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Abstract
Tian, G. 2013. On the Generation of cAMP Oscillations and Regulation of the Ca2+ Store-
operated Pathway in Pancreatic Islet α- and β-cells. Acta Universitatis Upsaliensis. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 860. 64 pp.
Uppsala. ISBN 978-91-554-8584-9.

Insulin and glucagon are released in pulses from pancreatic β- and α-cells, respectively. Both
cell types are electrically excitable, and elevation of the cytoplasmic Ca2+ concentration ([Ca2+]i)
due to depolarization with voltage-dependent entry of the cation is the main trigger of hormone
secretion. Store-operated Ca2+ entry  (SOCE) also contributes to the [Ca2+]i elevation and
this process has been suggested to be particularly important for glucagon secretion. cAMP
is another important messenger that amplifies Ca2+-triggered secretion of both hormones, but
little is known about cAMP dynamics in islet cells. In type-2 diabetes, there is deteriorated
β-cell function associated with elevated concentrations of fatty acids, but the underlying
mechanisms are largely unknown. To clarify the processes that regulate insulin and glucagon
secretion, cAMP signalling and the store-operated pathway were investigated in β- and α-cells,
primarily within their natural environment in intact mouse and human islets of Langerhans.
Fluorescent biosensors and total internal reflection microscopy were used to investigate
signalling specifically at the plasma membrane (PM). Adrenaline increased and decreased the
sub-PM cAMP concentration ([cAMP]pm) in immuno-identified α-cells and β-cells, respectively,
which facilitated cell identification. Glucagon elicited [cAMP]pm oscillations in α- and β-cells,
demonstrating both auto- and paracrine effects of the hormone. Whereas glucagon-like peptide
1 (GLP-1) consistently elevated [cAMP]pm in β-cells, only few α-cells responded, indicating
that GLP-1 regulates glucagon secretion without changes of α-cell [cAMP]pm. Both α- and
β-cells responded to glucose with pronounced oscillations of [cAMP]pm that were partially
Ca2+-dependent and synchronized among islet β-cells. The glucose-induced cAMP formation
was mediated by plasma membrane-bound adenylyl cyclases. Several phosphodiesterases
(PDEs), including the PDE1, -3, -4, and -8 families, were required for shaping the [cAMP]pm

signals and pulsatile insulin secretion. Prolonged exposure of islets to the fatty acid palmitate
deteriorated glucose-stimulated insulin secretion with loss of pulsatility. This defect was
associated with impaired cAMP generation, while [Ca2+]i signalling was essentially unaffected.
Stromal interacting molecule 1 (STIM1) is critical for activation of SOCE by sensing the Ca2+

concentration in the endoplasmic reticulum (ER). ER Ca2+ depletion caused STIM1 aggregation,
co-clustering with the PM Ca2+ channel protein Orai1 and SOCE activation. Glucose, which
inhibits SOCE by filling the ER with Ca2+, reversed the PM association of STIM1. Consistent
with a role of the store-operated pathway in glucagon secretion, this effect was maximal
at the low glucose concentrations that inhibit glucagon release, whereas considerably higher
concentrations were required in β-cells. Adrenaline induced STIM1 translocation to the PM in
α-cells and the reverse process in β-cells, partially reflecting the opposite effects of adrenaline
on cAMP in the two cell types. However, cAMP-induced STIM1 aggregates did not co-cluster
with Orai1 or activate SOCE, indicating that STIM1 translocation can occur independently of
Orai1 clustering and SOCE.
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Everyday we are “oscillating”
 between two phases, active and rest,

happy and sad……
The “oscillations” make our life fascinating!
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AC Adenylyl cyclase
AKAP A-kinase anchoring protein 
ATP Adenosine-5’-triphosphate 
[Ca2+]i Cytoplasmic Ca2+ concentration 
[Ca2+]pm Sub-plasma membrane Ca2+ concentration 
cAMP 3’, 5’-cyclic adenosine monophosphate 
[cAMP]pm Sub-plasma membrane cAMP concentration 
CFP Enhanced cyan fluorescent protein 
CPA Cyclopiazonic acid 
CRAC channel Ca2+ release-activated Ca2+ channel 
DDA 2’,5’-dideoxyadenosine 
Epac Exchange protein directly activated by cAMP 
ER Endoplasmic reticulum 
GLP-1 Glucagon-like peptide-1 
IP3 Inositol-1,4,5-trisphosphate 
KATP channel ATP-sensitive potassium channel 
PDE Phosphodiesterase 
PIP3 Phosphatidylinositol-3,4,5-trisphosphate 
PIP2 Phosphatidylinositol-4,5-bisphosphate 
PKA Protein kinase A 
PLC Phospholipase C 
PM Plasma membrane 
SERCA Sarco(endo)plasmic reticulum Ca2+ ATPase 
SOCE Store-operated Ca2+ entry 
STIM Stromal interacting molecule 
tm Transmembrane 
TIRF Total internal reflection fluorescence 
YFP Enhanced yellow fluorescent protein 
VDCC                                        
IBMX                                         
FA                                              

Voltage-dependent calcium channel 
3-isobutyl-1-methylxanthine 
Fatty acid 
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Introduction 

Pancreatic β- and α-cells located in the islets of Langerhans are essential for 
blood glucose homeostasis by secreting blood glucose-lowering insulin and 
glucose-elevating glucagon, respectively. Insulin stimulates glucose uptake 
into fat and muscle cells and promotes glucose sequestration in the liver by 
enhancing glycogenesis and suppressing glycogenolysis as well as gluco-
neogenesis (1). Glucagon instead mobilizes glucose from the liver by acti-
vating glycogenolysis and gluconeogenesis. It is therefore not surprising that 
glucose is the most important physiological stimulator of insulin and inhibi-
tor of glucagon release, but other nutrients and neurohormonal factors are 
also significant regulators of the islet hormone secretion. When the blood 
glucose concentration increases after a meal there is consequently stimula-
tion of insulin and inhibition of glucagon release and the opposite effects are 
observed when blood glucose decreases below the resting level due to star-
vation or exercise. Blood glucose is therefore normally kept within narrow 
limits. Perturbed secretion of insulin and/or glucagon results in impaired 
glucose homeostasis. Disorders with severe hypoglycaemia are uncommon 
since they may cause acutely life-threatening brain damage and have largely 
been eliminated during evolution. Hyperglycemia, which characterizes dia-
betes mellitus, is less dangerous in the short-term perspective and is there-
fore a more common disorder. However, diabetes is nevertheless a serious 
disease with long-term complications causing suffering and premature death. 
In 2012 more than 371 million people suffered from diabetes. The global 
healthcare expenditures to treat and prevent diabetes and its complications 
were estimated to total at least 471 billion USD in 2012 (2).   

There are two major forms of diabetes mellitus: type-1, which is caused 
by autoimmune destruction of the pancreatic β-cells, and type-2, character-
ized by impaired insulin secretion and insulin resistance. Both genetic caus-
es, such as polymorphisms in a number of genes (3), and environmental 
factors, including high calorie intake and a sedentary life style leading to 
obesity (4), have been identified as risk factors for type-2 diabetes. Type-2 is 
by far the most common form of diabetes accounting for >90% of all cases. 
Insulin is the only blood glucose-lowering hormone. Therefore insulin defi-
ciency and insensitivity of the insulin receptors are central factors in the 
development of diabetes mellitus. However, both types of diabetes are also 
associated with hypersecretion of glucagon, which contributes to the hyper-
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glycaemia (5). It is well established that insulin and glucagon are released in 
a pulsatile pattern (6; 7), which is believed to prevent desensitization of their 
receptors in target tissues. The pulses of glucagon are anti-synchronous to 
those of insulin (8; 9) and loss of the regular insulin oscillations is an early 
sign of developing diabetes (10; 11). To understand the pathophysiology of 
defective islet hormone secretion in diabetes it is therefore important to clar-
ify the intracellular signalling mechanisms that regulate pulsatile secretion 
from pancreatic β- and α-cells. 

In the present thesis, I have investigated the kinetics of the most im-
portant intracellular messengers and signalling pathways involved in insulin 
and glucagon secretion. Most of the studies were made on individual β- and 
α-cells maintained in their natural environment within the pancreatic islet.  

Ca2+ signalling in glucose-regulated insulin and 
glucagon secretion 
Glucose is the main physiological stimulator of insulin release. It is widely 
accepted that the mechanism involves entry of glucose into the β-cells via 
GLUT transporters and subsequent phosphorylations by glucokinase and 
further metabolism in glycolysis to pyruvate. The metabolism of pyruvate in 
mitochondria increases the ATP/ADP ratio, which closes ATP-sensitive K+ 

(KATP) channels in the plasma membrane (PM), resulting in depolarization 
and opening of L-type voltage-dependent Ca2+ channels (VDCC). The influx 
of Ca2+ elevates the cytoplasmic Ca2+ concentration ([Ca2+]i), which triggers 
exocytosis of insulin secretory granules (12). Subsequent insulin release is 
pulsatile due to periodic depolarizations with Ca2+ influx through the 
VDCCs resulting in oscillations of [Ca2+]i (13-16). 

There are fundamentally different opinions about the mechanisms that 
underlie glucose inhibition of glucagon secretion. According to some studies, 
the inhibitory effect of glucose is indirect and mediated by neurons (17; 18) 
or paracrine influences from the β- (19-23) or somatostatin-secreting δ-cells 
(24; 25) within the pancreatic islets. Glucose has also been proposed to in-
hibit glucagon secretion by direct actions on the α-cells (26; 27). In most 
studies, stimulation of glucagon secretion by glucose deficiency is attributed 
to an increase of [Ca2+]i by influx of the ion through L- or N-type VDCCs 
(28-30). In a recent contribution it was argued that stimulation of AMP-
activated protein kinase by glucose deficiency might also activate glucagon 
secretion downstream of Ca2+ (31). The importance of Ca2+ is supported by 
the fact that α-cells show β-cell-like [Ca2+]i oscillations (32) and that gluca-
gon secretion is pulsatile with similar periodicity as insulin release (33; 8; 9). 
However, it has not yet been technically possible to directly correlate the 
periodic changes of [Ca2+]i in α-cells with those of glucagon release. 
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Since activation of VDCCs supposedly underlie stimulation of glucagon 
secretion it might seem obvious that glucose should inhibit secretion by hy-
perpolarizing the α-cells. Nevertheless, it has been suggested that the early 
steps of signal transduction mimic those in β-cells with glucose-induced 
closure of KATP channels leading to depolarization (30). Because action po-
tential generation in the α-cells involves voltage-gated Na+ channels, which 
are inactivated by slight depolarization, the action potentials reach less posi-
tive values and supposedly fail to open VDCCs (30). However, patch clamp 
measurements of membrane potential in α-cells have given conflicting re-
sults with depolarization (30; 26) or hyperpolarization (29) in response to 
glucose elevation. The divergent results are apparently due to the fact that 
α-cells are small and have a high input resistance (29) making it difficult to 
reliably record the membrane potential with invasive techniques. It is there-
fore notable that non-invasive measurements with a potential-sensitive fluo-
rescent dye indicate that glucose has a hyperpolarizing effect on α-cells (34; 
35). 

The first detectable effect of glucose on the β-cell is a lowering of [Ca2+]i 
due to Ca2+ sequestration in the endoplasmic reticulum (ER) (36; 37), which 
results in initial inhibition of insulin secretion before the VDCCs open (38; 
39). Glucose has a similar effect on α-cells, and it was early proposed that 
the sequestration-induced [Ca2+]i lowering underlies glucose inhibition of 
glucagon release (40). Due to limited capacity for Ca2+ sequestration, the ER 
cannot account for sustained lowering of [Ca2+]i required for prolonged inhi-
bition of glucagon secretion. However, Ca2+ filling of the ER is known to 
regulate store-operated cation channels in the PM in many cell types (41), 
and this type of mechanism may provide a functional link between glucose-
regulated Ca2+ sequestration in the ER, membrane potential, Ca2+ influx 
through VDCCs, and glucagon release (35; 27). 

The store-operated pathway  
The existence of a pathway for store-operated Ca2+ entry (SOCE) was first 
proposed by Putney based on studies in non-excitable cells lacking VDCCs 
(42). In such cells, Ca2+ release from the ER mediated by inositol 1,4,5-
trisphosphate (IP3) and ryanodine receptors underlie most Ca2+ signalling. 
Some of the released Ca2+ is inevitably transported out of cell and this loss 
must be compensated to ascertain proper Ca2+ re-filling of the ER. This is 
where the store-operated pathway comes in.  It involves a mechanism for 
sensing Ca2+ depletion of the ER, which is coupled to activation of SOCE 
via non-voltage-dependent channels in the PM. 

Although excitable cells with VDCCs have much more efficient routes 
for Ca2+ entry, the store-operated mechanism is still present and may be 
functionally significant, for example by its depolarizing effect (43). The first 
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evidence for a store-operated mechanism in islets was observed in mouse 
pancreatic β-cells, where carbachol induces influx-dependent sustained ele-
vation of Ca2+ even after inhibiting VDCCs (44). Later studies clarified that 
depletion of the ER activates Ca2+ influx through voltage-independent chan-
nels (45) and that the rate of influx is inversely dependent on the Ca2+ filling 
of the ER in a graded fashion (46). The Ca2+ sequestration in the ER is stim-
ulated by glucose (44), which shuts off SOCE (45; 46). Even when SOCE is 
maximally activated in β-cells, there is only a small elevation of [Ca2+]i and 
the Ca2+ current is not sufficient to cause depolarization from -70 mV to 
about -40 mV that is required for opening of the L-type VDCCs (47; 37). 
However, the store-operated mechanism may still be functionally significant 
in β-cells since it will add to other depolarizing currents (47), and SOCE has 
been found to feedback activate IP3-generating phospholipase C (48). 

The higher input resistance of α-cells compared to β-cells makes the 
membrane potential more sensitive to small changes in current (29). Since 
the action potentials of α-cells start at voltages as negative as -60 mV, the 
small SOCE current has much more dramatic effects in α-cells, and trigger 
voltage-dependent Ca2+ influx (35) and glucagon release (27). Adrenaline, 
for example, stimulates glucagon secretion in this manner by binding to α1 
and β adrenoceptors (49) leading to ER release of Ca2+, SOCE and voltage-
dependent Ca2+ influx (35). Since glucose stimulates Ca2+ uptake into the ER 
and adrenaline has the opposite effect (40) it has been proposed that glucose 
inhibition and adrenaline stimulation of glucagon release are mediated by 
their opposite effects on the store-operated current (35; 27). An intriguing 
aspect of this model is that 3 mM glucose seems sufficient to maximally fill 
the α-cell ER with Ca2+ (35), whereas 20 mM of the sugar is required in the 
β-cell (44). The different glucose sensitivities are not due to α-cells only 
expressing the high-affinity sarco(endo)plasmic reticulum Ca2+ ATPase 
SERCA2b, whereas the β-cell also express the lower affinity transporter 
SERCA3 (50). Accordingly, the glucose concentration dependence of ER 
Ca2+ filling in β-cells is unaffected after SERCA3 knockout (51). The higher 
glucose sensitivity in α-cells is exactly what should be expected if the store-
operated mechanism mediates glucose control of glucagon secretion in the 
hypoglycaemic glucose concentration range.  

After the SOCE mechanism was discovered (42), its properties have been 
studied in many systems. The best-characterized SOCE is mediated by the 
Ca2+ release-activated Ca2+ (CRAC) channel, which shows extremely high 
Ca2+ selectivity (52). However, the ion selectivity varies in different types of 
cells, and based on indirect evidence, SOCE in β-cells have been suggested 
to also involve Na+ entry (53). The molecular mechanisms underlying acti-
vation of SOCE remained elusive for almost two decades until it was dis-
covered that stromal interacting molecule (STIM) senses Ca2+ depletion of 
the ER (54; 55) and activates SOCE by interacting with the PM protein Orai, 
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which forms the CRAC channel pore (56; 57; 41). Whereas flies and worms 
have only one STIM protein (55), mammals express STIM1 and STIM2, 
with 47% amino acid identity (58). These molecules are single-pass trans-
membrane proteins with the N-termini located in the ER lumen and the C-
termini extending into the cytosol (54; 59; 60; 57). Both STIMs are able to 
sense ER Ca2+ and trigger SOCE via Orai channels (61-63). Depletion of 
Ca2+ from the ER results in rapid oligomerization of STIM1 and transloca-
tion to the PM-adjacent ER where it forms distinct puncta (Fig. 1) (54; 55; 
64; 65), and this is the site where STIM interacts with Orai to assemble the 
CRAC channel pore (56; 57; 41).  

The N-terminal (luminal) domain of STIM1 includes two Ca2+-binding 
EF-hand domains and a sterile α motif (SAM) (66). The sensing of ER Ca2+ 
by the EF-hands is a well-studied step in CRAC activation. Ca2+ dissociation 
from STIM1 leads to a structural change and oligomerization of the mole-
cule due to hydrophobic interactions between the EF-hand and SAM do-
mains (67; 66). Point mutations in the EF-hands disable Ca2+ binding and 
lead to aggregation of STIM1 molecules into puncta and constitutive activa-
tion of the CRAC current (54; 55). The C-termini of oligomerized STIM1 
molecules interact with Orai dimers to form Orai tetramers, which constitute 
the CRAC channel pore in the PM (68-71; 62; 72). Studies with fluores-
cence-labelled STIM1 indicate that the translocation is complete within tens 
of seconds (54; 73; 74). The exact role of STIM2 in Ca2+ signalling is un-
clear. Since the Ca2+ affinity of STIM2 is about 400 μM as compared to 
about 200 μM for STIM1, STIM2 is activated at smaller ER Ca2+ depletions 
than STIM1 and may contribute to maintain basal cytoplasmic Ca2+ levels 
(61).  

Up to now studies of SOCE in primary β-cells have been based on meas-
urements of  [Ca2+]i in Ca2+ omission-readdition and Mn2+ quench experi-
ments (45; 46), whereas the studies in α-cells have been restricted to the 
former technique since the Mn2+ quench approach is not feasible in these 
small cells (35). Direct studies of molecules involved in the store-operated 
mechanism have so far been restricted to clonal MIN6 β-cells transfected 
with STIM1 tagged with enhanced yellow fluorescent protein (STIM1-YFP) 
(75).  
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Figure 1 Mecha-
nism of store-
operated Ca2+ entry. 
(A) When the ER is 
filled with Ca2+ (red 
dots) the ion binds 
at the N-terminal 
(luminal) end of 
STIM monomers 
that are dispersed 
throughout the ER 
membrane. Under 
these conditions 
dimers of the Ca2+ 

channel-forming 
protein Orai are 
dispersed in the PM. 
(B) When Ca2+ is 
released from the 
ER, the ion dissoci-
ates from STIM that 
aggregates into 
oligomers, which 
diffuse laterally to 
sites close to the 
PM. The C-terminal 
(cytoplasmic) ends 
of the STIM oligo-
mers then interact 
with Orai, which co-
aggregates with 

STIM and there is formation Ca2+ channel-forming Orai tetramers that mediate Ca2+ 
influx.  

cAMP signalling in insulin and glucagon secretion 
cAMP is probably the second most important intracellular messenger in the 
regulation of insulin and glucagon secretion. cAMP is primarily mediating 
effects of Gαs-coupled receptor stimuli, such as glucagon, the glucoincretin 
hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulino-
tropic polypeptide (GIP), and the parasympathetic neurotransmitters vasoac-
tive intestinal polypeptide (VIP) and pituitary adenylate cyclase-activating 
polypeptide (PACAP) (76-79). In addition to elevating blood glucose by an 
action on the liver, glucagon is an intra-islet paracrine amplifier of glucose-
stimulated insulin secretion. GLP-1 and GIP are released in response to food 
intake from intestinal L- and K-cells (80; 81), respectively, and potently 
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amplify insulin secretion. GLP-1 and GIP thus explain the incretin effect 
with a greater insulinotropic effect of an oral as compared to an intravenous 
glucose load (82; 26). Studies in our laboratory have revealed that glucagon 
and GLP-1 induce cAMP elevations and often oscillations in insulin-
secreting clonal cells (83), but there are so far no studies of normal β-cells in 
their natural environment. The blood glucose-elevating hormone adrenaline, 
which potently inhibits insulin release, instead reduces cAMP production in 
β-cells via Gαi protein-coupled α2 adrenoceptors (84; 85). The inhibition of 
insulin secretion by adrenaline also involves activation of the protein phos-
phatase calcineurin (86). Similarly, the islet hormone somatostatin seems to 
inhibit insulin release by Gαi-mediated reduction of cAMP and activation of 
calcineurin (86).  

cAMP is not only regulated by neurohormonal factors. Early studies 
showed that glucose stimulation of pancreatic islets led to a modest elevation 
of cAMP (87-90), which has been attributed to amplification of the paracrine 
effect of glucagon (91; 92). However, the development of methods for sin-
gle-cell cAMP recordings enabled demonstration of glucose-induced cAMP 
elevations in both MIN6 (93; 94) and primary mouse β-cells (94; 95). Using 
a method for selective measurements of the sub-plasma membrane cAMP 
concentration ([cAMP]pm) (83), it was discovered that glucose triggers pro-
nounced [cAMP]pm oscillations. The oscillations occur in synchrony with 
those of the sub-plasma membrane Ca2+ concentration ([Ca2+]pm) and this 
coordination is required for optimal amplitude of pulsatile insulin release 
(94). Whereas the oscillations of [Ca2+]i were reported to generate those of 
cAMP in one study (93), cAMP generation was independent or only partial-
ly dependent on Ca2+ in other studies (94; 95). The mechanism by which 
glucose generates Ca2+-independent cAMP oscillations is not clear, but may 
involve metabolic generation of the cAMP precursor ATP (94). 

Glucose consequently triggers insulin secretion both by elevating [Ca2+]i 
via the KATP-channel-dependent mechanism and by generating cAMP, which 
amplifies Ca2+-triggered secretion. The presence of an amplifying effect of 
glucose was discovered in 1992, when two independent studies showed that 
KATP channels are not the only sites for glucose regulation of insulin secre-
tion (96-98). Elevation of the glucose concentration thus promoted addition-
al insulin secretion without further change in membrane potential or [Ca2+]i 
in β-cells that were depolarized with a high K+ concentration in the presence 
of the KATP-channel activator diazoxide. The amplifying pathway has later 
been verified under a number of experimental conditions but the underlying 
mechanism has still not been clarified and many factors have been suggested 
to be involved, including GTP, glutamate, long chain acyl-CoA, and the 
ATP/ADP ratio (99). Although cAMP certainly fulfills many of the criteria 
for the metabolic amplifying factor (94), it was recently shown that the am-
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plifying effect of cAMP is distinct from, and occurs in parallel with, other 
glucose-induced amplifying signals (100). 

cAMP is an important amplifier also of glucagon secretion. Adrenaline, 
which has glucagon-like glucose-mobilizing effects on the liver, also acts 
indirectly by stimulating glucagon secretion from the α-cells. Apart from the 
above-mentioned α1-adrenoceptor-mediated elevation of [Ca2+]i, adrenaline 
accomplishes this stimulation by increasing cAMP formation via Gαs pro-
tein-coupled β-adrenoceptors (49), and cAMP helps to mobilize Ca2+ from 
the ER of α-cells (40; 35). Glucagon receptors are present on the α-cells and 
glucagon has indeed been found to exert a positive feedback on its own se-
cretion by elevating cAMP (101). Also GIP and GLP-1 have been reported 
to stimulate glucagon release by raising cAMP (102). However, GLP-1 is 
generally regarded as an inhibitor of glucagon secretion, but the mechanisms 
involved are not known. It is debated whether the hormone exerts direct 
effects on the α-cell (103) or if inhibition is indirectly mediated by somato-
statin (104), which inhibits secretion from α-cells by similar cAMP- and 
calcineurin-dependent mechanisms as in β-cells (105). 

cAMP synthesis by adenylyl cyclases 
cAMP is generated from ATP by adenylyl cyclases (ACs). There are 10 
mammalian AC isoforms. Nine are transmembrane (tm) proteins with 12 tm-
domains and two cytosolic regions that form the ATP-binding catalytic do-
main (106; 107). One AC isoform lacks the tm regions and is known as the 
soluble AC (sAC). TmACs are physiologically stimulated by Gαs subunits 
activated by G-protein-coupled receptors. All ACs except AC9 and sAC can 
also be experimentally activated by the plant diterpene forskolin (108). 
Many of the tmACs are negatively regulated by the inhibitory G-protein 
subunit Gαi, and some isoforms can be activated or inhibited by the Gβγ 
subunit (109; 110). Ca2+ regulates several tmACs (110). AC1 and AC8 are 
stimulated while Ca2+/calmodulin inhibits AC3, AC5, AC6 and AC9. Sever-
al ACs are also regulated by phosphorylation by protein kinase A (PKA) or 
protein kinase C (111; 110). 

Most of the AC families are expressed in pancreatic islets and insulin-
secreting cell lines (112; 113; 92). In one study, AC5 and AC6 were most 
abundant in human islets of Langerhans and AC3, AC4 and AC6 in rat islets 
(112). Although AC8 shows relatively low expression in β-cells, it may be 
functionally important by integrating metabolic and receptor stimuli (92). 
AC8 is also required for normal [Ca2+]i signalling in GLP-1-stimulated INS-
1E β-cells (114). Recent studies have shown that AC8 interacts with the A-
kinase anchoring protein (AKAP) 79/150 and with the store-operated Ca2+ 
channel-forming unit Orai1 (115; 116). Although both Ca2+-inhibited and -
activated AC isoforms are found in β-cells, most functional studies indicate 
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that the ion has a stimulatory effect on cAMP production (117; 118; 92; 83; 
94). The activity of AC9 typically is rather low (109), and the functional 
importance has not yet been clarified.  

The sAC was originally believed to be restricted to mammalian sperm 
(119; 120), but recent studies have indicated that sAC is also expressed in 
various somatic cell types, including INS-1 β-cells (121; 114).  sAC is regu-
lated by bicarbonate and Ca2+ (122). The tmACs expressed in islets have an 
in vitro Km for ATP (123), which is approximately ten-fold lower than the 
prevailing cytoplasmic ATP concentration. With its lower ATP affinity 
(124-126), sAC seems better suited as a mediator of metabolically regulated 
cAMP production and the enzyme has been implicated in glucose-induced 
cAMP generation in INS-1 β-cells (121).  

cAMP degradation by phosphodiesterases 
cAMP signals are terminated by the phosphodiesterase (PDE) class of en-
zymes, which hydrolyse the 3’-phosphoester bond of cAMP. The PDEs are 
divided into 11 families (PDE1-11) with over 60 isoforms based on substrate 
specificity, kinetic and regulatory properties (127). All PDEs have a con-
served core structure consisting of a catalytic and a regulatory domain. The 
catalytic domain contains the cyclic nucleotide-binding pocket, which in all 
families, except PDE8 and PDE9, can be inhibited by 3-isobutyl-1-
methylxantine (IBMX) (127). The PDE4, PDE7, and PDE8 families selec-
tively hydrolyse cAMP; PDE5, PDE6, and PDE9 are selective for cyclic 
GMP, and the remaining five families show enzymatic activity towards both 
cyclic nucleotides.  

Pancreatic islets express proteins from several of the PDE families. The 
PDE1, PDE3, and PDE4 families are commonly regarded as most important 
for regulating cAMP in β-cells (128-133). Early studies demonstrated that 
the islets contain Ca2+/calmodulin-sensitive PDE activity (134; 135), and 
expression of PDE1C was later demonstrated in islets and insulin-secreting 
cell lines (129; 133). Inhibition or down-regulation of PDE1C increases 
glucose-induced insulin secretion from both pancreatic islets and β-TC3 
cells (129; 133). The PDE3 family consists of two membrane-associated 
isoforms, PDE3A and PDE3B. The latter one is highly expressed and 
accounts for 70% of the total PDE activity in islets (133) and primary rat β-
cells (128; 136; 137). Glucose, insulin, and cAMP activate PDE3B in human 
and rat islets (138). Over-expression of PDE3B impairs glucose- and GLP-
1-stimulated insulin secretion (130-132), and inhibition or down-regulation 
of the enzyme enhances secretion (128; 136; 139; 133). Moreover, PDE3B 
also mediates insulin-like growth factor-1-induced attenuation of insulin 
secretion (136). PDE4 isoforms are regulated by protein kinase A (PKA) and 
have, at least in non-islet cell types, been found to interact with AKAPs 
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(140-142). Expression of PDE4 family isoforms has been found with RT-
PCR in islets and insulin-secreting clonal cells. Functional studies with 
isoform-selective pharmacological inhibitors of PDE4 or siRNA-mediated 
knockdown have yielded varying results. Accordingly, knock-down of 
PDE4C with siRNA or general inhibition of PDE4 isoforms with roflumilast 
or L-826,141 amplify glucose-induced insulin secretion from islets and INS-
1 cells (133). However, another PDE4 inhibitor, rolipram, has no effect on 
glucose-induced insulin secretion (128; 143). PDE7, PDE8, PDE10, and 
PDE11 have also been identified in islets and insulin-secreting β-cell lines 
(144; 133; 138), and down-regulation of PDE8B or pharmacological 
inhibition of PDE10A augments glucose-induced insulin secretion from rat 
islets (145; 144; 133). It is not known how different PDEs are involved in 
generating the dynamic cAMP signals and pulsatile insulin secretion from 
β-cells. 

cAMP effector proteins  
The actions of cAMP in pancreatic islet cells are mediated by PKA and the 
cAMP-regulated guanine nucleotide exchange factor Epac (Exchange pro-
tein directly activated by cAMP). PKA is a ubiquitous serine/threonine pro-
tein kinase present as a tetrameric holoenzyme, which consists of a regulato-
ry subunit dimer and two catalytic subunits (146). Four regulatory (RIα, RIβ, 
RIIα, and RIIβ) and four catalytic (Cα, Cβ, Cγ and PrKX) subunit isoforms 
have been identified (147; 148). PKA holoenzyme tetramers with type I 
regulatory subunits are mostly cytoplasmic, whereas PKA with type II regu-
latory subunits, which have lower affinity for cAMP, typically bind to mem-
branes and intracellular structures. When the cAMP concentration is elevat-
ed, binding of the nucleotide to the regulatory subunits induces a conforma-
tional change, which releases the catalytic subunits that become active (149; 
146). cAMP oscillations can be translated into oscillations of PKA activity, 
which are probably important for signalling specificity by spatially restrict-
ing the activity of PKA (150; 151). 

PKA is often targeted to specific intracellular locations by binding to 
AKAPs (152; 153). Besides PKA, these scaffold proteins also bind other 
signal-modifying proteins, including other kinases, phosphatases and PDEs 
(154; 153; 142). Disruption of PKA/AKAP complexes has been found to 
reduce GLP-1-induced stimulation of insulin secretion (155; 156). It was 
recently shown that general AKAP150 knock-down resulted in suppression 
of insulin secretion and perturbation of β-cell Ca2+ and cAMP signalling 
(157). 

Several proteins involved in insulin and glucagon secretion are PKA sub-
strates. The KATP channels are phosphorylated by PKA (158; 159), but regu-
lation is complex. Some studies have indicated that PKA phosphorylation 
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increases KATP channel activity (158; 160), whereas others claim that GLP-1 
closes β-cell KATP channels in a PKA-dependent manner (82; 26). PKA also 
phosphorylates L-type VDCCs and IP3-receptors (159; 161), stimulating 
Ca2+ influx into the β-cells and release from the ER, respectively (162-164). 
Moreover, PKA phosphorylates proteins associated with the exocytosis ma-
chinery, including synaptosomal-associated protein 25 (SNAP-25), synapsin, 
snapin and cystein string proteins (159). PKA has been found to sensitize the 
secretory machinery to Ca2+ (165) and increase the number of Ca2+ sensitive 
exocytosis-competent granules (166; 167). The latter effect probably de-
pends on the cytoskeleton rearrangement (168). Despite all these effects, 
pharmacological inhibition of PKA has surprisingly small effects on glu-
cose-induced insulin secretion (169). However, recent studies have demon-
strated that PKA is important primarily during initiation of glucose-induced 
insulin secretion (170; 169), probably by affecting the co-ordination of the 
Ca2+ and cAMP signals (169). 

The other major cAMP effector Epac was first described in 1998 as a 
cAMP-regulated guanine nucleotide exchange factor (171; 172). The PKA-
independent effects of cAMP on exocytosis are mediated by Epac (173), and 
the protein is involved in many other cellular actions of cAMP, including 
proliferation, differentiation, adhesion and migration (174). There are two 
Epac isoforms (1 and 2) both converting the Ras GTPase family members 
Rap1 and Rap2 from an inactive GDP-bound form to the active GTP-bound 
state (175). Epac1 has one cAMP-binding domain, whereas Epac2 has two, 
one with high and one with low affinity, respectively. Even the high-affinity 
site has lower cAMP affinity than the cAMP binding domain of PKA (176; 
177). Whereas Epac1 is present in most cells, Epac2 is mainly found in the 
adrenal gland (172) and in islet cells (178) and has been implicated in exocy-
tosis. Epac2 knockout mice show diminished cAMP potentiation of the first 
phase of glucose-induced insulin secretion (179) and knockdown experi-
ments in MIN6 β-cells indicate that Epac2 is important for both the initial 
and the subsequent pulsatile insulin secretion in response to glucose (169). 
Indeed, Epac-selective cAMP analogues amplify glucose-induced insulin 
secretion from INS-1 cells and mouse and human islets (180-182). The 
mechanisms by which Epac stimulates secretion remain unclear. However, 
Epac2 has been found to interact with several proteins important for insulin 
secretion (173; 183-188).  

Effects of fatty acids on the pancreatic β-cells 
Elevated levels of fatty acids (FAs) are observed in obese individuals (189) 
and believed to contribute to β-cell failure and development of type 2 diabe-
tes (190). FAs are carboxylic acids with an unbranched hydrocarbon chain, 
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which is either saturated (like palmitic acid) or unsaturated (as oleic acid). 
Depending on the length of the hydrocarbon chain, the FAs are categorized 
as short, medium or long chain FAs. FA transport into the cells is still debat-
ed. Some studies claim that FAs can freely diffuse into cells and do not re-
quire active transport (191), whereas, others found that the translocase pro-
tein CD36 is necessary for FAs distribution across the PM (192).  

Effects of FAs on isolated pancreatic islets and clonal insulin-secreting 
cells depend on the duration of exposure. Acute FA exposure stimulates both 
basal insulin secretion and that induced by high glucose concentrations (193-
196), and the stimulatory effect increases with chain length as well as with 
the degree of saturation (197; 198). Several mechanisms have been proposed 
to contribute to the stimulatory effect, including changes in the intracellular 
pool of long chain acyl-CoAs, which may be involved in stimulus-secretion 
coupling. Acyl-CoAs have thus been found to exert direct effects on the 
exocytotic machinery (199), to activate protein kinase C (200), and to alter 
the ATP/ADP ratio (201). FAs have also been found to exert direct and indi-
rect effects on ion channel activities (202; 203) and to modulate Ca2+ influx 
into the β-cell (204). Moreover, palmitate has been found to increase the size 
of the readily releasable granule pool in mouse pancreatic β-cells (205). 
Apart from intracellular metabolic effects, free FAs may amplify insulin 
secretion via receptor-mediated mechanisms. FAs are consequently ligands 
for the G protein coupled receptor GPR40, whose activation stimulates 
insulin secretion via PLC mediated hydrolysis of PIP2 into diacylglycerol 
and IP3, to activate PKC and mobilize Ca2+ from the ER, respectively (206-
208). GPR40 is highly expressed in islet β-cells and insulin secreting cell 
lines (208-210). Medium and long chain saturated and unsaturated FAs can 
dose-dependently activate GPR40 (206). Short chain FAs also activate other 
receptors of the same family like GPR41 and GPR43 (211). Apart from be-
ing coupled via Gαq to mobilize intracellular Ca2+, there is indirect evidence 
that GPR40 might couple via Gαs to increase cAMP (212). It is unclear 
whether the latter mechanism is physiologically relevant, since FAs cause 
little or no rise in cAMP in β-cells (213). 

After long term (24-48 h) exposure to free FAs such as palmitate, pancre-
atic islets show enhanced insulin secretion at low glucose concentrations, but 
decreased insulin synthesis, and an impaired secretory response to glucose 
stimulation (214; 215). The increased basal secretion is probably related to 
an elevated [Ca2+]i (216), but the exact processes for inhibitory effect of 
palmitate on glucose-induced secretion have not been established. Several 
mechanisms have been proposed, including decreased insulin content (217), 
mitochondrial uncoupling (218-220), increased ceramide synthesis (221) and 
ER stress (222) leading to apoptosis (223; 224). Whereas marked apoptosis 
was reported after 24 h exposure of INS 832/13 and human β-cells to elevat-
ed free FAs (223), another study have failed to provide evidence for apopto-



 23 

sis after 72 h exposure of rat islets to FAs (225). Indeed, impaired insulin 
secretion following long-term exposure to FAs has been found independent 
of effects on β-cell death or alterations of insulin synthesis, glucose metabo-
lism, KATP channel activity or glucose-induced Ca2+ signalling (216). It has 
instead been proposed that palmitate impairs insulin secretion via reduced 
expression of the gap junction protein connexin-36 (226), and it was recently 
suggested that secretion is impaired due to dissociation of the secretory vesi-
cles from the sites of Ca2+ entry (227). Although palmitate seems to act at 
sites distal to the elevation of Ca2+, the possible involvement of cAMP sig-
nalling has so far not been investigated. 
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Aims 

The aims of this thesis work were to: 
1. Clarify how glucose and hormonal stimuli affect cAMP signalling in α- 

and β-cells in their natural environment within intact islets of Langer-
hans. (Paper I) 

2. Determine the role of different PDEs for the generation of cAMP oscil-
lations and insulin release kinetics in glucose-stimulated β-cells. (Paper 
II) 

3. Examine whether palmitate-induced lipotoxicity involves alterations of 
cAMP signalling in β-cells. (Paper III) 

4. To elucidate the regulation of the Ca2+ store-operated pathway in pan-
creatic α- and β-cells by studying translocation of its molecular compo-
nents STIM1 and Orai1. (Paper IV) 
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Methodology 

Islet isolation, cell culture and transfection 
Local animal and human ethical committees approved all procedures for 
animal handling, preparation and use of pancreatic islets. Islets of Langer-
hans were isolated from C57Bl6J female mice as previously described (27). 
The islets were cultured in humidified atmosphere of 5% CO2 at 37 °C for 1-
4 days in RPMI 1640 medium containing 5.5 mM glucose, 10% fetal calf 
serum, 100 μg/mL penicillin and 100 μg/mL streptomycin. Human pancreat-
ic islets from normoglycemic cadaveric donors were provided by the Nordic 
Network for Clinical Islet Transplantation. After purification, the islets were 
kept in RPMI 1640 culture medium containing 5.5 mM glucose and supple-
mented with 10% fetal calf serum, 100 μg/mL penicillin and 100 μg/mL 
streptomycin. Some experiments were performed on single cells prepared by 
shaking the freshly isolated islets in a Ca2+-deficient medium (228). After re-
suspension in the RPMI 1640 culture medium, the cells were allowed to 
attach to the centre of round coverslips during 2-5 days of culture. In paper 
III mouse or human islets were exposed to culture medium supplemented 
with palmitate for 1 or 48 h prior to the experiments. A stock solution of 100 
mM palmitate in 50% ethanol was added to culture medium containing 1% 
fatty acid-free bovine serum albumin (BSA) to reach a final concentration of 
0.5 mM (3:1 fatty acid:BSA molar ratio). The same concentration of BSA 
was present in control cultures. The islets were infected with adenovirus 
encoding STIM1-YFP, Orai1-mCherry, the phosphatidylinositol 3,4,5-
trisphosphate (PIP3) biosensor GFP4-Grp1 (169), or the cAMP biosensor 
components RIIβ-CFP-CAAX and Cα-YFP using 105-107 fluorescent fo-
cus-forming units (FFUs)/islet in culture medium. After 1 h incubation at 37 
°C, the inoculum was removed and the islets were washed twice, followed 
by further culture for 20-24 h.  

Clonal MIN6 β-cells (passages 17-30) (229) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 25 mM glucose and 
supplemented with 2 mM L-glutamine, 70 µM β-mercaptoethanol, 100 
U/mL penicillin, 100 µg/mL streptomycin and 15 % fetal calf serum. For 
imaging experiments, cells were suspended in 100 µL Opti-MEM®-I medi-
um containing 0.2-0.5 µg of plasmid DNA and 0.5-1 µg Lipofectamine™ 
2000 and plated on poly-L-lysine-coated 25 mm glass coverslips. After 4h 
when the cells were firmly attached, the transfection was terminated by addi-
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tion of 3 mL complete cell culture medium and cells were then further cul-
tured in DMEM for 12-36 h to allow time for biosensor expression. In paper 
II, MIN6 cells were first treated with 10 FFU of a mix of lentiviral vectors 
expressing short hairpin RNA (shRNA) against PDE8B (5’-ccggcccaaac-
ttcatttccagaaactcgagtttctggaaatgaagtttgggtttttg-3’, 5’-ccggcccatcacaaaggtta-
taaatctcgagatttataacctttgtgatgggtttttg-3’, 5’ccgggccatagaaataacaagtgatctcg-
agatcacttgttatttctatggctttttg-3’) or shRNA control vector (5’-ccggcaacaa-
gatgaagagcaccaactcgagttggtgctcttcatcttgttgttttt-3’), 24 h prior to biosensor 
transfection. In paper III, MIN6 cells were first transfected with 100 nM 
small interference RNA (siRNA) against AC9 (5’-gaguuagcagguguucucatt-
3’) or Luciferase-GL3 (5’-cuuacgcugaguacuucgatt-3’) as control using 0.5 
µg LipofectamineTM 2000, 24 h before biosensor transfection.  

Rat insulinoma INS-1E cells (230) were used between passages 65-90 
and cultured in RPMI 1640 medium supplemented with 10 mM HEPES (pH 
7.4), 10% (v/v) heat-inactivated fetal bovine serum, 2 mM glutamine, 100 
U/mL penicillin, 100 µg/mL streptomycin, 1 mM sodium pyruvate and 50 
µM 2-mercaptoethanol. Cells were cultured for 48 h in 11 mM glucose in 
the absence or presence of 0.5 mM palmitate in 1% (3:1 fatty acid:BSA mo-
lar ratio) or 0.5% (6:1 fatty acid: BSA molar ratio) of BSA. For imaging 
experiments, cells were seeded onto poly-L-lysine coated 25 mm glass co-
verslips and transfected as the MIN6 cells. 

Prior to imaging experiments, the cells and islets were transferred to an 
experimental buffer containing (in mM): 125 NaCl, 4.9 KCl, 1.3 CaCl2, 1.2 
MgCl2, and 25 HEPES with pH adjusted to 7.40 with NaOH. The islets were 
then allowed to attach to the centre of poly-lysine-coated round 25 mm co-
verslips for 5 min. 

Microfluorometric measurements of intracellular Ca2+ 
For measurements of [Ca2+]i or [Ca2+]pm, cells and islets were preincubated 
in the presence of the acetoxymethyl esters of the Ca2+ indicators Fura-PE3 
and Fura Red, respectively. [Ca2+]i imaging of cells loaded with Fura-PE3 
was performed with an inverted microscope (Eclipse TE2000U, Nikon, Ja-
pan) equipped with a 40x 1.3-NA objective and an epifluorescence illumina-
tor (Cairn Research Ltd, Faversham, UK) connected through a 5-mm diame-
ter liquid light guide to an Optoscan monochromator (Cairn Research Ltd) 
with a 150-watt xenon arc lamp. The monochromator provided excitation 
light at 340 nm (1.7 nm half-bandwidth) and 380/1.4 nm that was reflected 
by a 400-nm dichroic beam splitter, and emission was measured at 510/40 
nm using a Photometrics Cascade:1K (Arizona, USA) or an Andor Technol-
ogy DU-897 EMCCD (Belfast, Northern Ireland) camera. Metafluor soft-
ware (Molecular Devices Corp, Downington, PA) controlled the mono-
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chromator and the camera, acquiring image pairs every 2 s with 60-400 ms 
integration at each wavelength and <1 ms for changing wavelength and slits. 
To minimize bleaching and photodamage, the monochromator slits were 
closed until the start of the next acquisition cycle. Ratio images were calcu-
lated after subtraction of background images. [Ca2+]i was calculated as pre-
viously described (231). Measurements of [Ca2+]pm were made with Fura 
Red using total internal reflection fluorescence (TIRF) microscopy (de-
scribed below) with 488 nm excitation and emission detection at >630 nm. 

Microfluorometric measurements of [cAMP]pm, PIP3, 
STIM1 and Orai1  
Measurements of [cAMP]pm or PIP3 were performed with the RIIβ-CFP-
CAAX/Cα-YFP and GFP4-Grp1 translocation biosensors, respectively, as 
previously described using either a custom-built prism-based (169) or an 
objective-based (232) TIRF setup. The prism setup was built around an 
E600FN upright microscope (Nikon Corp, Tokyo, Japan). A helium-
cadmium laser (Kimmon, Tokyo, Japan) provided 442 nm light for excita-
tion of CFP and the 514 nm line of an argon laser (ALC 60X, Creative Laser 
production, Munich, Germany) was used to excite YFP. Interference filters 
(Semrock, Rochester, NY, USA) mounted in a filter wheel (Sutter Instru-
ments, Novato, CA, USA) were used to select the appropriate wavelengths. 
The merged laser beam was homogenized and expanded by a rotating light 
shaping diffuser (Physical Optics Corp, Torrance, CA) and refocused 
through a modified quartz dove prism (Axicon, Minsk, Belarus) with a 70° 
angle to achieve total internal reflection. The chamber was mounted on the 
custom-built stage of the microscope such that the cover slip was maintained 
in contact with the dove prism by a layer of immersion oil. Fluorescence 
light was collected through a 40x, 0.8-NA water immersion objective (Ni-
kon). The objective-based system consisted of an Eclipse Ti microscope 
(Nikon) with a TIRF illuminator (Nikon) and a 60x, 1.45-NA objective. The 
458-, 488- and 514-nm lines of an argon laser (ALC60X, Creative Laser 
Production) and the 561-nm line of a diode-pumped solid-state laser (Jive, 
Cobolt AB, Stockholm, Sweden) were used to excite CFP, GFP, YFP, and 
mCherry respectively. The beam was coupled to the TIRF illuminator 
through an optical fiber (Oz Optics, Ottawa, Canada). In both TIRF micro-
scope setups, fluorescence was detected with back-illuminated EMCCD 
cameras (DU-897, Andor Technology) under MetaFluor (Molecular Devic-
es) software control. Emission wavelengths were selected with filters (485 
nm/25 nm half-bandwidth for CFP, 527/27 nm for GFP, 560/40 nm for YFP, 
Semrock Rochester, NY, and 645-nm long pass glass filter for mCherry 
(Melles Griot, Didam, The Netherlands)) mounted in a filter wheel (Sutter 
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Instruments). For time-lapse recordings images or image pairs were acquired 
every 5 s. A shutter (Sutter Instruments) was used to block the light bean 
between image captures to minimize cell exposure to the potentially harmful 
light   

The subcellular distribution of STIM1-YFP fluorescence was analyzed 
with a Yokogawa CSU-10 spinning disk confocal system (Andor Technolo-
gy) attached to a TE 2000 microscope (Nikon) with a 60x 1.40-NA objective 
(Nikon). The 514-nm line of an argon ion laser (ALC 60x, Creative Laser 
Corp, Munich, Germany) was used to excite the YFP fluorescence. The laser 
beam was homogenized and expanded by a rotating light shaping diffuser 
(Physical Optics Corp, Torrance, CA) before being re-focussed into the con-
focal scan head. Fluorescence emission selected by a 560/40 nm filter (Sem-
rock, Rochester, NY) was detected with a back-illuminated EMCCD camera 
(DU-888, Andor Technology) controlled by MetaFluor software. 

In all setups, the coverslips with islets or cells were placed in an open 50-
µL chamber with and superfused with medium at a rate of 0.3 mL/min. The 
chamber holder, objective and superfusion medium was maintained at 37 °C 
by custom-made thermostats. 

RNA isolation and real-time PCR 
Total RNA was extracted from MIN6 cells using the RNEasy micro kit (Qi-
agen, Hilden, Germany). cDNA synthesis and real-time PCR was performed 
using Quanti Tect SYBR® Green RT-PCR kit (Qiagen, Hilden, Germany) 
and the following primers designed from the coding sequence of AC1, for-
ward 5’-ctctactaccagtcctactc-3’, reverse 5’-cttatagaagtccttgtccat-3’; AC3, 
forward 5’-tgaggagagcatcaacaacg-3’, reverse 5’-tggtgtgactcctgaagctg-3’; 
AC5, forward 5’-aacgactccacctatgacaa-3’, reverse 5’-aatgactccagccactacag-
3’; AC6, forward 5’-tatgccgctatcttcctgct-3’, reverse 5’-tggcagagatgaac-
acaagc-3’; AC8, forward 5’-gtcaggaaggacaacacctc-3’, reverse 5’-tgtaggt-
ggcgaagagtgta-3’; AC9, forward 5’-catacagaaggcaccgatag-3’, reverse 5’-
ccgaacaggtcattgagtag-3’; PDE8B, forward, 5’-gactgatgaagagaagag-3’; re-
verse, 5’-atgtctgttatgaagtagt-3’; PDE1C, forward, 5’-aagcagcagaacggtgactt-
3’; reverse, 5’-ggcaaggtaatgcgacttgt-3’; PDE3B, forward, 5’-ccaattcctggc-
ttacctca-3’; reverse, 5’-gtgatcgtaatcgtgcatgg-3’; PDE4A, forward, 5’-catca-
atgtcccacgatttg-3’; reverse, 5’-taagtcccgctcctggaata-3’; β-actin: forward 
5’-gttacaggaagtccctcacc-3’, reverse 5’-ggagaccaaagccttcatac-3’. PCR prod-
ucts were normalized to the house keeping gene β-actin and expression lev-
els are given relative to control according to the formula: fold change=2-ΔΔCt, 
where ΔΔCt=(Ct(AC/PDE test)-Ct(β-actin test))-(Ct(AC/PDE control)-Ct(β-
actin control)).  
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Immunostaining 
Immediately after experiments dispersed islet cells remaining in position 
within the experimental chamber in the microscope were identified as α- or 
β-cells by immunostaining for glucagon and insulin (paper I and IV). The 
cells were fixed by sequential 5-min exposures to 25, 50, 75 and 95% etha-
nol. After subsequent rinsing with 3% H2O2 and with Tris buffer (0.05M, pH 
7.4), Protein Block (DAKO, Glostrup, Denmark) was added to reduce back-
ground staining. After 10 min, polyclonal rabbit anti-glucagon or polyclonal 
guinea pig anti-swine insulin (1:100; DAKO, Glostrup, Denmark) was add-
ed for 30 min followed by rinsing with Tris buffer. The MACH 3TM rabbit 
probe (Biocare, Concord, USA) alkaline phosphatase polymer kit was then 
used for the visualization of glucagon- or insulin-containing cells according 
to manufacturer’s instructions. After further rinsing with Tris buffer and 
distilled water, cell nuclei were stained with hematoxylin for 0.5-2 min. 

PDE activity in MIN6 β-cell homogenates 
MIN6 β-cells were sonicated in a buffer containing 50 mM Tris (pH 7.4), 2 
mM EGTA, 1 mM EDTA, 250 mM sucrose, 1 mM dithiothreitol, 0.05 mM 
sodium orthovanadate, 1 mM phenylmethanesulphonyl fluoride, protease 
inhibitor cocktail (Sigma, St Louis, MO) and PhoSTOP (Roche, Mannheim, 
Germany). PDE activity was measured in duplicates as described (233). 
PDE activity in the homogenates was determined in the absence or presence 
of pharmacological inhibitors selective for the PDE1 (MM-IBMX), PDE3 
(cilostamide), PDE4 (rolipram) families and the non-selective PDE inhibi-
tors dipyramidole and IBMX. 

Glucose oxidation  
Triplicate vials, each containing 104 MIN6 β-cells and Krebs-Ringer-
bicarbonate-HEPES buffer (100 µl) supplemented with 3.3 mM or 11.1 mM 
D-[U-14C]glucose, were incubated in sealed glass vials with or without test 
compounds for 90 min at 37 °C under an atmosphere of 95/5% O2/CO2 with 
slow shaking. Metabolism was then stopped by addition of 17 μM antimycin 
A (Sigma–Aldrich) in ethanol. The generated 14CO2 was trapped in 250 μl 
hyamine 10X (Perkin-Elmer) during incubation at 37 °C for 2h. Radioactivi-
ty was measured in a liquid scintillation counter after addition of 5 mL of 
Ultima Gold scintillation fluid (Perkin-Elmer) (234). 
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Apoptosis measurements 
The Cell Death Detection ELISAPLUS kit (Roche, Mannheim, Germany) was 
used according to the manufacturer’s instructions to determine apoptosis in 
INS-1E cells. This kit measures cytoplasmic oligonucleosomes that increase 
after apoptosis-associated DNA degradation. The apoptosis measurements in 
palmitate experiments were related to the DNA content obtained in separate 
experiments and compared to the average value obtained from control cells. 

Data and statistical analysis 
Image analysis was made using MetaFluor or ImageJ (W. S. Rasband, Na-
tional Institute of Health, http://rsb.info.nih.gov/ij) software. The cAMP 
concentration was expressed as the ratio of CFP over YFP fluorescence after 
background subtraction. To compensate for variability in expression levels 
between different cells, the basal ratio was normalized to unity. The PM 
concentrations of PIP3, STIM1-YFP or Orai1-mCherry were expressed as 
the fluorescence intensity F in relation to the initial fluorescence intensity F0 
after subtraction of background. Data were presented as means ± SEM. Sta-
tistical comparisons were assessed with Student’s t-test or chi square test. 
The apoptosis data was statistically analyzed with one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. 
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Results and Discussion 

α- and β-cells within mouse islets can be identified by 
their [cAMP]pm responses to adrenaline (I) 
With the TIRF technique it was possible to record [cAMP]pm in individual 
cells located in the periphery of mouse islets. Since the islet mantle contains 
a mixed cell population (mainly β- and α-cells) it was important to identify 
the recorded cells. Unfortunately, immunostaining after experiments could 
not be used because the islets detach from the coverslip already during at-
tempted fixation. Adrenaline predominantly acts on β-adrenoceptors to in-
crease cAMP in α-cells and on α2-adrenoceptors to reduce cAMP in β-cells 
(84; 85), and adrenaline was therefore tested in an attempt to discriminate 
between the two cell types. [cAMP]pm was usually low and stable in periph-
eral islets cells exposed to 3 mM glucose. Under these conditions the intro-
duction of adrenaline induced an elevation of [cAMP]pm in some islet cells 
and had no effect or caused a slight lowering in others. Since dispersed islet 
cells attach more firmly to coverslips this preparation was used to confirm 
that the cells with adrenaline-induced elevation of [cAMP]pm were glucagon-
positive α-cells and those with [cAMP]pm-lowering or no effect insulin-
staining β-cells. The modest effect of adrenaline on β-cells was apparently 
due to [cAMP]pm being close to basal levels in 3 mM glucose, since the 
[cAMP]pm lowering became more pronounced and consistent under condi-
tions when the level of the cyclic nucleotide was elevated. 

Glucagon and GLP-1 trigger oscillations of [cAMP]pm 
in mouse islet cells (I) 
When mouse islets were exposed to glucagon in the presence of 3 mM glu-
cose, there was a prompt increase in [cAMP]pm with sustained elevation or 
oscillations in both α- and β-cells.  Since cAMP is a positive modulator of 
glucagon secretion (28; 49; 101), the α-cell observation is consistent with a 
positive autocrine feedback of glucagon on its own secretion (101). Like in 
previous biochemical studies (91) the cAMP response to glucagon in β-cells 
was markedly enhanced by a stimulatory concentration of glucose. 
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GLP-1 was also found to induce [cAMP]pm oscillations that were striking-
ly synchronized among the β-cells within an islet, even between those lack-
ing direct physical contact. Whereas GLP-1 increased [cAMP]pm in most β-
cells, only about 10% of the α-cells responded with [cAMP]pm elevation. 
The data therefore support the view that GLP-1 receptors are expressed only 
in a small sub-population of the α-cells (235). It is well known that GLP-1 
inhibits glucagon secretion and this inhibition has been attributed to an indi-
rect effect mediated by stimulated secretion of somatostatin (104) or to a 
direct, small cAMP elevation in the α-cells that causes paradoxical PKA-
mediated inhibition of Ca2+ entry (103). However, the present data indicate 
that the GLP-1 effect on glucagon secretion involves mechanisms other than 
changes of α-cell [cAMP]pm. 

Glucose triggers oscillations of [cAMP]pm in mouse islet 
α- and β-cells (I) 
Metabolism of glucose is essential for the regulation of insulin and glucagon 
secretion. In the presence of 3 mM glucose the [cAMP]pm levels were low 
and stable in both α- and β-cells in the mantle of intact islets. Following 
elevation of the glucose concentration from 3 to 11, 20 or 30 mM, most islet 
β-cells responded after a delay with a pronounced rise of [cAMP]pm with 
stable elevation or slow oscillations with frequencies in the 0.05-0.4/min 
range, as previously observed in isolated β-cells (94). The glucose-induced 
oscillations were often synchronized among the β-cells within an islet. Since 
[Ca2+]i is known to affect cAMP signalling by modulating the activity of 
ACs (110) and PDEs (236), the Ca2+ dependence of glucose-induced 
[cAMP]pm signalling was investigated. It was found that the temporal rela-
tionship of the initial glucose-induced [cAMP]pm and [Ca2+]pm elevations 
varied and [cAMP]pm sometimes increased before and sometimes after 
[Ca2+]pm. In Ca2+-deficient medium containing 2 mM EGTA the [cAMP]pm 
oscillations often persisted but with reduced amplitudes. Analogous observa-
tions have been made in mice transgenically expressing a fluorescence reso-
nance energy transfer-based cAMP reporter. A glucose-induced stable eleva-
tion of cAMP thus preceded the increase of [Ca2+]i   and persisted after omis-
sion of extracellular Ca2+ (95). These observations demonstrate that the 
changes in [cAMP]pm are not simply secondary to the changes in [Ca2+]pm. 
Previous studies of isolated β-cells in our laboratory have shown that cell 
metabolism, possibly by generating the precursor ATP, is a potent stimulator 
of cAMP formation (94). However, the cytoplasmic ATP concentration is 
approximately tenfold higher than the in vitro Km values for ATP reported 
for islet ACs (123). Therefore, it is not clear how ATP can directly regulate 
cAMP.   
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Like in β-cells, elevation of the glucose concentration from 3 to 20 or 30 
mM induced a rise of [cAMP]pm with oscillations in islet α-cells. However, 
in some cells, the peaks and nadirs of the oscillations reached above and 
below the initial cAMP baseline. The discovery that glucose induces 
[cAMP]pm oscillations in α-cells may appear surprising, as glucose is an 
inhibitor of glucagon secretion and cAMP stimulates glucagon release. 
However, recent measurements of glucagon secretion kinetics from mouse 
(33) and human (8) islets have demonstrated that the initial effect of glucose 
is stimulatory and that subsequent pulsatile hormone release is composed of 
alternating periods of inhibition and stimulation with an average reduction of 
secretion. It is possible that [cAMP]pm oscillations contribute to this perio-
dicity. Clarification of the temporal relationship of cAMP signalling in 
α- and β-cells will help to explain the generation of anti-synchronous pulses 
of insulin and glucagon underlying the 20-100-fold changes in insu-
lin/glucagon ratio that determines glucose homeostasis in the liver.  

TmACs mediate glucose-induced cAMP formation in β-
cells (I) 
It is well established that tmACs mediate the cAMP elevation induced by 
Gs-coupled receptor agonists, such as glucagon and GLP-1, but it is not clear 
how glucose acts to increase cAMP. In the present study, the glucose-
induced [cAMP]pm oscillations in β-cells within islets and clonal MIN6 cells 
were completely inhibited by 30 μM KH7, which has been described as a 
specific sAC inhibitor (237). However, also the tmAC inhibitor DDA abol-
ished the cAMP oscillations. Since the tmAC mediated [cAMP]pm elevation 
in response to GLP-1 was equally prevented by  DDA and KH7 we suspect-
ed that KH7 may have unspecific effects. Addressing this alternative we 
found that glucose-induced [Ca2+]i oscillations were suppressed by KH7, but 
unaffected by DDA, indicating that KH7 has effects upstream of membrane 
depolarization and Ca2+ influx. Indeed, KH7 was found to markedly sup-
press glucose oxidation in MIN6 cells. This unexpected effect of KH7 on 
cell metabolism limits its usefulness for studies of the role of sAC in intact 
cells. An alternative sAC inhibitor, the catechol estrogen (CE) 2-
hydroxyestradiol (1,3,5(10)-estratrien-2,3,17-β-riol) (238), had no effect on 
glucose-induced [Ca2+]i oscillations, and a temporary interruption of the 
[cAMP]pm oscillations observed after addition of CE is probably unspecific 
since the effect was mimicked by an inactive control compound. Similar 
results with CE were obtained when the experiments were performed in 
medium containing 20 mM NaHCO3, which should favour the activity of 
sAC. Together, the data indicate that tmACs rather than the sAC mediate 
glucose-induced generation of [cAMP]pm in β-cells.  
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Several PDEs are involved in shaping the glucose-
induced [cAMP]pm oscillations in β-cells (II) 
Since cAMP signals are terminated by PDEs, we next investigated their role 
for generating cAMP oscillations. Inhibition of most PDEs by the general 
PDE inhibitor IBMX resulted in dose-dependent elevation of [cAMP]pm at 3 
mM glucose, consistent with high basal cAMP production being balanced by 
PDE-mediated degradation. In the presence of low concentrations of IBMX, 
[cAMP]pm often fluctuated, indicating that there are variations in the basal 
rate of cAMP production that become unmasked when cAMP degradation is 
partially suppressed. Pharmacological inhibitors were next used to identify 
the different PDE families involved in cAMP degradation under basal and 
glucose-stimulated conditions. Among IBMX-sensitive PDEs, PDE3 was 
most important for maintaining a low basal [cAMP]pm in unstimulated 
β-cells. [cAMP]pm oscillations induced by glucose often continued with sim-
ilar rhythmicity in the presence of  PDE1, 3 and 4 inhibitors, although aver-
age cAMP was increased. Also in glucose-stimulated cells PDE3 inhibition 
gave the most pronounced elevations of [cAMP]pm, which is consistent with 
previous studies identifying PDE3B as a major regulator of cAMP relevant 
for insulin secretion. For example, β-cells or transgenic mice overexpressing 
PDE3B show reduced insulin secretion (130; 131), and genetic or pharmaco-
logical reduction of its activity amplifies secretion (139; 133). The strong 
effect of a PDE3 inhibitor on the cAMP concentration in the sub-membrane 
space is in line with the observation that PDE3 often is associated with 
membranes (239), including the plasma and secretory granule membranes 
(132).  

When cAMP was elevated by inhibiting its degradation by a high concen-
tration of IBMX, suppression of cAMP formation by AC inhibition induced 
a ~40% reduction of [cAMP]pm, indicating  the presence of IBMX-
insensitive cAMP degradation. PDE8B is an IBMX- insensitive isoform 
expressed in islets and insulin-secreting cell lines (144; 133). The limited 
availability of selective pharmacological inhibitors of PDE8 makes it diffi-
cult to study this family of enzymes. To pinpoint the involvement of 
PDE8B, MIN6-cells were treated with lentiviral vectors expressing shRNA 
directed against the enzyme. Knockdown of PDE8B in MIN6-cells elevated 
[cAMP]pm and increased glucose-stimulated insulin secretion consistent with 
amplified insulin secretion after similar knockdown in rat islets (144). In the 
MIN6 cells the PDE8B knockdown was also associated with reduction of 
glucose-induced [cAMP]pm oscillations and loss of pulsatile insulin release. 
IBMX caused enhanced elevation of [cAMP]pm after PDE8B knockdown, 
but AC inhibition had no [cAMP]pm-lowering effect in the IBMX-exposed 
knockdown cells. Therefore, PDE8B seems to account for most IBMX-
insensitive cAMP degradation.  
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Suppression of glucose-induced [cAMP]pm signalling 
after long-term exposure of β-cells to palmitate (III) 
To investigate whether the impaired insulin secretion associated with long-
term palmitate exposure involves alterations of β-cell cAMP signalling, 
insulin-secreting INS1E-cells as well as mouse and human islets were ex-
posed during 48 h to 0.5 mM palmitate in the presence of 0.5-1% BSA. As 
described above for MIN6- and mouse islet β-cells, control INS1E β-cells as 
well as mouse and human islet β-cells responded to elevation of glucose 
from 2 or 3 to 20 mM with pronounced [cAMP]pm elevation, often with os-
cillations, whereas addition of 100 nM GLP-1 triggered stable [cAMP]pm 
increase. Acute palmitate exposure transiently elevated [cAMP]pm in mouse 
islet β-cells but there was no significant effect of a 1-h exposure to the lipid. 
After 48 h exposure to palmitate, the [cAMP]pm elevation induced by GLP-1 
was unchanged, but in all tested preparations, most β-cells failed to respond 
to glucose with rise of [cAMP]pm. The specific suppression of glucose-
induced [cAMP]pm signalling was associated with a modest elevation of 
apoptosis in the palmitate-treated INS-1E cells.  

Palmitate-induced suppression of [cAMP]pm is not 
accompanied by impaired glucose-induced [Ca2+]i 
signalling (III) 
Since Ca2+ amplifies cAMP signalling in β-cells, it was important to investi-
gate whether the palmitate-induced effect on cAMP was mediated by chang-
es of [Ca2+]i. Basal [Ca2+]i in unstimulated cells was slightly elevated after 
48 h exposure to palmitate, but glucose- and depolarization-induced [Ca2+]i 
elevations were unaffected by the fatty acid. The data indicate that the up-
stream signalling events, including metabolic generation of ATP, membrane 
depolarization and Ca2+ influx, are unaffected. This is consistent with previ-
ous observations that palmitate lacks effect on glycolytic flux and ATP syn-
thesis in MIN6 and mouse islet β-cells (240; 216) and that the secretory 
defect involves a late step in the stimulus-secretion coupling. It can therefore 
be concluded that the palmitate-induced suppression of cAMP signalling is 
not secondary to decreased cell viability or impaired coupling between me-
tabolism and [Ca2+]i signalling.  
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Palmitate impairs glucose-induced pulsatile insulin 
secretion from mouse and human β-cells (III) 
I next studied whether the suppressed [cAMP]pm signalling was associated 
with impaired insulin secretion. The time-course of insulin secretion from 
individual cells within intact islets was monitored by recording 
PtdIns(3,4,5)P3, a lipid formed in the PM following autocrine insulin recep-
tor activation (94). Control mouse and human islet β-cells responded to glu-
cose elevation with pronounced PtdIns(3,4,5)P3 oscillations reflecting pulsa-
tile insulin secretion. The glucose-induced PtdIns(3,4,5)P3 response was lost 
in 93% of the palmitate-treated cells, and the time average response was less 
than half of that in control. The reduced response was not due to impaired 
insulin receptor signalling, since the PtdIns(3,4,5)P3 elevation caused by 
exogenously added insulin was unaffected by palmitate. Since [Ca2+]i signal-
ling was largely unaffected, the reduced insulin secretion in palmitate-
treated cells is likely mediated by impaired glucose-induced generation of 
cAMP. 

Involvement of AC9 in glucose-induced cAMP 
production (III) 
It is not clear how palmitate impairs glucose-induced cAMP signalling. Di-
rect modulation of protein function via e.g. acylation or palmitoylation (241; 
242) cannot be excluded. Using real-time PCR, I found no alterations in the 
expression of PDEs. However, palmitate-treated cells showed decreased 
mRNA expression of AC9. I therefore studied the involvement of AC9 in 
glucose-induced [cAMP]pm signalling by siRNA-mediated knock-down in 
MIN6 β-cells. The glucose-induced [cAMP]pm response was indeed signifi-
cantly suppressed by such knockdown. Although AC9 usually shows rather 
low activity (109), the unpublished data indicated that it is one of the most 
highly expressed ACs in β-cells. AC9 knockdown also reduced the GLP-1-
induced cAMP response, but this effect was much less pronounced than the 
deteriorated glucose response, and the data indicate that different mecha-
nisms are involved in cAMP generation by the two stimuli.  

STIM1 translocates from the ER and forms puncta at 
the plasma membrane after Ca2+ store depletion in 
mouse islet cells (IV) 
The mechanisms involved in the regulation of the Ca2+ store-operated path-
way were studied in mouse pancreatic islets expressing STIM1-YFP. Pe-
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ripheral islet cells maintained in 3 mM glucose showed diffuse STIM1-YFP 
fluorescence in the cytoplasm when examined with confocal microscopy. 
With TIRF microscopy some PM-associated fluorescence puncta were also 
observed. Depletion of the ER Ca2+ stores by SERCA inhibition with CPA 
induced formation of more conspicuous STIM1-YFP puncta at the PM. Re-
duction of ER Ca2+ by omission of extracellular Ca2+ and addition of EGTA 
caused a less marked PM translocation of STIM1-YFP that was enhanced by 
CPA. These data show that STIM1 translocates to the PM when the ER is 
depleted of Ca2+, a condition known to activate store-operated Ca2+ entry. 

Glucose stimulates re-translocation of STIM1 to the 
bulk ER in mouse and human islet α- and β-cells (IV) 
Since glucose stimulates sequestration of IP3-mobilizable Ca2+ in the ER of 
both β- (44; 243) and α-cells (35), it was next tested how glucose affects 
STIM1 translocation in islet cells. In β-cells glucose concentration-
dependently reduced PM-associated STIM1-YFP fluorescence indicating re-
translocation to the bulk ER. The half-maximal and maximal effects were 
obtained at 3.4 and 11 mM, respectively. This dose-response relationship is 
somewhat left-shifted in relation to the action of glucose on Ca2+ sequestra-
tion, which had corresponding effects at about 6 and 20 mM (44; 243), but 
consistent with store-operated Ca2+ influx being inversely dependent on the 
Ca2+ filling of the ER in a graded fashion (46). Upon subsequent reduction 
of glucose to 3 mM there was partial STIM1-YFP translocation to the PM 
and complete restoration of PM-associated STIM1-YFP fluorescence re-
quired glucose omission. This observation may indicate that more energy is 
required to fill the ER with Ca2+ and close SOCE than to maintain this situa-
tion. In a small fraction of β-cells exposed to 3 mM glucose there were oscil-
lations in PM-associated STIM1-YFP fluorescence possibly reflecting varia-
tions in the basal ATP concentration (244) that energizes the SERCA pump. 

Although Ca2+ sequestration in the ER of α-cells is much less extensively 
studied, data on mouse islet α-cells indicate that the pool of IP3-mobilizable 
Ca2+ becomes saturated and SOCE shut off at only 3 mM glucose (35). In 
the present study re-translocation of STIM1-YFP to the bulk ER was also 
maximal at 3 mM glucose. The different glucose concentration ranges that 
control Ca2+ store filling, STIM1 translocation and SOCE in β- and α-cells 
are consequently similar to those regulating insulin and glucagon secretion.  
That does not necessarily mean that the store-operated pathway is equally 
important for insulin and glucagon secretion. In both cell types Ca2+ influx 
per se by SOCE has a modest effect on [Ca2+]i (44; 37; 46; 35). However, 
SOCE also contributes to membrane depolarization. In β-cells the depolariz-
ing effect of SOCE is small and insufficient to promote voltage-dependent 



 38 

Ca2+ entry (47; 37) unless the β-cells are already depolarized by glucose (47). 
Due to higher input resistance (29), the membrane potential of α-cells is 
more sensitive to SOCE, whose activation readily triggers voltage-dependent 
Ca2+ entry (35) and glucagon secretion (27). The present data consequently 
add further support for the idea that SOCE is involved in glucose regulation 
of glucagon release from pancreatic α-cells. 

Adrenaline induces opposite STIM1 translocation in 
α- and β-cells (IV) 
In the presence of 3 mM glucose the addition of 5 μM adrenaline induced 
variable STIM1 responses in islet cells. In some cells, adrenaline triggered 
pronounced STIM1 translocation to the PM with formation of distinct punc-
ta. These cells, that tended to have smaller footprints, were α-cells as veri-
fied by immunostaining for glucagon. In insulin-staining β-cells with larger 
footprints, adrenaline instead induced loss of PM-associated fluorescence, 
indicating re-translocation of STIM1-YFP to the bulk ER. The opposite 
adrenaline responses can consequently be used to discriminate between the 
two cell types. STIM1 translocation to the PM of α-cells was not unexpected 
since adrenalin binds to α1-adrenoceptors (49) to raise IP3 and release Ca2+ 
from the ER, but the opposite effect on β-cells was surprizing. As discussed 
above, adrenaline also acts on β adrenoceptors (49) to raise cAMP (I) in 
α-cells and on α2 adrenoceptors (84; 85) to lower cAMP in β-cells. It was 
therefore tested whether changes in cAMP affect STIM1 translocation. In-
deed, elevation of cAMP by activation of adenylyl cyclases with forskolin or 
inhibition of phosphodiesterases with IBMX increased STIM1-YFP translo-
cation to the PM both in adrenaline-identified α- and β-cells. Moreover, the 
adenylyl cyclase inhibitor DDA promoted the re-translocation of STIM1-
YFP to the bulk ER. Since effects of cAMP can be mediated both by PKA 
and Epac, we tested the effects of specific agonists to these effectors. The 
PKA agonists N6-phenyladenosine-3’,5’-cyclic monophosphate and Sp-8-
CPT-cAMPS induced STIM1-YFP translocation to the PM both in α- and 
β-cells, but there was additional translocation after elevating cAMP with 
forskolin. We therefore tested the effect of the Epac activator 8-(4-
chlorophenylthio)-2’-O-methyladenosine-3’,5’-cyclic monophosphate ace-
toxymethyl ester, which also induced STIM1-YFP translocation to the PM 
in adrenaline-identified α- and β-cells. The data consequently indicate that 
both PKA and Epac contribute to cAMP-induced STIM1-YFP translocation 
to the PM. Because the dynamin-related mitochondrial protein mitofusin 2, 
which was recently implicated in the trafficking of STIM1 to the ER-PM 
junctions (245), is regulated by PKA (167), we speculate that this mecha-
nism partakes in the cAMP-induced STIM1 translocation.  
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cAMP-stimulated STIM1 translocation does not induce 
SOCE or STIM1-Orai1 co-clustering (IV) 
We next investigated the effects of cAMP modulation on SOCE by using a 
Ca2+ omission-re-addition approach in β-cells that were hyperpolarized with 
diazoxide and exposed to the Ca2+ channel blocker methoxyverapamil to 
prevent voltage-operated Ca2+ entry. The effect of cAMP elevation with 
forskolin on SOCE was tested in the presence of 3 or 20 mM glucose that 
cause partial and maximal calcium filling of the ER, respectively. When 
omission of extracellular Ca2+ had lowered [Ca2+]i to a stable level, the intro-
duction of 10 mM Ca2+ induced a SOCE-dependent elevation of [Ca2+]i that 
was much less pronounced than that subsequently obtained when the Ca2+ 
omission-re-addition protocol was repeated after complete Ca2+ emptying of 
the ER with the SERCA inhibitor CPA. Independent of the glucose concen-
tration the magnitude of Ca2+ elevations before or after CPA were not altered 
by forskolin indicating that cAMP does not affect SOCE.  

Searching for an explanation why cAMP-induced STIM1 translocation 
fails to initiate SOCE, we next studied Orai1, which is the Ca2+ channel 
forming protein that is activated by STIM1. Islet cells expressing Orai1-
mCherry alone or in combination with STIM1-YFP showed diffuse Orai1-
mCherry distribution in the PM under basal conditions. Emptying of the ER 
with CPA triggered redistribution of Orai1-mCherry, which resulted in a 
punctate pattern in the PM that co-localized with the STIM1-YFP puncta. 
Unlike CPA, elevation of cAMP by rise of forskolin had no effect on Orai-
mCherry distribution and there was consequently no Orai clustering at 
cAMP-induced STIM1 puncta. These data indicate that STIM1 translocation 
in response to cAMP occurs without aggregation of Orai1 and consequently 
without formation of store-operated Ca2+ channels. Activation of SOCE by 
Ca2+ store depletion has been found to involve a conformational transition 
that releases the Orai-activating region of STIM1 from an intramolecular 
clamp (166; 246). Maybe cAMP-induced STIM1 translocation occurs with-
out this conformational change. 
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Summary and Conclusions 

1. The cAMP signalling properties of isolated β-cells are maintained within 
their natural environment in the pancreatic islets. Accordingly, GLP-1 and 
glucagon trigger [cAMP]pm oscillations that often were synchronized be-
tween islet cells lacking direct contact. Glucose stimulation was associated 
with pronounced β-cell oscillations of [cAMP]pm that were amplified by 
Ca2+, but not strictly dependent on the ion. The glucose-induced cAMP for-
mation in the sub-plasma membrane space was mediated by tmACs and not 
sAC. Adrenaline induced opposite changes of [cAMP]pm in α- and β-cells 
and this difference is helpful for cell identification. Only a small fraction of 
the α-cells responded to GLP-1 with [cAMP]pm elevation, indicating that 
GLP-1 inhibition of glucagon secretion probably does not involve changes 
in [cAMP]pm. In contrast, many α-cells reacted to glucagon with pronounced 
[cAMP]pm oscillations indicating an autocrine positive feedback effect of the 
hormone. Also glucose induced pronounced [cAMP]pm oscillations that 
probably contributes to the generation of pulsatile glucagon secretion. 
 
2. [cAMP]pm oscillations depend on periodic variations in cAMP generation 
in combination with constitutive cAMP degradation via IBMX-sensitive and 
-insensitive mechanisms in both MIN6 and islet β-cells. Among IBMX-
sensitive PDEs, PDE3 was most important for maintaining a low [cAMP]pm 
under basal conditions. After glucose induction of [cAMP]pm oscillations, 
PDE1, -3 and -4 inhibitors increased average [cAMP]pm, but typically did 
not abolish the oscillations in either MIN6 or islet β-cells. PDE8B was found 
to account for most of the IBMX-insensitive PDE activity in the sub-
membrane space, and knock-down of the enzyme abolished glucose-induced 
[cAMP]pm oscillations. Several PDEs, including the IBMX-insensitive 
PDE8B, are essential for pulsatile insulin secretion.  
 
3. Prolonged exposure of mouse or human islets to palmitate results in dete-
rioration of glucose-stimulated insulin secretion with loss of pulsatility. The 
palmitate treatment was associated with impairment of glucose-induced 
[cAMP]pm elevation, whereas the GLP-1-induced [cAMP]pm response was 
unaffected. Basal [Ca2+]i in the presence of 3 mM glucose was slightly ele-
vated after palmitate exposure, but the fatty acid did not influence the ampli-
tude of the [Ca2+]i oscillations induced by glucose or the [Ca2+]i elevation 
triggered by K+. Acute palmitate treatment triggered transient basal 
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[cAMP]pm rise, but acute or short-term treatment had no effect on glucose or 
GLP-1-induced [cAMP]pm signals. Accordingly, the defective β-cell secreto-
ry function induced by chronically elevated fatty acids is mediated by im-
paired glucose-induced generation of cAMP. 
 
4. Ca2+ emptying of the ER induced aggregation of STIM1 into puncta that 
translocated to plasma membrane-adjacent areas of the ER where they co-
clustered with the Ca2+ channel-forming plasma membrane protein Orai1 to 
activate store-operated Ca2+ influx. Whereas adrenaline induced similar 
translocation of STIM1 with puncta formation at the plasma membrane in 
α-cells, the reverse process was observed in β-cells, partially reflecting the 
opposite effects of adrenaline on cAMP in the two cell types. However, the 
cAMP-induced STIM1 puncta did not co-cluster with Orai1, and there was 
no activation of store-operated Ca2+ entry. STIM1 translocation can conse-
quently occur independently of Orai1 clustering and store-operated Ca2+ 
channel formation. Glucose inhibited the store-operated Ca2+ influx by in-
ducing the re-translocation of STIM1 to the ER after filling the organelle 
with Ca2+. Consistent with a role of the store-operated pathway in glucagon 
secretion, STIM1 re-translocation occurred at the same low glucose concen-
trations in α-cells that control release of the hormone, whereas considerably 
higher concentrations were required to induce re-translocation in β-cells. 
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Svensk sammanfattning 

Sockerarten glukos är en av kroppens viktigaste näringskällor. Hjärnan är 
helt beroende av glukos (blodsocker) för sin försörjning. Skulle blodsockret 
sjunka till mycket låga nivåer kan hjärnan skadas så allvarligt att det leder 
till döden. Under evolutionen har det därför utvecklats starka försvarsmek-
anismer som förhindrar att blodglukoskoncentrationen sjunker till farliga 
nivåer. Hormonet glukagon, som frisätts från α-celler i bukspottkörtelns 
Langerhanska öar, är den viktigaste glukoshöjande faktorn, och glukagon 
verkar genom att stimulera levern att bryta ner lagrat glykogen till glukos. 
Det sker exempelvis när blodsockret sjunker på grund av att man inte ätit 
och är hungrig eller när man gjort av med mycket glukos genom kroppsan-
strängning. Stresshormonet adrenalin, som kommer från binjurarna, är ett 
annat blodsockerhöjande hormon med samma effekt som glukagon på levern 
men som även verkar indirekt genom att stimulera glukagonfrisättningen 
från de Langerhanska öarna. Härigenom förses hjärnan med extra energi för 
att underlätta beslut i en stressande situation.  

När man äter stiger istället blodsockret över den normala koncentration-
en. Då verkar det blodsockersänkande hormonet insulin, som frisätts från 
β-celler i de Langerhanska öarna. Insulinet gör att muskelceller och fettceller 
kan ta upp glukos och att leverceller kan lagra glukos som glykogen. Häri-
genom normaliseras åter blodsockernivåerna, som genom insulinets och 
glukagonets effekter normalt hålls inom snäva gränser. Skulle insulinet inte 
frisättas normalt eller dess effekt minska får man förhöjda blodsockernivåer 
eller sockersjuka (diabetes). Det är visserligen inte omedelbart livshotande 
men är en allvarlig sjukdom, och även när den behandlas uppkommer ofta 
komplikationer som kan leda till minskad livskvalitet och livslängd. Man 
brukar indela diabetes i en allvarligare form, typ 1, som främst drabbar 
yngre personer, och en något mildare typ 2, som företrädesvis drabbar äldre. 
Vid typ 1-diabetes förstörs de insulinfrisättande β-cellerna genom en auto-
immun process. Vid typ 2-diabetes, som är ca 10 gånger vanligare, finns de 
flesta β-cellerna kvar men deras förmåga att frisätta insulin minskar. Typ 2-
diabetes är oftast relaterad till övervikt och sjukdomen ökar dramatiskt i hela 
världen beroende på ökat välstånd. Diabetes beror dock inte bara på insulin-
brist utan frisättningen av glukagon är förhöjd vid båda sjukdomstyperna, 
vilket förvärrar de ökade blodsockernivåerna. Jag har ägnat mina doktorand-
studier åt att försöka förstå hur frisättningen av insulin och glukagon styrs, 
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då det är viktigt för att bättre behandlingsstrategier vid diabetes skall kunna 
utvecklas. 

När α- eller β-celler stimuleras att frisätta glukagon respektive insulin så 
är den utlösande faktorn en höjning av kalciumkoncentrationen i cellernas 
cytoplasma. Det sker genom att den elektriska spänningen över cellernas 
membran förändras varvid jonkanaler öppnas så att kalcium kan komma in. 
Det är ganska väl klarlagt hur en ökad blodsockerkoncentration åstadkom-
mer denna förändring i de insulinfrisättande β-cellerna, men det råder stor 
oenighet om hur sänkta blodsockernivåer orsakar den förändring av cell-
membranspänningen som leder till kalciumhöjning och glukagonfrisättning 
från α-cellerna. Förutom kalcium är cykliskt AMP (cAMP) den viktigaste 
intracellulära regulatorn av insulin- och glukagonfrisättningen. Enbart en 
cAMP-höjning har ingen eller måttlig effekt på sekretionen men förstärker 
sekretion som redan stimulerats genom kalciumhöjning. Jag har använt mig 
av totalreflektionsmikroskopi för att studera kalcium, kalcium-reglerande 
processer och cAMP alldeles under ytan av α- och β-cellers cellmembran 
där den viktiga regleringen av hormonfrisättningen äger rum. Då studierna 
har gjorts på ytliga celler i intakta Langerhanska öar, så kan de olika cellty-
perna påverka varandra på liknande sätt som sker under naturliga betingel-
ser. Studierna är till stor del baserade på fluorescerande rapportörmolekyler 
som med molekylärbiologisk teknik uttryckts i cellerna. 

En av de processer som föreslagits vara inblandad i regleringen av gluka-
gonsekretionen är ett kalciuminflöde som inte beror på den elektriska spän-
ningen över cellmembranet. Denna mekanism styrs istället av kalciuminne-
hållet i det endoplasmatiska nätverket. När nätverket töms på kalcium upp-
täcks detta av den kalciumbindande molekylen STIM1, som sitter i nätver-
kets membran. STIM1-molekylerna bildar då aggregat som rör sig i 
nätverket tills de kommer i närheten av cellmembranet där de binder till en 
annan molekyl, Orai1. Orai1-molekyler samlas sedan till platsen för STIM1-
aggregatet, och där bildar fyra Orai1 molekyler en kalciumkanal. Kalciumin-
flödet genom denna så kallade ”store-operated”-mekanism har bara blygsam 
effekt på kalciumkoncentrationen och förmodligen också på hormonfrisätt-
ningen. Kalciuminflödet orsakar dock en förändring i den elektriska spän-
ningen över cellmembranet, och i den glukagonfrisättande cellen är denna 
förändring så stor att även spänningskänsliga kalciumkanaler öppnas, varvid 
mycket mera kalcium strömmar in och glukagonsekretionen stimuleras. 
Samma mekanism har betydligt blygsammare effekt på β-cellen och endast 
marginell påverkan av insulinfrisättningen. Genom att använda mig av fluo-
rescensmärkta STIM1- och Orai1-molekyler kunde jag samtidigt studera hur 
dessa komponenter i ”store-operated”-mekanismen reagerade i α- och 
β-celler under olika betingelser. I enlighet med förväntningarna inducerade 
en kalciumtömning av det endoplasmatiska nätverket STIM1-aggregering 
tillsammans med Orai1 i cellmembranet. Glukos som istället stimulerar kal-
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ciumfyllnad av nätverket hade motsatt effekt och stimulerade istället 
STIM1s försvinnande från cellmembranet. Särskilt intressant var att denna 
effekt var maximal redan vid 3 mM glukos i α-cellerna medan 11-20 mM 
krävdes i β-cellerna. Eftersom normala basalkoncentrationer av glukos 
hämmar glukagonsekretionen är detta fynd förenligt med en hypotes som 
innebär att adrenalin stimulerar glukagonfrisättningen genom att aktivera 
”store-operated” mekanismen då hormonet tömmer det endoplasmatiska 
nätverket på kalcium och att glukos verkar hämmande genom att sockret 
stimulerar kalciumpåfyllnaden av nätverket. I studierna gjorde jag den ovän-
tade upptäckten att cAMP också orsakar STIM1-aggregering vid cellmem-
branet, men detta ledde ej till aktivering av ”store-operated”-mekanismen då 
det inte skedde någon ansamling av kalciumkanalbildande Orai1 molekyler 
till STIM1 aggregaten. Detta visar att det krävs mer för att aktivera ”store-
operated”-mekanismen än att STIM1 bildar aggregat vid cellmembranet.  

Mina mätningar av cAMP visade att adrenalin, som stimulerar glukagon-
sekretionen från α-cellerna och hämmar β-cellernas frisättning av insulin, 
snabbt höjde respektive sänkte cAMP-nivåerna i de två celltyperna. Även 
om detta inte var något oväntat resultat kunde det användas för att under 
pågående försök identifiera cellerna. Försöken klargjorde även att glukagon 
ökar cAMP och inducerar oscillationer i både α- och β-celler. Härigenom 
kan glukagon från α-cellern förstärka frisättningen av insulin från β-cellerna 
och dessutom genom positiv återkoppling på α-cellerna förstärka frisätt-
ningen av glukagon. Den glukagonliknande molekylen glucagon-like pep-
tide 1 (GLP-1), som frisätts från tarmens L-celler efter födointag och stimu-
lerar insulin- men hämmar glukagonfrisättningen, ökade cAMP i de flesta 
β-celler men bara i ett fåtal α-celler, vilket kan förväntas mot bakgrund av 
hur GLP-1-receptorn uttrycks i de två celltyperna. Resultaten talar mot en 
hypotes som innebär att en liten cAMP-höjning in α-cellerna skulle verka 
hämmande på glukagonsekretionen medan stimulering skulle kräva en stor 
cAMP höjning. 

En höjning av glukoskoncentrationen från 3 till 11-30 mM ökade cAMP-
nivåerna och inducerade kraftiga oscillationer i både α- och β-celler. Dessa 
oscillationer var synkroniserade mellan de insulinfrisättande β-cellerna och 
delvis kalciumberoende. Parallella oscillationer av kalcium och cAMP i 
β-cellerna orsakar pulserande frisättning av insulin vilket är en förutsättning 
för optimal effekt av hormonet. Också glukagonsekretionen pulserar och det 
gör den i motsatt fas till insulinfrisättningen så att insulintoppar motsvaras 
av glukagondalar och tvärt om. Av det skälet är sambandet mellan cAMP-
oscillationer i α- och β-cellerna mycket intressant, men jag lyckades inte 
erhålla så tydliga och samtidiga cAMP-oscillationer i de två celltyperna att 
det gick att klargöra hur de är relaterade till varandra. Eftersom glukos 
hämmar glukagonsekretionen kan det verka paradoxalt att nivåerna av sti-
mulerande cAMP ökar och oscillerar också i α-cellerna. Effekten av glukos 
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är dock komplex och en genomsnittlig hämning består i själva verket av 
pulser vars toppar innebär viss stimulering medan dalarna motsvarar en kraf-
tigare hämning. cAMP kan här vara inblandad i den stimulerande kompo-
nenten. β-cellernas cAMP-oscillationer kunde visas bero på variationer i den 
cAMP-bildning som genereras av membranbundna isoformer av enzymet 
adenylylcyklas medan en löslig form av enzymet inte verkade vara inblan-
dad. cAMP bryts ner av fosfodiesteraser (PDE) som är en stor grupp av en-
zymer. Jag fann att PDE1, 3, 4 och 8B också är inblandade i formningen av 
cAMP-signalerna och pulserande insulinfrisättning. 

Ökande ekonomiskt välstånd i världen har medfört att övervikt och fetma 
blivit allt vanligare vilket är starkt kopplat till uppkomst av typ 2 diabetes. 
Sambanden är komplexa men man kan efterlikna situationen som råder vid 
övervikt genom att exponera Langerhanska öar för vissa vanligt förekom-
mande fettsyror, såsom palmitinsyra.  Redan efter ett par dygn minskar eller 
förlorar β-cellerna då sin förmåga att frisätta insulin som svar på en höjning 
av glukoskoncentrationen. Jag undersökte om detta möjligen kunde bero på 
förändringar i kalcium- eller cAMP-signaleringen. Det visade sig att glukos 
inducerade karakteristiska kalciumoscillationer i β-cellerna oberoende av om 
de Langerhanska öarna hade exponerats för palmitinsyra. Däremot orsakade 
palmitinsyra kraftiga störningar av glukosinducerad, men inte av GLP-1- 
inducerad cAMP-bildning. Detta resultat tyder på att störd cAMP-bildning 
kan vara en underliggande faktor vid utveckling av typ 2-diabetes. 
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