that beta cell metab-
olism oscillates, but little is known about ATP dynamics at
the plasma membrane, where regulation of ion channels and
exocytosis occur.

Methods The sub-plasma-membrane ATP concentration
([ATP],m) was recorded in beta cells in intact mouse and
human islets using total internal reflection microscopy and
the fluorescent reporter Perceval.

Results Glucose dose-dependently increased [ATP],,, with
half-maximal and maximal effects at 5.2 and 9 mmol/l, re-
spectively. Additional elevations of glucose to 11 to 20 mmol/l
promoted pronounced [ATP],, oscillations that were
synchronised between neighbouring beta cells. [ATP],,, in-
creased further and the oscillations disappeared when voltage-
dependent Ca”" influx was prevented. In contrast, K-
depolarisation induced prompt lowering of [ATP],,,. Simulta-
neous recordings of [ATP],, and the sub-plasma-membrane
Ca>" concentration ([Ca”"],,,) during the early glucose-
induced response revealed that the initial [ATP],,, elevation
preceded, and was temporarily interrupted by the rise of
[Ca2+]pm. During subsequent glucose-induced oscillations, the
increases of [Ca2+]pm correlated with lowering of [ATP],,.
Conclusions/interpretation In beta cells, glucose promotes
pronounced oscillations of [ATP],,,,, which depend on negative
feedback from Ca>" The bidirectional interplay between these
messengers in the sub-membrane space generates the metabol-
ic and ionic oscillations that underlie pulsatile insulin secretion.
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Abbreviations

AM Acetoxymethyl ester

ApSA P',P°-di(adenosine-5")-pentaphosphate

[ATP],m  Sub-plasma membrane ATP concentration

BCECF  2',7'-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein

[Ca®'];  Cytoplasmic Ca®" concentration

[Ca2+]pm Sub-plasma membrane Ca”" concentration

EMCCD  Electron-multiplying charge-coupled device

FCCP Carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone

F/F, Fluorescence in relation to initial fluorescence
after subtraction of background

Katp ATP-sensitive K*

TIRF Total internal reflection fluorescence

Introduction

Glucose metabolism is central to the control of insulin secre-
tion from pancreatic beta cells. The sugar enters the beta cell
via GLUT transporters and is subsequently metabolised by
glycolysis and mitochondrial oxidation [1, 2]. The resulting
increase of the intracellular ATP:ADP ratio closes ATP-
sensitive K" (Karp) channels, causing plasma membrane
depolarisation and influx of Ca®" through voltage-gated chan-
nels. A rise of the cytoplasmic Ca®" concentration ([Ca®'];)
triggers exocytosis of insulin secretory granules [3]. ATP, as
well as other metabolically derived factors, also serves to
amplify insulin secretion by acting at sites distal to the eleva-
tion of [Ca”"]; [4-6].

Insulin is released from beta cells in a pulsatile fashion
with a periodicity of about 2 to 5 min. The pulses involve
oscillations of membrane potential and [Ca*']; [7, 8], but
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other factors, including cAMP, have also been found to
oscillate with a similar frequency [9—11]. One main hypoth-
esis is that oscillations in metabolism drive changes in mem-
brane potential via cyclic closure of K orp channels. There is
ample evidence for the presence of oscillations in beta cell
metabolism. The first indication came from the observation
that oxygen consumption oscillates in glucose-stimulated
mouse islets [12]. This finding was subsequently confirmed
with refined techniques [13, 14], and simultaneous measure-
ments of O, partial pressure and [Ca®*]; have shown coordi-
nated oscillations with peaks of [Ca®']; coinciding with
increases in oxygen consumption [15, 16]. Moreover, the
release of lactate [17], the intracellular concentration of
NAD(P)H [18] and mitochondrial membrane potential oscil-
late [19, 20] at a similar frequency to the other variables.
However, direct evidence of ATP oscillations have been
more difficult to obtain. The ATP:ADP ratio has been
reported to oscillate for one to two periods in samples from
an islet cell suspension synchronised by clonidine and high
Ca*" treatment [21]. Continuous measurements of cytoplas-
mic ATP have been performed in beta cells with luciferase
[22-26], but the luminescence signal is very weak, making
such measurements technically demanding, with results of-
ten based on averaging the signal from many cells. Never-
theless, combining such measurements with autocorrelation
analysis and data fit to a sine wave did provide statistical
evidence of ATP oscillations in subpopulations of single
mouse and human beta cells [25].

Ca”" influences cell metabolism by several mechanisms,
and feedback from Ca®" may contribute to metabolic oscil-
lations. The elevation of [Ca®"]; can be expected to increase
ATP consumption by Ca®" extrusion mechanisms [27].
Moreover, Ca®" uptake into mitochondria results in
depolarisation of the mitochondrial inner membrane and
thereby a decreased driving force for ATP production [19,
20, 28]. However, Ca®" also stimulates mitochondrial de-
hydrogenases to generate NADH, which results in increased
ATP production [29-33]. Therefore, the net effect of [Ca®'];
on cytoplasmic ATP is unclear. In the present study we used
total internal reflection fluorescence (TIRF) microscopy and
the novel fluorescent ATP biosensor Perceval [34] to inves-
tigate ATP dynamics and the relationship to Ca*" in the sub-
plasma membrane space of beta cells, where the nucleotide
controls membrane potential and insulin granule exocytosis.

Methods

Materials MgATP, NaADP, diazoxide, EGTA, HEPES, car-
bonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), NaN3, methoxyverapamil, P',P°-di(adenosine-5")-
pentaphosphate (Ap5A) and oligomycin were from Sigma
(St Louis, MO, USA). NH4Cl was obtained from Merck
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(Darmstadt, Germany), and 2',7'-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein (BCECF) and Fura red from Invitrogen
(Carlsbad, CA, USA). The Perceval plasmid was a kind gift
from G. Yellen (Harvard Medical School, Boston, MA,
USA). Vector Biolabs (Philadelphia, PA, USA) created a
Perceval-expressing adenovirus.

MING6 beta cell culture and transfection MING beta cells
(passages 19-32) [35] were cultured in DMEM with
25 mmol/l glucose and supplemented with 15% (vol./vol.)
fetal calf serum, 2 mmol/l L-glutamine, 50 pmol/l 2-
mercaptoethanol, 100 units/ml penicillin and 100 pg/ml
streptomycin. The cultures were maintained at 37°C in a
5% CO, humidified air atmosphere. Cells were seeded
on polylysine-coated 25 mm coverslips. For each cov-
erslip, 0.2 million cells were suspended in Optimem I
medium (Invitrogen) containing 0.5 pul Lipofectamine 2000
(Invitrogen) and 0.2 to 0.4 pug plasmid DNA, and placed on to
the centre of the coverslip. After 3 to 4 h, when the cells were
firmly attached, the transfection was interrupted by adding
3 ml complete cell culture medium. Cells were maintained in
this medium for 24 to 48 h.

Islet isolation and virus infection All procedures for animal
handling, islet isolation and use of human islets were ap-
proved by local animal and human ethics committees. Most
experiments were performed with islets isolated with colla-
genase from the pancreases of 5- to 7-month-old female
C57Bl1/6J mice (Taconic, Ry, Denmark). The main findings
were also reproduced with islets from 6-week-old mice of
both sexes. The islets were transferred to RPMI 1640 culture
medium containing 5.5 mmol/l glucose and supplemented
with 10% (vol./vol.) fetal calf serum, 100 units/ml penicillin
and 100 pg/ml streptomycin for culture lasting 1 to 2 days at
37°C in a 5% CO, humidified air atmosphere. Human islets
from two normoglycaemic cadaveric donors (one man aged
60 years, BMI 24.2; one woman aged 70 years, BMI 31.1)
were provided by the Nordic Network for Clinical Islet
Transplantation. The islets were kept for 24 to 72 h at 37°C
in an atmosphere of 5% CO, in CMRL 1066 culture medium
(Mediatech, Herndon, VA, USA) containing 5.6 mmol/l glu-
cose and supplemented with 10 mmol/l nicotinamide,
10 mmol/l HEPES, 0.25 pg/ml fungizone, 50 pg/ml
gentamycin, 2 mmol/l glutamine, 10 pg/ml ciprofloxacin
and 10% (vol./vol.) heat-inactivated human serum. The islets
were infected for 1 to 2 h with Perceval adenovirus at a
concentration of 20 plaque-forming units/cell in medium
containing 2% (vol./vol.) serum; this was followed by wash-
ing with normal RPMI 1640 medium and further culture for
16 to 20 h before use.

Measurements of intracellular ATP, Ca®* and pH MIN6
beta cells on coverslips were preincubated for 30 to
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60 min at 37°C in experimental buffer containing (in
mmol/l): NaCl 125, KC14.8, MgCl, 1.2, CaCl, 1.3, HEPES
25 and glucose 3.0, with pH set at 7.40 with NaOH. Cytoplas-
mic ATP measurements were made in cells expressing Perce-
val. For measurements of cytoplasmic pH in untransfected
cells, 5 umol/l of the pH indicator BCECF acetoxymethyl
ester (AM) was present during preincubation. The coverslips
with the attached cells were then used as exchangeable bottoms
of an open 50 pl chamber and mounted on the stage of a
microscope (Eclipse TE2000; Nikon, Kanagawa, Japan)
equipped with a spinning disk confocal unit (Yokogawa
CSU-10; Andor Technology, Belfast, Northern Ireland, UK)
and a 60%, 1.40-NA objective. Perceval was excited with laser
light at 488 nm and BCECF with 514 and 442 nm. Emission
was detected at 527/27 nm (centre wavelength/half-band-
width) for Perceval, and at 485/25 nm and 560/40 nm for
BCECF. For detection we used interference filters (Semrock,
Rochester, NY, USA) mounted in a filter wheel (Sutter In-
struments, Novato, CA, USA) and an electron-multiplying
charge-coupled device (EMCCD) camera (DU-888E; Andor)
controlled by MetaFluor software (Molecular Devices,
Downingtown, PA, USA).

Intact pancreatic islets were preincubated for 30 min in
experimental buffer before TIRF imaging experiments. The
sub-plasma membrane ATP concentration ([ATP],,,) was
measured in superficially located islet cells expressing Perce-
val. For measurements of pH or sub-plasma-membrane Ca®"
concentration ([Ca2+]pm), the preincubation buffer was
supplemented with 1 pmol/l BCECF-AM or 5 pmol/l Fura
red-AM, respectively. The islets were then placed on a poly-L-
lysine-coated coverslip in the superfusion chamber on the
microscope stage. Measurements began after 5 to 10 min
when the superficial islet cells had formed large contact areas
with the coverslip. The microscope (Eclipse Ti; Nikon) was
equipped with a TIRF illuminator and a 60x%, 1.45-NA objec-
tive (Nikon). An argon laser provided 488, 458 and 514 nm
light for excitation of Perceval, Fura red and BCECF. An
EMCCD camera (DU-897; Andor) controlled by
MetaFluor software (Molecular Devices) was used for
fluorescence detection. Emission wavelengths were se-
lected as in the confocal system. Confocal and TIRF
imaging were performed at 37°C, with a medium
superfusion rate of 0.12 to 0.20 ml/min and with images
or image pairs acquired every 5 to 6 s.

Plasma membrane permeabilisation Some experiments
were performed after permeabilisation of the beta cell plas-
ma membrane with Staphylococcus aureus «-toxin
(PhPlate, Stockholm, Sweden), which creates 1- to 2-nm
pores permeable to ions, nucleotides and molecules smaller
than ~3 kDa [36]. The cells were superfused with an
intracellular-like medium containing 140 mmol/l KCI,
6 mmol/l NaCl, 1 mmol/l MgCl,, 0.465 mmol/l CaCl,,

2 mmol/l EGTA and 12.5 mmol/l HEPES, with pH adjusted
to 7.00 with KOH. The perfusion was temporarily
interrupted and 5 pl a-toxin (0.46 mg/ml) added directly
to the 50 pl chamber. After 2 to 5 min, the cells were
washed and exposed to MgATP in the 1-10 mmol/l range.
To test the influence of ADP, 0.1 or 1 mmol/l NaADP was
added in some experiments. The free Mg>" and Ca®" con-
centrations were always maintained at 1 mmol/l and
100 nmol/l, respectively.

Data analysis Image analysis was carried out using
MetaFluor or Fiji (http://fiji.sc/wiki/index.php/Fiji) soft-
ware. Fluorescence intensities are expressed as changes of
fluorescence in relation to initial fluorescence after subtrac-
tion of background value (F/F,). BCECF was measured as
the fluorescence ratio of 514:442 or 514:458 nm excitation.
Igor Pro (Wavemetrics, Lake Oswego, OR, USA) and
Sigmaplot 12 (Systat Software, San José, CA, USA) soft-
ware were used for curve fitting and the xcorr function in
MATLAB (The Mathworks, Natick, MA, USA) for cross-
correlation analysis. Data are expressed as mean values+
SEM. Statistical significance was evaluated using Student’s
t test.

Results

Perceval detects millimolar concentrations of ATP The
nucleotide-binding properties originally reported for Perce-
val [34] indicated that the probe would be unsuitable for
measurements of ATP in the physiological concentration
range. To investigate the ATP sensitivity of Perceval,
MING6 beta cells expressing the sensor were imaged with
confocal microscopy. After introduction of an intracellular-
like medium lacking ATP, the plasma membrane was
permeabilised with o-toxin, resulting in a 66+2% (n=15)
decrease of Perceval fluorescence due to biosensor dilution
by cell swelling and escape of ATP. As 1-10 mmol/l
MgATP was added to the intracellular-like medium, Perce-
val fluorescence increased in a concentration-dependent and
reversible manner (Fig. 1a). The dose—response relationship
was hyperbolic with half-maximal effect occurring at
2.2 mmol/l ATP (Fig. 1b).

Perceval has been reported to be sensitive to the ATP:
ADP ratio rather than to ATP alone [34]. We therefore
investigated the influence of ADP on Perceval fluorescence
in permeabilised MING6 beta cells. The addition of 1 mmol/l
ADP alone induced a prompt fluorescence increase. This
effect reflected, at least in part, the conversion of ADP to
ATP via adenylate kinase, since an inhibitor of this enzyme,
Ap5A, markedly reduced the effect of ADP. ATP (1 mmol/l)
increased Perceval fluorescence in the presence of ADP and
ApSA, but changes of the ATP:ADP ratio from 1 to 10 by
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Fig. 1 Perceval detects changes of ATP in the millimolar concentra-
tion range. (a) Confocal microscopy recording of Perceval fluores-
cence from an individual a-toxin-permeabilised MIN6 beta cell
exposed to changes of the medium MgATP concentration. A confocal
image of an individual MIN6 beta cell before permeabilisation is
shown; scale bar 5 um. (b) Dose-response relationship for the ATP-
induced changes of Perceval fluorescence. The data are fitted to a

decreasing ADP from 1.0 to 0.1 mmol/l had no influence on
Perceval fluorescence (Fig. 1c, d). These results show that
Perceval expressed in insulin-secreting cells detects physio-
logically relevant concentrations of ATP rather than the
ATP:ADP ratio.

Glucose induces cytoplasmic ATP oscillations in individual
MING beta cells Most intact MING beta cells showed stable
Perceval fluorescence in the presence of 3 mmol/l glucose.
When the glucose concentration was raised to 20 mmol/l,
fluorescence rose immediately, followed in more than 95%
of the cells by pronounced oscillations with a frequency of
0.26+0.01 min ' and amplitudes averaging 16+1% above
baseline fluorescence (Fig. 2a). Although fluorescence in
the confocal sections was somewhat inhomogeneous,
reflecting uneven distribution of Perceval, there was no
apparent gradient between the periphery and the cell centre.
The fluorescence signal was dramatically diminished by
5 umol/l of the mitochondrial uncoupler FCCP (Fig. 2b),
5 mmol/l of the cytochrome oxidase inhibitor NaN; and
5 pg/ml of the ATP synthase inhibitor oligomycin (Fig. 2c).

Since Perceval fluorescence is pH-sensitive [34], control
experiments were made to ensure that the glucose-induced
changes of Perceval fluorescence were not caused by

@ Springer

o

1.0I T T T T 1
0 2 4 6 8 10

[ATP] (mmol/l)

Relative fluorescence (F/F)

o

Relative fluorescence (F/F)

1.0 -
[ATP] 1 1
[ADP] 1 0.1
(mmol/l)

hyperbolic function with half-maximal effect at 2.2 mmol/l ATP
(n=21). (c) Influence of MgATP, NaADP and 200 pumol/l of the
adenylate kinase inhibitor, Ap5A, on Perceval fluorescence in an
individual o-toxin-permeabilised MING6 beta cell. (d) Mean+SEM for
the average Perceval fluorescence during changes of the ADP concen-
tration in a permeabilised MING6 beta cell exposed to 1 mmol/l ATP and
200 pmol/l Ap5SA as above (¢) (n=9)

changes in intracellular pH. MING6 beta cells loaded with
the pH indicator BCECF showed no change in cytoplasmic
pH when stimulated with glucose, but a pronounced
alkalinisation when stimulated by 10 mmol/l NaN; and
5 umol/l FCCP (electronic supplementary material [ESM]
Fig. la). Alkalinisation increases Perceval fluorescence
[34], so the ATP reduction caused by the mitochondrial
toxins may therefore be underestimated. The cytoplasmic
alkalinisation and acidification caused by addition and re-
moval of 20 mmol/l NH,4Cl, respectively, were associated
with pronounced changes in Perceval fluorescence (ESM
Fig. 1a). Although we confirmed the pH-sensitivity of Per-
ceval, the fluorescence changes induced by glucose could
not be attributed to variations in cytoplasmic pH.

Glucose-induced [ATP],,, dynamics in primary mouse islet
cells We next monitored [ATP],,, in primary islet cells
using TIRF microscopy. With this approach, Perceval ATP
sensitivity was similar to that in MING6 beta cells with a half-
maximal fluorescence change at 2.6 mmol/l (data not
shown). When islets were placed on a coverslip, cells in
the islet periphery quickly adhered to the glass with large
contact areas (Fig. 3a). In most cells, the elevation of glu-
cose from 3 to 11 or 20 mmol/l induced a multiphasic
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Fig. 2 Glucose induces ATP oscillations in single MING beta cells. (a)
Confocal microscopy recording of Perceval fluorescence from a single
MING beta cell during elevation of the glucose concentration from 3 to
20 mmol/l. Relative fluorescence intensities are shown at the time
points indicated by numbered arrowheads. Findings are representative
of 69 cells. (b) Effects of the mitochondrial uncoupler FCCP (5 pmol/l;
n=18), and (c) of the cytochrome oxidase inhibitor NaN3 (5 mmol/l)
and the ATP synthase inhibitor oligomycin (5 pg/ml; n=8) on Perceval
fluorescence in single MIN6 beta cells exposed to 20 mmol/l glucose

response, starting with a fluorescence increase, which was
transiently interrupted after about 1 min. The increase then
continued for about 5 min and developed into regular oscilla-
tions superimposed on an elevated plateau and synchronised
between neighbouring cells in the islet (Fig. 3b). The oscilla-
tions in Perceval fluorescence did not reflect changes in pH.
Accordingly, glucose had little effect on pH in BCECF-loaded
islets, while alkalinisation with NH4CI caused a dramatic rise
of the BCECF and Perceval signals (ESM Fig. 1b). The
glucose-induced increase and oscillations of Perceval fluores-
cence largely reflected the responses of beta cells, since 81%
of the Perceval-expressing cells (n=186 cells in eight islets)
immunostained for insulin (not shown).

To investigate the glucose dependence of [ATP],y,, the
islets were exposed to small, stepwise increases of the
glucose concentration in the 1 to 20 mmol/l range. As
shown in Fig. 3c, d, Perceval fluorescence increased in
response to glucose elevations from 1 to 3 mmol/l, with
additional concentration-dependent increases occurring at
up to 9 mmol/l glucose. The dose-response relationship

was sigmoidal with half-maximal effect at 5.2+0.2 mmol/l
glucose (Fig. 3d). There was no significant further increase
of time-average fluorescence at 11 or 20 mmol/l glucose.
However, whereas very few cells showed Perceval fluores-
cence oscillations in the presence of 1 to 9 mmol/l glucose,
60% oscillated at 11 mmol/l and virtually all cells (98%) at
20 mmol/l glucose (Fig. 3¢). Whereas a slight increase in the
amplitude of oscillations at 20 compared with 11 mmol/l
glucose could be ascribed to time rather than the concentra-
tion difference (not shown), a significant decrease of the
half-width of each oscillation was observed at the higher
glucose concentration (Fig. 3f).

Influence of Ca’* on [ATP],,, To clarify the interplay be-
tween [ATP],, and [Ca2+]pm, the two messengers were
simultaneously recorded with TIRF microscopy. A rise of
[Ca%]pm by membrane depolarisation at 30 mmol/l KCl was
accompanied by a decrease of Perceval fluorescence to 73+
10% of baseline, which was reversed upon restoration of the
KCI concentration (Fig. 4a) or by the addition of 50 pwmol/l
of the L-type calcium channel blocker methoxyverapamil
(Fig. 4b). KCI depolarisation also caused lowering of Per-
ceval fluorescence in the presence of 20 mmol/l glucose
(Fig. 4c). Control experiments showed that KCl-induced
fluorescence changes were not secondary to changes in
intracellular pH (ESM Fig. Ic¢).

When cells were stimulated with 20 mmol/l glucose after
hyperpolarisation with the Karp channel activator,
diazoxide (250 umol/l), or in the absence of extracellular
Ca®" (Ca®" omission with addition of 2 mmol/l EGTA), we
observed an uninterrupted increase of Perceval fluorescence
to a plateau without oscillations (Fig. 4d, e). The plateau
level was much higher than the level at the temporary Ca**-
induced interruption of the initial elevation in controls
(Fig 4f). In the absence of Ca®" entry, a slight time-
dependent lowering of Perceval fluorescence occurred,
reaching statistical significance after 20 min (Fig. 4f). The
removal of diazoxide or reintroduction of Ca®" resulted in a
rapid decrease of fluorescence and the appearance of oscil-
lations, indicating that elevation of [CaH]pm is a prerequisite
for the Perceval oscillations. By analogy, the inhibition of
voltage-dependent Ca”" influx by methoxyverapamil
(Fig. 4g) or diazoxide hyperpolarisation (not shown)
interrupted established oscillations that had been induced
by glucose, and significantly elevated Perceval fluores-
cence. Neither diazoxide nor methoxyverapamil affected
pH under such conditions (ESM Fig. 1d). Human islet cells
responded in ways that were essentially similar to those of
mouse beta cells. Glucose thus induced a pronounced rise,
with oscillations, of Perceval fluorescence, which were lost
when diazoxide caused an additional elevation of the signal
and subsequent KCI depolarisation resulted in a marked
decrease of Perceval intensity (Fig. 4h).
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Fig. 3 Glucose-induced [ATP],, oscillations in beta cells in intact
pancreatic islets. (a) TIRF microscopy image of Perceval-expressing
cells in an intact mouse pancreatic islet; scale bar 10 um. (b) TIRF
intensity recording showing synchronised elevations and oscillations
of Perceval fluorescence during glucose stimulation of the six cells
indicated in (a). A transient interruption of the initial glucose-induced
increase of Perceval fluorescence occurred consistently; see arrow-
heads. (¢) TIRF intensity recording from a single cell in an intact islet
exposed to increasing concentrations of glucose. (d) Time-average

Glucose triggers anti-parallel oscillations of [ATP],,, and
[Ca** om in beta cells To further investigate the relationship
between [ATP],,, and [Ca2+]pm, we performed simultaneous
recordings of the two messengers in islet beta cells during
glucose stimulation. [ATP],,, and [Ca2+]pm were low and
stable in the presence of 3 mmol/l glucose. Elevation of the
glucose concentration to 20 mmol/l induced an immediate
increase of Perceval fluorescence, which coincided with an
initial lowering of [Ca2+]pm. The subsequent elevation of
[Caz)']pm was associated with a transient interruption of the
increase in Perceval fluorescence. Oscillations appeared after 5
to 10 min; during the oscillations each elevation of [Ca2+]pm
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[Glucose] (mmol/l)

Perceval fluorescence as mean+SEM at different glucose concentra-
tions for 72 cells from seven islets. The line is a sigmoidal fit to the
seven data points. (e) Percentage of cells showing oscillations of
Perceval intensity at different concentrations of glucose; n==81 cells
from seven islets. (f) Mean+SEM of the half-width of each oscillation
of Perceval fluorescence at different glucose concentrations; n=24, 35
and 46 oscillations from nine cells in six islets exposed to 9, 11 and
20 mmol/l glucose, respectively; ***p<0.001 for difference between
groups

was associated with a lowering of Perceval fluorescence
(Fig. 5a). Cross-correlation analysis calculated from
consecutive data segments of 150 image pairs revealed
that the peaks of [Ca2+]pm preceded the nadirs of
[ATP],m by 32+2 s with a correlation coefficient of —0.91+
0.01 (p<0.001) (Fig. 5b).

Discussion

Cytoplasmic ATP plays a key role in pancreatic beta cell
stimulus—secretion coupling [3], but at present there is little
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Fig. 4 Influence of Ca*" on [ATP],,, in pancreatic islet cells. (a)
Simultaneous TIRF recordings of [ATP],,, with Perceval (lower trace)
and [Ca’ “Jpm Wwith Fura red (upper trace) in a single islet beta cell
during membrane depolarisation with 30 mmol/l KCl in the presence of
3 mmol/l glucose. Traces are representative of 16 cells in three islets.
(b) Effect of 50 umol/l methoxyverapamil on [ATP],,,, in an islet cell
depolarised with 30 mmol/l KCl; n=13 cells in two islets. (¢) TIRF
recording of [ATP],, during elevation of the glucose concentration
from 3 to 20 mmol/l, followed by further membrane depolarisation
with 30 mmol/l KCI; n=25 cells in 32 islets. (d) [ATP],y, during
elevation of the glucose concentration from 3 to 20 mmol/l in the
presence of 250 umol/l diazoxide (n=28 cells in three islets) or (e) in
Ca**-deficient medium containing 2 mmol/l EGTA (n=20 cells in three

information about ATP dynamics. The lack of data largely
reflects difficulties in monitoring ATP changes in single
cells, which would be necessary to elucidate the temporal
relationships with other messengers and insulin secretion. In
the present study we used the fluorescent ATP-binding
biosensor Perceval [34] to record [ATP],, in glucose-
stimulated beta cells and clarify the interplay between
[ATP],,,, and [Ca2+]pm. Perceval was first described to have
micromolar affinity for MgATP [34], which is not ideal for
measurements of physiological ATP concentrations in mam-
malian cells. However, competition with ADP was
suggested to make the reporter sensitive to the ATP:ADP
ratio rather than absolute concentrations of the nucleotides.
We have now found that Perceval expressed in intact cells
responds instead to physiological ATP concentrations in the

islets). (f) Mean+SEM of Perceval fluorescence levels at the time of
temporary interruption of the initial rising phase (grey bar; only present
in control cells), as well as during the following peak of the glucose
response (white bars) and at 20 min after the peak (black bars). ***p<
0.001 for difference between first peak and 20 min level; T77p<0.001
for difference from first peak in all groups. (g) Effect of 50 pumol/l
methoxyverapamil on glucose-induced oscillations of Perceval fluo-
rescence; n=41 cells in three islets. (h) Effects of glucose elevation
from 1 to 20 mmol/l and of subsequent additions of 250 pwmol/l
diazoxide and 30 mmol/l KCl on Perceval fluorescence in a single cell
in an intact human islet; 7=10 cells in two islets. Ca0, Ca>"-deficient
medium

millimolar range (Fig. 1). Analysis of ADP sensitivity was
complicated by the fact that beta cells contain adenylate
kinase [37], which converts two molecules of ADP into
ATP and AMP. However, after inhibition of such ATP pro-
duction, we observed no effect of changes of the ATP:ADP
ratio from 1 to 10 in the presence of 1 mmol/l MgATP (Fig. 1).
Since the original report was based on in vitro experiments
with purified proteins, we believe that the present in situ
characterisation better reflects the physiological situation.
We therefore conclude that Perceval is indeed sensitive to
ATP in a physiologically relevant concentration range.

Since Perceval is pH-sensitive [34], care was taken to
verify that the observed fluorescence changes were not
caused by changes in intracellular pH. In accordance with
previous studies in insulinoma and islet cells [22-25, 33],
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Fig. 5 Temporal relationship between changes of [ATP],, and
[Ca2+]pm. (a) Simultaneous TIRF recordings of [ATP],, with Perceval
(black trace) and [C212+]r,m with Fura red (red trace) in a single cell in an
intact mouse pancreatic islet exposed to a one-step increase of the
glucose concentration from 3 to 20 mmol/l. Shaded areas indicate the
rising phases of the [Ca2+]pm oscillations, which coincide with reduc-
tions of Perceval fluorescence. (b) Cross-correlation analysis of the
changes of [ATP],,, and [Ca2+]pm, calculated from consecutive data
segments of 150 image pairs. The black line is an average correlogram
(with SEM in grey) from 16 simultaneous recordings of Perceval and
Fura red fluorescence in five islets. Cross-correlation was calculated
for data segments corresponding to 3 to 3.5 oscillations. Apart from the
major minimum close to time 0, the cross-correlogram therefore shows
additional minima at time lags corresponding to each multiple of an
oscillation period

glucose was found to induce a concentration-dependent gen-
eral increase of ATP in the cytoplasm of MING beta cells (Fig.
2). We also found a marked ATP increase in the sub-plasma
membrane space of glucose-stimulated primary mouse and
human beta cells in intact islets of Langerhans (Figs 3 and 4).
Since recordings did not allow the determination of absolute
ATP concentration changes, it is difficult to directly compare
ATP levels in the different subcellular compartments. How-
ever, consistent with previous observations in beta cells [24]
and other cells [38], our confocal measurements did not reveal
any apparent ATP gradient between the sub-membrane space
and the bulk cytoplasm. Glucose concentrations >9 mmol/l
triggered robust [ATP],,,, oscillations in beta cells, confirming
previous evidence of metabolic oscillations in glucose-
stimulated beta cells [12—18, 25]. Some observations have
indicated that metabolism also oscillates in the presence of
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sub-stimulatory glucose concentrations. For example, basal
insulin secretion from isolated islets was found to be pulsatile
when [Ca®']; was low and stable [39], and Kapp channel
conductance fluctuated under basal conditions with a frequen-
cy similar to that of slow metabolic oscillations [40]. Howev-
er, in the present study only some cells showed ATP
oscillations at glucose concentrations below 9 mmol/l. The
explanation for this discrepancy is unclear. It cannot be ruled
out that oscillating factors other than ATP affect K rp channel
conductance, or that ATP oscillations occur in micro-
compartments unavailable to the biosensor. Our observation
that oscillations primarily occurred at high glucose concentra-
tions (Fig. 3) is consistent with modelling data, indicating that
the glucokinase reaction needs to exceed a minimal rate for
oscillations occur [41].

Crosstalk between ATP and Ca*" occurs at different levels.
First, a rise of the ATP:ADP ratio causes closure of Karp
channels and membrane depolarisation, resulting in opening
of voltage-gated Ca®" channels [3]. Our simultaneous record-
ings of [ATP],, and [Ca®"],, in beta cells (Fig. 5) show that
the initial rise of [ATP],, coincides with the characteristic
transient lowering of [Ca%]pm, which is known to reflect Ca®"
sequestration into intracellular stores after energising the
sarco(endo)plasmic reticulum Ca>* ATPases [42—44]. Indeed,
the half-maximal effect of glucose on ATP elevation at
5.2 mmol/l is almost identical to the 5.5 mmol/l reported for
Ca®" sequestration into the endoplasmic reticulum [43]. The
subsequent rise of [Ca2+]pm, reflecting voltage-dependent
Ca®" entry, coincided with a transient interruption of the
[ATP],,, increase or even a small lowering, before the con-
centration continued to increase at a slower rate. During the
following oscillations there was a clear anti-phasic relation-
ship between [Caer]pm and [ATP],,. An additional indication
that there is an inverse coupling between the messengers de-
rives from the findings: (1) that [Ca12+]pm elevation in response
to KCI depolarisation caused a lowering of [ATP],,
irrespective of the ambient glucose concentration; and (2) that
the glucose-induced [ATP],,,, elevation was further increased
when [Ca”]pm was lowered by preventing influx through the
voltage-dependent Ca®" channels. In contrast, previous stud-
ies of insulinoma cells, as well as mouse and human beta cells,
have instead associated glucose- and depolarisation-induced
rises of [Ca”"]; with increased levels of cytoplasmic ATP [24,
25]. In a recent study with Perceval, the biphasic cytoplasmic
ATP elevation in response to glucose was interpreted as an
initial Ca®"-independent ATP production, followed by a fur-
ther rise due to Ca®" activation of mitochondrial metabolism
[33], mirroring previous data from luciferase-expressing INS-
1E cells [26]. This conclusion is not supported by the present
observation, since the glucose-induced elevation of [ATP],,
was not reduced when cytoplasmic Ca®" entry was prevented
(Fig. 4). However, Ca*" seems to be required to prevent a
gradual time-dependent lowering of [ATP],,,,,, consistent with
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the concept that Ca>"-activated mitochondrial metabolism is
important for sustained insulin secretion [26].

Despite ample evidence of metabolic oscillations in beta
cells, their origin remains obscure. It has been suggested that
metabolic oscillations are determined by oscillatory glycoly-
sis due to the presence of the muscle isoform of phospho-
fructokinase, which is positively regulated by its product,
fructose-bisphosphate [45, 46], and inhibited by high levels
of ATP [47]. This model, which predicts that metabolic
oscillations can occur independently of Ca®" variations, is
supported by work showing the maintenance of glucose-
stimulated NAD(P)H oscillations under different conditions
associated with stable [Ca”']; elevation in mouse islets [47].
Metabolic oscillations may also arise from the effect of Ca**
feedback on ATP production [19, 20, 28-32] or consump-
tion [27], and consequently occur exclusively in the pres-
ence of [Ca®']; oscillations. Our present data support a
critical negative feedback role of Ca®" in the generation of
metabolic oscillations, but it is not known at which level
Ca*" exerts its effect. It has been shown that [Ca*"]; oscilla-
tions in beta cells are accompanied by periodic
depolarisations of the mitochondrial inner membrane [19,
20]. However, a more recent study indicated that glucose-
and pyruvate-induced oscillations of the plasma membrane
potential and [Ca®']; in INS-1 beta cells occur without sig-
nificant alterations of the mitochondrial membrane potential
[48]. ATP oscillations may therefore arise from variations in
Ca*"-induced ATP consumption rather than production. The
Hengquin laboratory [27] has demonstrated that Ca**-medi-
ated reduction of the ATP:ADP ratio in beta cells essentially
reflects increased activity of ATP-dependent ion transporters
and not energy requirements of the secretory process. Al-
though Ca”" has effects at many levels, our findings are
entirely consistent with the concept that increased ATP con-
sumption by Ca®" extrusion dominates in the sub-membrane
space.

The present study is the first analysis of the dynamic
relationship between Ca®" and ATP in the beta cell sub-
plasma membrane space, where exocytosis of insulin oc-
curs. Glucose induces pronounced oscillations of [ATP],,
and [Caz+]pm, with each Ca®" increase corresponding to a
reduction of ATP. The bidirectional interplay between the
messengers is central to the generation of metabolic and
ionic oscillations underlying pulsatile insulin secretion.
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