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Abstract
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Certain membrane lipids are involved in intracellular signalling processes, among them
phosphoinositides and diacylglycerol (DAG). They mediate a variety of functions, including
the effects of nutrients and neurohormonal stimuli on insulin secretion from pancreatic β-
cells. To ensure specificity of the signal, their concentrations are maintained under tight spatial
and temporal control. Here, live-cell imaging techniques were employed to investigate spatio-
temporal aspects of lipid signalling in the plasma membrane of insulin-secreting β-cells.
The concentration of phosphatidylinositol 4-phosphate [PtdIns(4)P] increased after stimulation
with glucose or Gq protein-coupled receptor agonists. The glucose effect was Ca2+-dependent,
whereas the receptor response was mediated by novel isoforms of protein kinase C (PKC).
The increases in PtdIns(4)P were paralleled by lowerings of the phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P2] concentration. This relationship was not caused by conversion
of PtdIns(4,5)P2 to PtdIns(4)P but rather reflected independent regulation of the two lipids.
Stimulation of β-cells with glucose or a high K+ concentration induced pronounced, repetitive
increases in plasma-membrane DAG concentration, which were locally restricted and lasted
only for a few seconds. This pattern was caused by exocytotic release of ATP, which
feedback-activates purinergic P2Y1-receptors and stimulates local phospholipase C-mediated
DAG generation. Despite their short durations the DAG spikes triggered local activation of
PKC. Novel PKCs were recruited to the plasma membrane both after glucose and muscarinic
receptor stimulation. While the glucose-induced translocation was synchronized with DAG
spiking, muscarinic stimulation induced sustained elevation of the DAG concentration and
stable membrane association of the kinase. Also conventional PKCs translocated to the
membrane after glucose and receptor stimulation. The glucose-induced response was complex
with sustained membrane association mirroring the cytoplasmic Ca2+ concentration, and
superimposed brief recurring translocations caused by DAG. Interruption of the purinergic
feedback loop underlying DAG spiking suppressed insulin secretion. Since the DAG spikes
reflected exocytosis events, a single-cell secretion assay was established, which allowed
continuous recording of secretion dynamics from many cells in parallel over extended periods
of time. With this approach it was possible to demonstrate that insulin exerts negative feedback
on its own release via a phosphatidylinositol-3,4,5-trisphosphate-dependent mechanism.
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ATP Adenosine 5’-triphosphate 
[Ca2+]cyt Cytoplasmic Ca2+ concentration 
cAMP 3’, 5’-cyclic adenosine monophosphate 
CAPS Ca2+-dependent activator protein for secretion 
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Grp1 General receptor for phosphoinositides 1 
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KATP-channel ATP-sensitive K+ channel 
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NCS-1 Neuronal calcium sensor-1 
NPY Neuropeptide Y 
OSBP Oxysterol-binding protein 
PH Pleckstrin homology 
PI3K Phosphatidylinositol 3-kinase 
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PKD Protein kinase D 
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PtdIns(4)P Phosphatidylinositol 4-phosphate 
PtdIns(4,5)P2 Phosphatidylinositol 4,5-bisphosphate 
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Introduction 

This year is the 90th anniversary of the Nobel Prize in Physiology or Medi-
cine being awarded to Frederick G. Banting and John Macleod for the dis-
covery of insulin, which they made together with their co-workers Charles 
Best and Bertram Collip [1]. At their time the impact of this discovery was 
comparable to a miracle – saving severely diabetic patients from certain 
death; but how is the situation today? 

In 2008 314-382 million people worldwide were suffering from diabetes 
mellitus [2]; a condition primarily defined by failure of the blood glucose 
lowering processes, leading to a fasting blood glucose concentration  >= 7.0 
mM, which over time increases the risk for eye, kidney, and nerve dysfunc-
tion as well as cardiovascular disease [3]. The discovery of insulin primarily 
helped patients with type I diabetes, which is caused by destruction of the 
insulin-producing cells. However, today more than 90% of diabetic patients 
suffer from type II diabetes, characterized by impaired insulin secretion and 
insulin resistance [3]. The prevalence of this form of diabetes has increased 
due to sedentary life style and physical inactivity, resulting in the fact that 
there are more diabetic patients today than there were at the time of insulin 
discovery [2]. But at the same time we have gained a better understanding of 
the elaborate mechanisms that keep the fasting plasma glucose in its normal 
range. Insulin is the only blood glucose-lowering hormone and it acts by 
facilitating glucose uptake into fat and muscle and decreasing glucose output 
from the liver. The hormone is produced by β-cells within the islets of 
Langerhans in the pancreas and its release is tightly controlled by an intricate 
interplay between glucose, other nutrients, hormones and neural factors [4]. 

Many of these regulatory inputs are perceived at the plasma membrane, 
where signalling cascades are initiated, and where insulin is finally released. 
In fact, some of the membrane lipids also act as signalling molecules. In face 
of a limited repertoire of signalling molecules and a big variety of cellular 
processes, specificity is achieved by tight spatial and temporal control [5]. 
To gain full understanding of the molecular mechanism involved in the regu-
lation of insulin release it is therefore important to assess signalling in single, 
living cells with high temporal and spatial resolution. The work presented in 
this thesis applies live cell imaging techniques to investigate signal transduc-
tion at the plasma membrane of insulin-secreting β-cells. 
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Background 

Insulin secretion from pancreatic β-cells 
The following section introduces the insulin-secreting pancreatic β-cell. It 
will be discussed how glucose triggers insulin release and how neural and 
hormonal factors adjust it. Finally the biphasic and pulsatile kinetics of in-
sulin secretion will be presented. 

Glucose-induced insulin secretion 
After the β-cell was identified to be responsible for insulin release from pan-
creas, the question arose how the cells sense the blood glucose concentration 
and adjust insulin secretion accordingly. In this context, it was early recog-
nized that β-cells metabolize the sugar [6], that they are electrically excitable 
[7] and that Ca2+ is essential for secretion [8]. But the link between metabo-
lism and electrical activity was not identified until the discovery of ATP-
sensitive K+ (KATP) channels in pancreatic β-cells [9, 10]. The consensus 
model for glucose-stimulated insulin secretion is illustrated in Figure 1.  

 
Figure 1. Glucose-stimulated insulin secretion from pancreatic β-cells. Glucose is 
taken up via glucose transporters (GLUT) and metabolized, resulting in an increase 
in the ATP/ADP ratio, which leads to closure of the KATP-channels. The subsequent 
depolarization of the plasma membrane causes opening of voltage-gated Ca2+-
channels (VGCC), followed by Ca2+ influx and exocytotic release of insulin secre-
tory granules. 
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In addition, glucose acts at steps distal to the Ca2+ triggering pathway, lead-
ing to augmentation of insulin secretion. Evidence for the so-called ‘amplify-
ing pathway’ was obtained from experiments where β-cells were depolarized 
by elevation of the K+ concentration in the presence of the KATP-channel 
opener diazoxide. Glucose was then found to dose-dependently increase 
insulin secretion from islets without affecting the membrane potential [11]. 
The underlying mechanisms are not yet clear, but several signalling mole-
cules, including ATP, cAMP, glutamate, acyl CoAs, phospholipids and 
kinases have been suggested to be involved [12, 13]. 

Insulin release dynamics 
Glucose-stimulated insulin release from the isolated perfused rat pancreas is 
biphasic with an early peak followed by lower but gradually increasing se-
cretion [14]. More detailed studies of insulin release kinetics have demon-
strated that glucose-induced insulin secretion is pulsatile [15]. This is impor-
tant, as intravenously infused insulin has been found to have a greater hypo-
glycaemic effect when delivered in pulses [16], probably because this pattern 
minimizes receptor desensitization in target tissues, particularly the liver. 
Additionally, the oscillatory regularity is disturbed in patients with type II 
diabetes [17]. Pulsatile insulin release occurs with similar periodicity (4-6 
min) in the entire pancreas, isolated islets and single β-cells [18]. Synchroni-
zation of the secretory activity among islets involves neural signalling, 
whereas coordination of β-cells within an islet relies on gap junctions and 
diffusible factors [18].  

The intracellular concentrations of several molecular factors oscillate in 
individual pancreatic β-cells. For example slow oscillations of the cytoplas-
mic Ca2+ concentration ([Ca2+]cyt)  are synchronized with the pulses of insu-
lin release [19, 20]. However, insulin secretion is also pulsatile under condi-
tions when [Ca2+]cyt is stable [21]. Also the concentrations of cAMP [22-24], 
NAD(P)H [25, 26] and ATP [27, 28] as well as the activity of phospholipase 
C [29-31] have been found to oscillate. Several of these factors affect each 
other and the insulin release process, but the detailed mechanisms underlying 
pulsatile insulin secretion are still unclear [18]. 

Neurohormonal modulation of insulin secretion 
In their natural environment, β-cells are typically exposed to a mixture of 
nutrients, rather than glucose alone, as well as to auto-, para- and endocrine 
influences and neural inputs. These factors assist to shape appropriate insulin 
secretion dynamics and some contribute to synchronize the β-cells within 
and between islets in the pancreas [18]. The effects of neural stimuli and 
hormones are mediated via cell surface receptors and typically do not initiate 
insulin release, but rather modulate secretion at permissive concentrations of 
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fuel secretagogues [32]. In the following, I will briefly discuss the molecular 
action and effect on secretion of acetylcholine, ATP, glucagon and, gluca-
gon-like peptide-1, adrenaline and insulin, as outlined in Figure 2. 

 
Figure 2. Action of some neural and hormonal inputs on insulin secretion. The 
neurohormonal factors are shown in green and their cell surface receptor type is 
indicated as labelled grey circle. The regulatory effect on insulin secretion and some 
aspects of the molecular mechanisms are displayed by arrows (see text for details). 
PIP2 = phosphatidylinositol 4,5-bisphosphate, PLC = phospholipase C,  IP3 = inosi-
tol 1,4,5-trisphosphate, DAG = diacylglycerol, GLP-1 = glucagon-like peptide-1, AC 
= adenylate cyclase, PI3K = phosphatidylinositol 3-kinase. PIP3 = phosphatidy-
linositol 3,4,5-trisphosphate 

Acetylcholine is the major parasympathetic neurotransmitter released within 
islets after food intake. Carbachol is a stable analogue commonly used as a 
cholinergic agonist in experiments. In β-cells, both agonists act on mus-
carinic receptors that are Gq protein-coupled. The major signal transduction 
pathway from these receptors involves inositol phospholipids and the en-
zyme phospholipase C (PLC) as discussed in detail below. The PLC path-
way leads to a rise in [Ca2+]cyt as well as sensitization of the secretory ma-
chinery to Ca2+, resulting in enhancement of glucose-induced insulin secre-
tion [33].  

ATP is released from islet nerve endings as well as from insulin secretory 
vesicles [34]. Extracellular ATP is sensed by two distinct types of purinergic 
receptors: P2Y-receptors, which like the muscarinic receptors are Gq protein-
coupled PLC-activating receptors, and P2X-receptors, which are ligand-
gated cation channels [35]. β-cells express several receptor subtypes with 
varying affinities for ATP, probably explaining the pleiotropic effects of 
ATP on insulin secretion [35]. Species differences have also been reported, 
and whereas P2Y-receptors seem to be the dominating class in rodent islets, 
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P2X3-receptors were recently reported to account for a positive autocrine 
effect of ATP on insulin release from human β-cells [36]. ATP increases 
[Ca2+]cyt and apart from enhancing insulin secretion, the ATP-induced Ca2+ 
signals contribute to synchronization of [Ca2+]cyt oscillations and pulsatile 
insulin secretion in β-cells without physical contact [35, 37, 38]. 

Glucagon and glucagon-like peptide-1 (GLP-1) act on Gs protein-
coupled receptors resulting in activation of adenylate cyclases and genera-
tion of cAMP, which potently amplifies insulin secretion. GLP-1 is produced 
by L-cells in the gut and released in response to nutrient intake, particularly 
after fat and carbohydrate-rich meals. GLP-1 and the related gastric inhibi-
tory polypeptide are responsible for the incretin effect, i.e. more pronounced 
insulin secretion in response to an oral than an intravenous glucose load. The 
insulinotropic action of GLP-1 together with its stimulatory effect on β-cell 
growth and survival has triggered an immense interest in GLP-1 for treat-
ment of type II diabetes [39]. Glucagon is secreted from α-cells situated in 
close proximity to the β-cells in the islets of Langerhans. The hormone is 
released in pulses, anti-synchronous to those of insulin [40]. The insulino-
tropic action of glucagon is well-known [41] and probably important for 
glucose-induced insulin release [42, 43].  

Adrenaline is a potent inhibitor of insulin secretion. In β-cells, the hor-
mone acts on Gi protein-coupled adrenergic α2-receptors. The action in-
volves inhibition of adenylyl cyclases with lowering of cAMP, activation of 
hyperpolarizing K+ channels and activation of the protein phosphatase cal-
cineurin, and all these effects contribute to inhibition of secretion [44].  

Insulin feedback signals to β-cells via insulin receptors [45, 46] and per-
haps also via receptors for insulin-like growth factor-1 [47].  Both are tyro-
sine kinase receptors and their downstream signalling involves activation of 
phosphatidylinositol 3-kinase with subsequent production of 3-
phosphorylated inositol phospholipids, particularly phosphatidylinositol 
3,4,5-trisphosphate [48]. Whereas a role of this feedback loop is well estab-
lished for insulin biosynthesis, β-cell proliferation and inhibition of apop-
tosis, there is no consensus on how insulin influences its own secretion. 
Some studies show a stimulatory effect and others that the hormone has no, 
or inhibitory effects on insulin secretion (reviewed in [49, 50]). 

Lipid signalling at the plasma membrane 
In the following section the signalling function of lipids will be introduced, 
with particular emphasis on phosphoinositides and their metabolites. Phos-
phoinositides serve as substrate for phospholipase C, resulting in diacyl-
glycerol production, which in turn activates protein kinases C. Phospho-
inositides and protein kinase C are important for appropriate insulin secre-
tion. 
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Phosphoinositide metabolism 
Lipids are a diverse group of biological molecules that are either insoluble or 
poorly soluble in water. They are excellent insulators and are therefore the 
principal constituent of biological membranes, which separate cells and cel-
lular organelles mechanically and electrically from their environment. Cells 
contain 500-1000 different lipid species, of which phospholipids are the 
most abundant in cellular membranes [51, 52]. Inositol phospholipids consti-
tute only about 1% of the total lipid (by weight), but are particular important 
in directing membrane association of protein domains which are in turn es-
sential in a variety of cellular functions [53]. Phosphatidylinositol (PtdIns) is 
by far the most abundant inositol phospholipid [53]. Its molecular structure 
is characterized by a myo-inositol ring that can be phosphorylated at the D3-, 
D4- and/or D5-position, giving rise to seven distinct derivates – the phos-
phoinositides (Figure 3). In addition to the ‘classical’ phosphoinositides 
there are inositol polyphosphates with functional importance in pancreatic β-
cells (reviewed in [54]). 

 
Figure 3. The phosphoinositide network in mammalian cells. The chemical structure 
of phosphatidylinositol (PtdIns) is shown on the left. Phosphorylation at the D3-, 
D4- and/or D5-position of the myo-inositol ring gives rise to seven distinct phospho-
inositides, which are interconverted by phosphoinositide kinases and phosphatases 
indicated by red and blue arrows, respectively. Broken lines indicate lack of consen-
sus regarding the presence of the enzyme in mammalian cells [55-57]. The phospho-
inositides of particular interest for this thesis and their typical synthesis pathway are 
framed by a box. 

Although structurally very similar, the different phosphoinositides derivates 
are able to attract specific lipid-binding protein domains, which are involved 
in distinct cellular processes [53]. Therefore the production and degradation 
of the lipids must be tightly regulated. To this end, there are at least 19 phos-
phoinositide kinases and 28 phosphoinositide phosphatases in mammalian 
cells, some of them with multiple isozymes [57]. In addition, phosphoinosi-
tides can be hydrolyzed by phospholipases (PLs): PLA1 and A2 remove the 
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first and second acyl chain from the glycerol backbone, respectively, and 
PLB can act on either of the positions. PLC cleaves before the phosphate, 
close to the glycerol backbone and generates diacylglycerol (DAG), and 
PLD cleaves after the phosphate, generating phosphatic acid [58]. The im-
portance of a balanced phosphoinositide network is underscored by a num-
ber of human diseases that have been linked to mutations in phosphoinosi-
tide metabolizing enzymes [56]. 

In this thesis I will particularly discuss: Phosphatidylinositol 4-phosphate 
(PtdIns(4)P), phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) and 
phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3). PtdIns(4)P and 
PtdIns(4,5)P2 are the most abundant phosphoinositides whereas 
PtdIns(3,4,5)P3 concentrations are considered to be very low under basal 
conditions, but to increase considerably upon stimulation [53]. The 
PtdIns(4)P pool is formed by phosphatidylinositol 4-kinases (PI4Ks), which 
use PtdIns as substrate [59, 60]. There are two classes of mammalian PI4Ks 
(type II and type III), each with an α and β isoform. PtdIns(4,5)P2 is most 
commonly synthesized from PtdIns(4)P via phosphorylation of the D5-
position by a PtdIns(4)P 5-kinase (PIP5K), which has an α, β and γ isoform 
[60, 61]. PtdIns(4,5)P2, in turn, is a substrate for class I phosphatidylinositol 
3-kinase (PI3K) generating PtdIns(3,4,5)P3 downstream of certain cell sur-
face receptors [62]. 

PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are primarily present in the plasma 
membrane, whereas PtdIns(4)P is thought to be mostly located in Golgi 
membranes [56, 63]. PtdIns(3,4,5)P3 acts as second messenger with impor-
tance for various cellular processes [62, 64]. The effects of PtdIns(4,5)P2 
were initially attributed to signalling via the PLC and PI3K pathways. But by 
now we know that PtdIns(4,5)P2 also directly regulates transmembrane pro-
teins and involves in plasma membrane-cytoskeleton interactions, exo- and 
endocytosis, membrane trafficking and nuclear signalling [60, 63]. 
PtdIns(4)P is a prominent Golgi lipid, whereas in the plasma membrane it is 
considered to primarily act as a precursor for PtdIns(4,5)P2 [59, 60, 63]. 
However, the analysis of plasma membrane PtdIns(4)P and PtdIns(4,5)P2 
dynamics in study I challenges this view. 

Phosphoinositides in insulin secretion 
A role of phospholipids in glucose-stimulated insulin secretion was sug-
gested as early as 1972 [65]. In the 1980’s inositol supplementation of cul-
ture medium was found to be essential for insulin synthesis and release [66] 
and rapid changes of PtdIns(4,5)P2 and inositol 1,4,5-trisphosphate 
(Ins(1,4,5)P3) concentrations were detected in islets after stimulation with 
glucose and carbachol [67, 68]. These early studies mostly concentrated on 
the role of PLC documenting that muscarinic receptor stimulation enhances 
glucose-induced insulin secretion and sensitizes the islets to subsequent glu-
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cose challenges (reviewed in [69]). More recent studies have addressed the 
importance of phosphoinositide lipids per se. In this context, silencing of 
PI4K IIIβ or PIP5K Iγ was found to reduce insulin secretion from INS1E and 
MIN6 β-cells [70] and direct addition of PtdIns(4)P or PtdIns(4,5)P2 potenti-
ated Ca2+-induced exocytosis in voltage-clamped mouse β-cells [71] and 
permeabilized INS1E β-cells [70]. Due to fast interconversion between the 
different phosphoinositides it is difficult, if at all possible, to manipulate a 
single lipid species without affecting the concentrations of other derivatives. 
It can be therefore hard to pinpoint a particular phosphoinositide that medi-
ates a specific effect. 

On the other hand, several molecular mechanisms have been proposed 
how certain phosphoinositides can affect secretion. For example, 
PtdIns(4,5)P2, PtdIns(4)P and probably also PtdIns(3,4,5)P3 bind to the 
Kir6.2 subunit of KATP-channels. The negative charges of the lipids antago-
nize the inhibitory effect of ATP, resulting in a stabilization of the open state 
of the channel [72, 73]. This is particularly interesting in pancreatic β-cells, 
as their KATP-channels show a paradoxically high sensitivity to ATP in ex-
cised membrane patches, indicating that they would be constantly closed 
when exposed to physiological ATP concentrations. ADP has been proposed 
to modulate the ATP sensitivity in vivo [74], but also the interaction between 
the KATP-channel and membrane phospholipids should be important for ap-
propriate membrane excitability and insulin secretion [75]. Accordingly, a 
certain form of congenital hyperinsulinism could be linked to low intrinsic 
open probability of β-cell KATP-channel due to a reduced channel response to 
PtdIns(4,5)P2 and/or long chain acyl-CoAs [76]. 

Ca2+-triggered exocytosis is preceded by transport of the secretory vesi-
cles to the plasma membrane and assembly of the exocytotic machinery, a 
process generally referred to as priming. Priming has been found to depend 
on ATP and phosphoinositide synthesis [77, 78]. The Ca2+-dependent activa-
tor protein for secretion (CAPS), is a phosphoinositide-binding priming fac-
tor that facilitates fusion complex assembly [79], and several studies indicate 
its importance in insulin secretion [70, 71, 80, 81]. Another possible link 
between phosphoinositides and exocytosis are Munc18-interacting proteins 
(Mints) [82]; they are present in insulin-secreting β-cells [83] and silencing 
of Mint-1 was shown to reduce exocytosis in INS-1E cells [70]. Munc18 
itself facilitates formation of the secretory complex and its role in insulin 
release was highlighted in several recent reports [84-86]. 

Some downstream effects of phosphoinositides are mediated by pleckstrin 
homology (PH) domain-containing signalling proteins [53]. The serine-
threonine kinases Akt and phosphoinositide-dependent kinase 1 are exam-
ples of proteins that contain PH-domains with high specificity and affinity 
for PtdIns(3,4,5)P3 [64]. PtdIns(3,4,5)P3 is formed upon autocrine insulin 
receptor activation in β-cells [87, 88], but whether this feedback affects insu-
lin secretion is highly disputed (reviewed in [50]). 
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The phospholipase C pathway 
Although phosphoinositides are now accepted as independent signalling 
molecules, they were first recognized for their involvement in the PLC 
pathway. In 1953 Hokin & Hokin [89] found that 32P accumulates in the 
phospholipid pool of the exocrine pancreas after stimulation of amylase-
secretion by acetylcholine or carbachol. This was one of the first studies 
indicating that stimulus-response coupling can involve intracellular lipid 
signalling. The same authors soon clarified that 32P was mainly incorporated 
in phosphoinositides [90] and Robert Michell proposed PLC-mediated hy-
drolysis of inositol phospholipids as the missing link between cell surface 
receptor activation and cellular responses involving Ca2+ [91]. The PLC sub-
strate was identified by Michael Berridge as PtdIns(4,5)P2 [92] and the hy-
drolysis was found to generate Ins(1,4,5)P3 and DAG, leading to mobiliza-
tion of Ca2+ from intracellular stores and activation of protein kinase C 
(PKC), respectively [93].  

At least thirteen different PLC family members exist in humans. Based on 
their structure they have been subdivided into six classes: β, γ, δ, ε, η and ζ. 
With the exception of PLCζ, all isoforms contain an N-terminal PH-domain, 
which conveys binding to the plasma membrane [94]. The PH-domain of 
PLCδ1 binds PtdIns(4,5)P2 or its isolated head group Ins(1,4,5)P3 with par-
ticularly high affinity and specificity [53]. Several PLCβ, γ, and δ isoforms 
have been found in islets and insulinoma cells [95, 96]. PLCβ enzymes are 
generally activated downstream of G protein-coupled receptors and PLCγ 
isoforms are activated by receptor and non-receptor protein tyrosine kinases. 
The precise activation mechanism for PLCδ is still poorly understood but 
involves elevation of [Ca2+]cyt [94, 97]. Islet PLCs are also activated by glu-
cose and depolarizing stimuli and this is mainly secondary to the influx of 
Ca2+ [30, 31, 98]. Oscillations of [Ca2+]cyt lead to oscillatory PLC activity 
[29, 30] and cholinergic PLC activation is markedly enhanced by feedback 
from intracellular mobilization and store-operated influx of Ca2+ [99]. 

PLCs have great impact on Ca2+ signalling and as modulators of phospho-
inositide concentrations (reviewed in [100]), but also DAG, the hydrophobic 
product of PLC activity, is involved in many cellular processes. 

 

Diacylglycerol metabolism and signalling 
Diacylglycerol has a central role in both lipid metabolism and signalling, as 
illustrated in Figure 4.  
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Figure 4. Diacylglycerol in lipid metabolism and signalling. As an intermediate in 
lipid metabolism DAG is typically formed de novo via generation of phosphatidic 
acid, which is further metabolized by phosphatidic acid phosphatase (PAP). Upon 
certain extracellular stimuli phospholipase C and D (PLC and D) are activated, 
which will cleave phosphoinositides to generate DAG and phosphatidic acid, respec-
tively. DAG signals are terminated by diacylglycerol kinases (DGK) and lipases 
(DAGL). The latter reaction may release arachidonic acid (AA). 

DAG is continuously formed via de novo synthesis to ensure that there is 
always sufficient DAG for lipid synthesis. In contrast, extracellular stimula-
tion results in pronounced and rapid concentration changes of DAG, typi-
cally mediated by PLC or the combined action of PLD and phosphatidic acid 
phosphatase [101]. The preferred substrates of PLC are inositol phospholip-
ids, while PLD mainly metabolizes phosphatidylcholine, resulting in DAG 
with distinct fatty acid composition. PLC activity generates primarily poly-
unsaturated DAG species, which were reported to be more potent to activate 
PKC than the saturated/monounsaturated DAG species generated down-
stream of PLD [102]. DAG kinases (DGK) help to normalize DAG concen-
trations after external stimulation, while generating phosphatidic acid, which 
has a signalling function on its own account [103]. Another pathway to break 
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down DAG utilizes DAG lipases [101]. This route may release arachidonic 
acid, which has been suggested to be important for the generation and syn-
chronization of [Ca2+]cyt oscillations in pancreatic β-cells [104, 105]. 

DAG has a small polar headgroup (a glycerol molecule) and large tails 
(long-chain fatty acids at the sn-1 and sn-2 positions). This cone-like struc-
ture causes a strong membrane curvature, which facilitates membrane fusion 
or fission, as well as hydrophobic protein interaction with the membrane 
[101]. The second-messenger function of DAG is thought to be primarily 
conveyed through interaction with C1 domain-containing proteins. Conven-
tional and novel PKCs were the first DAG targets identified and are dis-
cussed in more detail below. Other C1 domain-containing proteins include 
DGKs, allowing a quick feedback on DAG concentrations, Munc13-1 and 
protein kinase D (PKD) [101, 106]. 

Studies in genetically modified mice indicate that Munc13-1 is the main 
DAG receptor in hippocampal neurons [107]. Munc13-1 is a presynaptic 
protein, which is essential in synaptic vesicle priming. It is also expressed in 
human, rat, and mouse β-cells [108] and was reported to be required for sus-
tained insulin release [109]. Heterozygous Munc13-1 knock-out mice are 
hyperglycaemic while displaying normal insulin tolerance, which indicates a 
defect in insulin secretion [110]. Interestingly, Munc13-1 concentrations are 
reduced in islets from type II diabetic rats [108] and in islets from diabetic 
patients [111]. PKD regulates the fission of vesicles from the trans-Golgi 
network [112] and was recently suggested to be important in glucose and 
muscarinic stimulation of insulin exocytosis [113, 114]. 

Despite the importance of DAG for insulin secretion, there are few studies 
on the regulation of this messenger. Using radiolabelling and chromatogra-
phy methods, carbachol and glucose have been found to increase the DAG 
content in rat pancreatic islets [115, 116]. Whereas the receptor agonist trig-
gers hydrolysis of inositol phospholipids, the effect of glucose was at first 
attributed to de novo synthesis [115, 116]. However, a later report pointed 
out that glucose has minor influence on total islet DAG [117]. Therefore, the 
purpose of study II was to clarify the role of DAG in β-cells by investigating 
single-cell kinetics of the plasma membrane pool of the lipid. 

Protein kinase C in β-cells 
Protein kinase C was identified in 1979 as the first intracellular receptor for 
DAG [118]. By now ten isoforms have been described and although all of 
them contain C1-domains, some are incapable to bind DAG. Based on their 
mode of activation PKCs are divided into three classes: Conventional PKCs 
(α, βI, βII and γ) are activated by DAG and Ca2+. Novel PKCs (δ, ε, η and θ) 
are also sensitive to DAG, but lack the affinity for Ca2+. The atypical iso-
forms (ζ and ι/λ) are independent of both, DAG and Ca2+ [119, 120]. Mem-
bers of all three PKC classes are expressed in pancreatic β-cells (Table 1).  
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Table 1. Expression of PKC isoforms in islets and insulin-secreting cells. 

Reference  [121] [122] [123] [124] [125] [126] [127] 

Tissue  mouse 
β-cells 

rat islets MIN6 RINm5F rat islets rat islet rat islets 

Method  Wb Wb Wb Wb Wb Wb Ihc 

Convent- α + + + + + + + 
ional βI  + n.t. - - n.t. 
 βII  n.t. 

+* 
+ 

+* 
+ + n.t. 

 γ n.t. - - - - - n.t. 
Novel δ n.t. + +** + + + + 
 ε n.t. + + + + + + 
 η n.t. n.t. - + n.t. + n.t. 
 θ n.t. n.t. - n.t. - n.t. + 
Atypical ζ n.t. + + + + + + 
 ι / λ n.t. n.t. + + - - + 
Wb … Western blot /  Ihc … Immunohistochemistry /  n.t. … not tested 
* no distinction between βI and βII   ** not detected in MIN6 cells, but in RINm5F cells 

The studies summarized in Table 1 all support the presence of PKCα, βII, δ, 
ε and ζ as well as the lack of the γ isoform in insulin-secreting cells. Several, 
but not all, studies claim that PKCη and ι/λ are expressed whereas the βI and 
θ isoforms are lacking. Some of the inconsistencies might be explained by 
differences in species and detection methods. Additionally, it is difficult to 
discriminate between the βI and βII isoform, which result from alternative 
splicing and diverge only in their extreme C-terminal ends. 

PKCs are involved in various aspects of β-cell function, including cell 
proliferation, differentiation and death, as well as regulation of secretion 
[128]. PKC-activating phorbol esters were early found to stimulate insulin 
secretion [129, 130], an effect mediated by sensitization of the secretory 
machinery to Ca2+ [131, 132]. Although the involvement of PKC in the regu-
lation of insulin secretion by various G-protein coupled receptor stimuli is 
well established, its role in glucose-stimulated insulin release is still contro-
versial. For example, down regulation of PKC activity by phorbol esters has 
little effect on insulin secretion [133, 134], and the use of various PKC in-
hibitors has yielded conflicting results [135-140]. PKC-activity typically 
involves movement of the respective isoform to membranes and several 
studies attempted to investigate glucose-induced redistribution in β-cells.  

PKCα and PKCβII, which are conventional isoforms, have been reported 
to undergo oscillatory membrane translocation in glucose-stimulated β-cells 
[135, 140], probably reflecting slow oscillations of [Ca2+]cyt [140, 141]. In 
contrast, confocal imaging failed to detect glucose-induced plasma mem-
brane recruitment of fluorescence-labelled PKCβI in INS1E β-cells [142]. 
Endogenous PKCα was reported to strongly associate with the plasma mem-
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brane during first phase insulin secretion, followed by dissociation and sub-
sequent re-association during second phase insulin release [127]. However, it 
remains unclear whether this translocation is important in glucose-stimulated 
insulin secretion, as adenoviral overexpression of wild-type or kinase-dead 
forms of PKCα had no effect in another study [135]. 

The effect of glucose on the localization and activity of novel PKCs is 
similarly unclear. Several studies have failed to detect any glucose-induced 
plasma membrane association of PKCδ [127, 141, 143] and one study indi-
cates that glucose causes PKCδ translocation to perinuclear sites [138]. 
While genetic ablation of PKCδ provided evidence that this isoform is im-
portant for insulin secretion by directly regulating the exocytosis machinery 
[144], this conclusion was not supported by adenoviral overexpression of 
wild-type or kinase-dead PKCδ [135]. PKCε has been suggested to translo-
cate to the cell periphery upon glucose stimulation [138] and two studies 
found glucose-induced association with insulin staining either near the nu-
cleus [127] or in the cell periphery [142], but spatial resolution did not per-
mit a definite conclusion about granular localization of the isoform. Also the 
functional importance of PKCε is unclear. Whereas expression of a domi-
nant negative mutant suppressed exocytosis in isolated β-cells [142], and a 
translocation inhibitor reduced insulin secretion from rat islets [138], genetic 
ablation of the protein did not affect normal glucose-induced insulin secre-
tion, but amplified that from islets treated with fatty acids [145]. 

Atypical PKCs cannot bind Ca2+ and their C1 domain variant lacks affin-
ity for DAG. Instead atypical PKCs contain a PB1-domain, which controls 
their function by mediating protein-protein interactions [119, 120]. Atypical 
PKCs are also activated by PtdIns(3,4,5)P3 [146], which links them to insu-
lin receptor stimulation with subsequent PI3K-activty [147]. However, there 
are considerable differences between tissues: Whereas atypical PKC signal-
ling is defective in insulin-resistant skeletal muscle, it is normal in livers of 
type II diabetic and obese rodents [147]. In insulin-secreting RINm5F cells 
carbachol has been found to induce translocation of PKCζ to the plasma 
membrane and that this is important for muscarinic stimulation of insulin 
release [124]. Based on effects of PKC inhibitors another study concluded 
that glucose-induced insulin secretion, at least in part, depends on activation 
of an atypical PKC isoform [137]. Studies with genetic ablation of PKCι/λ 
indicate that the isoform is important for insulin secretion by controlling the 
expression of genes involved in β-cell differentiation [148]. 

Taken together, there is no consensus regarding the involvement of PKC 
in glucose-stimulated insulin secretion. The dynamics of glucose-induced 
translocation of different PKC isoforms were therefore reassessed in study 
III. 
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Single-cell assays for the study of lipid dynamics, 
protein translocation and exocytosis 
The following section will introduce fluorescent translocation biosensors 
and live-cell imaging as tools to investigate spatio-temporal aspects of lipid 
signalling. Current single cell secretion assays and the need for new ap-
proaches will also be discussed. 

Imaging of signalling lipid dynamics and protein translocation at 
the plasma membrane 
Early studies of phosphoinositides [67, 68] and DAG [115, 116] employed 
radiolabelling and chromatography to detect stimulus-induced concentration 
changes. Although these techniques have contributed significantly to our 
understanding of signalling lipid metabolism, they do not provide informa-
tion about single-cell kinetics. Mass spectrometry has similar limitations and 
the use of antibodies requires fixation, permeabilization and staining of the 
cells, which may influence the concentration and distribution of lipids [62]. 

A better approach to investigate spatio-temporal aspects of lipid signal-
ling is live-cell fluorescence imaging [149]. Many proteins bind to mem-
branes via lipid-binding modules that recognize phospholipid components, 
including phosphoinositides and DAG [53]. In some cases this interaction is 
very specific [53]. When labelled with fluorescent proteins, such lipid-
binding protein domains can be utilized to visualize the localization of cer-
tain signalling lipids [150, 151]. Changes in the lipid concentration at spe-
cific intracellular sites lead to redistribution of the fluorescent protein do-
main to or from these locations, and this translocation can be observed with 
confocal or total internal reflection fluorescence (TIRF) microscopy. 
Whereas confocal microscopy uses point-illumination and a pinhole in order 
to eliminate out-of-focus signal, TIRF microscopy is based on total internal 
reflection of the laser beam at the interface between the coverslip (glass) and 
the attached cell (aqueous). This reflection gives rise to an evanescent wave 
that penetrates only ~100 nm into the cell and therefore selectively excites 
fluorophores in the plasma membrane and the immediately adjacent cyto-
plasm [152]. Figure 5 illustrates the principle of confocal and TIRF micros-
copy recordings with a fluorescent translocation biosensor, the GFP-tagged 
PtdIns(4,5)P2-binding PH-domain of PLCδ1.  
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Figure 5. Confocal and TIRF microscopy imaging of a fluorescent translocation 
biosensor. The fluorescence-labelled PtdIns(4,5)P2-binding PH-domain of PLCδ1 
(PLCδ1PH-GFP) associates with the plasma membrane under basal conditions (mid-
dle column). Using confocal microscopy to visualize an optical section through the 
middle of a MIN6 β-cell, the plasma membrane association of the biosensor is evi-
dent, while in the TIRF microscope the same distribution is seen as a relatively 
bright fluorescence in the illuminated cell “footprint” (Scale bar: 5 μm). Muscarinic 
receptor stimulation with carbachol leads to PLC activation and a rapid drop in the 
plasma membrane PtdIns(4,5)P2 concentration, which causes dissociation of the 
biosensor from the plasma membrane (right column). This redistribution of the 
probe is seen as a loss of contrast between the plasma membrane and cytoplasm in 
the confocal microscope and as a loss of intensity in the “footprint” visualized by 
TIRF microscopy. The translocation can easily be quantified from time-lapse TIRF 
recordings by monitoring changes of relative fluorescence intensity over time as 
shown in the graph at the bottom. 

Confocal microscopy obviously has the advantage to enable visualization of 
intracellular compartments, but TIRF microscopy is superior for plasma 
membrane-associated imaging with simpler image analysis, minimal degree 
of photobleaching and phototoxicity and higher sensitivity due to low back-
ground fluorescence. The application of these techniques is not restricted to 
lipid-binding protein domains. The methods can also be applied to study 
full-length proteins like PKCs, whose translocation to cellular membranes is 
part of their activation mechanism. PKC activity can also be studied by ob-
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serving translocation of Myristoylated alanine-rich C-kinase substrate 
(MARCKS), which dissociates from the plasma membrane after PKC-
mediated phosphorylation [153]. Other PKC-activity sensors, based on För-
ster (or fluorescence) resonance energy transfer (FRET) have been devel-
oped [154]. They have been successfully targeted to various intracellular 
regions and could even be optimized to be specific for PKCδ [155, 156]. 
However, the drawback of FRET-probes is the typically small dynamic 
range, which can make it difficult to judge the specificity of the observed 
signal. 

Single-cell secretion assays 
The development of a radioimmunoassay that allowed precise measurements 
of relatively low insulin concentrations in the blood was a breakthrough in 
diabetes research [157]. Variants of this technique, including enzyme-linked 
immunosorbent assays, are still (more than 50 years later) the most com-
monly used tools for detecting insulin secretion.  The sensitivity allows time-
resolved measurements of insulin release from single islets [20, 158], but in 
many cases it is important to measure secretion from individual β-cells. 

Currently available single-cell secretion assays include capacitance and 
amperometric recordings, imaging of fluorescence-labelled granules and 
detection of products co-secreted with insulin by electrophysiological 
methods or with fluorescent probes (reviewed in [159]). Capacitance meas-
urements detect the increase in cell surface area caused by the fusion of a 
secretory granule with excellent time resolution [160], but the method cannot 
distinguish the relative contribution of endo- and exocytosis or other proc-
esses affecting cell surface area. Furthermore, it requires attachment of a 
glass micropipette to the cell surface, which can disturb the normal function 
of the cell. Amperometry is not invasive; it instead uses a carbon fiber elec-
trode that is brought into close proximity of the cell to measure release of 
oxidizable substances [161], including serotonin accumulated in insulin sec-
retory granules [162, 163] or insulin itself [164].  

To visualize secretory granules before, during and after membrane fusion, 
insulin vesicles have been labelled by fluorescent proteins targeted to the 
vesicle membrane [165, 166] or lumen, either as fusions with preproinsulin 
and insulin [167, 168] or with surrogate cargo peptides, like neuropeptide Y 
[166]. Combinations of lumen markers and extracellular dyes have been 
used to characterize the relative occurrence of complete and partial fusion 
events [165, 169]. Imaging of single vesicles has also been combined with 
simultaneous capacitance measurements, revealing interesting details about 
fusion pore dynamics [170]. Another approach, based on two-photon imag-
ing of extracellular fluorescent tracers, has enabled quantification of vesicle 
release events in intact islets [171]. 
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Small soluble molecules like Zn2+, ATP or GABA are released from exo-
cytotic vesicles together with insulin and several single cell secretion assays 
are based on the detection of these factors. Zn2+ release has been imaged by 
fluorescent indicators in the extracellular medium [172-175] or anchored to 
the β-cell surface [176]. Exocytotic release of ATP and GABA has been 
monitored from single β-cells engineered to overexpress P2X2 or GABAA 
receptor ion channels, respectively. Autocrine activation of these ligand-
gated ion channels can be detected as transient inward whole-cell currents 
[177, 178]. Also autocrine activation of insulin receptors, with subsequent 
formation of PtdIns(3,4,5)P3, has been utilized as a measure of insulin re-
lease, using a fluorescence-labelled PtdIns(3,4,5)P3-binding PH-domain and 
TIRF microscopy [24]. This approach was used to measure insulin secretion 
in study II. Each technique has limitations and shortcomings. Many of the 
approaches show excellent temporal resolution, but are not suited to follow 
secretion dynamics over the extended time periods required to study pulsa-
tile insulin release. The techniques, which allow prolonged recordings, usu-
ally cannot resolve single granule release events. Moreover, the need for 
recording electrodes or imaging with high spatial resolution typically re-
stricts the measurements to few and often just one cell at a time. Study IV 
therefore aims to establish a new single-cell secretion assay that detects indi-
vidual release events in many cells in parallel during time periods suitable to 
study pulsatile insulin secretion dynamics. 
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Aims 

The specific aims of the present studies were to: 
 

1. clarify whether the plasma membrane PtdIns(4)P concentration 
changes upon stimulation of β-cells with glucose or receptor ago-
nists and how such changes correlate with those of PtdIns(4,5)P2 

2. determine how glucose affects plasma membrane DAG dynamics 
and DAG-regulated downstream effects in insulin-releasing 
β-cells 

3. characterize secretagogue-induced translocation of the different 
classes of PKCs and how they relate to DAG and Ca2+ dynamics 
in insulin-secreting β-cells 

4. establish a single β-cell secretion assay that allows recordings 
over extended periods of time in many cells in parallel 

5. evaluate the autocrine effect of insulin on its own secretion 
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Experimental procedures 

Islet isolation, cell culture and transfection 
The murine insulin-secreting cell line MIN6 [179] was used in all studies. 
Some experiments in study II and IV were performed on single mouse pan-
creatic β-cells or intact human pancreatic islets. Local animal and human 
ethical committees approved all procedures for animal handling, preparation 
and use of pancreatic islets. 

MIN6 β-cells (passage 17-31;) were cultured in Dulbecco’s modified Ea-
gle’s medium containing 25 mM glucose and supplemented with 2 mM 
glutamine, 70 µM 2-mercaptoethanol, 100 units/ml penicillin, 100 µg/ml 
streptomycin, and 15% foetal calf serum and kept at 37°C in a humidified 
atmosphere with 5% CO2. 

Islets of Langerhans were collagenase isolated from the pancreases of fe-
male C57BL6J mice. Single cells were prepared by shaking the islets in a 
Ca2+-deficient medium. After resuspension in RPMI 1640 medium supple-
mented with 10% foetal calf serum, 100 units/ml penicillin, and 100 µg/ml 
streptomycin, the cells were seeded on coverslips and kept for 1-2 days at 
37°C in a humidified atmosphere with 5% CO2. 

Human pancreatic islets from normoglycaemic cadaveric donors were 
provided by the Nordic Network for Clinical Islet Transplantation after iso-
lation with semiautomated digestion, filtration and purification on a continu-
ous density gradient in a refrigerated cell processor [180]. The islets were 
then handpicked and kept for 4-11 d at 37 °C in an atmosphere of 5% CO2 in 
CMRL 1066 medium, supplemented with 2 mM glutamine, 100 units/ml 
penicillin, 100 μg/ml streptomycin and 10% foetal calf serum. 

MIN6 β-cells were transfected in suspension while being plated onto 25-
mm polylysine-coated glass coverslips. For each coverslip ~0.2 million cells 
were mixed with 100 μl Optimem medium containing 0.5 µl Lipofectamine 
2000 (Invitrogen) and up to 0.3 µg plasmid DNA. After 3 hours the cells are 
attached to the coverslips and transfection is interrupted by addition of 3 ml 
complete cell culture medium. Experiments were performed 13-36 hours 
after transfection was ended. 

Primary mouse β-cells and human islets were infected with adenovirus in 
culture medium containing 2% foetal calf serum. A titre of 107 plaque form-
ing units (PFU) per coverslip was used for dispersed β-cells and 108 PFU per 
20 intact islets. After 1 hour incubation at 37 °C, the inoculum was removed 
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and the islets or the coverslips with cells were washed twice, followed by 
further culture in regular medium for 18-36 hours. 

Fluorescent protein biosensors and organic dyes 
Spectrally different fluorescent proteins, including cyan, green and yellow 
fluorescent protein (CFP, GFP and YFP) and the monomeric red fluorescent 
protein mCherry fused to isolated lipid-binding domains and full-length pro-
teins were used together with small, organic fluorescent dyes to study signal-
ling via lipids, PKC and Ca2+ as well as granule dynamics as outlined below.   

PtdIns(4)P (study I) was monitored with the PH-domains of Four phos-
phate adaptor protein 1 (FAPP1PH) or Oxysterol-binding protein (OSBPPH), 
which both associate with the plasma membrane after increase of the  
PtdIns(4)P concentration [181]. The relatively low response amplitude made 
ratiometric measurements necessary, which minimize the possible influence 
of unspecific changes induced by alterations in e.g. cell volume or attach-
ment. To this end a fluorophore permanently targeted to the plasma mem-
brane by palmitoylation and myristoylation was used. A phosphoinositide 
binding-deficient mutant of OSBPPH (mutOSBPPH) was created by introduc-
ing the mutations R107E and R108E.  

PtdIns(4,5)P2 (study I) was measured with the PH domain of PLCδ1. 
This sensor binds to the plasma membrane due to the relatively high 
PtdIns(4,5)P2 concentration in unstimulated cells and is typically released 
after PLC activation when PtdIns(4,5)P2 levels drop and the cytoplasmic 
Ins(1,4,5)P3 concentration increases [182].  

PtdIns(3,4,5)P3 (study I, II and IV) dynamics were followed with either 
full-length Grp1 [24] or the PH domains of Grp1 or Akt [183], which all 
associate with the plasma membrane in response to stimulus-induced in-
creases of the plasma membrane PtdIns(3,4,5)P3 concentration.  

Cytoplasmic free Ca2+ (study I-III) was imaged with the fluorescent in-
dicators Fluo-4 or Fura Red (both from Molecular Probes, Life Technolo-
gies). MIN6 β-cells on coverslips were incubated for 15-40 min in experi-
mental buffer with 1 or 10 μM of the acetoxymethyl ester of the respective 
dye, followed by washing in indicator-free buffer. The fluorescence intensity 
of Fluo-4 increases with [Ca2+]cyt, whereas that of Fura Red decreases upon 
Ca2+ binding.  

DAG (study II-IV) levels were visualized with the C1aC1b domain of rat 
PKCγ, which translocates towards the plasma membrane to sites with local 
increase of the DAG concentration [184]. A mutant version with much re-
duced DAG affinity (mutC1aC1b-GFP) was created by changing prolines 20 
and 85 to glycine [184, 185] and a recombinant adenovirus encoding 
γC1aC1b-GFP was generated by Vector Biolabs. 
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MARCKS (study II and III) associates with the plasma membrane under 
basal conditions and dissociates after phosphorylation by PKC. A drop in 
plasma membrane fluorescence hence indicates increased PKC-activity 
[153]. A mutant version (m3MARCKS), which is not phosphorylated by 
PKC, was used as control. 

PKC (study III) translocation dynamics were imaged with GFP-tagged 
versions of PKC α, βI, βII, δ, ε, η and ζ. mCherry targeted to the plasma 
membrane by a CAAX motive was used in control experiments as an inert 
marker of the plasma membrane. 

Secretory granules (study IV) were labelled with mCherry-tagged neu-
ropeptide Y (NPY-mCherry), which sorts into insulin secretory vesicles 
[186]. 

Buffers and cell permeabilization 
Before each experiment, human islets or a coverslip with attached MIN6 or 
primary mouse β-cells were transferred to experimental buffer and incubated 
for 20-40 minutes at 37 ºC. The buffer contained 125 mM NaCl, 4.8 mM 
KCl, 1.3 mM CaCl2, 1.2 mM MgCl2, 25 mM HEPES, 3 mM D-glucose, and 
0.1% (w/v) bovine serum albumin with pH adjusted to 7.40 with NaOH. 

For some experiments in study I, MIN6 cells were permeabilized with 
digitonin or α-toxin from Staphylococcus aureus. To this end, cells were 
superfused with an intracellular-like medium containing 140 mM KCl, 6 
mM NaCl, 1 mM MgCl2, 0.465 mM CaCl2, 2 mM EGTA and 10 mM 
HEPES with pH adjusted to 7.00 with KOH. Digitonin was added at a con-
centration of 20 µM together with 3 mM Mg-ATP until there was a sudden 
decrease of fluorescence intensity as cytoplasmic biosensor was lost from 
the permeabilized cell.  For permeabilization with α-toxin, superfusion was 
temporarily interrupted and 5 µl α-toxin (0.46 mg/ml) was added directly 
into the 50-µl superfusion chamber. After 2 minutes the cells were washed 
and 0.1-3 mM Mg-ATP was added to the medium while the concentrations 
of free Mg2+ and Ca2+ were maintained at 1 mM and 100 nM, respectively. 

Fluorescence microscopy 
Three different TIRF microscopes and one confocal set up were used for the 
projects presented in this thesis: The confocal microscope served to assess 
subcellular distribution of fluorescent biosensors (study I). TIRF system 1 
was typically applied when spatial detail was important, for measurements 
from intact islets and for simultaneous recordings of two fluorophores (stud-
ies I-IV). TIRF system 2 is optimized for recordings of many cells in paral-
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lel, while TIRF system 3 offers high temporal resolution and spatial detail 
and was therefore used for imaging of vesicle dynamics (both study IV). 

In all cases the coverslips with attached cells or islets were used as ex-
changeable bottoms of open superfusion chambers. Buffers and the chamber 
with cells or islets were kept at 37 °C by custom-built thermostats. In the 
confocal set up as well as TIRF systems 1 and 2 the stimuli were added with 
the experimental buffer via the perfusion system; in TIRF system 3 stimuli 
were locally applied by air-pressure ejection from a glass pipette, similar to 
those used for patch clamp. For most time lapse recordings, images or image 
pairs were acquired every 1-5 s; for dual-recordings of DAG- and vesicle 
dynamics the frequency was 10-100 frames/s. To minimize exposure of the 
cells to the potentially harmful laser light, the beam was blocked between 
image captures. Emission wavelengths were selected with appropriate filters 
mounted in a motorized filter wheel (Sutter Instruments). MetaFluor soft-
ware (Molecular Devices Corp) controlled cameras and peripheral devices. 

The confocal set up is based on a Yokogawa CSU-10 spinning disk sys-
tem (Andor Technology) attached to a Nikon TE2000 microscope with a 60x 
1.40 NA objective. YFP was excited at 514 nm with the light of an argon ion 
laser (ALC60X, Creative Laser Production) and the 442 nm line from a di-
ode laser (Oxxius) was used to excite CFP. Appropriate wavelengths were 
selected with the help of an acousto-optical tuneable filter (AA Optoelec-
tronics). The laser beam was homogenized and expanded by a rotating light-
shaping diffuser (Physical Optics Corp.) before being refocused into the 
confocal scanhead.  Fluorescence was detected with a back-illuminated 
EMCCD camera (DU-888, Andor Technology). 

TIRF system 1 consists of an Eclipse Ti microscope (Nikon) with a TIRF 
illuminator and a 60x 1.45 NA objective. The 458, 488 and 514 nm lines of 
an argon ion laser (ALC60X, Creative Laser Production) and the 561 nm 
line from a diode-pumped solid-state laser (Cobolt) were selected by appro-
priate filters in a filter wheel (Sutter Instruments) and used for excitation of 
CFP (458 nm), GFP (488 nm), Fluo4 (488 nm), YFP (514 nm), Fura Red 
(514 nm) and mCherry (561 nm). Fluorescence was detected with a back-
illuminated DU-897 EMCCD camera (Andor Technology). 

TIRF system 2 was built around an E600FN upright microscope (Nikon). 
A diode-pumped solid-state laser provided 491-nm light (Cobolt) for GFP 
excitation. The laser beam was homogenized and expanded by a rotating 
light shaping diffuser (Physical Optics Corp.) before being refocused 
through a modified quartz dove prism (Axicon) with 70° angle to achieve 
total internal reflection. The superfusion chamber with the cells was 
mounted on the dove prism with a thin layer of immersion oil in between. 
Fluorescence from the cells was collected through a 10x 0.3 NA water im-
mersion objective (Nikon) and detected with an Orca-ER camera 
(Hamamatsu). 
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TIRF system 3 is a custom-built lens-type TIRF microscope based on an 
Axiovert 135 microscope with a 100x 1.45 NA objective (Carl Zeiss). GFP 
and mCherry were excited at 473 and 561 nm, respectively, by diode-
pumped solid-state lasers (Cobolt), under control of an acousto-optical tune-
able filter (AA Optoelectronics). The cut-off for the image splitter was at 
565 nm and a cascade 512b EMCCD camera was used (Roper Scientific). 

Image and data analysis 
In studies I-III and parts of study IV fluorescence intensities were logged as 
a function of time from manually identified cells using ImageJ (W. S. Ras-
band, National Institute of Health) or MetaFluor (Molecular Devices). Changes 
over time are expressed relative to the initial fluorescence after subtraction 
of background (F/F0). Response amplitudes, spike frequency and duration, 
area under the curve and the lag time before onset of the response were 
evaluated using Igor Pro software (Wavemetrics Inc). Statistical analysis 
was performed with paired or 2-sample equal variance Student’s t-test, as 
appropriate, and one-way-ANOVAs were used to test for differences in more 
than two groups. 

In study IV secretory granules were imaged and a sudden drop in fluores-
cence concomitant with the appearance of a diffuse cloud at the granule site 
was interpreted as an exocytotic event. DAG signals were quantified at the 
exocytosis site and at a 10 μm distant control site in the same cell using 
MetaMorph software (Molecular Devices). For large-scale measurements of 
DAG-spiking (study IV), image and data analysis were automated. The algo-
rithm includes the following steps: automatic detection of individual cells; 
measurement of fluorescence intensity over time; identification and counting 
of individual DAG spikes; discarding of cells with less than 5 spikes during 
~45 min in the presence of a stimulatory glucose concentration; illustration 
of DAG spike activity of all cells in one experiment as a binned binary map 
or in form of a histogram; calculation of spike frequency (spikes per min per 
cell) in user-defined time intervals. Image and data analysis were done with 
the free and open source software CellProfiler [187] and R [188], respec-
tively. The signal-package [189] was used to filter noise and the spikes were 
detected with the timeSeries-package [190]. A Wilcoxon rank test was used 
for testing significance. 
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Results and Discussion 

Type III PI4Ks sustain plasma membrane PtdIns(4)P 
and PtdIns(4,5)P2 levels (I) 
When study I was initiated there was only limited knowledge about plasma 
membrane PtdIns(4)P, because for long time there were no good tools avail-
able to study the lipid in single living cells. Balla et al. [181] had used the 
fluorescence-tagged PH-domains of FAPP1 and OSBP combined with con-
focal microscopy to visualize PtdIns(4)P. These PH-domains have high in 
vitro binding specificities for PtdIns(4)P [191, 192], but when expressed in 
living cells, fluorescence was primarily detected from the cytoplasm and the 
Golgi complex and translocation to the plasma membrane was difficult to 
observe [181]. In our hands, clear plasma membrane localization of these 
probes was apparent with the confocal approach only after the cells have 
been permeabilized with digitonin to release unbound probe from the cyto-
plasm. However, with TIRF microscopy it became possible to detect plasma 
membrane-associated fluorescence in intact cells. To permeabilize the cells 
without losing cytoplasmic probe we used α-toxin that creates small pores 
only allowing passage of ions and low molecular weight molecules like 
ATP. The TIRF signal from OSBPPH-CFP-expressing MIN6 β-cells dropped 
rapidly after α-toxin permeabilization, and rose again dose-dependently 
when ATP was added, consistent with the plasma membrane being quickly 
depleted of phosphoinositides when the lipid kinases lack ATP. The specific-
ity of the probe was confirmed with a mutant version of OSBPPH-CFP with 
much reduced affinity for PtdIns(4)P, that did not translocate when ATP was 
added to α-toxin-permeabilized MIN6 β-cells. From experiments with dif-
ferent PI4K inhibitors we concluded that type III PI4Ks sustain plasma 
membrane PtdIns(4)P levels. Inhibition of type III PI4Ks also completely 
prevented production of PtdIns(4,5)P2, which was recorded with PLCδ1PH-
YFP. Simultaneous measurements revealed that the PtdIns(4)P concentration 
always increased before PtdIns(4,5)P2 when ATP was added to α-toxin-
permeabilized cells. At low ATP concentrations PtdIns(4)P generation was 
sometimes observed without concomitant production of PtdIns(4,5)P2 and 
after inhibition of PI4Ks, PtdIns(4)P levels started to decrease about 25 sec-
onds before PtdIns(4,5)P2. Taken together these data indicate that there is a 
high turnover of phosphoinositides in the plasma membrane, that 
PtdIns(4,5)P2 is typically formed from PtdIns(4)P at this site and that this 
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involves type III PI4K. These findings are in line with observations in other 
cell types where type IIIα PI4K was found to support the hormone-sensitive 
pools of PtdIns(4)P and PtdIns(4,5)P2 [181, 193, 194]. 

Gq-coupled receptor stimulation induces opposite 
changes of the plasma membrane concentrations of 
PtdIns(4)P and PtdIns(4,5)P2 (I) 
After PtdIns(4)P and PtdIns(4,5)P2 turnover had been characterized in per-
meabilized cells, we tested the effects of physiological stimuli in intact 
MIN6 β-cells. 

Carbachol and ATP, which are Gq protein-coupled receptor agonists, trig-
gered a rise of the plasma membrane PtdIns(4)P levels. In contrast glucagon 
and insulin that act on Gs protein-coupled and tyrosine kinase receptors, 
respectively, had no effects on PtdIns(4)P. Parallel recordings of PtdIns(4)P 
and PtdIns(4,5)P2 showed that carbachol had opposite effects on the two 
lipids, with a concentration rise of PtdIns(4)P and a simultaneous PLC-
mediated drop in the PtdIns(4,5)P2 concentration. These changes were not 
due to a simple conversion of PtdIns(4,5)P2 to PtdIns(4)P because removal 
of Ca2+, which diminishes PLC activity [99], reduced the carbachol-induced 
drop in PtdIns(4,5)P2 without affecting the rise of PtdIns(4)P. The car-
bachol-induced rise in PtdIns(4)P was instead prevented by an inhibitor of 
novel PKCs and mimicked by addition of  the functional DAG analogue 
phorbol myristate acetate, an effect which did not require the presence of 
Ca2+. Together, these data indicate that receptor-stimulated PtdIns(4)P for-
mation depends on PLC-mediated DAG formation with concomitant activa-
tion of PKC. Carbachol and a phorbol ester have previously been reported to 
increase the total radiolabelled PtdIns(4)P level in mouse islet cells [195]. 
However the mechanistic link between those two findings has not been iden-
tified. In fact, it was early recognized that phorbol esters and PKC stimulate 
PtdIns(4)P generation [196, 197] but this is the first report that a physiologi-
cal stimulus increases PtdIns(4)P levels via this mechanism. 

What is the significance of a feedback loop from receptor-induced PLC 
activity to an increase of the plasma membrane PtdIns(4)P concentration? 
An obvious advantage would be to ensure fast resynthesis of PtdIns(4,5)P2 
after PLC activation and it has in fact been predicted that PtdIns(4)P synthe-
sis must be stimulated to explain how the rate of Ins(1,4,5)P3 production can 
be much faster than the decline of PtdIns(4,5)P2 in bradykinin-stimulated 
neuroblastoma cells [198]. However, as discussed in the Background sec-
tion, phosphoinositides have important regulatory functions independent of 
the PLC pathway. In the plasma membrane, most PLC-independent phos-
phoinositide functions have been ascribed to PtdIns(4,5)P2, although it is 
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well established that PtdIns(4,5)P2 levels drop upon receptor stimulation. 
Our finding that the plasma membrane PtdIns(4)P concentration rises, in 
combination with the fact that several phosphoinositide targets have similar 
affinity for PtdIns(4)P and PtdIns(4,5)P2 provokes the idea that some effects, 
which have previously been attributed to PtdIns(4,5)P2, could actually be 
mediated by PtdIns(4)P. In an elegant study of human embryonic kidney 
(HEK) cells from last year only a fraction of the plasma membrane 
PtdIns(4)P was required for synthesis of PtdIns(4,5)P2 and depletion of both 
lipids was necessary to prevent plasma membrane targeting of some proteins 
[199]. These findings have stimulated a discussion about a more important 
signalling role of PtdIns(4)P in the plasma membrane [200]. 

Glucose induces Ca2+-dependent PtdIns(4)P formation 
in the plasma membrane (I) 
Phosphoinositides have been reported to be important for exocytosis in vari-
ous cell types, including β-cells [70, 71, 78]. Therefore, it was important to 
investigate the effect of glucose, the major natural stimulus of insulin secre-
tion, on plasma membrane PtdIns(4)P dynamics.  

Glucose stimulation of OSBPPH-CFP-expressing MIN6 β-cells resulted 
after a short delay in a transient, sustained or oscillatory increase of the 
plasma membrane PtdIns(4)P concentration. Glucose has previously been 
found to induce oscillations of the plasma membrane PtdIns(4,5)P2 concen-
tration [29, 31] and simultaneous recordings of PtdIns(4)P and PtdIns(4,5)P2 
demonstrated that the oscillatory changes were anti-synchronous; i.e. each 
rise in PtdIns(4)P coincided with a drop of the PtdIns(4,5)P2 concentration. 
Glucose-triggered PtdIns(4)P generation differed from that induced by re-
ceptor activation in requiring voltage-gated Ca2+ influx. Accordingly, the 
glucose-induced PtdIns(4)P rise was prevented by removal of extracellular 
Ca2+, plasma membrane hyperpolarization or after blocking the voltage-
gated Ca2+ channels. Moreover, elevation of [Ca2+]cyt by membrane depolari-
zation with a high K+ concentration or after closure of KATP channels was 
sufficient to increase the plasma membrane PtdIns(4)P concentration. Both 
the time delay between glucose stimulation and increase of the PtdIns(4)P 
concentration and the subsequent PtdIns(4)P oscillations were reminiscent of 
[Ca2+]cyt dynamics in glucose-stimulated β-cells [201]. Moreover, PKC inhi-
bition which prevented receptor-stimulated PtdIns(4)P production, was 
without effect on the PtdIns(4)P rise induced by [Ca2+]cyt elevation. Although 
increase of the [Ca2+]cyt is known to activate PLC in β-cells [30, 98], our data 
indicate that [Ca2+]cyt alone rather than the formation of DAG and subsequent 
PKC activity mediate the glucose effect. The separate mechanisms for glu-
cose- and receptor-stimulated PtdIns(4)P formation may be explained by 
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carbachol and [Ca2+]cyt elevation inducing spatiotemporally distinct activity 
of novel PKCs, as presented in study III. We suggest that the neuronal cal-
cium sensor-1 (NCS-1) mediates the effect of glucose on plasma membrane 
PtdIns(4)P. NCS-1 is activated by Ca2+ and has been found to upregulate 
PI4K activity [202, 203]. The protein is expressed in β-cells and the interac-
tion between NCS-1 and PI4K has been suggested to promote insulin gran-
ule exocytosis [80]. It is interesting to note that PtdIns(4)P and PtdIns(4,5)P2 
synthesis as well as Ca2+-stimulated generation of Ins(3,4,5)P3 are impaired 
in islets from a rat model of type 2 diabetes [204]. However, a PI4P5Kα-/- 
mouse was recently reported to display increased first-phase insulin release 
and improved glucose clearance [205]. These findings illustrate the complex 
function of phosphoinositides in insulin secretion and emphasize the need 
for more research. 

Glucose induces local DAG spiking in pancreatic β-
cells (II) 
PLC and PKCs have been subject of much research effort in pancreatic β-
cells, but surprisingly little is known about the dynamics of DAG, which 
links the two signalling pathways. 

We made use of TIRF microscopy and the fluorescence-labelled DAG-
binding C1aC1b-domain of PKCγ and found that muscarinic receptor stimu-
lation with carbachol induces a dose-dependent and sustained rise of DAG in 
MIN6 β-cells. Elevation of the glucose-concentration, however, resulted in a 
more complex pattern, consisting of irregularly occurring, brief DAG in-
creases of varying amplitude, which I will refer to as DAG spiking. This 
translocation pattern indeed reflected DAG dynamics, as a mutated sensor 
with much reduced affinity for DAG did not translocate upon stimulation 
with high glucose. DAG spiking could also be seen in glucose-stimulated 
primary mouse β-cells and in β-cells within intact human islets. The spike 
frequency was around 1 spike/min and was comparable in all three β-cell 
preparations. The spike amplitude varied broadly in each recording. The 
average amplitude for the smallest and largest peak was 10 and 110% fluo-
rescence increase, respectively, in MIN6 β-cells and 5 and 40% in β-cells 
within intact human islets. The duration of an individual spike varied with its 
amplitude, with a mean at about 7 s. There was a delay of approximately 2.5 
min from elevation of the glucose concentration until onset of DAG spiking 
in mouse β-cell preparations. This time was roughly doubled in intact human 
islets. Individual DAG spikes were often spatially confined to smaller re-
gions of the plasma membrane in all three β-cell preparations.  

Taken together our data demonstrate that glucose induces rapid transient, 
and local DAG signalling in pancreatic β-cells, which is distinct from the 
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sustained receptor-induced DAG elevation. Fluorescence-labelled C1-
domains are well-established DAG biosensors and were first used to charac-
terize transient DAG production in response to receptor stimuli in a tumour 
mast cell line [184]. Later different FRET-sensors were developed and re-
ceptor-induced DAG generation at the plasma membrane has been found to 
be sustained [155], transient [206] or oscillatory [207] in varying cell types. 
However, the observed DAG changes were much slower than the DAG spik-
ing described here. More similar DAG dynamics has been observed in glu-
tamate-stimulated astrocytes, which display rapidly oscillating translocation 
of fluorescence-labelled C1-domains [208]. The DAG signal was often 
highly localized, but could also propagate across the plasma membrane 
[208]. Glucose-induced DAG spiking has previously not been described in 
pancreatic β-cells. Early studies of DAG metabolism used radiolabelling and 
chromatography methods which do not provide information about single-cell 
kinetics [115-117]. But also in later studies, which used fluorescence-
labelled C1-domains in INS-1 cells and rat β-cells, rapid DAG spiking has 
escaped detection [140, 209]. 

DAG spiking depends on autocrine activation of P2Y1 
receptors by ATP co-released with insulin (II) 
The mechanism underlying glucose-induced DAG spiking was identified as 
an autocrine feedback loop; based on ATP released from insulin-containing 
vesicles feedback-activating Gq protein-coupled purinergic receptors, which 
results in PLC-mediated generation of DAG. This conclusion is supported by 
the observation that DAG spiking is Ca2+-dependent and can be triggered by 
[Ca2+]cyt-elevating stimuli, including K+-depolarization. Adrenaline inhibits 
exocytosis [44, 87] and prevented depolarization-induced DAG spiking. 
Insulin was not involved in the feedback, as exogenously added insulin did 
not affect DAG. However, ATP, which is co-secreted with insulin, was 
found to induce dose-dependent increases in the plasma membrane DAG 
concentration. The ATP response was biphasic with an immediate high-
amplitude DAG peak, followed by a lower plateau. This pattern is most 
likely explained by rapid desensitization of purinergic receptors. The re-
sponse amplitude consequently dropped during repeated brief stimulations 
with ATP, whereas the DAG response was maintained, when the same pro-
tocol was applied for muscarinic receptor stimulation. The fast desensitiza-
tion of purinergic receptors was utilized to test their involvement in the de-
polarization-induced DAG response and spiking was indeed interrupted by 
exposure to high concentrations of ATP. Various P2Y- and P2X-receptor 
agonists and antagonists were tested and the results indicated that the Gq 
protein-coupled P2Y1 receptor subtype mediates DAG spiking in MIN6, and 
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primary mouse β-cells as well as in β-cells within intact human islets. There 
was consequently no support for the involvement of P2X receptors in secre-
tagogue-induced DAG spiking although a recent study of human islets indi-
cated that ATP from stimulated β-cells feedback-activates P2X3 receptors 
resulting in a depolarizing cation influx and enhanced insulin release [36]. 

Apart from pronounced DAG spiking, K+-depolarization induced a small 
sustained elevation of DAG, which was unaffected by P2Y1 receptor inhibi-
tion and instead reversibly inhibited by removal of Ca2+ from the extracellu-
lar medium. This effect probably reflects DAG produced by Ca2+-induced 
PLC-activity and the dynamics was similar to that of PLC activity detected 
with the PtdIns(4,5)P2-binding PH-domain of PLCδ1 [29, 30, 99]. So why 
was the purinergic feedback loop with transient PLC-activity not discovered 
in those earlier studies? One explanation may be that the binding properties 
of PLCδ1PH for PtdIns(4,5)P2 prevent membrane dissociation of the probe if 
the PtdIns(4,5)P2 levels only drop briefly. Alternatively, resynthesis may 
rapidly replenish PtdIns(4,5)P2 during transient PLC-activation. A third pos-
sibility is that P2Y receptor-mediated PLC activation generates DAG from 
phosphoinositides other than PtdIns(4,5)P2. 

Glucose-induced DAG spikes translate into local 
activation of PKC (II, III) 
Even though the glucose-induced DAG increases were brief and spatially 
confined, they were still able to activate downstream effectors, as demon-
strated by recording translocation of the PKC-substrate MARCKS. High 
glucose induced repeated transient lowering of plasma membrane MARCKS 
fluorescence. Simultaneous measurements of DAG and MARCKS revealed 
that each glucose-induced DAG spike coincides with a transient dissociation 
of MARCKS from the plasma membrane and that a train of spikes becomes 
integrated into a sustained lowering of MARCKS fluorescence. This integra-
tion occurs because the reassociation of MARCKS to the plasma membrane 
is approximately ten times slower than a DAG spike. It was striking that 
MARCKS dissociation was spatially confined and locally coincided with 
DAG spiking. MARCKS translocation was solely due to phosphorylation by 
PKC, as no translocation was observed with a mutant version of MARCKS 
that cannot be phosphorylated by PKC. Moreover, a general PKC inhibitor 
attenuated the glucose-induced translocation of wild type MARCKS without 
affecting DAG spiking. MARCKS translocation was unaffected by selective 
inhibition of conventional PKCs, but abolished after additional inhibition of 
novel PKCs.  

Altogether these observations demonstrate that glucose-induced DAG 
spiking is propagated downstream to MARCKS phosphorylation, which 
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probably involves novel PKCs. Repetitive transient MARCKS phosphoryla-
tion has previously been observed in insulin-producing INS-1 cells exposed 
to GLP-1 at substimulatory glucose concentrations, an effect entirely attrib-
uted to changes in [Ca2+]cyt [210]. P2Y1-receptor inhibition revealed that the 
same feedback loop that sustains plasma membrane DAG-spiking also un-
derlies glucose-induced transient MARCKS phosphorylation. This is inter-
esting because PKCs have frequently been discussed to affect insulin secre-
tion, but have not been implicated in autocrine feedback in β-cells. 

DAG spiking attracts novel PKCs transiently and 
repeatedly to the plasma membrane (III) 
The discovery of transient DAG microdomains and the indication from 
MARCKS measurements that they might activate novel PKCs made it im-
portant to reassess PKC translocation kinetics in β-cells. To this end MIN6 
β-cells were co-transfected with the DAG sensor and different fluorescence-
labelled PKC isoforms. All novel PKCs tested (δ, ε and η) responded to glu-
cose stimulation with pronounced repetitive translocation to the plasma 
membrane that was synchronous with DAG spiking. The muscarinic agonist 
carbachol caused sustained membrane presence of novel PKCs, also mim-
icking simultaneously recorded DAG formation. Theses translocation pat-
terns are apparently driven by changes in DAG, since K+-depolarization-
induced translocation of PKCε was abolished when DAG spiking was pre-
vented. In contrast, Ca2+ does not seem to be required for PKCε transloca-
tion. Accordingly, omission of Ca2+ from the experimental buffer in combi-
nation with depletion of intracellular Ca2+ stores was without major effect on 
carbachol-induced PKCε translocation. Taken together these data indicate 
that glucose and receptor stimulation induce distinct translocation dynamics 
of novel PKCs reflecting DAG formation at the plasma membrane. The dif-
ferent residence time at the plasma membrane may underlie the different 
PKC-dependencies of PtdIns(4)P production by carbachol and glucose de-
scribed in study I. It is an interesting possibility that differences in temporal 
activation could be a general principle underlying the diversity and specific-
ity of signalling by novel PKCs. 

Several previous studies failed to detect any glucose-induced plasma 
membrane association of PKCδ [127, 141, 143], probably due to the lack of 
a single-cell assay, insufficient sensitivity or poor time-resolution of the 
measurements. PKCε has been suggested to associate with insulin granules 
[127, 142], but no granular pattern was evident in our TIRF microscopy re-
cordings, which indicates that the kinase can interact directly with the 
plasma membrane. PKCη has previously been detected in pancreatic β-cells 
by western blot analysis of sub-cellular fractionated samples, but no translo-
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cation was observed after muscarinic receptor stimulation [124, 126]. Our 
single-cell recordings show that also this novel PKC isoform tightly follows 
plasma membrane DAG dynamics. 

Glucose-induced DAG and Ca2+ dynamics cause 
complex translocation patterns of conventional PKCs 
(III) 
We attempted to study the translocation dynamics of three conventional 
PKC isoforms, but PKCα could not be successfully overexpressed and ex-
pression of PKCβII reduced cell viability although some cells survived. In 
contrast, overexpression of PKCβI was unproblematic. Both β isoforms 
showed pronounced and rapid spiking in response to glucose stimulation, but 
in contrast to novel PKCs, some translocation events were not paralleled by 
increase of DAG. PKCβI spiking was sometimes observed superimposed on 
slow oscillatory changes with similar rhythmicity as glucose-induced Ca2+ 
oscillations in β-cells. The rapid PKCβI translocation events that occurred 
without concomitant DAG spikes are probably explained by fast and tran-
sient increases in [Ca2+]cyt, which are often observed in insulin-secreting cell 
lines. Carbachol induced massive translocation of the PKC β isoforms to the 
plasma membrane, with transient, sustained or biphasic kinetics. The bi-
phasic pattern was initiated by pronounced transient membrane association 
followed by slower sustained translocation, sometimes with superimposed 
rapid spiking. In contrast, the carbachol-induced DAG increase was typically 
sustained with occasional superimposed spikes. When the cells were depo-
larized with K+, PKCβI translocation showed a sustained component mim-
icking [Ca2+]cyt elevation, and superimposed spiking paralleled by similar 
changes in DAG. Inhibition of DAG spiking selectively prevented the latter 
component of depolarization-induced PKCβI translocation indicating that 
increases in the DAG concentration are not required to facilitate binding of 
PKCβI to the plasma membrane. Instead, PKCβI translocation was strictly 
dependent on the presence of Ca2+. Accordingly, the PKCβI translocation 
induced by carbachol was completely abolished when [Ca2+]cyt elevations 
were prevented, although the DAG response was only modestly reduced. 

A previous study failed to detect glucose-induced plasma membrane re-
cruitment of PKCβI in INS1E β-cells [142], probably due to insufficient 
time-resolution and usage of confocal, instead of TIRF microscopy. PKCα 
and PKCβII have previously been reported to undergo slow oscillatory 
membrane translocation in glucose-stimulated primary β-cells [135, 140] but 
this effect has been solely ascribed to changes in [Ca2+]cyt [140, 141]. DAG-
mediated translocation of conventional PKCs has not been previously de-
scribed in glucose-stimulated β-cells. Our finding that increase in the DAG 
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concentration alone is insufficient and Ca2+ elevation required to attract con-
ventional PKCs to the plasma membrane is consistent with the prevalent 
model of PKC activation [211]. However, our observations challenge the 
view that DAG changes mediate slow translocation of conventional PKCs. 
Instead they seem to contribute to more complex dynamics by controlling 
rapid plasma membrane association of conventional PKCs additional to 
Ca2+-driven translocation. 

Neither glucose nor muscarinic receptor stimulation 
induce translocation of an atypical PKC isoform (III) 
We next investigated translocation of PKCζ, which is an atypical PKC iso-
form neither binding DAG nor Ca2+ [119, 120]. A high glucose concentra-
tion did not induce any plasma membrane translocation of PKCζ despite 
DAG-spiking. This lack of effect was somewhat surprising, since 
PtdIns(3,4,5)P3 has been reported to activate atypical PKCs [146] and β-cells 
show glucose-induced oscillations of the plasma membrane PtdIns(3,4,5)P3 
concentration due to autocrine insulin receptor activation [87]. Also exoge-
nous addition of insulin failed to attract PKCζ to the plasma membrane, in-
dicating that increase of the plasma membrane PtdIns(3,4,5)P3 concentration 
is insufficient to activate PKCζ in β-cells. In contrast to glucose and insulin, 
activation of muscarinic receptors resulted in a small, stable increase of 
plasma membrane fluorescence in PKCζ-GFP overexpressing MIN6 β-cells. 
However, it cannot be excluded that this effect reflected changes in cell at-
tachment and/or volume, rather than translocation of PKCζ, as a similar re-
sponse was obtained in control experiments with a fluorescent membrane 
marker. 

Using western blot analysis, carbachol has previously been found to in-
duce translocation of PKCζ that was implicated in carbachol-stimulated in-
sulin secretion [124]. However, we obtained no clear support for this find-
ing. Unlike the novel and conventional PKCs that are regulated by autocrine 
signalling through their binding to DAG, the atypical PKCs seem to be unaf-
fected by autocrine activation of purinergic P2Y1 and insulin receptors. 

Feedback activation of P2Y1 receptors promotes insulin 
secretion (II) 
To clarify the functional implications of the purinergic feedback loop and the 
resulting DAG spiking, PtdIns(3,4,5)P3 was used as a readout for insulin 
secretion from single cells as described previously [24]. Glucose-induced 
PtdIns(3,4,5)P3 oscillations were much reduced in the presence of a P2Y1 
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receptor inhibitor, which also prevented DAG spiking, translocation of novel 
PKCs, the spiky component of conventional PKC translocation as well as the 
transient MARCKS activation. The inhibition was observed irrespective of 
whether the drug was added before the extracellular glucose concentration 
was increased, or after the glucose response was established. This finding 
indicates that the purinergic feedback loop is of similar importance for first 
and second phase secretion. The P2Y1 receptor inhibitor seemed specific, as 
it neither influenced glucose-stimulated elevation of [Ca2+]cyt, nor 
PtdIns(3,4,5)P3 generation after addition of exogenous insulin. 

Our data consequently indicate that the purinergic feedback loop underly-
ing DAG spiking and the spiky dynamics of its downstream effectors is im-
portant for appropriate insulin secretion. However, we could not pinpoint the 
specific DAG effector, which mediates the effect, nor exclude, that messen-
gers other than DAG are involved. For example, DAG can be cleaved by 
PLA2 to generate arachidonic acid, which has been implicated in the genera-
tion and synchronization of [Ca2+]cyt oscillations in pancreatic β-cells [104, 
105]. An interesting aspect of the purinergic feedback loop is that it seems to 
be spatially restricted to the site of vesicle release. Low-molecular-weight 
granule constituents, like ATP, are often released before and sometimes even 
without concomitant discharge of peptide cargo [178]. It is therefore tempt-
ing to propose that the selective release of ATP feedback activates P2Y1 
receptors to trigger a signalling microdomain, which locally influences exo-
cytosis. We found that also PKCs are activated within these spatially re-
stricted domains and PKCs have been reported to control fusion pore dynam-
ics, granule pool replenishment and release kinetics [144, 212, 213]. 

DAG spiking can be used to monitor exocytotic events 
in populations of individual cells over extended periods 
of time (IV) 
The discovery that DAG spiking arose in response to autocrine activation of 
purinergic receptors indicated that DAG spiking could be used as a read-out 
for exocytotic activity. To establish a possible causal link between exocyto-
sis and individual DAG spikes MIN6 β-cells were co-transfected with the 
DAG sensor and NPY-mCherry, which localizes to secretory granules. TIRF 
microscopy recordings with high spatial and temporal resolution revealed 
that highly localized DAG spikes were preceded by exocytotic release of 
fluorescent cargo at the same site. However, the correlation was not perfect, 
probably because DAG spikes often spread rapidly over large parts of the 
plasma membrane, which made it difficult to assess their origin and some 
may even originate from outside the TIRF-illuminated area. Next, it was 
verified that changes in DAG spike frequency correlated with the effects of 
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known modulators of insulin secretion. There was virtually no spiking in the 
presence of a basal glucose concentration, but spiking was readily observed 
at glucose concentrations known to stimulate insulin secretion. The insulino-
tropic hormone GLP-1 markedly increased DAG spike frequency and 
adrenaline dose-dependently decreased it. Removal of Ca2+ from the ex-
tracellular medium strongly inhibited DAG spiking. Notably, it was possible 
to observe and modulate DAG spiking over extended periods of time. Some 
experiments continued for 3 hours but this does not represent an upper limit. 
Such long observation periods should enable studies of slow kinetic patterns, 
including pulsatile insulin release. Indeed, in almost half of the cells DAG 
spiking occurred in clusters with similar periodicity as pulsatile insulin se-
cretion. To record DAG spiking from many cells in parallel we used a cus-
tom-built TIRF microscope with a 10x objective. When combined with 
automated image and data analysis this approach enabled collection of quan-
titative data from up to 50 cells in a single experiment. 

Taken together our data indicate that DAG spiking is a good measure of 
exocytotic activity in individual β-cells. It can be used over extended periods 
of time, enabling the observation of slow oscillatory dynamics, and can be 
scaled up to study many cells in parallel. This approach should facilitate fast 
screening of the effect of pharmacological agents or siRNAs on insulin se-
cretion. We have previously shown that DAG spiking occurs in primary β-
cells and β-cells within intact islets. This approach may become valuable for 
detecting exocytosis from other types of secretory cells that express puriner-
gic receptors. An interesting candidate is the glucagon-secreting α-cell. 

Insulin feedback-inhibits insulin secretion via a 
PtdIns(3,4,5)P3-mediated mechanism (IV) 
We applied our DAG spiking-based secretion assay to illuminate the long-
standing question of how insulin affects its own secretion. DAG recordings 
from many cells in parallel revealed a reduction of glucose-induced exocyto-
sis after addition of 2 - 1000 nM exogenous insulin. The inhibitory effect of 
200 and 1000 nM insulin was verified in human β-cells within intact islets. 
We also investigated how exogenously added insulin affects autocrine insu-
lin receptor signalling. To this end DAG spiking and PtdIns(3,4,5)P3, formed 
in response to autocrine insulin receptor stimulation, were studied in parallel 
in a smaller population of single cells. As previously reported, high glucose 
concentrations induced oscillations of the plasma membrane PtdIns(3,4,5)P3 
concentration reflecting pulsatile insulin release [87]. Each elevation of the 
PtdIns(3,4,5)P3 concentration was usually preceded by a DAG spike. How-
ever, the PtdIns(3,4,5)P3 elevations lasted much longer than the individual 
DAG spikes, making it difficult to identify individual release events. At 20 
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nM, exogenously added insulin did not have obvious effects on DAG spik-
ing or PtdIns(3,4,5)P3 oscillations, and even at higher concentrations (200-
1000 nM) exogenous insulin had less influence on the PtdIns(3,4,5)P3 dy-
namics than the endogenously released insulin. At an intermediate concen-
tration of exogenously added insulin exocytosis was sometimes inhibited and 
in these cases the plasma membrane PtdIns(3,4,5)P3 concentration was 
stably elevated. If DAG spikes continued to occur, they were associated with 
further, oscillatory elevation of the PtdIns(3,4,5)P3 concentration. Added 
insulin only rarely elevated PtdIns(3,4,5)P3 above the peak values induced 
by endogenously released insulin indicating that PtdIns(3,4,5)P3 formation 
by autocrine receptor stimulation is sufficiently strong to affect exocytosis. 
To test this possibility we evaluated the effects of the PI3K inhibitors, 
LY294002 and wortmannin, on DAG and PtdIns(3,4,5)P3 signalling. Both 
inhibitors prevented glucose-induced PtdIns(3,4,5)P3 generation and stimu-
lated DAG spiking. However, the effect of LY294002 was at least partly 
independent of its action on PI3K, as an inactive control compound had 
similar effects. Further experiments with wortmannin on larger cell popula-
tions confirmed the presence of a negative feedback of released insulin on its 
own secretion. Addition of wortmannin also revealed that some MIN6 β-
cells without glucose-induced exocytosis had unusually high basal 
PtdIns(3,4,5)P3 concentrations. 

Our data demonstrate that endogenously released as well as added insulin 
reduces exocytotic activity via generation of PtdIns(3,4,5)P3. This observa-
tion is in line with several previous studies reporting that insulin has a nega-
tive effect on its own release and/or that secretion is promoted by PI3K inhi-
bition [214-218]. However, in other studies genetic ablation of either insulin 
receptors or certain PI3Ks impaired glucose-stimulated insulin release and 
on this basis a positive feedback loop was postulated [219-222]. This contra-
diction might be explained by differences in experimental design: Studies 
supporting negative feedback are typically based on acute or short-term 
modulation of insulin receptor signalling, whereas reports of a positive feed-
back are often based on long-lasting genetic modifications. Considering that 
the plasma membrane PtdIns(3,4,5)P3 concentration oscillates in response to 
glucose-stimulated autocrine insulin receptor activation, one can envision 
that the insulin feedback loop contributes to the shaping of pulsatile insulin 
release by shutting off secretion when PtdIns(3,4,5)P3 levels are high. If the 
off-signal is defect, because the autocrine insulin receptor feedback loop was 
interrupted, this should lead to an immediate stimulation of secretion, as 
observed after acute PI3K inhibition. At the same time pulsatile insulin se-
cretion may become disturbed with negative impact on glucose regulation, 
consistent with observations of impaired glucose-stimulated insulin release 
after genetic ablation of components of the insulin feedback loop. Interest-
ingly, islet cell synchronization of Ca2+ signalling was lost in a mouse model 
lacking the genes for class IA PI3K [220]. It also has been suggested that 
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some of the controversy regarding the insulin feedback could be explained 
by concentration-dependent effects of insulin [223]. Very low concentrations 
(0.05-0.1 nM) were found to stimulate, intermediate concentrations (1-100 
nM) to lack effect and high concentrations (>250 nM) to inhibit insulin se-
cretion from mouse islets [223]. We did not test the effect of very low con-
centrations of exogenous insulin, since endogenous release is expected to 
raise the concentration to much higher levels and even reach the micromolar 
range at the β-cell surface during first phase secretion [49]. The question 
remains how PtdIns(3,4,5)P3 conveys its effect on exocytosis on a molecular 
level. One appealing possibility is that PtdIns(3,4,5)P3 generated down-
stream of insulin receptor activation opens KATP-channels, as has been re-
ported in neurons [224]. A similar mechanism has been identified in β-cells 
and suggested to contribute to feedback inhibition of glucose-stimulated 
insulin secretion [216]. 
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Conclusions 

1. Plasma membrane PtdIns(4)P and PtdIns(4,5)P2 show antisynchronous 
concentration changes in response to insulin secretagogues with an in-
crease of PtdIns(4)P coinciding with lowering of PtdIns(4,5)P2. Rise of 
PtdIns(4)P after Gq–coupled receptor stimulation is mediated by novel 
PKCs, whereas glucose-induced PtdIns(4)P formation involves a Ca2+-
dependent mechanism. 

2. Glucose induces local DAG spiking in β-cells caused by transient P2Y1 
receptor activation after exocytotic release of ATP. This feedback loop 
translates into transient PKC activity and stimulation of insulin secre-
tion. 

3. Stimulation with glucose induces fast, repetitive and DAG-dependent 
plasma membrane translocations of conventional and novel PKCs in 
β-cells, which contrasts to rather sustained membrane translocation after 
muscarinic stimulation. The conventional PKCs show a more complex 
pattern with fast and slow Ca2+-dependent components. An atypical PKC 
isoform does not consistently translocate to the plasma membrane after 
glucose or muscarinic receptor stimulation. 

4. DAG spiking can be used as a read-out for exocytotic activity in many 
β-cells in parallel over time periods of several hours.  

5. Analysis of single β-cell secretion dynamics supports the notion that 
insulin feedback-inhibits its own secretion via a PtdIns(3,4,5)P3-
dependent mechanism. 
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Svensk sammanfattning 

Trots att vårt intag av näringsämnen och vår energiförbrukning varierar på-
fallande under dygnet håller sig blodsockerhalten inom ett mycket snävt 
intervall. Det beror på ett finstämt samspel mellan olika hormoner och neu-
rala faktorer, av vilka insulin har särskilt stor betydelse eftersom det är det 
enda hormon som har blodsockersänkande effekt. Om blodsockerregleringen 
kommer ur balans, till exempel genom otillräcklig produktion av insulin, 
utvecklas diabetes, en allvarlig sjukdom som leder till ökad risk för hjärt- 
och kärlsjukdomar och skador på ögon, njurar och nerver.  

Insulin produceras av β-celler i bukspottkörtelns Langerhanska öar. Den 
fysiologiskt viktigaste stimulatorn av insulinfrisättningen är sockerarten 
glukos (druvsocker), men β-cellerna påverkas också av andra näringsämnen 
hormoner och nervsignaler. Glukos och andra näringsämnen tas upp i celler-
na och har en direkt påverkan på deras ämnesomsättning. Andra signaler tas 
i stället emot via receptorer i cellmembranet, varifrån signalen överförs ge-
nom budbärarämnen till de proteiner som kontrollerar cellens funktioner. 
Cellmembranet består till stor del av lipider och några av dessa lipider har en 
viktig budbärarfunktion. Deras koncentrationer kan ändras snabbt, ibland i 
en avgränsad del av membranet. För att i detalj klarlägga cellens signale-
ringsmekanismer måste man kunna studera olika budbärarämnen i levande 
celler. Med hjälp av fluorescerande markörer och högupplösande ljusmikro-
skopiska tekniker har detta har på senare år blivit möjligt. I min avhandling 
har jag använt sådana metoder dels för att undersöka lipidsignalering i fris-
ka β-celler, dels för att utveckla en ny metod för att mäta frisättningen av 
insulin från enskilda β-celler. 

I mitt första delarbete undersökte jag hur koncentration av lipiden fosfati-
dylinositol 4-fosfat (Ptdlns(4)P) förändras i cellmembranet när β-cellerna 
stimuleras med glukos eller nervsignalsubstanser. I båda fallen ökade 
Ptdlns(4)P-nivåerna. Efter glukosstimulering observerades även cykliska 
förändringar, så kallade oscillationer, av Ptdlns(4)P-koncentrationen. 
Ptdlns(4)P har under lång tid huvudsakligen ansetts spegla förekomsten av 
en annan lipid, Ptdlns(4,5)P2, som bildas genom fosforylering av Ptdlns(4)P. 
I mitt arbete kunde jag dock visa att Ptdlns(4)P-nivån ökar samtidigt som 
Ptdlns(4,5)P2-koncentration minskar och att dessa förändringar åtminstone 
delvis är oberoende av varandra. Sedan dess har även andra forskare rappor-
terat att Ptdlns(4)P har funktioner i cellmembranet utöver att producera 
Ptdlns(4,5)P2. 
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I avhandlingens andra studie upptäckte jag att glukos orsakade mycket 
kraftiga, upprepade koncentrationsökningar av lipiden diacylglycerol (DAG) 
i β-cellernas membran. Varje ökning varade bara några få sekunder och var 
ofta begränsad till en del av membranet. DAG-signalerna utlöstes av signal-
ämnet ATP som frisätts tillsammans med insulin när β-cellerna stimuleras 
med glukos. ATP aktiverar receptorer på cellytan som signalerar genom 
lokal ökning av DAG-koncentrationen. Denna återkopplingsmekanism är 
uppenbarligen viktig för insulinfrisättningen, för när ATP-receptorerna 
blockerades frisatte β-cellerna mindre insulin efter glukosstimulering. 

DAG-ökningar leder bland annat till aktivering av vissa former av prote-
inkinas C (PKC), en familj av proteiner som indelas i tre grupper beroende 
på om aktiveringen uteslutande styrs av DAG (nPKC), genom både DAG 
och kalciumjoner (cPKC), eller om regleringen sker på annat sätt (aPKC). 
Bindning till cellmembranet är en viktig del av aktiveringsprocessen för de 
DAG- och kalciumreglerade PKC-formerna. I avhandlingens tredje delarbete 
undersökte jag därför membranbindningen av olika PKC-former i β-cellerna. 
Glukos och aktivering av en nervsignalreceptor utlöste snabb bindning av 
flera nPKC-former till membranet och samtidiga mätningar av DAG visade 
att PKC-bindningen mycket precist avspeglade DAG-koncentrationen, till 
och med under de mest kortvariga DAG-ökningarna. Membranbindningen 
av cPKC-formerna var mera komplex och avspeglade som väntat föränd-
ringar av både kalcium och DAG. Däremot sågs ingen membranbindning av 
aPKC efter vare sig glukos-, insulin- eller nervsignalstimulering. Nyhetsvär-
det i denna studie ligger dels i fyndet att PKC är involverat i de återkopp-
lingsmekanismer som aktiveras när β-cellerna frisätter insulin, dels i att PKC 
kan aktiveras av DAG mycket snabbare och mera kortvarigt än vad som 
tidigare varit känt. 

Upptäckten att frisättningen av ATP, som sker parallellt med insulinsek-
retionen, kan iakttas som kortvariga ökningar av cellmembranets DAG-
koncentration väckte idén att utnyttja fenomenet för att kontinuerligt detekte-
ra sekretionsaktiviteten i enskilda β-celler. I avhandlingens fjärde studie 
bekräftas sambandet mellan frisättningen av sekretkorn med insulin och ATP 
och de lokala ökningarna av DAG. Metoden anpassades sedan för att mäta 
insulinfrisättningen från många celler samtidigt och tillämpades för att bely-
sa den länge omdiskuterade frågan om huruvida insulin utövar en positiv 
eller negativ återkoppling på sin egen utsöndring. Mina resultat visade att 
insulin genom att öka koncentrationen av lipiden PtdIns(3,4,5)P3 i cellmem-
branet hämmade ytterligare insulinfrisättning. Den nya metoden är unik i sin 
förmåga att kontinuerligt detektera sekretionen från enskilda β-celler under 
så pass långa tidsförlopp som ett par timmar. Tekniken bör kunna bli an-
vändbar i studier av insulinfrisättningens mekanismer under såväl normala 
betingelser som vid diabetes.  
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Deutsche Zusammenfassung 

Mit jeder Mahlzeit führen wir unserem Körper reichlich Energie und Nähr-
stoffe zu, die zum Erhalt unserer normalen Körperfunktionen dienen und bei 
körperlicher Anstrengung wieder verbraucht werden. Trotzdem bleibt unser 
Blutzuckerspiegel dank eines komplexen Zusammenspiels von Hormonen 
und neuronalen Faktoren auf längere Sicht annähernd gleich. Dabei spielt 
Insulin eine zentrale Rolle, da es das einzige Hormon ist, das den Blutzu-
ckerspiegel reduzieren kann. Gerät dieses Gleichgewicht außer Balance, z.B. 
weil nicht mehr genügend Insulin zur Verfügung steht, kann die Krankheit 
Diabetes entstehen. Auf Dauer führt diese zu Schäden am Herz-Kreislauf-
System, an Augen, Nieren und dem Nervensystem. 

Das Insulin in unserem Körper stammt von pankreatischen β-Zellen, die 
den aktuellen Blutzuckerspiegel messen können und daraufhin angemessene 
Mengen Insulin freisetzen. Der physiologisch wichtigste Stimulus ist der 
Zucker Glukose, aber β-Zellen reagieren darüber hinaus auch auf Informati-
onen von benachbarten Zellen und Signale des Gehirns, des Verdauungssys-
tems und auf Stresshormone. Viele dieser Informationen werden von Rezep-
toren in der Außenhülle der Zelle wahrgenommen und ins Zellinnere weiter-
geleitet, wo sekundäre Botenstoffe die „Nachricht“ verbreiten und eine ent-
sprechende Reaktion vorbereiten. Die Außenhülle der Zelle, die 
Zellmembran, besteht zum großen Teil aus Lipiden und auch einige wichtige 
Botenstoffe sind Lipide. Die unterschiedlichen Funktionen der Lipide wer-
den zum einen durch ihre molekulare Struktur und zum anderen durch ihr 
zeitlich und räumlich kontrolliertes Auftreten reguliert. Um die Signalpro-
zesse in einer Zelle zu verstehen, ist es daher wichtig nicht nur die absolute 
Konzentrationsänderung eines gewissen Botenstoffes zu untersuchen, son-
dern auch wo die Veränderungen auftreten, wann und über welchen Zeit-
raum. Solche detaillierten Studien können nur an einzelnen Zellen vorge-
nommen werden und fluoreszierende Sensoren in Kombination mit Lebend-
zell-Mikroskopie bieten die Möglichkeit dazu. In meiner Doktorarbeit habe 
ich diese Methoden angewandt um zum einen lipide Botenstoffe in gesunden 
β-Zellen zu untersuchen und zum anderen eine neuartige Methode zu entwi-
ckeln, um die Freisetzung von Insulin von einzelnen β-Zellen zu messen. 

In meiner ersten Teilarbeit habe ich untersucht, wie sich die Konzentrati-
on des Lipides Phosphatidylinositol 4-phosphat (PtdIns(4)P) in der Zell-
membran ändert, wenn man eine β-Zelle mit Glukose oder einem Rezeptor-
reiz stimuliert. Obwohl in beiden Fällen das PtdIns(4)P Niveau ansteigt, 
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unterscheidet sich der molekulare Mechanismus, mit dem dieser Anstieg 
erreicht wird. Mit Glukose als Stimulus kann die PtdIns(4)P Konzentration 
außerdem oszillieren. Lange Zeit hat man angenommen, dass Konzentrati-
onsänderungen von PtdIns(4)P einfach nur die von PtdIns(4,5)P2, einem 
anderen Lipid, dass aus PtdIns(4)P hergestellt wird, widerspiegeln. In mei-
ner Arbeit konnte ich allerdings zeigen, dass die PtdIns(4)P Konzentration 
nach Rezeptor- und Glukosestimulation ansteigt, während die von 
PtdIns(4,5)P2 sinkt, und dass diese Veränderungen zumindest teilweise un-
abhängig voneinander sind. Seitdem haben auch andere Forscher von einer 
Bedeutung von PtdIns(4)P unabhängig seiner Vorläuferrolle für 
PtdIns(4,5)P2 berichtet. 

In meiner zweiten Teilarbeit fand ich heraus, dass die Konzentration des 
Lipides Diacylglycerin (DAG) in glukosestimulierten β-Zellen in irregulären 
Abständen für kurze Zeit stark ansteigt. Dieses Phänomen war oft auf Teile 
der Zellmembran beschränkt, was die Möglichkeit eröffnet, Signalprozesse 
zeitlich und räumlich sehr genau zu kontrollieren. Dem liegt eine Rückkopp-
lungsschleife zugrunde, die auf den Botenstoff ATP beruht, der gemeinsam 
mit Insulin freigesetzt wird. Nach seiner Freisetzung bindet ATP an Rezep-
toren an der Außenseite derselben Zelle und setzt damit intrazelluläre Sig-
nalprozesse in Gang, die eine kurzzeitige und lokal beschränkte Erhöhung 
der DAG-Konzentration einschließen. Dies gibt der Zelle Rückmeldung 
darüber, wann und wo ATP und damit auch Insulin freigesetzt wurde. Als 
einen Teil dieser Studie konnte ich zeigen, dass weniger Insulin freigesetzt 
wird, wenn diese Rückkopplungsschleife unterbrochen wird. 

Eine Familie intrazellulärer Agenten, die von DAG aktiviert werden, sind 
die Proteinkinasen C (PKC), die in drei Gruppen eingeteilt werden, basie-
rend darauf ob sie ausschließlich von DAG aktiviert werden (nPKC), von 
DAG und Kalzium gemeinsam (kPKC) Oder auf andere Art und Weise 
(aPKC). In meiner dritten Teilarbeit habe ich untersucht, wie verschiedene 
PKC-Arten nach diversen Stimuli zur Zellmembran wandern, was der erste 
Schritt und Bedingung für ihre Aktivität ist. Glukose und Rezeptorstimuli 
resultierten in einer schnellen Membranbindung mehrerer nPKC-Arten und 
simultane Messung von DAG zeigte, dass dies sehr genau die aktuelle DAG-
Konzentration widerspiegelt. Für die untersuchten kPKC-Arten war das Be-
wegungsmuster komplexer und reflektierte wie erwartet die lokale Kalzium- 
und auch DAG-Konzentration. Dagegen konnte keine Membranbindung 
einer aPKC-Art beobachtet werden, weder nach Zugabe von Glukose oder 
Insulin, noch nach Rezeptorstimulation. Von besonderem Neuigkeitswert in 
dieser Studie sind die Erkenntnisse, dass mehrere PKC-Arten auf Signale 
einer autokrinen Rückkopplungsschleife reagieren und dass sie unerwartet 
schnell und kurzzeitig aktiviert werden können. 

Die Entdeckung, dass ATP-Ausschüttung, die an die Freisetzung von In-
sulin gekoppelt ist, als kurzzeitige und lokale Erhöhung der DAG-
Konzentration sichtbar gemacht werden kann, hat die Idee hervorgebracht 
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dies als neuartige Methode zur Messung von Insulinfreisetzung von einzel-
nen β-Zellen zu etablieren. In der vierten Studie wird der kausale Zusam-
menhang zwischen Exozytose (der Freisetzung von Insulin) und der lokalen 
Erhöhung der DAG-Konzentration nochmals bestätigt. Die Methode wurde 
dann angepasst, um es möglich zu machen Insulinfreisetzung von vielen 
Zellen gleichzeitig zu messen und anschließend angewandt um die lang dis-
kutierte Frage zu beleuchten ob Insulin weitere Insulinfreisetzung positiv 
oder negativ beeinflusst. Meine Ergebnisse zeigen, dass Insulin die Freiset-
zung von weiterem Insulin hemmt und dass dieser Effekt abermals von ei-
nem lipiden Botenstoff, genauer Phosphatidylinositol 3,4,5-trisphosphat, 
vermittelt wird. Die hier entwickelte Methode zur Messung der Insulinfrei-
setzung von individuellen Zellen sollte auch zukünftig nützliche Erkenntnis-
se über die Arbeitsweise von normalen und funktionsgestörten β-Zellen lie-
fern können. 
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