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Abstract
Li, J. 2014. ATP Dynamics in Pancreatic α- and β-cells. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1044. 53 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9079-9.

Glucose metabolism in pancreatic α- and β-cells is believed to regulate secretion of glucagon
and insulin, respectively. In β-cells, ATP links glucose metabolism to electrical activity and
insulin secretion. In α-cells, ATP has been attributed various roles in glucose-regulated glucagon
release, but the underlying mechanisms are poorly understood. Despite its importance in insulin
and glucagon secretion little is known about ATP kinetics in α- and β-cells. In this thesis,
the novel fluorescent ATP biosensor Perceval was used to monitor physiologically relevant
ATP concentrations with little influence of ADP. Glucose stimulation of β-cells within mouse
and human pancreatic islets induced pronounced rise of ATP with superimposed oscillations.
Simultaneous measurements of the sub-plasma membrane ATP and Ca2+ concentrations revealed
glucose-induced oscillations in opposite phase. ATP increased further and the oscillations
ceased when voltage-dependent Ca2+ influx was prevented. In contrast, ATP promptly decreased
in response to K+-depolarization-induced elevation of Ca2+. Also mobilization of Ca2+ from
intracellular stores lowered ATP, but the negative effect was not due to increased ATP
consumption by the sarco/endoplasmic reticulum Ca2+-ATPase. Store-operated Ca2+ entry alone
had little effect but markedly elevated ATP when combined with muscarinic receptor activation.
When comparing ATP and Ca2+ responses in α- and β-cells within the same islet, glucose-
induced ATP generation was much less pronounced and the dose-response relationship left-
shifted in the α-cells. At basal glucose, individual α-cells showed Ca2+ and concomitant ATP
oscillations in opposite-phase with variable frequency. These oscillations largely cancelled
out when averaging data from several α-cells. At high glucose, the Ca2+ and ATP oscillations
in α-cells tended to synchronize with the corresponding β-cell oscillations. Since β-cell Ca2+

oscillations drive pulsatile insulin secretion, which is antiparallel to pulsatile glucagon secretion,
there seems to be an inverse relationship between changes in α-cell Ca2+ and glucagon release.
This paradox is attributed to paracrine inhibition overriding Ca2+ stimulation, since somatostatin
receptor blockade potently stimulated glucagon release with little effect on α-cell Ca2+ signalling.
The data indicate that complex ATP-Ca  interactions in α- and β-cells underlie cell-intrinsic2+

regulation of glucagon and insulin secretion and that paracrine inhibition of glucagon release
becomes important in hyperglycaemia.
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Abbreviations 

Ach Acetylcholine 
ADP Adenosine diphosphate 
ATP Adenosine triphosphate 
[ATP]i  
[ATP]pm  

Cytoplasmic ATP concentration 
Sub-plasma membrane ATP concentration 

[Ca2+]i  Cytoplasmic Ca2+ concentration 
[Ca2+]pm  Sub-plasma membrane Ca2+ concentration 
cAMP  3’,5’-cyclic adenosine monophosphate 
CPA  Cyclopiazonic acid 
DAG  Diacylglycerol 
ER  Endoplasmic reticulum 
GABA  γ-aminobutyric acid 
GLUT  Glucose transporter 
IP3  Inositol 1,4,5-trisphosphate 
KATP channel ATP-sensitive K+ channel 
NAD(P)H  Reduced nicotinamide adenine dinucleotide (phosphate) 
NCX    Na+/Ca2+ exchanger 
PFK1   Phosphofructokinase-1 
PKC   Protein kinase C 
PLC   Phospholipase C 
PMCA   Plasma membrane Ca2+ ATPase 
SERCA  Sarco(endo)plasmic reticulum Ca2+ ATPase 
SOCE  Store operated Ca2+ entry 
SSTR  Somatostatin receptor 
TCA  Tricarboxylic acid 
TIRF                        Total internal reflection fluorescence 
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Introduction 

The blood glucose concentration is normally maintained within a narrow 
range (approximately 3 to 7 mM). Higher postprandial levels may be reached 
in individuals with impaired glucose tolerance or diabetes mellitus, a patho-
logical condition with devastating long-term complications. According to the 
International Diabetes Federation (IDF), there are 382 million people suffer-
ing from diabetes and the number is expected to rise beyond 592 million in 
less than 25 years (1). There are different forms of diabetes of which type 2 
diabetes is most common. It is a chronic disease characterized by metabolic 
disturbances usually caused by insufficient release of the blood-glucose low-
ing hormone insulin from the β-cells in the pancreas. Apart from the reduced 
release of insulin, hypersecretion of the blood-glucose elevating hormone glu-
cagon from pancreatic α-cells contributes to hyperglycaemia in diabetes, but 
glucagon-mediated glucose counterregulation is instead impaired, which may 
contribute to life-threatening hypoglycaemia in insulin-treated patients (2,3). 
Since insulin and glucagon are vital for maintaining normal glucose homeo-
stasis, it is important to understand how glucose controls the release of these 
hormones. 

Glucose is a main regulator of both insulin and glucagon secretion. Several 
intracellular messengers are involved in mediating the effects of the sugar. 
Ca2+, for example, triggers exocytosis of insulin and glucagon secretory gran-
ules in β- and α-cells, respectively. Another important messenger is ATP. In 
β-cells, ATP couples glucose metabolism to exocytosis of insulin by blocking 
ATP-sensitive K+ channels (KATP channels), leading to depolarization and ac-
tivation of voltage-gated Ca2+ influx. ATP has also been attributed various 
roles in models of glucose-regulated glucagon release. To improve the under-
standing of the mechanisms underlying glucose-regulated insulin and gluca-
gon secretion, I studied the dynamics of ATP and Ca2+ in α- and β-cells in this 
thesis. 
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Background 

Pancreatic islet hormones 
Insulin and glucagon are secreted from the islets of Langerhans of the pan-
creas. The islets are endocrine micro-organs scattered throughout the pan-
creas, which are composed of at least 5 distinct types of hormone-producing 
cells (4,5). Insulin-secreting β-cells are most abundant and in rodent islets they 
constitute 60-80% of the endocrine cells. Glucagon-secreting α-cells consti-
tute 15-20% of the endocrine islet cells and are located mainly in the islet 
periphery. In man, the proportion of α-cells is higher, representing around 
40% of the islet cells (6). Pancreatic islets also contain small numbers of so-
matostatin-releasing δ-cells (<10%), pancreatic polypeptide-releasing F- or 
PP-cells (<1%) and ghrelin-producing ε-cells (5). Somatostatin has paracrine 
rather than endocrine function and inhibits both insulin and glucagon secretion 
(7). Insulin is released from the β-cells in response to an elevation of the blood 
glucose concentration. The hormone acts on liver, muscle and fat cells to pro-
mote uptake and storage of glucose in the form of glycogen or triglycerides 
(8). Insulin also acts in the brain to modulate food intake, body weight and 
glucose metabolism (9). Since insulin is the dominating blood-glucose lower-
ing hormone, the β-cell plays a key role for glucose homeostasis. β-cell dys-
function may thus lead to glucose intolerance or diabetes mellitus. 

Glucagon is released from the pancreatic α-cells in response to hypogly-
caemia and is the most important blood glucose-elevating hormone. It acts on 
the liver by raising cAMP, which stimulates glycogenolysis and gluconeogen-
esis, resulting in increased glucose output (10). Glucagon is a positive modu-
lator of insulin release by raising cAMP in the β-cells. However, release of 
blood-glucose lowering insulin is not stimulated under hypoglycaemic condi-
tions since cAMP only amplifies insulin release that is already initiated by a 
high glucose concentration (11). 

Somatostatin released from δ-cells acts on somatostatin receptors (SSTRs) 
and initiates different intracellular actions. In rodents β-cells express predom-
inantly SSTR5 and α-cells SSTR2, and in humans SSTR2 is the dominant 
receptor in both α- and β-cells (12). Somatostatin inhibits insulin secretion by 
lowering cAMP (13,14) and by activating calcineurin (15), and the hormone 
inhibits glucagon secretion by activating low-conductance K+ channels (16), 
and by suppressing of cAMP production (17).  
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Glucose is a major regulator of all three hormones, albeit with different 
concentration dependence. Insulin release from mouse islets remains basal at 
glucose concentrations up to ~7 mM, and is then stimulated concentration-
dependently up to 25-30 mM (18). In contrast, glucagon secretion is stimu-
lated by hypoglycaemic conditions and inhibited as the glucose concentration 
increases with maximal effect at 5-8 mM. Further increase of glucose to 16-
20 mM is associated with reduced inhibition both in mouse (18,19) and human 
(19) islets, and at 25-30 mM, even a small stimulation has been found (18). 
The glucose-dependence of somatostatin release is similar to that of insulin 
but the threshold is lower and secretion is dose-dependently stimulated from 
~4 to 20 mM glucose (20,21). 

Pulsatile islet hormone release 
In healthy individuals, insulin and glucagon secretion is pulsatile with a peri-
odicity of approximately 5 min (22-24). The resulting blood hormone concen-
trations oscillate in opposite phase, which is consistent with their opposing 
effects (3). Insulin pulsatility (25) and the characteristic phase relationship be-
tween the hormones become disturbed in prediabetes and type 2 diabetes 
(3,26). High glucose concentrations generate pulsatile release of insulin, glu-
cagon and somatostatin also from perifused human (27) and mouse (28) islets 
as well as from the perfused rat pancreas (29). The pulses of insulin and so-
matostatin secretion are synchronized in the same phase but in opposite phase 
to those of glucagon. (Figure 1) 

Pulsatility is important for hormone action on target organs. Pulsatile insu-
lin has thus been found to more efficiently suppress glucose output from the 
liver than constant concentrations of the hormone (30-34). Pulsatile release of 
insulin is an inherent property of individual β-cells, which become synchro-
nized within islets by gap-junction coupling (35,36). Brief exposure to diffus-
ible factors, such as ATP, which is co-released with insulin, has been found to 
synchronize the glucose-induced cytoplasmic Ca2+ oscillations that underlie 
pulsatile insulin release between closely located islets. Such synchronization 
likely explains how insulin secretion from perifused batches of islets becomes 
pulsatile (27,28). Synchronization of glucose-induced Ca2+ oscillations be-
tween isolated islets can also be accomplished by the neurotransmitter acetyl-
choline (Ach) (37) or its analog carbachol (38,39), and synchronization of is-
lets within the pancreas obviously involves neurons, since pulsatile insulin 
secretion from the perfused dog pancreas is perturbed by nerve blockade (40). 
It is less clear how pulsatile glucagon secretion is generated. Although α-cells 
stimulated by low glucose concentration show Ca2+ oscillations (36,41) they 
lack gap coordinating junctions (36) and secretion in non-pulsatile (27,28). 
However, glucagon secretion becomes pulsatile at high glucose concentra-
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tions in parallel with appearance of pulsatile insulin and somatostatin secre-
tion (27,28). This pattern is consistent with the idea that the anti-phase gluca-
gon pulsatility is caused by release of inhibitory paracrine factors from β- 
and/or δ-cells. (Figure 1) 

 The synchrony of insulin and somatostatin secretion is probably also due 
to paracrine factors, since also the δ-cells lack gap junction coupling (36). It 
has been suggested that ATP co-released with insulin from β-cells may syn-
chronize β- and δ-cells to generate parallel secretion of insulin and somatosta-
tin (42). 

Figure 1. Glucose-induced pulsatile release of islet hormones. 
Pulsatile secretion of insulin can be explained by synchronization of individual β-cells 
via gap junctions and diffusible factors, such as ATP. ATP may also help to entrain 
δ-cells in the same rhythm and inhibitory factors from β- and/or δ-cells, like insulin, 
Zn2+, GABA and somatostatin generate pulsatile glucagon secretion in opposite phase. 

Stimulus-secretion coupling in β-cells 
Glucose stimulation of insulin secretion involves entry of the sugar into the β-
cell through the GLUT family of glucose transporters (43) and subsequent 
metabolism in glycolysis and tricarboxylic acid (TCA) cycle with oxidative 
generation of ATP (44,45). The resulting increase in cytoplasmic ATP/ADP 
ratio leads to closure of ATP-sensitive K+ channels (KATP channels) in the 
plasma membrane, which in turn causes depolarization and influx of Ca2+ 
through voltage-dependent Ca2+ channels (VDCCs). Elevation of the cytoplas-
mic Ca2+ concentration ([Ca2+]i) then triggers exocytosis of the insulin secre-
tory granules (46). ATP and other metabolically derived factors amplify insu-
lin secretion by acting at steps distal to the elevation of [Ca2+]i (47). cAMP 
generated from ATP by Ca2+-mediated activation of adenylyl cyclase is an 
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essential amplifying factor important for an optimal insulin secretory response 
to glucose (48-50).  

Ca2+ dynamics in β-cells 
[Ca2+]i in the resting β-cells is around 50-100 nM (51,52) but can locally reach 
micromolar concentrations in stimulated cells. Several VDCCs are expressed 
in β-cells, but influx of Ca2+ through L-type Ca2+ channels is most important 
for triggering insulin secretion. Accordingly, islets deficient in the pore-form-
ing subunit α1C show impaired first phase glucose-stimulated insulin secretion 
(53). Ca2+ can also be released into the cytoplasm from intracellular stores, 
primarily via inositol 1,4,5-trisphosphate (IP3) receptors on the endoplasmic 
reticulum (ER), following activation of phospholipase C by Gq-coupled recep-
tor agonists (54). Intracellular mobilization of Ca2+ increases insulin secretion 
in part by promoting the replenishment of the readily releasable pool of secre-
tory granules (55). Reduction of the ER Ca2+ concentration activates a store-
operated Ca2+ entry (SOCE) pathway, which mediates voltage-independent 
influx of Ca2+ (56). This pathway is incompletely characterized but seems to 
involve aggregation of Orai1 Ca2+ channel protein in the plasma membrane 
activated by the ER Ca2+ sensor protein STIM1 (57,58). SOCE has been re-
ported to facilitate membrane depolarization in glucose-stimulated β-cells 
(59) and to feedback-activate phospholipase C to maintain enzyme activity 
during prolonged stimulation with hormones or neurotransmitters (60). How-
ever, SOCE alone causes rather modest elevation of [Ca2+]i compared to 
VDCCs. 

Ca2+ is removed from the cytoplasm by the sarco(endo)plasmic reticulum 
Ca2+-ATPase (SERCA) in the ER membrane (61), as well as by the plasma 
membrane Ca2+-ATPase (PMCA) and Na+/Ca2+ exchanger (NCX) (62). Peri-
odic variations of the rates of Ca2+ entry and removal from the cytoplasm re-
sults in oscillations of [Ca2+]i in stimulated β-cells. Several types of [Ca2+]i 
oscillations have been described in glucose-stimulated β-cells. In single β-
cells the dominating type has a frequency of 0.1-0.5 min-1 (51). Intact pancre-
atic islets show similar slow [Ca2+]i oscillations, but in addition, there is often 
a fast pattern (1-5 min-1) superimposed on the slow oscillations or on a plateau 
increase of [Ca2+]i (63-65). Rapid [Ca2+]i spikes caused by mobilization of 
Ca2+ from intracellular stores have been found to shape the slow glucose-in-
duced [Ca2+]i oscillations in β-cells (66-68) as well as to synchronize them 
among cells lacking physical contact (69,70) and between different islets by 
resetting their phase relationship (37-39). It is not known how the islet oscil-
lations are generated, but a main hypothesis is that the fast [Ca2+]i pattern is 
explained by ionic feedback mechanisms on ion channel activity, whereas the 
slow pattern depends on oscillations in cell metabolism, which drive changes 
in membrane potential via cyclic closure of KATP channels (71-73). 
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Metabolic oscillations in β-cells 
There is ample evidence for the presence of metabolic oscillations in β-cells. 
The first indication came from the observation that oxygen consumption is 
oscillating in glucose-stimulated mouse islets with a frequency that resembles 
that for [Ca2+]i oscillations and pulsatile insulin release (74). This finding has 
subsequently been confirmed with refined techniques, and simultaneous 
measurements of pO2 and [Ca2+]i have shown coordinated oscillations with 
peaks of [Ca2+]i coinciding with increases of oxygen consumption (75,76). 
Although β-cells express very low levels of lactate dehydrogenase, the release 
of lactate has been found to oscillate (77). Moreover, the intracellular concen-
tration of NAD(P)H (78) and the mitochondrial membrane potential (79,80) 
have been found to vary with similar periodicity as the slow [Ca2+]i oscilla-
tions and insulin release. Also the uptake of glucose has been found to vary in 
a periodic manner (81). Measurements of ATP and ADP after synchronization 
of dispersed β-cell populations have indicated the presence of oscillations of 
the ATP/ADP ratio (82,83). Also recordings of ATP dynamics in single cells 
using firefly luciferase have suggested glucose-induced oscillations of ATP in 
both mouse and human β-cells (84) but the weak bioluminescence signal has 
precluded detailed characterization of these oscillations.  

Oscillations in β-cell metabolism may arise in glycolysis. The muscle iso-
form of phosphofructokinase-1 (PFK1) is known to cause glycolytic oscilla-
tions in muscle extracts (85) and this isoform is the predominant PFK in islets 
and β-cell lines (86). Positive feedback of its product fructose 1,6-bisphos-
phate increases the enzyme activity until substrate is depleted. Fructose 6-
phosphate substrate is then slowly replenished from upstream glycolytic reac-
tions and the cycle eventually starts over again (72). PFK1 is also potently 
activated by fructose 2,6-bisphosphate, a product of the closely related bifunc-
tional enzyme phosphofructokinase-2/fructose-bisphosphatase-2, which also 
regulates glucokinase activity (87). On the other hand, ATP and citrate exerts 
inhibitory effects on PFK1 (88-91). Although metabolic oscillations appar-
ently can be generated in glycolysis, there is also evidence for oscillations 
arising in mitochondria. Accordingly, citrate was found to oscillate with a pe-
riod 1.5-2 min in isolated mitochondria from both INS-1 cells and rat islets 
(92). On the other hand, studies of INS-1 β-cells have failed to demonstrate 
oscillations in mitochondrial membrane potential and matrix ATP despite os-
cillations of the plasma membrane potential (93), indicating that metabolic 
oscillations may not be driving those of [Ca2+]i. 

Interplay between ATP and Ca2+ 
There is complex interplay between ATP and [Ca2+]i that is potentially im-
portant for the generation of metabolic oscillations. An increase of ATP is a 
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prerequisite for β-cell depolarization and voltage-dependent Ca2+ influx. 
When [Ca2+]i increases, the ion is taken up into the mitochondria via the elec-
trogenic mitochondrial Ca2+ uniporter MCU (94,95). Ca2+ entry into the mito-
chondrial matrix has a stimulatory effect on several metabolic enzymes, in-
cluding pyruvate dehydrogenase, isocitrate dehydrogenase and α-ketoglu-
tarate dehydrogenase, by decreasing their respective substrate Km values (96-
99). This effect can be expected to increase ATP production. In contrast, mi-
tochondrial Ca2+ uptake depolarizes the organelle and reduces the driving 
force for ATP production (79,80,100). Moreover, increase of [Ca2+]i activates 
energy-consuming outward transport and sequestration of Ca2+ into the ER  
via SERCA (61) and PMCA and NCX (62). Increases of [Ca2+]i can conse-
quently exert both positive and negative effects on intracellular ATP levels 
and the relationship between [Ca2+]i and ATP in glucose-stimulated β-cells is 
not known. The intracellular ATP level may vary locally inside the cell de-
pending on the precise balance between production and consumption. Since 
the most important effects of ATP on insulin secretion are mediated via KATP 
channels and energy-consuming steps in the exocytosis process at the plasma 
membrane, it is particularly important to investigate ATP dynamics in the sub-
plasma membrane space. 

Neural regulation on insulin secretion in β-cells 
Apart from glucose, other nutrients, hormones and neurotransmitters play im-
portant roles in the regulation of insulin secretion (54,101). Nerves richly in-
nervate the islets in different species (101) with axonal fibers from parasym-
pathetic peri-islet ganglia and sympathetic extrapancreatic ganglia. Although 
the cholinergic innervation of human islets is sparse, Ach is still an important 
neurotransmitter that is released from α-cells in this species (102). ATP is a 
transmitter in non-adrenergic non-cholinergic neurons and a co-transmitter 
from parasympathetic and sympathetic nerve endings (42). ATP acts on Gq-
coupled P2Y receptors to initiate [Ca2+]i release and PKC activation. ATP is 
also released together with insulin from β-cells (42,103) and has been impli-
cated in autocrine stimulation of insulin secretion (104) as well as in nerve-
mediated islet synchronization in vivo and synchronization of isolated islets 
and β-cells in vitro (42). Nor-adrenaline from nerve endings and circulating 
adrenaline potently inhibit insulin secretion by acting on Gi-coupled α2-adren-
ergic receptor leading to lowering of cAMP (105) and activation of calcineurin 
(15). Among cholinergic receptors β-cells have been found to express musca-
rinic Ach receptor subtypes M1, M3, and M4 (106,107). M3 receptors seem to 
be most important for modulating insulin secretion. M3 receptor knockout 
mice thus display impaired glucose tolerance and reduced insulin release, 
whereas transgenic mice overexpressing M3 receptors in β-cells have in-
creased insulin secretory response and improved glucose tolerance (108). M3 
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receptors signal via Gq to activate phospholipase C-mediated hydrolysis of 
phosphatidylinositol-4,5-biphosphate and generation of IP3 and diacylglycerol 
(DAG) (54). Whereas IP3 mobilizes Ca2+ from the ER as discussed above, 
DAG activates conventional and novel isoforms of protein kinase C (PKC). 
In addition to the Gq-mediated signaling, M3 receptors activate tetrodotoxin-
resistant Na+ channels (NALCN, Na leak channel, non-selective) via the Src 
family of tyrosine kinases, which results in increases cytoplasmic Na+ concen-
tration (109). M3 receptors have also been reported to promote insulin release 
via activation of protein kinase D1 (110).  

Glucose regulation on glucagon secretion in α-cells 
Several different mechanisms have been proposed to explain glucose regula-
tion of glucagon secretion. These proposals fall into three categories. One in-
volves extrapancreatic glucose detection in the brain (111,112) or by hepato-
portal glucose sensors (113) that control glucagon secretion via neural influ-
ence. However, it is clear that glucose can also regulate glucagon secretion 
from the perfused pancreas (114) or isolated pancreatic islets (27,28) inde-
pendent of innervation. 

Within the islets glucose-stimulated release of insulin (115-117), GABA 
(118), its metabolite γ-hydroxybutyric acid (GHB) (119) and zinc (120) from 
the β-cells, as well as somatostatin from the δ-cells (121), have been proposed 
to mediate paracrine inhibition of glucagon release. However, a role of the 
β-cells may be questioned since glucagon secretion is already maximally in-
hibited at glucose concentrations that elicit threshold stimulation of insulin 
release (18,20). Moreover, experiments with a somatostatin receptor antago-
nist (20) or interference with somatostatin signalling with pertussis toxin 
(122,123) have indicated that this hormone has a tonic inhibitory effect on 
glucagon secretion but does not mediate glucose inhibition. Even if paracrine 
factors are not involved in inhibition of glucagon secretion by 7-8 mM glu-
cose, they may play important roles for generation of pulsatile release of glu-
cagon that occurs at high glucose concentrations (18).  

The third category assumes intrinsic glucose sensing by the α-cells. Several 
different mechanisms for this sensing have been suggested. They typically in-
volve closure of voltage-dependent channels with lowering of [Ca2+]i that in-
hibits secretion when the glucose concentration increases from hypo- to 
normoglycemic levels. Bode et al (124) suggested that the closure of the volt-
age-dependent channels is accomplished by hyperpolarization after glucose 
provided energy for the electrogenic Na+/K+ pump.  Along the same line, it 
was suggested that glucose hyperpolarizes the α-cells by shutting off a depo-
larizing store-operated Ca2+ current by filling the ER with Ca2+ after energiz-
ing the SERCA pump (20,125). Store-operated Ca2+ influx only raises [Ca2+]i 
marginally in β- and α-cells but the associated depolarizing current has very 
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different effects. Activation of this current in β-cells causes a minor depolari-
zation, which somewhat promotes voltage-dependent Ca2+ influx at threshold 
concentrations of glucose (59,126). Due to their much higher input resistance 
the α-cells are more sensitive and the store-operated current causes a depolar-
ization that triggers pronounced voltage-dependent Ca2+ influx (125). A third 
alternative instead postulates that glucose paradoxically inhibits voltage-de-
pendent Ca2+ influx by depolarizing the α-cells (127-129). In this model, α-
cells exposed to stimulating low glucose concentrations are held at a mem-
brane potential of about -60 mV by the activity of the KATP channels and there 
is firing of action potentials that are sufficiently positive to activate secretion-
stimulating Ca2+ influx through high voltage-activated channels. The action 
potentials are generated by low-threshold T-type Ca2+ channels, which open 
around -60 mV and depolarize to activate tetrodotoxin-sensitive Na+ channels 
that cause the additional depolarization required for activation of the high-
voltage-activated Ca2+ channels. The repolarizing phase of the action poten-
tials is mediated by an outward current through voltage-dependent K+ chan-
nels (130). Like in the β-cell increase of the glucose concentration is assumed 
to close the KATP channels and the resulting depolarization by a few mV causes 
time-dependent inactivation of the Na+ channels. Therefore the peaks of the 
action potentials are no longer sufficiently positive to trigger Ca2+ influx 
through the high voltage-activated channels and secretion is consequently in-
hibited. It has also been suggested that the glucose-induced inhibition of glu-
cagon secretion occurs independently of [Ca2+]i (131). Such a mechanism 
might involve ATP-induced inhibition of the AMP-activated kinase (132).  

The evidence that glucose inhibits glucagon secretion by closing KATP 
channels may seem compelling, but glucose is inhibitory also when these 
channels are closed (20).  Such inhibition does not exclude the KATP channel 
hypothesis if another mechanism is operating in parallel. However, it is diffi-
cult to reconcile the KATP channel model with those involving hyperpolarizing 
effects of glucose. The effect of glucose on the membrane potential has not 
yet been satisfactorily resolved. Because of the high input resistance of the 
α-cells it is difficult to measure the potential with invasive patch clamp tech-
nique and such measurements have indicated both depolarization (128) and 
hyperpolarization (130,133-135). Non-invasive measurements with mem-
brane potential-sensitive dyes instead show consistent hyperpolarizing effects 
of glucose (125,136). Among the models involving glucose-induced hyperpo-
larization, that based on regulation of the store-operated Ca2+ current has the 
benefit that its molecular components (58) and Ca2+ filling of the ER (125) are 
regulated by low glucose concentrations within the control range for glucagon 
secretion, whereas considerably higher concentrations are required in the 
β-cells. The store-operated mechanism also provides an explanation for the 
stimulatory effect of adrenaline on glucagon secretion (20,125). Recent math-
ematical modelling work (137) indicate that both the KATP channel and the 
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store-operated mechanisms might be important and explain why glucagon se-
cretion is inhibited at intermediate glucose concentrations but that the inhibi-
tion is reduced as the glucose concentration is increased further (18). 

ATP in α-cells 
All the models for intrinsic glucose regulation of glucagon secretion involve 
metabolism of the sugar with generation of ATP. Yet rather little is known 
about ATP in the α-cells. In early studies, glucose did not affect ATP, ADP 
or the ATP/ADP ratio in purified rat α-cells (138). Later, glucose elevation 
from 2.5 to 15 mM was found to induce a modest 14% increase of ATP in 
luciferase-expressing α-cells within rat islets (139). Comparable data were 
then obtained with a similar technique in α-cells within mouse islets, showing 
a 7-9% increase of ATP in response to glucose elevation from 0 or 3 to 20 
mM but no effect when increasing glucose from 5 to 20 mM (116). A recent 
study showed that changes in the glucose concentration between 1 and 6 mM 
induced reversible responses of the ATP-binding fluorescent probe Perceval 
in red fluorescent protein (RFP)-expressing α-cells of transgenic GLU-RFP 
mice (140). Additional evidence for glucose-stimulated metabolism in the 
α-cells was obtained from measurements of NAD(P)H autofluorescence 
showing a concentration-dependent increase of NAD(P)H in α-cells within 
mouse islets (141).   

Although ATP serves as an important intracellular messenger for both glu-
cose-regulated glucagon and insulin secretion, there is little information about 
ATP dynamics in α- and β-cells. Also the complex relationship of ATP and 
Ca2+, the main trigger of the release of both hormones, is incompletely under-
stood. In the present thesis, the novel fluorescent ATP sensor Perceval was 
used to elucidate the ATP dynamics and its relation to Ca2+ in glucose-stimu-
lated pancreatic α- and β-cells. 
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Aims 

The aims of these studies were to: 
 
 

1. Evaluate Perceval as a biosensor for intracellular ATP measure-
ments (Study I) 
 

2. Determine the time-course of glucose-induced ATP changes in the 
cytoplasm of pancreatic β-cells (Study I) 

 
3. Clarify the relationship between changes of Ca2+ and ATP in the β-

cell sub-plasma membrane space  (Study I) 
 

4. Elucidate the effect of intracellular Ca2+ store mobilization and 
SOCE on ATP in the β-cell cytoplasm (Study II) 

 
5. Determine how glucose influences ATP dynamics in pancreatic α-

cells (Study III) 
 

6. Compare the sub-membrane ATP and Ca2+ dynamics in α- and β-
cells within a pancreatic islet (Study III) 
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Experimental procedures 

Islet isolation, cell culture and transfection/infection 
Most experiments in this thesis were performed on intact mouse pancreatic 
islets isolated from pancreata of female 5-7-month old C57BI/6 mice or 4-12-
month transgenic GLU-RFP mice, in which expression of red fluorescent pro-
tein (RFP) is activated in α-cells by proglucagon promoter-driven, Cre-medi-
ated excision of a stop codon. The mice were killed by decapitation under deep 
aneasthesia. After excision, the pancreata were injected with experimental 
buffer (containing 138 mM NaCl, 4.8 mM KCl, 1.2 mM MgCl2, 1.3 mM 
CaCl2, 3 mM glucose and 25 mM HEPES with pH adjusted to 7.40) supple-
mented with 1 mg/ml collagenase P (Roche Dignostics), and then cut into 
small pieces and digested in a tissue shaker incubator. The digestion was ter-
minated by addition of 0.1 g/mL BSA followed by washing in buffer. Islets 
were subsequently manually picked under a stereo microscope and transferred 
to RPMI 1640 culture medium containing 5.5 mM glucose and supplemented 
with 10% fetal calf serum, 100 units/mL penicillin and 100 µg/mL streptomy-
cin for culture during 1 to 2 days at 37 °C in an atmosphere of 5% CO2 in 
humidified air.  

Human islets from normoglycaemic cadaveric donors were provided by the 
Nordic Network for Clinical Islet Transplantation and used in some experi-
ments. The islets were kept for 24 to 72 h at 37°C in an atmosphere of 5% 
CO2 in CMRL 1066 culture medium (Mediatech, Herndon, VA, USA) con-
taining 5.6 mmol/l glucose and supplemented with 10 mmol/l nicotinamide, 
10 mmol/l HEPES, 0.25 μg/ml fungizone, 50 μg/ml gentamycin, 2 mmol/l 
glutamine, 10 μg/ml ciprofloxacin and 10% (vol./vol.) heat-inactivated human 
serum. Local animal and human ethics committees approved all procedures 
for animal handling, islet isolation and use of human islets.  

MIN6 β-cells (142) were used in some experiments of study I. Cells of 
passages 19-32 were cultured in Dulbecco’s modified Eagle’s medium with 
25 mM glucose and supplemented with 15% (vol./vol.) fetal calf serum, 2 mM 
L-glutamine, 50 µM 2-mercaptoethanol, 100 units/mL penicillin and 100 
µg/mL streptomycin at 37°C in a 5% CO2 humidified atmosphere. 
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Measurements of ATP 
The ATP concentration was measured in islets expressing the biosensor Per-
ceval. Perceval was introduced as a ATP/ADP ratio sensor (143). Its backbone 
is based on the Mg-ATP-binding bacterial proteinGlnK1, a trimeric intracel-
lular protein that regulates ammonium transport. When Mg-ATP bind to 
GlnK1, there is a dramatic conformational change in the one part of the protein 
named the “T loop” (Gly37-Val53) from a very loose disordered structure to 
a compact ordered loop (144). Perceval is a tandem trimer of GlnK1 mono-
mers. The T loop of the first monomer is integrated with a circularly permuted 
monomeric version of the fluorescent protein Venus (cpm Venus), whereas 
the T loop has been deleted from the following two monomers. The Mg-ATP 
induced change in T loop structure is transduced to cpm Venus, leading to a 
change of its fluorescence intensity (143).  

Pancreatic islets were infected with Perceval adenovirus at a concentration 
1-2 x 106 plaque-forming units/islet for 1-2 hours. During infection, the con-
centration of serum was reduced to 2%. The islets were subsequently washed 
3 times with complete RPMI 1640 medium for mouse islets or CMRL 1066 
medium for human islets and cultured for 16-20 hours before use. Intact pan-
creatic islets were pre-incubated for 30-60 minutes at 37°C in experimental 
buffer before imaging the ATP concentration in the sub-plasma membrane 
space ([ATP]pm) with total internal reflection fluorescence (TIRF) microscopy 
or the cytoplasmic ATP concentration ([ATP]i) with wide-field epi-fluores-
cence microscopy (see below). 

MIN6 cells were seeded on polylysine-coated (0.01 mg/mL) 25-mm glass 
coverslips. For each coverslip, 0.2 million cells were suspended in Opti-
mem®I medium (Invitrogen) containing 0.5 µL Lipofectamine™ 2000 (Invi-
trogen) and 0.2-0.4 µg plasmid DNA and seeded onto the center of the co-
verslip. After 3-4 hours, when the cells were firmly attached, the transfection 
was interrupted by addition of 3 mL complete cell culture medium, and the 
cells were maintained in this medium for 18-42 hours before microscopy 
measurements. 

Measurements of Ca2+ and pH 
For measurements of the cytoplasmic and sub-plasma membrane Ca2+ con-
centration ([Ca2+]i and [Ca2+]pm) or pH the islets or cells were pre-incubated 
for 20-60 min in experimental buffer supplemented with 1.2-5 µM of the ace-
toxymethyl ester of either of the fluorescent Ca2+ indicators Fura Red or Fluo4 
or with 1-5 µM of that of the pH indicator BCECF. 
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Fluorescence microscopy 
After pre-incubation the islets were placed onto a poly-L-lysine-coated co-
verslip and mounted into a 50-µl superfusion chamber on the temperature-
controlled stage (37 °C) of a confocal, TIRF or wide-field epifluorescence 
microscope. Superfusion (0.2 ml/min) and measurements were started after 5-
10 minutes, when the superficial islet cells had formed large contact areas with 
the coverslip. Coverslips with attached MIN6 cells mounted in the same su-
perfusion chamber were handled similarly as the islets. 

A spinning disk confocal system (Yokogawa CSU-10, Andor Technology, 
Belfast, United Kingdom) was used to analyze [ATP]i, cytoplasmic pH, dis-
tribution of red fluorescent protein (RFP) and Alexa Fluor 488. The confocal 
unit was attached to an Eclipse TE2000 microscope (Nikon, Kanagawa, Ja-
pan) with a 60x, 1.40-NA objective. Perceval and Alexa Fluor 488 were ex-
cited at 488 nm from an argon ion laser (ALC 60x, Creative Laser Production, 
Munich, Germany). BCECF was excited at 514 nm from the argon ion laser 
and at 442 nm from a diode laser (Oxxius, Laser2000, Norrköping, Sweden). 
RFP was excited at 561 nm from a diode-pumped solid-state laser (Cobolt AB, 
Solna, Sweden). An acousto-optic tunable filter (AA Optoelectronics, Orsay 
Cedex, France) was used to control laser line transmission. Emission wave-
lengths were selected with the following filters (center wavelength/half-band-
width): 527/27 nm for Perceval and Alexa Fluor 488, 485/25 nm and 560/40 
nm for BCECF (Semrock Inc, Rochester, NY, USA) and 645 nm longpass for 
RFP (Melles Griot, Didam, The Netherlands). Wavelength switching was ob-
tained with a filter wheel (Sutter Instruments, Novato, CA, USA). Fluores-
cence was detected with an EMCCD camera (DU-888E, Andor Technology, 
Belfast, UK) under MetaFluor software control (Molecular Devices Corp., 
Downingtown, PA, USA). 

TIRF microscopy was used to measure [ATP]pm, [Ca2+]pm, sub-plasma 
membrane pH as well as the sub-plasma membrane concentration of RFP. An 
Eclipse Ti microscope (Nikon) was equipped with a TIRF illuminator and a 
60x, 1.45-NA objective. The 488-, 458- and 514-nm lines of an argon laser 
(ALC 60x) were selected by appropriate bandpass filters (Semrock Inc) in a 
filter wheel (Sutter Instruments) and used to excite Perceval, Fluo4, Fura Red 
and BCECF. RFP was excited at 561 nm from a diode-pumped solid-state 
laser (Cobolt AB). The beam was coupled to the TIRF illuminator through an 
optical fiber (Oz Optics, Ottawa, Canada). The position of the fiber in relation 
to the optical axis was adjusted with a micrometer screw such that the angle 
of the excitation laser beam exceeded the critical angle for total internal re-
flection at the interface between the cover slip and the adhering cells. Fluores-
cence was detected with a back-illuminated EMCCD camera (DU-897 Andor 
Technology) controlled by the MetaFluor software (Molecular Devices). 
Emission wavelengths were selected with filters in a filter wheel like in the 



25 

confocal system. For time-lapse recordings, images or image pairs were ac-
quired every 5 or 6 seconds. The excitation beam was blocked by a shutter 
(Sutter Instruments) between images captures to minimize exposure of the 
cells to the potentially harmful laser light. 

Wide-field epi-fluorescence microscopy was used in study II to measure 
[ATP]i and [Ca2+]i as well as intracellular pH. The recordings were made with 
the TIRF setup described above, but with the optical fiber positioned such that 
the excitation light passed through the object instead of being internally re-
flected. Images or image pairs were acquired every 1 or 5 s. 

Plasma membrane permeabilization 
In some experiments the plasma membrane of MIN6 β-cells was permea-
bilized with α-toxin. The cells were then superfused with an intracellular-like 
medium containing 140 mM KCl, 6 mM NaCl, 1 mM MgCl2, 0.465 mM CaCl2 
and 2 mM EGTA (yielding 100 nM free Ca2+), and 12.5 mM HEPES with pH 
adjusted to 7.00 with KOH. The perfusion was temporarily interrupted and 5 
µL 0.46 mg/ml α-toxin from Staphylococcus aureus (PhPlate Stockholm, 
Stockholm, Sweden) was added directly to the 50-µl chamber. After 2 to 5 
minutes, the cells were washed and 1-10 mM MgATP and 0.1-1 mM NaADP 
were added while the concentrations of free Mg2+ and Ca2+ were maintained 
at 1 mM and 100 nM, respectively. 

Immunostaining 
Immunostaining was performed at room temperature in phosphate-buffered 
saline (PBS) solution. Isolated islets were thoroughly rinsed and then fixed 
with 4% paraformaldehyde for 10 min followed by cell permeabilization by 
exposure to 0.2% TritonX-100 on ice for 10 min. Unspecific antigens were 
blocked by 30 min exposure to 5% FBS (blocking buffer). The islets were then 
incubated for 2 h with rabbit polyclonal anti-insulin or anti-glucagon diluted 
1:100 in blocking buffer followed by 3 washes. Subsequently the islets were 
incubated in darkness for 1 h with Alexa Flour 488 goat anti-rabbit IgG diluted 
1:200 in blocking buffer. The islets were then washed 4 times for 5 min in 
0.1% Tween-20 to reduce background, followed by 3 additional washings in 
PBS. 

Measurements of hormone release 
Batches of 8-10 size-matched islets were pre-incubated at 37° C for 30 min in 
experimental medium containing 3 mM glucose followed by incubation for 
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40 min in 500 μl medium containing the various test substances. The incuba-
tion medium was then collected and the islets were briefly sonicated in acid 
ethanol. Samples from the medium and sonicated islets were appropriately di-
luted and taken for duplicate assays of glucagon and insulin. Glucagon was 
measured with an ELISA kit from Mercodia AB (Uppsala, Sweden) according 
to instructions, and insulin was determined with a mouse/rat insulin immuno-
assay kit from Mesoscale Discovery (Rockville, MD, USA) using a custom-
optimized protocol. Secretion was then expressed in percent of total hormone 
content. 
 

Data analysis 
Image analysis was made using the MetaFluor (Molecular Devices) or FIJI 
(http://fiji.sc/wiki/index.php/Fiji) software. Perceval and Ca2+ indicator fluo-
rescence intensities were expressed as changes in relation to initial fluores-
cence after subtraction of background. BCECF was measured as a ratio of 
514/442 nm excitation. MATLAB (The Mathworks, Natick, MA, USA) was 
used for normal cross-correlation analysis (study I) and asymmetric sliding-
window cross correlation (study III). Data are expressed as mean values ± 
SEM. Statistical significances were evaluated using Student’s t test. 
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Results and Discussion 

Perceval as an ATP sensor (Study I) 
Perceval was originally reported to be an ATP/ADP ratio sensor with mi-
cromolar affinity for MgATP (143). To test its usefulness for ATP measure-
ments in a physiological concentration range, Perceval-expressing MIN6 β-
cells were permeabilized with α-toxin and imaged with confocal microscopy 
while changing the medium MgATP concentration. Perceval fluorescence 
showed a hyperbolic ATP dependence with half-maximal response at 2.2 mM 
ATP. Studies of the influence of ADP on Perceval fluorescence was compli-
cated by the fact that β-cells express the enzyme adenylate kinase (145), which 
convert two molecules of ADP into one ATP and one AMP. After inhibition 
of such endogenous ATP production, there was no effect of a tenfold change 
of the ADP concentration in the presence of 1 mM MgATP, corresponding to 
alterations of the ATP/ADP ratio from 1 to 10.  It is therefore concluded that 
Perceval reports ATP rather than the ATP/ADP ratio, and that the sensitivity 
is within a physiologically relevant concentration range. The reason for the 
difference from the original report is not known, but since the previous studies 
were based on in vitro experiments with purified protein, the present in situ 
characterization should better reflect the physiological situation.  

Perceval was also reported to be sensitive to pH (143). This property was 
confirmed in the present study and it was therefore always checked whether 
the changes of Perceval fluorescence involved alterations of intracellular pH. 
Despite its pH sensitivity, Perceval offers major advantages for ATP measure-
ments in single cells compared to luminescence-based recordings, which typ-
ically show very poor signal-to-noise ratio. 

Glucose-induced ATP dynamics in β-cells (Study I) 
Confocal imaging of intact MIN6 β-cells showed stable Perceval fluorescence 
in the presence of 3 mM glucose. Elevation of the glucose concentration to 20 
mM caused an immediate increase of Perceval fluorescence followed by pro-
nounced oscillations with a frequency of ~0.25 min-1, which is similar to that 
reported for the slow [Ca2+]i oscillations and pulsatile insulin secretion 
(23,51,146,147). Addition of metabolic inhibitors, such as the mitochondrial 
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uncoupler FCCP, the cytochrome oxidase inhibitor NaN3 and the ATP syn-
thase inhibitor oligomycin, dramatically diminished Perceval fluorescence. In 
contrast to glucose stimulation, which did not affect intracellular pH, NaN3 
and FCCP caused alkalinization that increased Perceval fluorescence and the 
ATP reduction by the mitochondrial toxins may therefore be underestimated. 
Similar results were obtained when [ATP]pm dynamics were recorded with 
TIRF microscopy in primary mouse β-cells within intact islets. Accordingly, 
Perceval fluorescence was low and stable in the presence of 3 mM glucose. 
Stimulation with 11 or 20 mM glucose induced multiphasic response starting 
with an immediate increase of Perceval fluorescence, which was transiently 
interrupted after ~1 min. The fluorescence then continued to increase during 
~5 min and finally developed into regular oscillations superimposed on an el-
evated plateau. The oscillations were almost perfectly synchronized among 
neighboring islet cells, which largely represent the gap-junction coupled β-
cells (36,148), consistent with 81% of the Perceval-expressing cells being pos-
itive for insulin. Analysis of the glucose dependence of the Perceval response 
showed a sigmoidal concentration-relationship with half-maximal and maxi-
mal effect at 5.2 and 9 mM glucose. Even if time-average Perceval fluores-
cence did not increase with higher glucose concentrations the proportion of 
cells with oscillations increased. Oscillations were thus observed in < 20% of 
the cells at 9 mM glucose and in 98% at 20 mM. The half-width of each os-
cillation decreased somewhat with increasing glucose concentration.  

The present findings confirm previous evidence for metabolic oscillations 
in glucose-stimulated β-cells based on measurements of pO2, lactate release, 
mitochondrial membrane potential and NAD(P)H (75-80). Oscillations of 
ATP have previously been observed also in luciferase recordings from single 
mouse and human β-cells (84), although excessive noise precluded any de-
tailed characterization. Consistent with observations in β-cells (149) and other 
types of cells (150) the present confocal and TIRF recordings did not reveal 
any apparent difference in ATP between the sub-plasma membrane space and 
the bulk cytoplasm. Some observations have indicated that metabolic oscilla-
tions occur also at sub-stimulatory glucose concentrations. For example, basal 
insulin secretion from isolated islets was found to be pulsatile when [Ca2+]i 
was low and stable (151), and also the KATP channel conductance has been 
found to fluctuate under such conditions with a frequency similar to that of 
the metabolic oscillations (152). In the present study, only occasional cells 
showed oscillations below 9 mM glucose. The reasons for this discrepancy is 
not known, but it cannot be excluded that oscillating factors other than ATP 
can affect KATP channel conductance and secretion, or that ATP oscillations 
can occur in micro-compartments unavailable to the biosensor. The current 
observation that oscillations are primarily observed in the presence of high 
glucose concentrations is consistent with modeling data, indicating that the 
glucokinase reaction needs to exceed a certain minimal rate before oscillations 
occur (153). 
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Negative feedback of Ca2+ on ATP (Study I and II) 
The influence of Ca2+ on ATP is complicated and involves both stimulatory 
and inhibitory mechanisms. It has previously been suggested that depolariza-
tion-induced rise of [Ca2+]i is linked to increased cytoplasmic ATP levels (84). 
However, in the present study of mouse islet β-cells an increase of [Ca2+]pm by 
depolarization of the plasma membrane with 30 mM K+ induced a marked 
decrease of Perceval fluorescence both in the presence of 3 and 20 mM glu-
cose, and this effect was readily reversed by normalizing K+ or by preventing 
Ca2+ influx with the L-type voltage-dependent calcium channel inhibitor 
methoxyverapamil. 

When influx of Ca2+ was prevented by the hyperpolarizing agent diazoxide 
or by removal of extracellular Ca2+, elevation of the glucose concentration 
from 3 to 20 mM caused uninterrupted elevation of Perceval fluorescence to 
a sustained level without oscillations. Removal of diazoxide or reintroduction 
of Ca2+ lowered fluorescence and induced oscillations. If Ca2+ influx was in-
stead reduced in cells with ATP oscillations in response to 20 mM glucose, 
there was a marked increase of Perceval fluorescence and disappearance of 
the oscillations. Similar results were obtained in human islet cells indicating 
that Ca2+ influx is a prerequisite for the appearance of ATP oscillations.  

Simultaneous recordings of [ATP]pm and [Ca2+]pm using Perceval and Fura 
Red showed that elevation of glucose from 3 to 20 mM induced an immediate 
increase of [ATP]pm. This rise coincided with the typical transient lowing of 
[Ca2+]pm which is known to reflect fuelling of SERCAs that transport  Ca2+ 
into the ER. When the voltage-dependent Ca2+ channels activate [Ca2+]pm in-
creases and this coincided with a temporary interruption of the [ATP]pm in-
crease. [ATP]pm then continued to rise and when oscillations were established 
each elevation of [Ca2+]pm was associated with lowering of [ATP]pm. This syn-
chronization in opposite phase was subjected to cross-correlation analysis, 
which revealed that the increases of [Ca2+]pm preceded the decreases of 
[ATP]pm by ~32 s with a correlation coefficient of -0.91± 0.01. Despite con-
siderable evidence for metabolic oscillations in β-cells their origin remains 
obscure. It has been suggested that metabolic oscillations are determined by 
oscillatory glycolysis due to the presence of the muscle isoform of PFK1, 
which is positively regulated by its product and inhibited by high levels of 
ATP (88,90). This model, which predicts that metabolic oscillations can occur 
independently of Ca2+ variations, obtained support from maintenance of glu-
cose-stimulated NAD(P)H oscillations under different conditions associated 
with stable [Ca2+]i elevation mouse islets (154). Another study has shown that 
lack of oscillations of the mitochondrial membrane potiential in INS-1 β-cells 
does not prevent the plasma membrane potential from oscillating (93). In an 
alternative hypothesis, the oscillations arise from feedback from Ca2+ on ATP 
production (79,80,96-100) or consumption (155) and metabolic oscillations 
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therefore only occur in the presence of [Ca2+]i oscillations. The present obser-
vation that [ATP]pm oscillations disappear when [Ca2+]pm oscillations are pre-
vented is consistent with a critical role of Ca2+ feedback in the generation of 
metabolic oscillations. 

β-cell Ca2+ signaling not only depends on entry of the ion via voltage-de-
pendent channels in the plasma membrane, but also involves mobilization of 
Ca2+ from organelle stores. The effect of such intracellular Ca2+ release on 
ATP was investigated using wide-field epifluorescence microscopy. Musca-
rinic receptor activation with acetylcholine generates IP3 and results in rapid 
Ca2+ mobilization from the ER, and Ca2+ was also released from this organelle 
after blocking the SERCA transporter with CPA. The resulting elevations of 
[Ca2+]i were associated with lowerings of [ATP]i. The effects of CPA and ac-
etylcholine were more pronounced in islets exposed to 20 compared to 3 mM 
glucose, which probably reflects glucose-stimulated Ca2+ filling of the ER 
(156,157). The changes in [Ca2+]i and [ATP]i induced by intracellular Ca2+ 
mobilization were nevertheless smaller than those obtained with depolariza-
tion. 

Since voltage-dependent entry causes pronounced elevation of [Ca2+]i and 
intracellular mobilization prominent [Ca2+]i spikes it was also tested how mod-
est elevation of [Ca2+]i by activation of SOCE (56,158) affects  [ATP]i. This 
was accomplished by emptying the ER stores of Ca2+ with CPA in Ca2+-defi-
cient medium containing hyperpolarizing diazoxide followed by reintroduc-
tion of extracellular Ca2+. Also in this case [ATP]i decreased in response to 
[Ca2+]i elevation. Together, the results demonstrate that Ca2+ has a negative 
effect on [ATP]i. From the present data it is difficult to decide whether the 
effect of Ca2+ reflects increased activity of ATP-consuming outward transport 
and sequestration of Ca2+ into the ER via the PMCA and SERCA (155) or 
whether it is due to mitochondrial Ca2+ uptake with resulting depolarization 
of the inner membrane and reduced driving force for ATP production 
(79,80,100). The ATP consumption by Ca2+ sequestration in the ER is proba-
bly rather modest since SERCA inhibition had little effect on [ATP]i despite 
preventing the initial [Ca2+]i lowering effect of glucose confirming previous 
observations (59,126). 

Muscarinic receptor activation reverses SOCE-induced 
reduction of [ATP]i (Study II) 
When SOCE was activated by Ca2+ depletion-readdition in the presence of 
muscarinic receptor agonists, an initial [ATP]i reduction was followed by pro-
nounced elevation. Since the stimulatory phase was lacking after Ca2+ deple-
tion-readdition in the presence of CPA it is probably specific for muscarinic 
activation and unrelated to SOCE per se. Control experiments with islets 
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loaded with calcein showed that the observed signal changes were not due to 
altered cell shape or cell attachment to the coverslip. Since Perceval is pH 
sensitive, it was also excluded that altered pH caused the changes in Perceval 
signal. The results indicate that cholinergic stimulation of β-cells has dual ef-
fects on [ATP]i. While [Ca2+]i elevation by intracellular mobilization and 
SOCE induced lowering of [ATP]i, another, unidentified mechanism had the 
opposite effect.  It has been reported that acetylcholine stimulates glucose me-
tabolism in islets (159,160), although other studies have failed to confirm such 
effects (161,162). Increased metabolism may complement other effects by 
which muscarinic agonists amplify glucose-stimulated insulin secretion (54). 

Brief muscarinic receptor activation resets the phase of 
glucose-induced [ATP]i and [Ca2+]i oscillations (Study 
II) 
Previous studies have shown that brief activation of muscarinic or purinergic 
receptors results in synchronization of glucose-induced [Ca2+]i oscillations 
among different islets (37-39) or dispersed islet cells (69,70). The present data 
showed that a 15-60-s application of a muscarinic receptor agonist caused an 
immediate transient increase of [Ca2+]i associated with lowering of [ATP]i and 
thereby interruption of the [ATP]i and [Ca2+]i oscillations. This observation is 
reminiscent of findings reported from measurements of NAD(P)H (38,39). 
The temporary suppression of cell metabolism was suggested to result in hy-
perpolarization due to activation of KATP channels when the ATP levels fall. 
Although this is an attractive hypothesis, it is difficult to reconcile with the 
present observation that despite the lowering, [ATP]i remains at higher levels 
than those triggering the initial depolarization. However, KATP channel activ-
ity is controlled by the ATP/ADP ratio, which might change more than ATP. 
It is also possible that other mechanisms, including closure of the KATP chan-
nels via a phospholipase A2-mediated mechanism (37), contribute to the syn-
chronizing effect of the neural stimuli. 

Identification of α-cells (Study III) 
Since α-cells in rodents only constitute 15-20% of the endocrine islet cells, 
they are more difficult to study than β-cells. To facilitate α-cell identification 
we used transgenic GLU-RFP mice expressing RFP under the proglucagon 
promoter. Immunostaining showed that 89% of the RFP-expressing cells were 
glucagon positive, which indicates most RFP-expressing cells are α-cells. 
However, since 13% of the RFP-expressing cells were insulin-positive, we 
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combined identification based on RFP expression with characteristic Ca2+ re-
sponses to different glucose concentrations and to glutamate. TIRF recordings 
on islets from transgenic GLU-RFP mice islets loaded with the Ca2+ indicator 
Fluo 4 showed that most RFP negative cells had low and stable [Ca2+]pm in 3 
mM glucose and introduction of 20 mM glucose caused β-cell-characteristic 
(163) initial Ca2+ lowering followed by prompt and prolonged elevation and 
pronounced regular slow oscillations that were almost perfectly synchronized 
between all cells with this type of response. The RFP-positive α-cells showed 
[Ca2+]pm activity in 3 mM glucose with non-synchronized irregular peaks. Glu-
cose elevation to 20 mM often resulted in inhibited [Ca2+]pm activity parallel to 
the prolonged early [Ca2+]pm elevation in the β-cells. The subsequently recurring 
[Ca2+]pm oscillations did not exhibit any immediately obvious synchronization, 
confirming previous confocal microscopy observations (36). Addition of 1 
mM glutamate promptly increased [Ca2+]pm in most RFP-positive cells but had 
no effect on RFP negative cells, consistent with expression of ionotropic glu-
tamate receptors on α- but not on β-cells (164). When islets from the trans-
genic mice were used for recording ATP in α-cells, the ATP indicator Perce-
val was unfortunately found to strongly interact with RFP resulting in erratic 
responses that were difficult to interpret. It is surprising that such interference 
was not reported when seemingly identical GLU-RFP mice were used to rec-
ord the α-cell ATP response to a 1-6 mM glucose increase with confocal mi-
croscopy (140). We found strong interference also in control experiments with 
confocal microscopy when increasing glucose from 1 to 5 and 20 mM glucose. 
It could not be attributed to fluorescence bleed-through or altered cell mor-
phology and may involve changes of Ca2+ and/or ATP, since also K+ depolar-
ization induced parallel variations in ATP and Perceval fluorescence. We 
therefore used normal mice for the ATP measurements identifying α- and β-
cells by characteristic Ca2+ responses to different glucose concentrations and 
to glutamate. 

The [ATP]pm response to glucose is smaller and left-
shifted in α-cells compared to β-cells (Study III) 
Since ATP has been implicated in glucose-regulated glucagon and insulin re-
lease, we compared [ATP]pm in the two cell types at glucose concentrations 
covering the control range for both hormones. Increase of glucose from 1 to 5 
mM, which induces pronounced inhibition of glucagon release but fails to 
stimulate insulin secretion from mouse islets (18,20), caused a similarly rapid 
elevation of Perceval fluorescence in α- and β-cells. Further glucose elevation 
to 20 mM to stimulate insulin release caused more pronounced rise of Perceval 
fluorescence in β- than in α-cells. These data indicate that ATP increases con-
siderably more in β- than in α-cells which is in agreement with previous static 
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ATP measurements on purified rat islet cell populations (138) and kinetic re-
cordings on mouse islets with luciferase-expressing α-cells (116,139). The 
reason might be that α-cells have a lower rate of glucose oxidation (138,165) 
and lower oxidative phosphorylation efficiency due to high expression of un-
coupling protein 2 (166). Static measurements of adenine nucleotides in 
α-cell-enriched rat islet fractions have indicated that the ATP concentration is 
about 2.2-fold higher than in β-cells at 1 mM glucose (138). If the [ATP]pm 
concentration were higher in α-cells metabolic inhibitors may have a greater 
lowering effect than in β-cells. Our attempts to clarify this issue were not in-
terpretable since metabolic inhibition is associated with alkalization that in-
creases Perceval fluorescence (167). In any case, when expressed in percent 
of the subsequent response to 20 mM, glucose elevation from 1 to 5 mM in-
duced a much higher [ATP]pm response in α- than in β-cells. The high α-cell 
sensitivity at low glucose concentrations is consistent with a role of ATP in 
glucose control of glucagon secretion during recovery from hypoglycaemia. 

Glucose induces synchronized [ATP]pm oscillations in 
α- and β-cells with [Ca2+]pm oscillations in opposite 
phase (Study III) 
Study I established that oscillations of [ATP]pm and [Ca2+]pm in β-cells are syn-
chronized in opposite phase. We therefore continued to investigate the 
[ATP]pm/[Ca2+]pm relationship in α-cells and coupling between the two cell 
types. In Perceval-expressing and Fura Red-loaded normal mouse islets ex-
posed to 3 mM glucose individual α-cells showed irregular [Ca2+]pm oscilla-
tions that were not synchronized to those in other α-cells but within each 
α-cell there were [ATP]pm and [Ca2+]pm oscillations in opposite phase. How-
ever, when [ATP]pm and [Ca2+]pm resumed after introduction of 20 mM glu-
cose they tended to synchronize among different α-cells. This synchronization 
was not as unmistakable as between the electrically coupled β-cells but be-
came distinct after averaging [Ca2+]pm or [ATP]pm recordings from several 
α-cells within an islet. The phase shift between the average [Ca2+]pm and 
[ATP]pm oscillations in α-cells seemed identical to that in the β-cells support-
ing negative feedback of Ca2+ on ATP also in the α-cells. 

Ca2+ is the major trigger of insulin secretion (46), and coinciding Ca2+ and 
cAMP oscillations underlie pulsatile release of the hormone (48,168). Ca2+ is 
generally believed to initiate also glucagon release (20,124,125,127,128,130), 
which is pulsatile at 20 mM glucose with the insulin and glucagon pulses in 
opposite phase (27,28). One would consequently expect that also the [Ca2+]pm 

oscillations are in opposite phase in α- and β-cells. Nevertheless, recordings 
on intact islets revealed that the average [Ca2+]pm oscillations tend to synchro-
nize in the same phase between α- and β-cells. Release of paracrine factors 
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like ATP together with insulin from β-cells has previously been found to syn-
chronize Ca2+ oscillations between β-cells lacking direct contact (69,70) and 
the same mechanism may underlie Ca2+ synchronization between the electri-
cally coupled β-cells and α- and δ-cells that lack gap junctions (36). Paracrine 
synchronization may also explain how somatostatin secretion becomes pulsa-
tile in the same phase as insulin (27,28). Somatostatin was early implicated in 
glucose regulation of glucagon release (169) and somatostatin inhibition may, 
indeed, explain why pulsatile release of insulin and glucagon are in opposite 
phase despite the synchronized [Ca2+]pm oscillations between α- and β-cells. 
Blockade of the α-cell-dominating SSTR-2 receptors was thus found to po-
tently amplify glucagon secretion with subtle effect on the α-cell [Ca2+]pm os-
cillations. However, in accordance with previous observations (20) glucose 
strongly inhibited glucagon release also in the presence of SSTR-2 antagonist. 
This effect is not attributable to other types of SSTRs, since glucose inhibits 
glucagon release also after blocking SSTR signalling with pertussis toxin 
(122,123). We did not find evidence for an inhibitory role of insulin but it 
remains to clarify whether the SSTR receptor-independent inhibition involves 
other β-cell factors and/or reflects the intrinsic α-cell mechanism for glucose 
inhibition of glucagon secretion. 
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Figure 2. Model of ATP dynamics and interplay between ATP and Ca2+ in β-
cells. 
The dominating effect of Ca2+ on ATP is negative, since all actions that increase 
[Ca2+]i, such as Ca2+ entry through VDCCs, SOCE and Ca2+ release from ER, cause 
lowering of ATP. The negative effect of Ca2+ on ATP probably reflects increased ac-
tivity of ATP-consuming Ca2+ transporters other than SERCAs and perhaps reduced 
ATP production. Muscarinic receptor activation has dual effects on ATP. VDCC, 
voltage-dependent Ca2+ channel; SOCE, store operated Ca2+ entry; PMCA, plasma 
membrane Ca2+ ATPase; SERCA, sarco(endo)plasmic reticulum Ca2+ ATPase; NCX, 
Na+/Ca2+ exchanger; ER, endoplasmic reticulum. 
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Conclusions 

1. When expressed in the cytoplasm Perceval is sensitive to ATP rather 
than the ATP/ADP ratio. It responds to ATP concentrations in the low 
millimolar range and is therefore well suited to measure ATP dynam-
ics in pancreatic islet cells. 
 

2. Glucose stimulation induces concentration-dependent increases of 
[ATP]i in β-cells. Above the threshold for stimulation of insulin se-
cretion, the cells typically respond with [ATP]i oscillations superim-
posed on an elevated level. 
 

3. There is an intimate relationship between Ca2+ and ATP in β-cells. 
Voltage-dependent Ca2+ entry is associated with lowering of [ATP]pm 
and oscillations of [ATP]pm are not observed without simultaneous 
[Ca2+]pm oscillations in opposite phase. Mobilization of Ca2+ from in-
tracellular stores and store-operated Ca2+ entry also induce lowering 
of [ATP]i. The negative effect of Ca2+ on ATP probably reflects in-
creased activity of ATP-consuming Ca2+ transporters other than SER-
CAs and possibly decreased ATP production. 

 
4. Activation Activation of muscarinic receptors has dual effects on 

[ATP]i in β-cells. Whereas the receptor-triggered mobilization of ER 
Ca2+ and activation of SOCE induces lowering of [ATP]i, a different 
mechanism elevates [ATP]i in response to prolonged muscarinic re-
ceptor stimulation. Stimulation of β-cell metabolism may contribute 
to the mechanisms by which cholinergic stimuli amplifies glucose-
induced insulin secretion. 

 
5. The glucose dependence of [ATP]pm in α-cells is left shifted compared 

to that in β-cells, which is consistent with involvement of ATP in the 
regulation of glucagon and insulin secretion during hypo- and hyper-
glycemia, respectively. 
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6. Like in β-cells the [ATP]pm oscillations in α-cells are in opposite 
phase to those of  [Ca2+]pm reflecting increased activity of ATP-con-
suming Ca2+ transport and/or decreased ATP production. 
 

7. At high glucose concentrations the [Ca2+]pm oscillations tend to syn-
chronize between α-cell and β-cells. Since pulsatile glucagon release 
is in opposite phase to Ca2+-triggered insulin pulsatility, that of gluca-
gon must be determined independently of Ca2+. Paracrine inhibition 
by somatostatin from the δ-cells can at least in part explain inhibition 
of glucagon secretion despite elevation of [Ca2+]pm. 
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