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[Ca2+]i Cytoplasmic Ca2+ concentration
2-APB 2-aminoethoxydiphenyl borate 
ADP S Adenosine 5 -O-2-thiodiphosphate 
cAMP Cyclic adenosine 3’5’-monophosphate  
CICR Ca2+-induced Ca2+ release 
CFP Enhanced cyan fluorescent protein 
DAG Diacylglycerol 
EGTA Ethylene-glycol-bis(2-aminoethylether)-N,N,N ,N -tetraacetic acid 
ER Endoplasmic reticulum 
GFP Enhanced green fluorescent protein 
GPCR G protein-coupled receptor 
IP3 Inositol 1,4,5-trisphosphate 
KATP channel ATP-sensitive K+ channel 
PAO Phenylarsine oxide 
PKA Protein kinase A 
PLC Phosphoinositide-specific phospholipase C 
PH Pleckstrin homology 
PHPLC 1-GFP PH-domain of PLC 1 fused to enhanced green fluorescent protein 
PI Phosphatidylinositol  
PI(4)P Phosphatidylinositol 4-phosphate 
PI4-kinase Phosphatidylinositol 4-kinase 
PIP5-kinase Phosphatidylinositol 4-monophosphate 5-kinase 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PKC Protein kinase C 
SOC Store-operated channel 
VDCC Voltage-dependent Ca2+ channel 
YFP Enhanced yellow fluorescent protein 
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Introduction

Insulin is released from the -cells in the islets of Langerhans, endocrine 
micro-organs dispersed within the exocrine pancreas. Insulin is the only 
blood-glucose lowering hormone, and appropriate secretion is vital for main-
taining blood-glucose homeostasis. Absolute or relative deficiency of insu-
lin, due to autoimmune destruction of the islets or insufficient release from 
the -cells, leads to diabetes mellitus. 

Glucose is the primary stimulator of insulin secretion. The effect of the 
sugar is mediated by elevation of the intracellular ATP/ADP ratio and in-
creased cytoplasmic Ca2+ concentration ([Ca2+]i), which leads to exocytosis 
of the insulin granules (Ashcroft & Rorsman, 1989; Henquin, 2000). Before 
fusion with the plasma membrane, vesicles must undergo priming, a Ca2+-,
temperature- and ATP-dependent step (Renström et al., 1996b; Eliasson et 
al., 1997; Barg, 2003), involving conformational changes and phosphoryla-
tion of proteins in the exocytotic machinery (Klenchin & Martin, 2000), as 
well as synthesis of phosphatidylinositol 4,5-bisphosphate (PIP2) (Martin, 
1998).  

In addition to being regulated by glucose and other nutrients, insulin se-
cretion is modulated by various neuro-hormonal inputs. For instance, the 
central nervous system can inhibit (sympathetic) and stimulate (parasympa-
thetic) secretion by release of adrenaline and acetylcholine, respectively 
(Sharp, 1996; Gilon & Henquin, 2001). Moreover, insulin secretion is 
potently stimulated by glucagon and inhibited by somatostatin, secreted from 
neighboring islet cells (Samols et al., 1965; Pace et al., 1977). The neuro-
hormonal modulation of secretion is mediated by phosphorylation of key 
proteins by protein kinases and activation of different lipases, such as phos-
pholipase A2 (Konrad et al., 1992), phospholipase D (Hughes et al., 2004) 
and phospholipase C (Zawalich & Zawalich, 1996). 

Phospholipase C (PLC) catalyzes the hydrolysis of PIP2, generating the 
second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol 
(DAG) (Berridge et al., 2003), both of which have been implicated in insulin 
secretion. PIP2 and PLC are thus important in -cell signaling and exocyto-
sis, and their regulation is the focus of the present thesis.  
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Synthesis of PIP2

Phosphatidylinositol (PI) is the most abundant inositol lipid in mammalian 
cells, present at levels 10–20 times higher than those of phosphatidylinositol 
4-phosphate (PI(4)P) and PIP2, which are present in roughly equal amounts 
(Vanhaesebroeck et al., 2001). Although the latter molecule only constitutes 
~1 % of the phospholipids in the inner leaflet of the plasma membrane, PIP2
dominates (> 99 %) among the doubly phosphorylated PIs in cells 
(Vanhaesebroeck et al., 2001). Most PIP2 is synthesized in two steps. Phos-
phorylation of PI by phosphatidylinositol 4-kinases (PI4-kinases) generates 
PI(4)P, and further phosphorylation by phosphatidylinositol 4-phosphate 5-
kinases (PIP5-kinases) generates PIP2. The bisphospoinositides PI(3,4)P2 and 
PI(3,5)P2 are synthesized by 4’ or 5’-phosphorylation of PI(3)P, respectively 
(Fruman et al., 1998).  

The PI4-kinases are ubiquitously expressed and are divided into two 
classes, denoted type II and type III, each with  and  isoforms (Balla et al.,
2002). Type II PI4-kinases are the most abundant, and are tightly associated 
with cellular membranes, such as the Golgi apparatus, the ER and the plasma 
membrane (Nakanishi et al., 1995). The type III PI4-kinases are more 
weakly associated with membranes, and have been implicated in exocytosis 
(Olsen et al., 2003), and in generation of a hormone-sensitive pool of PIP2 in 
adrenal glomerulosa cells (Nakanishi et al., 1995). The PI4-kinases are in-
hibited by phenylarsine oxide (PAO) (Wiedemann et al., 1996). Moreover, 
the type III kinases are inhibited by micromolar concentrations of the fungal 
toxin wortmannin, commonly used as an inhibitor of phosphatidylinositol 3-
kinases at nanomolar concentrations (Nakanishi et al., 1995). In contrast, the 
type II PI4-kinases are insensitive to wortmannin, but sensitive to submilli-
molar concentrations of adenosine (Endemann et al., 1987; Downing et al.,
1996). Their different sensitivity to pharmacological agents has been impor-
tant in the biochemical characterization of these kinases. 

Phosphatidylinositolmonophosphate kinases are divided into two sub-
classes (type I and II), each with ,  and  isoforms. The type I class is re-
sponsible for the 5’ phosphorylation of PI(4)P to PIP2 (Fruman et al., 1998; 
Toker, 1998). Enzyme activity is inhibited by PIP2 (Fruman et al., 1998), and 
modulated by phosphatidic acid and small GTPases of the Rho, Rac (Tolias
et al., 1995; Chatah & Abrams, 2001; Weernink et al., 2004) and ARF fami-
lies (Honda et al., 1999). The type II subclass of phosphatidylinositolmono-
phosphate kinases generates PIP2 by 4’ phosphorylation of PI(5)P (Fruman et 
al., 1998; Toker, 1998), but this pathway is quantitatively less important 
(Toker, 1998). 

Evidence has been provided that different isoforms of phosphoinositide 
kinases have different subcellular localization (Doughman et al., 2003; 
Heilmeyer et al., 2003) and can take part in the generation of functionally 
distinct PIP2 pools (Nakanishi et al., 1995; Doughman et al., 2003; Wang et 
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al., 2004). Biochemical analysis has shown that pancreatic -cells exhibit 
both PI4- and PIP-kinase activity (Tooke et al., 1984; Dunlop & Malaisse, 
1986; Rana et al., 1986), but the expression pattern and functional impor-
tance of the various isoforms are not known.  

Several phosphatases can dephosphorylate PIP2 to PI(4)P or PI, respec-
tively (Roth, 2004). However, most interest has been focussed on the break-
down of PIP2 mediated by the phosphoinositide-specific phospholipase C.  

Phospholipase C 
Phospholipase C is a widely expressed enzyme, which catalyzes the hydroly-
sis of PIP2, generating the second messengers inositol 1,4,5-trisphosphate 
(IP3) and diacylglycerol (DAG). IP3 mobilizes Ca2+ from intracellular stores, 
whereas DAG activates protein kinase C (PKC) (Berridge et al., 2003). To 
date, 14 mammalian isoforms of PLC have been identified. These are di-
vided into six subfamilies; PLC  (4 isoforms), PLC  (2 isoforms), PLC  (4 
isoforms) (Rhee et al., 1989; Rhee, 2001), PLC  (Lopez et al., 2001), PLC
(Swann et al., 2004) and PLC  (2 isoforms) (Nakahara et al., 2005). The 
structure and activation requirements differ between the subfamilies. Mem-
bers of the PLC  family are activated by heterotrimeric G proteins of the Gq
class in response to activation of G protein-coupled receptors (Taylor et al.,
1991; Lopez et al., 2001), and the PLC  isoforms are typically activated by 
receptor and non-receptor tyrosine kinases (Noh et al., 1995). PLC
isozymes have been suggested to be regulated directly by changes of [Ca2+]i
in the physiological range (Allen et al., 1997; Kim et al., 1999) as well as by 
the transglutaminase Gh-protein (Rhee, 2001). PLC  is believed to be regu-
lated by the small G protein Ras (Lopez et al., 2001). PLC , which is an 
enzyme specific to the spermatozoa, is activated when injected into the egg 
at fertilization (Swann et al., 2004). PLC  is the most recently characterized 
subtype, and is believed to be expressed exclusively in neurons. This isoform 
is exquisitely sensitive to Ca2+, and is active already at a [Ca2+]i of 10 nM 
(Nakahara et al., 2005).  

All isoforms of PLC require the binding of one Ca2+ ion to their active 
site for catalytic function (Rhee, 2001). In addition, the PLC enzymes con-
tain several domains with Ca2+-binding properties, i.e. C2-domains and EF-
hands (Essen et al., 1996; Rhee, 2001). Their importance in PLC activity has 
not been unequivocally determined, but the C2-domain of PLC  has been 
found to bind three to four Ca2+ ions (Grobler & Hurley, 1998), and deletion 
of this domain is paralleled by attenuated association with the plasma mem-
brane and decreased catalytic activity (Essen et al., 1996). 

Mouse and rat islets have been reported to express members of the three 
major PLC subfamilies; PLC 1, - 2, - 3, PLC 1 and PLC 1 (Zawalich et al.,
2000), and PLC has been implicated in insulin secretion regulated both by 
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glucose and neurohormonal inputs (Zawalich & Zawalich, 1996). However, 
it is not known how PLC activity is regulated by physiological changes of 
[Ca2+]i in insulin-secreting cells. 

[Ca2+]i signaling for insulin secretion 
Glucose-induced [Ca2+]i signaling
Elevation of the ambient glucose concentration above 5 – 7 mM initiates the 
signaling which results in exocytosis of insulin granules (Ashcroft & Rors-
man, 2004). The sugar rapidly enters the -cells by facilitated diffusion 
through GLUT transporters (Johnson et al., 1990). Glucose is metabolized 
by glycolysis and the Krebs cycle, leading to an increase of the cytoplasmic 
ATP/ADP-ratio (Ereci ska et al., 1992; Henquin, 2000). The stimulation of 
metabolism results in a modest decrease in [Ca2+]i resulting from fuelling of 
the plasma membrane Ca2+-ATPase, which extrudes the ion from the cell, 
and the sarco-endoplasmic Ca2+-ATPase (SERCA) transporting Ca2+ into the 
endoplasmic reticulum (ER) (Hellman et al., 1992; Chow et al., 1995). The 
elevation of the ATP/ADP ratio also leads to closure of ATP-sensitive K+

(KATP) channels and membrane depolarization. When the membrane poten-
tial reaches the threshold for activation of the voltage-dependent Ca2+ chan-
nels in the plasma membrane, Ca2+ enters the cell, and the resulting elevation 
of [Ca2+]i triggers exocytosis of insulin granules (Ashcroft & Rorsman, 
1989; Henquin, 2000).  

The glucose-induced elevation of [Ca2+]i is often periodic, and several 
types of oscillations have been described in isolated -cells. The dominating 
type is due to slow (0.1–0.5 min–1) periodic depolarization of the plasma 
membrane with influx of Ca2+ from the extracellular space (Grapengiesser et 
al., 1988; Dryselius et al., 1999). -cells also exhibit faster (2 – 7 min-1)
membrane oscillations of [Ca2+]i. These are typically observed in intact islets 
and correspond to the classic oscillatory electrophysiological bursting pat-
tern (Santos et al., 1991). Both types of oscillations have been shown to be 
synchronized with pulsatile release of insulin (Gilon et al., 1993; Bergsten et 
al., 1994; Barbosa et al., 1998; Qian et al., 2004). Other types of oscillations 
depend on release of Ca2+ from intracellular stores. In isolated -cells, brief 
transients of [Ca2+]i, reflecting IP3-mediated Ca2+ mobilization, are particu-
larly common after elevation of the intracellular concentration of cAMP (Liu
et al., 1996) or after extracellular application of ATP (Hellman et al., 2004). 
cAMP is believed to promote intracellular release by protein kinase A-
mediated phoshporylation of the IP3-receptor (Liu et al., 1996), whereas 
ATP activates PLC. Although the slow glucose-induced oscillations have 
been demonstrated to persist after depletion of the ER Ca2+ stores (Liu et al.,
1995; Liu et al., 1998), it is possible that intracellular release of Ca2+ con-
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tributes to the generation and shaping of the fast membrane-derived oscilla-
tions. Intracellular Ca2+ mobilization can affect the membrane potential and 
Ca2+ influx by activating hyperpolarizing K+ currents (Ämmälä et al., 1991; 
Liu et al., 1998; Dryselius et al., 1999) or a depolarizing store-operated cur-
rent (Worley et al., 1994; Gilon et al., 1999).  

Several studies have provided evidence that PLC is involved in glucose 
stimulated insulin secretion (Biden et al., 1987; Zawalich & Zawalich, 
1996). In particular, PLC activity has been associated with the sustained 
phase of secretion that follows prolonged stimulation of rat or human -cells
(Zawalich et al., 2000). It is unclear to what extent the glucose-induced acti-
vation of PLC depends on Ca2+. It has been demonstrated that production of 
IP3 in glucose-stimulated pancreatic islets was reduced in the absence of 
Ca2+ (Best & Malaisse, 1983; Biden et al., 1987), although not entirely abol-
ished (Biden et al., 1987). Treatment of rat islets with depolarizing concen-
trations of K+ is known to provoke a significant rise in inositol phosphate 
generation (Mathias et al., 1985; Biden et al., 1987), suggesting that eleva-
tion of [Ca2+]i alone is sufficient to stimulate PLC. It has also been shown 
that depolarization without influx of Ca2+ stimulates IP3 production, indicat-
ing that the membrane potential itself may control PLC (Gromada et al.,
1996; Liu et al., 1996). However, it is unclear how PLC is affected by oscil-
lations of [Ca2+]i.

Neurotransmitter and hormone induced signaling
A number of neurotransmitters and hormones serve to modulate the secre-
tory activity of the -cell. Adrenaline and somatostatin hyperpolarize the -
cell (Pace et al., 1977; Drews et al., 1990), and activate the protein phos-
phatase calcineurin (Renström et al., 1996a), which results in decreased in-
sulin secretion. Moreover, adrenaline decreases -cell cAMP content 
(Debuyser et al., 1991). Glucagon, released from pancreatic -cells, potently 
amplifies insulin secretion by inducing formation of cAMP, which sensitizes 
the exocytotic machinery to Ca2+ (Holz et al., 1993; Renström et al., 1997). 
Other modulators, such as ATP, cholecystokinin and acetylcholine work by 
binding to Gq protein-coupled receptors that activate PLC (Gilon & Henquin, 
2001). The subsequent IP3 formation and release of Ca2+ as well as DAG-
dependent activation of PKC is thought to potentiate the release of insulin.  

Cholinergic stimulation of insulin secretion is mediated by the M3 mus-
carinic receptor (Boschero et al., 1995; Duttaroy et al., 2004). Accordingly, 
stimulation of -cells with the muscarinic agonist carbachol induces a peak 
in [Ca2+]i, followed by a sustained elevation. Whereas the initial response 
results from IP3-mediated release of Ca2+ from the ER, the sustained phase is 
in part caused by influx of the ion through store-operated Ca2+ channels 
(SOCs) in the plasma membrane (Gylfe, 1991; Liu & Gylfe, 1997; Dyachok 
& Gylfe, 2001). Store-operated Ca2+ influx was first identified in non-
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excitable cells lacking voltage-dependent Ca2+ channels (Putney, 1986). By 
activation of this pathway, electrically quiescent cells can replenish intracel-
lular Ca2+ stores after agonist induced emptying. However, the store-
operated Ca2+ pathway is present also in electrically excitable cells (reviewed 
in (Parekh & Putney, 2005). In -cells, store-operated Ca2+influx gives rise 
to a relatively modest elevation of [Ca2+]i. It may nevertheless affect the 
membrane potential and thereby influence the more prominent voltage-
dependent Ca2+ influx (Worley et al., 1994; Bertram et al., 1995; Gilon et 
al., 1999), as described for the glucagon-secreting pancreatic -cells (Liu et 
al., 2004). Cholinergic stimulation of pancreatic -cells is also known to be 
associated with a slight depolarization of the plasma membrane, probably 
induced by increased Na+ permeability (Henquin et al., 1988). Several stud-
ies have indicated that IP3 production provoked by cholinergic stimuli de-
pends on extracellular Ca2+ (Best & Malaisse, 1983; Mathias et al., 1985; 
Biden et al., 1987), however, the exact mechanisms underlying this Ca2+-
dependence are not known.  

The PLC-generated lipid messenger DAG activates PKC (Berridge et al.,
2003), and this enzyme is known to phosphorylate and activate numerous 
target proteins, including components of the exocytotic machinery (Gonelle-
Gispert et al., 2002). However, the role of PKC in insulin secretion is de-
bated. Whereas several studies indicate that PKC promotes secretion 
(Persaud et al., 1991; Zawalich & Zawalich, 1996), pharmacologic down-
regulation of PKC (Arkhammar et al., 1989 ) or overexpression of a kinase-
dead variant of the enzyme (Carpenter et al., 2004) failed to affect insulin 
secretion from mouse and rat islets, respectively. 

Other regulatory functions of PIP2

A signaling function of PIP2 independent of its role as PLC substrate is in-
creasingly recognized. For instance, PIP2 is known to regulate the activity of 
ion channels and transporters. Whereas PIP2 has been reported to inhibit IP3
receptors on the endoplasmic reticulum (Lupu et al., 1998; Glouchankova et 
al., 2000), the plasmalemmal Ca2+ ATPase in erythrocyte membranes 
(Niggli et al., 1981), and the KATP channel (Baukrowitz et al., 1998; Shyng 
& Nichols, 1998) are activated by the lipid. The latter effect of PIP2 indicates 
involvement of the lipid in regulating -cell membrane potential and stimu-
lus-secreting coupling (Lin et al., 2005). It is possible that PIP2 reduces the 
ATP-sensitivity of the KATP channel from the micromolar range observed in 
excised patches to the millimolar concentrations believed to regulate channel 
activity in intact cells (Shyng & Nichols, 1998; Baukrowitz & Fakler, 2000).  

PIP2 associates with proteins involved in the organization of the cy-
toskeleton, and is thought to regulate proteins that control the state of actin 
polymerization (Toker, 1998; Nebl et al., 2000). Since transport of secretory 
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granules to the inner surface of the plasma membrane requires remodeling of 
cytoskeletal components (Cheek & Burgoyne, 1987; Aunis & Bader, 1988), 
it is possible that PIP2 plays a role in exocytosis by regulating the cytoskele-
ton in the vicinity of the membrane (Loijens et al., 1996; Toker, 1998; Nebl
et al., 2000).  

A direct role of PIP2 in exocytosis was first suggested in chromaffin cells, 
where phosphatidylinositol transfer protein and a PIP5-kinase were found to 
be essential for the ATP-dependent priming of exocytotic vesicles (Hay & 
Martin, 1993; Hay et al., 1995). The importance of PIP2 has later been con-
firmed by experiments showing that exocytosis is negatively affected by 
inhibition of PIP2 synthesis in various types of cells (Wiedemann et al.,
1996; Gong et al., 2005) including insulin secreting cells (Lawrence & Birn-
baum, 2003; Waselle et al., 2005). It has also been demonstrated that exocy-
tosis is inhibited by overexpression of a PIP2-binding protein domain (Holz
et al., 2000; Lawrence & Birnbaum, 2003). Moreover, it was recently shown 
that PIP2 directly facilitates exocytosis in mouse -cells (Olsen et al., 2003), 
probably by mediating the ATP-dependent priming of vesicles.  

Methods to study phosphoinositides and PLC activity 
The most common method to study PIP2 turnover and PLC activity is to 
incubate cells or intact islets with radioactive phospholipid precursors, such 
as [32P]orthophosphate and [3H]inositol, and measure the accumulation of 
labeled phospohinositides or inositol phosphates after stimulation. However, 
the results obtained are influenced by the labeling times. For example, too 
short labeling prevents study of PIP2 pools with slow turnover. Moreover, 
studies on cell populations do not provide information about the dynamics 
and variability of cellular responses.  

To overcome the limitations with the isotopic labeling approach, geneti-
cally encoded fluorescent biosensors have been developed that enable real-
time studies of phospohinositides in single living cells. One such biosensor 
consists of the pleckstrin homology domain of PLC 1 fused to green fluo-
rescent protein (PHPLC 1-GFP) (Stauffer et al., 1998; Varnai & Balla, 1998). 
Because of the binding selectivity of this PH-domain for PIP2 and IP3 over 
other phospohinositides and inositol phosphates (Lemmon et al., 1995), the 
fluorescent construct will be localized to the plasma membrane in the resting 
cell but translocate to the cytoplasm upon hydrolysis of PIP2 and generation 
of IP3. This change in PHPLC 1-GFP localization can be detected with confo-
cal microscopy (Stauffer et al., 1998; Varnai & Balla, 1998), fluorescence 
resonance energy transfer (van der Wal et al., 2001) or evanescent wave 
microscopy (see below). 
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Specific aims 

The aims of the present study were to use individual insulin-secreting cells to: 

- investigate how PLC activity is affected by depolarization and 
physiological variations of [Ca2+]i.

- determine the kinetics and Ca2+-dependence of muscarinic receptor-
triggered PLC activity  

- clarify how PLC activity is affected by glucose 

- investigate how plasma membrane PIP2 synthesis is regulated by in-
tracellular concentrations of ATP and ADP  

- examine the expression and functional importance of various phos-
phoinositide kinases for plasma membrane PIP2 synthesis. 
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Methodology

Cell culture and transfection 
Insulin-secreting rat INS-1 cells (passage 90 – 120) (Asfari et al., 1992) 
were cultured at 37°C in a humified atmosphere with 5% CO2 in RPMI 1640 
medium containing 5.5 mM glucose, 10% fetal calf serum, 1 mM sodium 
pyruvate, 2 mM glutamine, 50 µM 2-mercaptoethanol, 100 U/mL penicillin, 
and 100 µg/mL streptomycin. Insulin-secreting mouse MIN6 cells (passage 
16 – 30) (Miyazaki et al., 1990) were cultured in DMEM containing 25 mM 
glucose, 15% fetal calf serum, 2 mM glutamine, 70 µM 2-mercaptoethanol, 
100 U/mL penicillin, and 100 µg/mL streptomycin. Following plating onto 
25-mm coverslips, the cells were transiently transfected with 2 µg of plasmid 
DNA using Lipofectamine 2000 (DNA:lipid 1:2.5) according to the manu-
facturer’s protocol and further cultured for 12 – 24 h.  

Mouse pancreatic -cells were obtained from collagenase-isolated islets 
of Langerhans from ob/ob mice. Free cells were prepared by shaking the 
islets in a Ca2+-deficient medium (Lernmark, 1974). The cells were then 
suspended in RPMI 1640 medium containing 11 mM glucose, 10 % fetal 
calf serum, 100 U/mL penicillin, 100 g/mL streptomycin and 30 g/mL 
gentamicin and allowed to attach to 25-mm coverslips during 1 – 3 days in 
culture at 37ºC in a humified atmosphere of 5 % CO2. The ob/ob mouse is-
lets contain more than 90 % -cells (Hellman, 1965), which respond nor-
mally to glucose and other regulators of insulin release (Hahn et al., 1974).  

As an alternative to conventional plasmid and viral methods, primary -
cells were transfected with mRNA by electroporation (Yokoe & Meyer, 
1996). The mRNA for YFP-tagged PLC  PH-domain (PHPLC 1-YFP) was 
generated by in vitro transcription with SP6 RNA polymerase (mMESSAGE 
mMACHINE, Ambion Ltd), and a poly-A tail was added using Poly(A) 
tailing kit according to the manufacturer’s protocol (Ambion Ltd). After 
purification of the mRNA by column chromatography the eluent was dried 
and the mRNA dissolved at 2 µg/µL in phosphate-buffered saline (PBS, pH 
7.00). Electroporation of the adherent -cells was performed using a custom-
built small volume electroporator device (Teruel & Meyer, 1997). After re-
placement of the medium with electroporation buffer (PBS supplemented 
with 20 mM glucose, pH 7.00), the mRNA sample was applied at 1-2 µL of 
2 µg/µL. Electroporation was performed at 220V/cm, using three voltage 
pulses, each of 30 ms duration and 40 s apart. Immediately after transfection 
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the electroporation buffer was replaced with RPMI 1640 medium and the 
cells were kept in culture for 10-20 h to allow for expression of PHPLC -YFP.

Buffers and permeabilization 
Before experiments, the cells were transferred to a buffer containing 125 
mM NaCl, 4.8 mM KCl, 1.28 mM CaCl2, 1.2 mM MgCl2, and 25 mM 
HEPES with pH adjusted to 7.40 with NaOH. In some experiments, the cells 
were permeabilized with -toxin from Staphylococcus aureus. Before per-
meabilization the cells were superfused with an intracellular-like medium 
containing 140 mM KCl, 6 mM NaCl, 1 mM MgCl2, 2 mM EGTA, 0.465 
mM CaCl2, and 10 mM HEPES with pH adjusted to 7.00 with KOH. While 
temporarily interrupting the perifusion, 5 µL -toxin (0.46 mg/mL) was 
added directly into the superfusion chamber (50 µL). After permeabilization, 
the ATP concentration was varied in the 0.025 – 3 mM range. During 
changes of the ATP concentration, free Mg2+ was maintained at 1 mM. Free 
Ca2+ was buffered to 0.1 – 100 µM using 2 mM EGTA, N-(2-
hydroxyethyl)ethylene-diaminetriacetic acid or nitrilotriacetic acid. The ion 
concentrations were calculated with the MaxChelator program (Bers et al.,
1994).  

Fluorescence microscopy 
The coverslips with the attached cells were used as exchangeable bottoms of 
the 50-µL open chamber and superfused with buffer at a rate of 0.3 mL/min. 
All experiments were performed at 37°C.  

Measurements of [Ca2+]i

In some experiments, transfected cells were loaded with the Ca2+ indicators 
fura-2 or fura red by a 30- or 40-min incubation at 37°C with their aceth-
oxymethyl esters at 1 or 10 µM, respectively. [Ca2+]i imaging of fura-2 
loaded cells was performed using an epifluorescence imaging system as de-
scribed previously (Dyachok et al., 2004). Fura red fluorescence was meas-
ured with the evanescent wave microscope described below.  

Confocal microscopy 
The subcellular distribution of fluorescent protein constructs was analyzed 
using a line-scanning (Odyssey XL, Noran Instruments) or a spinning disc 
(Yokogawa CSU 10) confocal system attached to a Nikon Diaphot 200 mi-
croscope equipped with a 60x 1.40-NA objective (Nikon). In the latter con-
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figuration, images were acquired with an Orca AG camera (Hamamatsu) 
under control of MetaFluor software (Molecular Devices).  

Evanescent wave microscopy
Plasma membrane concentrations of the fluorescent constructs were mea-
sured using evanescent wave microscopy. With this technique, fluorescent 
molecules are excited with an evanescent wave traveling in a thin layer of 
~100 nm above the interface between a coverslip and the aqueous solution 
bathing the adherent cells. Hence, fluorescent molecules closely adjacent to 
the plasma membrane are selectively excited, whereas those in the cell inte-
rior are not (Axelrod, 2001; Steyer & Almers, 2001). Imaging can therefore 
be made with improved resolution, lower background and minimal phototox-
icity compared with confocal microscopy. PLC activity was measured with 
the PIP2/IP3 binding PH-domain from PLC  tagged to GFP (PHPLC 1-GFP)
(Stauffer et al., 1998; Varnai & Balla, 1998). This construct is localized to 
the plasma membrane in the resting cell and translocates into the cytoplasm 
upon activation of phospholipase C. With evanescent wave microscopy, this 
translocation appears as decreased plasma membrane fluorescence (figure 1).

Figure 1. In evanescent wave microscopy, the fluorescent molecules adjacent to the 
plasma membrane in the region adhering to the coverslip are selectively excited. In 
the resting cell, the PHPLC 1-GFP probe is associated with PIP2 in the membrane, and 
a strong fluorescence is seen (A). Upon activation of PLC, the probe dissociates 
from the membrane into the cytoplasm. With evanescent wave illumination, this 
translocation is seen as a decrease in membrane fluorescence (B).  
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The evanescent wave system was built around an Eclipse TE2000 micro-
scope (Nikon). The 488 nm beam of an argon ion laser (Creative Laser Pro-
duction) was homogenized and expanded by a rotating light shaping diffuser 
(Physical Optics Corp.) and refocused onto the back focal plane of a 60x 
1.45-NA objective (Nikon). The laser beam was moved toward the periphery 
of the objective aperture until the critical angle was exceeded and total inter-
nal reflection occurred at the interface between the coverslip and the at-
tached cells. The fluorescence excited by the evanescent field was detected 
using an Orca-ER camera (Hamamatsu) with a fire-wire interface and 
MetaMorph software (Molecular Devices). Selection of excitation and emis-
sion wavelengths was made with filters mounted in a Lambda 10-2 filter 
wheel (Sutter Instruments). The following excitation and emission filters 
were used: CFP exc 458 nm, 10 nm half bandwith, em 480/25 nm; GFP exc 
488/10 nm, em 525/25 nm; YFP exc 514/10 nm, em 550/30 nm and fura red 
exc 488/10 nm and em 630 nm long pass (Chroma Technology Corp.). Im-
ages (or image pairs) were acquired every 5 s, with exposure times between 
50 and 1000 ms. To minimize exposure of the cells to the potentially harm-
ful laser light, the beam was blocked by an electronic shutter (Sutter Instru-
ments) between image captures.   

RNA isolation and RT-PCR
Total RNA was extracted from MIN6 -cells using the RNEasy mini kit 
(Quiagen), and first strand cDNA was generated using oligo-dT primers and 
the Superscript III First-Strand Synthesis System for RT-PCR kit (Invitro-
gen) according to the manufacturers’ protocols. Specific cDNA sequences 
were amplified in a thermocycler using 1 µM each of forward and reverse 
primers and Platinum PCR Supermix (Invitrogen). The primers for RT-PCR 
analysis were designed from the coding sequences of mouse genes and 
spanned the nucleotides outlined in table 1. The primer pairs were tested for 
self-complementarity, dimer formation and melting temperature using the 
Primer 3 software (Rozen & Skaletsky, 2000). For all tested phosphoinosi-
tide kinases, amplification consisted of one cycle of 2 min at 95°C and 40 
cycles of 15 sec at 95°C, 30 sec at 45°C, and 40 sec at 72°C followed by a 
final extension time of 15 min at 72°C. To assess integrity and quantity of 
the reverse transcribed RNA, the same cDNA samples were amplified with 

-actin-specific primers (designed from the human gene to span nt 21 – 40 
and 349 – 373). Amplified products were controlled for length by ethidium 
bromide staining after electrophoresis on 1 % agarose gels and further ana-
lysed by DNA sequencing and BLAST analysis against the GenBank data-
base.
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Data analysis 
Image analysis was made with MetaMorph, MetaFluor, or ImageJ (W. S. 
Rasband, National Institutes of Health, rsb.info.nih.gov/ij) software. Curve 
fitting was made with the Igor Pro software (Wavemetrics Inc). Fluorescence 
intensities are expressed as changes relative to initial fluorescence ( F/Fo)
after subtraction of background. Statistical analysis was performed with Stu-
dent’s t-test using Practistat software (Ashcroft & Pereira, 2002).

Table 1. Oligonucleotide sequences for RT-PCR analysis of phosphoinositide 
kinase expression. The forward and reverse primer sequences are listed. 

Enzyme Accession 
number

Forward primer
5’-3’

Reverse primer 
5’-3’

PI4-kinase 
type II NM_145501 gaccaaaaactggaactcaa tagggtctgaaatctttgga 

PI4-kinase 
type II NM_028744 ctaaccaggggtacctttct aaatgctagcccattatcaa 

PI4-kinase 
type III NM_001001983 ccagtatggggatgagtcta actggatcatgtcgtaggtc 

PI4-kinase 
type III NM_175356 tgcttggtctgctacctatt atgtggaacctctctttgag 

PIP5-kinase 
type I NM_008846 tccctcaaagacaaagaaga gaactggaaggtaacccttt 

PIP5-kinase 
type I NM_008847 ggctcaccattacaatgact gcactgtacatgtcagcatc 

PIP5-kinase 
type I NM_008844 ggcaggtatgacccagaaga cgtgggttctggttgagatt 

PIP4-kinase 
type II NM_008845 ctcgacagtggctagagaag caagatgtgcccaataaagt 

PIP4-kinase 
type II NM_054051 caaggaaaaggctaaggact aggatgttggacatgaactc 

PIP4-kinase 
type II NM_054097 aggttaaagaactgccaaca aggaatcgcttagcatactg 

PIP5-kinase 
type III NM_011086 cttggctaaaattcttggag tacttgtccattgcttcaca 
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Results and discussion 

Real-time monitoring of PLC activity 
Conventional epifluorescence or confocal microscopy of INS-1, MIN6 and 
primary mouse -cells expressing fluorescent protein-tagged PH-domain 
from PLC 1 demonstrated that the fluorescent construct was located pre-
dominantly to the plasma membrane when the cells were maintained in basal 
medium containing 3 mM glucose. This is consistent with the preferential 
binding of the biosensor to plasma membrane PIP2 in unstimulated cells. 
Weaker fluorescence was detected in the cytoplasm, but the construct was 
excluded from the nucleus. Activation of PLC by muscarinic or purinergic 
stimulation with carbachol or ATP caused a pronounced translocation of the 
PH-domain from the plasma membrane to the cytoplasm.  

When the plasma membrane was selectively excited with evanescent 
wave microscopy, PHPLC 1-GFP expressing cells exhibited a homogenous 
fluorescence in the region adhering to the coverslip. Upon stimulation with 
carbachol, dissociation of the PHPLC 1-GFP construct was observed as a 
dose-dependent decrease in fluorescence, reaching a minimum at ~30 % 
below initial intensity within 30 s. In the continued presence of agonist, there 
was half recovery of fluorescence within 2 min and a complete recovery 
upon removal of the stimulus. Half maximal and maximal effects were ob-
served at approximately 10 and 100 M carbachol, respectively. The translo-
cation kinetics recorded with evanescent wave microscopy resembled that 
observed using other microscopy techniques, different cell types, and various 
G protein-coupled receptor agonists (Stauffer et al., 1998; Varnai & Balla, 
1998; Nash et al., 2001; van der Wal et al., 2001; Xu et al., 2003). 

It is debated whether PHPLC 1-GFP translocation reflects a PLC-induced 
reduction of plasma membrane PIP2 or the concomitant increase of cyto-
plasmic IP3. Hirose et al. (1999) suggested that the probe essentially reported 
formation of IP3, since microinjection of this messenger induced significant 
translocation of the probe from membranes in MDCK-cells. Overexpression 
of an IP3 5-phosphatase completely abolished translocation after activation 
of PLC by elevation of [Ca2+]i. In contrast, photorelease of IP3 in concentra-
tions eliciting a physiological [Ca2+]i response had no effect on the mem-
brane association of PHPLC 1-GFP in mouse neuroblastoma cells (van der 
Wal et al., 2001). Combining quantitative experiments with mathematical 
modeling, Xu et al. (2003) showed that both IP3 formation and PIP2 break-
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down contribute to dissociation of the tagged PH-domain from the mem-
brane after stimulation of PLC, the relative contribution being largely de-
pendent on the expression level of the probe. However, a definite distinction 
between PIP2 and IP3 is not required for the present conclusions about PLC.  

Oscillations of PLC activity are triggered by 
depolarization and Ca2+ influx
PLC activation by elevation of [Ca2+]i has previously been documented in 
studies of islets and clonal insulin-secreting cells using radiotracer tech-
niques (Mathias et al., 1985; Best et al., 1987; Biden et al., 1987). To test 
whether Ca2+ influx was sufficient to activate PLC in isolated insulin-
secreting cells, MIN6 and INS-1 cells were exposed to 30 and 90 mM K+.
Such strong depolarization led to elevation of [Ca2+]i, and a pronounced drop 
of plasma membrane PHPLC 1-GFP fluorescence. Similar results were ob-
tained by membrane depolarization with the KATP-channel inhibitor tolbu-
tamide. In the absence of extracellular Ca2+, PHPLC 1-GFP translocation was 
still detectable upon depolarization with 30 or 90 mM K+, albeit with a re-
duced amplitude. These data indicate that elevation of [Ca2+]i in a depolar-
ized cell is a strong stimulus for PLC activation, and that depolarization per
se can partially activate the enzyme (figure 2). The Ca2+ sensitivity of PLC is 
not surprising, since all isoforms contain several Ca2+-binding sites (Rhee, 
2001), and Ca2+ elevation alone has been found to activate the of PLC  in 
several types of cells (Allen et al., 1997; Kim et al., 1999). The finding that 
depolarization per se activates PLC is also in agreement with previous ob-
servations of stimulated IP3 production in -cells from ob/ob mice (Liu et 
al., 1996) and clonal mouse TC3 cells (Gromada et al., 1996) when Ca2+

influx was prevented. The mechanism by which depolarization activates 
PLC in -cells is unknown. However, PLC activation by membrane depo-
larization in smooth muscle cells has been suggested to involve voltage-
sensing by Ca2+ channels leading to conformational changes and activation 
of G-proteins (del Valle-Rodriguez et al., 2003).  

To investigate whether depolarization-dependent membrane oscillations 
of [Ca2+]i were associated with PLC activation, PHPLC 1-GFP fluorescence 
was measured simultaneously with [Ca2+]i. It was demonstrated that [Ca2+]i
oscillations imposed by repetitive pulses of high [K+] were paralleled by 
cyclic activation of PLC. The INS-1 cells exhibited spontaneous [Ca2+]i os-
cillations of varying amplitudes and duration in the presence of 3 – 11 mM 
glucose. These oscillations depended on influx of Ca2+, since they persisted 
after depletion of the ER Ca2+ stores with thapsigargin, but disappeared after 
removal of extracellular Ca2+ (see also (Dorff et al., 2002; Herbst et al.,
2002). It was now demonstrated that these oscillations were paralleled by 
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periodic activation of PLC. The amplitude of the [Ca2+]i oscillations corre-
lated strongly to the degree of  PLC activation, demonstrating that high am-
plitude [Ca2+]i transients are most efficient in activating the enzyme. Periodic 
depolarization and Ca2+ influx consequently trigger oscillatory PLC activity 
in insulin-secreting cells.

Figure 2. PLC is independently activated by depolarization ( ) and Ca2+ influx 
trough voltage-dependent channels (VDCC) in insulin-secreting cells. See text for 
details. ER: endoplasmic reticulum; IP3R: IP3 receptor 

Glucose stimulates PLC activity by raising [Ca2+]i

Glucose has been reported to activate PLC in islets  and insulinoma cells 
(Best & Malaisse, 1983; Best et al., 1987; Zawalich & Zawalich, 1996; 
Tamarina et al., 2005), but it has been debated whether this mechanism is 
dependent on Ca2+ or not. It was now shown in MIN6 cells that elevation of 
the glucose concentration from 3 to 11 mM resulted in a slight increase in 
plasma membrane PHPLC 1-GFP fluorescence, followed by a pronounced 
decline, reaching 9.2 ± 0.8 % below baseline. The decline was of variable 
duration and typically succeeded by an increase and gradual stabilization of 
a steady state level slightly above baseline. Simultaneous measurements with 
fura red revealed that the decline coincided with the glucose-induced eleva-
tion of [Ca2+]i. It is likely that this correlation reflects Ca2+-mediated activa-
tion of PLC. A tight relationship between PLC activity and [Ca2+]i was also 
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apparent from experiments in cells exhibiting -cell-characteristic oscilla-
tions of [Ca2+]i in response to glucose. Under such conditions, PLC was acti-
vated in a periodic manner, with the peaks of activity coinciding with in-
creases of [Ca2+]i and vice versa. In contrast, when the cells were stimulated 
with 11 mM glucose in medium containing 250 µM diazoxide or in Ca2+-
deficient medium containing 2 mM EGTA, [Ca2+]i remained low and stable. 
Under these conditions, glucose triggered an unspecific monophasic rise of 
plasma membrane PHPLC 1-GFP fluorescence. Subsequent omission of dia-
zoxide resulted in elevation of [Ca2+]i and a rapid drop of PHPLC 1-GFP fluo-
rescence.  

Taken together, these results demonstrate that glucose promotes break-
down of PIP2 and that this effect is mediated by elevation of [Ca2+]i, rein-
forcing the idea that nutrient stimulation of insulin-secreting cells leads to 
IP3 formation via Ca2+-dependent activation of PLC. The activation of PLC 
can be expected to enhance the secretory response to glucose by at least two 
mechanisms. First, it provides a link between Ca2+ entry and IP3 mediated
release from intracellular stores, which amplifies the Ca2+ signal and triggers 
exocytosis. This amplification mechanism is different from direct activation 
of IP3 receptors by Ca2+ usually referred to as Ca2+-induced Ca2+ release 
(CICR). Second, production of DAG leads to activation of PKC, which pro-
motes secretion by sensitizing the secretory machinery to Ca2+ (Zawalich & 
Zawalich, 1996). PKC II has been found to translocate to the membrane in 
response to [Ca2+]i oscillations in MIN6 cells (Pinton et al., 2002). Oscilla-
tory generation of DAG would provide a distinct signal for PKC-activation 
during each [Ca2+]i oscillation. 

Oscillations of PLC activity will likely give rise to periodic release of 
Ca2+ from the endoplasmic reticulum. Although glucose-induced slow 
[Ca2+]i-oscillations persist after depletion of the intracellular stores (Liu et 
al., 1998), it is possible that intracellular Ca2+ release contributes signifi-
cantly to the shaping and dynamics of the fast membrane oscillations of 
[Ca2+]i during insulin secretion (Liu et al., 1998; Fridlyand et al., 2003). For 
example, Ca2+ released from the endoplasmic reticulum during -cell activity 
could interrupt action potential firing by activating a Ca2+-dependent hyper-
polarizing K+-channel (Ämmälä et al., 1991; Dryselius et al., 1999). More-
over, emptying of the intracellular stores activates a store-operated current 
that may contribute to depolarization (Worley et al., 1994; Gilon et al.,
1999).  

Role of [Ca2+]i for receptor-triggered PLC activity
Measurements of PLC activation kinetics during receptor stimulation 
showed that MIN6 cells responded to 100 M carbachol with an initial tran-
sient peak of activity followed by a sustained plateau that returned to the 
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basal level upon removal of the stimulus. Both phases depended on Ca2+, and 
the response was virtually abolished when extracellular Ca2+ was omitted 
and the intracellular stores had been depleted.  

Sustained receptor-triggered PLC activity is amplified by store-
operated Ca2+-entry
When MIN6 cells were stimulated with 100 µM carbachol in Ca2+-deficient
medium, there was rapid initial activation of PLC, but no sustained activity. 
A similar response pattern was observed in the presence of the non-selective 
Ca2+ channel inhibitor La3+, indicating that Ca2+ influx is required for main-
taining PLC activity during prolonged receptor stimulation. Since carbachol 
stimulation is known to be associated with a slight depolarization of the 
plasma membrane (Henquin et al., 1988), it was investigated whether volt-
age-dependent Ca2+ influx was involved in the sustained PLC activity. How-
ever, neither membrane hyperpolarization with 250 M of the KATP channel 
opener diazoxide, nor inhibition of the L-type Ca2+ channels with 10 M
nifedipine affected the sustained PLC activity.   

In contrast, the sustained PLC activity was markedly reduced by 2-
aminoethoxydiphenyl borate (2-APB; 100 µM) and SKF96365 (50 µM) 
which are commonly used inhibitors of store-operated Ca2+ entry (Merritt et 
al., 1990; Bootman et al., 2002). The role of store-operated Ca2+ entry for 
PLC activation was further verified by exposing the cells to varying concen-
trations of extracellular Ca2+. Under control conditions, changing the ex-
tracellular Ca2+ concentration from 0 to 1.28 mM had negligible effect on 
PLC activity. In contrast, activation of SOCs by emptying the ER with the 
SERCA-inihitor CPA made PLC activity very sensitive to variations of the 
extracellular Ca2+ concentration. These data show that sustained PLC activ-
ity depends on Ca2+ influx through store-operated channels.  

The present findings may explain early observations that carbachol-
stimulated inositol phosphate production was larger in -cells maintained in 
the presence of extracellular Ca2+ than in those exposed to Ca2+-free media 
(Best & Malaisse, 1983). Regulation of receptor-triggered PLC activity by 
Ca2+ entry has been described also in other types of cells. Kim et al (1999) 
reported that receptor-activated Ca2+ entry promoted PLC activity in bra-
dykinin-stimulated PC12 cells, and a similar mechanism has been demon-
strated in B-cell receptor-ligated DT40 B lymphocytes (Nishida et al., 2003). 
Store-operated Ca2+ entry may consequently amplify Ca2+ signaling not only 
by elevating [Ca2+]i and replenishing intracellular stores, but also by directly 
stimulating PLC. Store-operated Ca2+ entry causes a relatively modest eleva-
tion of [Ca2+]i in pancreatic -cells (Liu & Gylfe, 1997). Nevertheless, this 
elevation was associated with a pronounced activation of PLC. Such a high 
Ca2+ sensitivity may result from increased susceptibility of PLC to regulation 
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by Ca2+ after activation by G-proteins (Rana & Hokin, 1990). It is also pos-
sible that PLC colocalizes with the sites for Ca2+ entry, thereby sensing a 
high Ca2+ concentration in the vicinity of the store-operated channels. In-
deed, some PLC isoforms have been found to associate via a PDZ domain-
containing scaffold protein to the mTRP4 protein (Tang et al., 2000), which 
is known to form store-operated channels in several types of cells (Philipp et 
al., 2000; Yang et al., 2003).   

Initial receptor-triggered PLC activity is amplified by release of 
Ca2+ from intracellular stores
The role of Ca2+ released from intracellular stores in receptor-triggered PLC 
activation was studied in a Ca2+-deficient medium containing 2 mM EGTA. 
Parallel measurements of PLC activation and [Ca2+]i in carbachol-stimulated 
MIN6 cells showed that the initial peak of PLC activity was associated with 
a rapid spike of [Ca2+]i. As expected, emptying of the ER Ca2+-stores by 
preincubating the cells with the SERCA inhibitors CPA or thapsigargin abol-
ished the [Ca2+]i response. More interestingly, under these conditions, the 
PLC activity was strongly suppressed, with the initial peak reaching < 45 % 
of that in control cells. This inhibition was not due to the emptying of the 
intracellular stores as such, since similar suppression of the PLC- and 
[Ca2+]i-responses were seen when the Ca2+ buffering capacity of the cyto-
plasm was increased by loading the cells with the Ca2+ chelator BAPTA.

Further support for the idea that Ca2+ released from intracellular stores 
can activate PLC was obtained from experiments in primary mouse pancre-
atic -cells, which exhibit CICR facilitated by cAMP, probably via PKA-
induced sensitization of IP3 receptors (Liu et al., 1996; Dyachok et al.,
2004). Cells exposed to 20 mM glucose to maximally fill the intracellular 
stores with Ca2+, and 250 M diazoxide and 50 M methoxyverapamil to 
prevent voltage-dependent Ca2+ influx, responded to glucagon with pro-
nounced spikes of [Ca2+]i. The high [Ca2+]i spikes were paralleled by tran-
sient drops of plasma membrane PHPLC 1-GFP fluorescence. This decline in 
PIP2 is unlikely due to G protein-elicited PLC activity, since glucagon recep-
tors do not activate PLC in MIN6 cells (S Thore, unpublished data). High 
time resolution experiments demonstrated that the [Ca2+]i elevations pre-
ceded each burst of PLC activation by ~0.9 s, indicating that intracellular 
Ca2+ mobilization can activate PLC, and that this mechanism operates in 
normal pancreatic -cells.
A similar positive feedback action on PLC by Ca2+ oscillations has recently 
been suggested to account for adrenergic 1B-receptor-mediated oscillations 
of IP3 in CHO cells (Nahorski et al., 2003) In that study, IP3 production was 
reported to be sensitive to [Ca2+]i elevations up to 200 nM, suggesting that 
only [Ca2+]i variations around the base-line would be capable of stimulating 
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positive feedback (Nahorski et al., 2003). In contrast, only the highest ampli-
tude [Ca2+]i elevations triggered detectable PLC activity in pancreatic -cells. 
It is possible that this apparent discrepancy indicates the involvement of 
different PLC isoforms.  

In summary, it is demonstrated that activation of PLC by endogenous 
muscarinic receptors in electrically excitable insulin-secreting -cells is en-
hanced by positive feedback from Ca2+ entering the cytoplasm from intracel-
lular Ca2+ stores and via store-operated channels in the plasma membrane. 
Agonist binding to the G-protein-coupled receptor leads to partial activation 
of PLC and production of sufficient amounts of IP3 to trigger Ca2+ release 
from the ER. The resulting elevation of [Ca2+]i leads to marked amplification 
of PLC activity with further IP3 production and elevation of [Ca2+]i. The 
reduction of Ca2+ in the ER leads to opening of store-operated channels in 
the plasma membrane with entry of Ca2+, which also stimulates PLC and 
serves to maintain enzyme activity during sustained stimulation (figure 3).

Figure 3. Receptor-triggered PLC-activity is amplified by Ca2+-release from intracel-
lular stores and entry through store-operated channels (SOC) in the plasma mem-
brane. See text for details. GPCR: G protein-coupled receptor  
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Regulation of PIP2 in the plasma membrane of 
permeabilized cells 
The regulation of plasma membrane PIP2 was further studied in cells perme-
abilized with staphylococcal -toxin, which forms pores in the plasma mem-
brane, allowing passage of up to ~1kD molecules (Bhakdi & Tranum-Jensen, 
1991). Thus, small molecules, such as ions and nucleotides, can readily per-
meate, whereas most proteins, including the PHPLC 1-GFP probe, remain 
inside the cell. This approach allows direct control of the intracellular envi-
ronment and eliminates potentially confounding effects of PHPLC 1-GFP
binding to IP3. The PHPLC 1-GFP signal remaining after permeabilization is 
therefore a relatively pure reflection of PIP2 concentration changes in the 
plasma membrane.  

Plasma membrane PIP2 undergoes rapid turnover 
-toxin permeabilization of the cells in an ATP-free intracellular-like me-

dium resulted in loss of evanescent wave excited PHPLC 1-GFP fluorescence. 
Confocal microscopy confirmed that this loss was due to membrane disso-
ciation of the probe rather than loss from the cells. Introduction of 3 mM 
ATP resulted in a rapid (t1/2 = 16 s) and prominent increase in plasma mem-
brane PHPLC 1-GFP fluorescence. Two observations supported the idea that 
this signal reflects PIP2 synthesis in the plasma membrane. First, the effect of 
ATP on plasma membrane fluorescence was completely abolished by 100 
µM of the PI4-kinase inhibitor phenylarsine oxide (PAO). Second, ATP had 
no effect in cells expressing GFP alone targeted to the plasma membrane. 
Application of increasing concentrations of ATP from 0.025 – 3 mM re-
sulted in graded increases of membrane PIP2 concentration. Half maximal 
and maximal stimulatory effect was seen at ~300 µM and ~1 mM ATP, re-
spectively. The concentration-dependence was strikingly steep with a Hill 
coefficient of 9.7. The effect was reversible upon removal of ATP, and 
PHPLC 1-GFP fluorescence returned to baseline with t1/2 = 16 – 39 s, depend-
ing on the ATP concentration. The loss of PIP2 probably reflects dephos-
phorylation of the lipid by lipid phosphatases. Accordingly, the half-life of 
PIP2 increased almost three-fold when the cells were exposed to a combina-
tion of the phosphatase inhibitors NaF (3 mM) and Na3VO4 (100 µM). These 
data demonstrate rapid turnover of PIP2, providing direct support for the 
early observations by Berridge and Irvine that phosphosphatidylinositol un-
dergoes futile cycles of continuous phosphorylation to PIP and PIP2 and
dephosphorylation to PIP and PI (Berridge & Irvine, 1984). Although me-
tabolically expensive, a high turnover is a prerequisite for a messenger 
molecule to undergo rapid changes in concentration or to maintain concen-
tration gradients in spatially restricted domains.  
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The plasma membrane PIP2 concentration is determined by Ca2+

and the ATP/ADP ratio 
As expected from the observation in intact cells that elevation of [Ca2+]i acti-
vates PLC, it was now observed that elevation of Ca2+ from 100 nM to 10 
and 100 µM resulted in significant loss of PIP2 in permeabilized cells ex-
posed to ATP. It is likely that this loss reflects activation of a Ca2+-sensitive
form of PLC. 

Many processes in the pancreatic -cell, such as regulation of KATP chan-
nels (Ashcroft & Rorsman, 1990) and priming of insulin granules (Barg et 
al., 2001), are controlled by the ATP/ADP ratio rather than by the absolute 
ATP concentration. It was therefore investigated how ADP influenced PIP2
synthesis in permeabilized cells. Surprisingly, ADP alone stimulated PIP2
formation, probably via adenylate kinase dependent formation of ATP 
(Dzeja & Terzic, 1998). Further experiments were therefore performed with 
the non-metabolizable ADP-analogue ADP S. ADP S had no effect on its 
own, but counteracted the stimulatory effect of ATP on PIP2 synthesis and 
increases of the ATP/ADP S ratio by reduction of ADP S resulted in stimu-
lated PIP2 synthesis. The PIP2 synthesis depended sigmoidally on the 
ATP/ADP S ratio with a Hill coefficient of 0.90.  

The present results indicate that PIP2 may be under metabolic control via 
changes of the ATP/ADP ratio in -cells. A similar conclusion was reached 
using mouse pancreatic islets and an in vitro kinase assay (Olsen et al.,
2003). Such an effect may be mediated by direct nucleotide regulation of 
phosphoinositide kinase activity or subcellular localization. Alternatively, 
the stimulation is mediated by formation of GTP and activation of small 
GTPases known to regulate phosphoinositide kinases in many cell types 
(Martin, 2001; Doughman et al., 2003). 

It is likely that glucose, apart from stimulating hydrolysis of PIP2, also 
stimulates the synthesis of the lipid. It was recently demonstrated that glu-
cose stimulates synthesis of PIP and PIP2 via activation of the Ca2+-binding 
protein neuronal calcium sensor-1 and PI4-kinase type III  in INS1-E cells 
(Gromada et al., 2005). Such an effect may escape detection in our system. 
In the intact cell, glucose induced an unspecific increase of plasma mem-
brane fluorescence, which could mask a modest rise of the PIP2 concentra-
tion. Moreover, the higher affinity of the PLC  PH domain for IP3 compared 
to PIP2 (Lemmon et al., 1995) may result in an underestimation of the PIP2
concentration in the presence of elevated [Ca2+]i.

Phosphoinositide kinases involved in PIP2 synthesis
The expression of 11 of the known phosphoinositide kinases was investi-
gated in MIN6 -cells using reverse transcriptase PCR. These experiments 
revealed mRNA transcripts for PI4-kinase type II  and – , PI4-kinase type 
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III  and – , PIP5-kinase type I , -  and – , as well as for PIP4-kinase type 
II  and –  and PIP-kinase type III. The latter enzyme mediates the formation 
of PI(3,5)P2 by 5’ phosphorylation of PI(3)P (Doughman et al., 2003). 
mRNA for PIP4-kinase type II  was not reliably detected.  

The relative contribution of the two major types of PI4-kinases to mem-
brane PIP2 synthesis in the insulin-secreting cells was then determined. The 
PIP2 synthesis induced by 3 mM ATP was significantly suppressed and re-
tarded in the presence of 10 µM wortmannin, suggesting the involvement of 
type III PI4-kinase. In the presence of 300 µM ATP, application of 1 mM 
adenosine resulted in a 61 ± 3 % loss of membrane fluorescence, indicating 
the involvement of type II PI4-kinases. The type II kinases are typically as-
sociated with the plasma membrane and are the most abundant of the PI4-
kinases (Nakanishi et al., 1995). Nevertheless, type III PI4-kinases have 
been suggested to generate PIP2 to the agonist sensitive phosphoinositide-
pool (Nakanishi et al., 1995). Moreover, overexpression of PI4-kinase type 
III  has been found to facilitate exocytosis in mouse -cells (Gromada et al.,
1996), whereas silencing of the protein reduces membrane PIP2 levels and 
insulin secretion (Waselle et al., 2005). The present results demonstrate that 
type II and type III PI4-kinases contribute approximately equally to the 
maintenance of plasma membrane PIP2.

The contribution of type I PIP5-kinases to PIP2 synthesis was evaluated 
by overexpression of the YFP-tagged ,  and -isoforms. Confocal micros-
copy showed that the subcellular localization of the type I PIP5-kinases dif-
fered somewhat between the isoforms. PIP5-kinase I  showed a relatively 
strong cytoplasmic fluorescence with a slight enrichment in the plasma 
membrane. In contrast, the PIP5-kinase I  isoform showed only slight cyto-
plasmic localization, and the  isoform was almost exclusively localized to 
the plasma membrane.  

Whereas permeabilized cells overexpressing PIP5-kinase I  responded to 
300 µM ATP with a markedly enhanced production of PIP2 (40 % increase 
compared to control), the PIP2 production was not affected in cells express-
ing the - or -isoforms. It is interesting to note that the isozyme which con-
tributed the most to the production of PIP2 was also the one with the strong-
est association to the plasma membrane. The present results should not be 
taken to indicate that the other type I PIP5-kinases lack physiological sig-
nificance in -cells. It has been reported that PIP5-kinase I  is involved in 
insulin release, since suppression of this enzyme with siRNA inhibited glu-
cose-induced secretion from INS-1-cells (Waselle et al., 2005). However, no 
other isoforms were tested in this study. 

The experiments in permeabilized cells also demonstrated that the PIP5-
kinases were localized to the cytoplasm in the absence of ATP. Upon addi-
tion of 0.075 – 0.1 mM ATP, there was translocation to the plasma mem-
brane. The physiological relevance of this observation is unclear. The sub-
strate recognition site in the PIP-kinases is important for their subcellular 



34

localization (Doughman et al., 2003), and it is possible that the ATP-
regulated translocation reflects PI4-kinase mediated synthesis of the type I 
PIP5-kinase substrate PIP.

Given the ability of PIP2 to regulate many targets in the vicinity of the 
plasma membrane, it is likely that the high turnover of the lipid in glucose-
stimulated -cells will influence the many proteins involved in the regulation 
of insulin granule exocytosis. Indeed, impaired synthesis of PIP2 and lower 
membrane concentration of this lipid have been associated with insufficient 
insulin secretion in animal models of type II diabetes (Morin et al., 1996). 
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Conclusions

- Depolarization and voltage-dependent Ca2+ influx are sufficient to 
trigger PLC activity in single insulin-secreting cells. 

- Glucose promotes PLC activation by elevation of [Ca2+]i.

- Oscillations of [Ca2+]i due to periodic influx of the ion are paralleled 
by cyclic activation of PLC. 

- Muscarinic receptor-triggered PLC activity is biphasic and Ca2+ de-
pendent. The initial phase is amplified by positive feedback from Ca2+

released from the endoplasmic reticulum, and the second phase by 
Ca2+ influx through store-operated channels in the plasma membrane. 

- Plasma membrane PIP2 synthesis is regulated by the ATP/ADP ratio 
in insulin-secreting cells. 

- MIN6 -cells express at least 10 different phosphoinositide kinases. 
ATP-induced PIP2 synthesis is mediated by type II and III PI4-
kinases, as well as by PIP5-kinase type I .
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Svensk sammanfattning 

En grundlig förståelse för den insulinfrisättande -cellens fysiologi är förutsät-
tningen för att diabetes en gång ska kunna botas. Studierna som ligger till grund 
för denna avhandling fokuserar speciellt på membranlipiden PIP2 och dess re-
glering i den levande cellen. PIP2 bryts ned av enzymet fosfolipas C (PLC) till de 
intracellulära budbärarna IP3 och DAG. Det är sedan länge känt att dessa moleky-
ler är av största vikt för insulinfrisättningen; IP3 genom att frisätta Ca2+ från intra-
cellulära förråd och DAG genom att aktivera proteinkinas C. Dessutom har nyare 
studier visat att själva PIP2-molekylen är nödvändig för en fungerande sekretion 
från cellen. 

Insulinfrisättningen styrs främst av blodsockret. Glukos tas upp av -cellen, 
och dess nedbrytning leder till en ökning av ATP/ADP-kvoten, depolarisering av 
cellmembranet och en ökning av den intracellulära Ca2+-koncentrationen, [Ca2+]i. I 
avhandlingen visas att PLC kan aktiveras av både depolariseringen och den efter-
följande ökningen av [Ca2+]i. Eftersom Ca2+-ökningarna i en -cell genomgår 
regelbundna depolariseringsberoende variationer var det intressant att se att PLC 
kunde aktiveras av pulser av depolarisering och Ca2+-inflöde. Den periodiska bild-
ningen av IP3 leder till frisättning av Ca2+ från förråden i cellen, något som har 
betydelse för insulinfrisättningen.  

Förutom glukos finns det flera andra ämnen som påverkar insulinfrisättningen. 
Ett exempel är signalsubstansen acetylkolin. Den analoga substansen carbachol 
visade sig stimulera PLC i två faser, en initial topp följd av en platå. Toppen var 
beroende av Ca2+-frisättning från de intracellulära förråden medan platån berodde 
av Ca2+-inflöde i cellen genom kanaler som öppnas vid tömning av cellens Ca2+-
förråd. På detta sätt kan PLC-aktiviteten upprätthållas genom en återkopplingsme-
kanism. Denna mekanism för att aktivera PLC fungerade även om cellen stimule-
rades med hormonet glukagon, som frisätter intracellulärt Ca2+ genom att öka IP3-
receptorernas känslighet.  

PIP2-omsättningen studerades i celler som gjorts permeabla för små molekyler 
genom tillsats av ett bakteriellt gift. PIP2 omsattes i membranet med en halverings-
tid på cirka 16 sekunder. Sådan snabb omsättning är viktig för signalmolekyler då 
koncentrationen snabbt kan ändras vid stimulering. Bildning av PIP2 stimulerades 
av ökande koncentrationer ATP, vilket motverkades av ADP-analogen ADP S. 
ATP-stimulerad PIP2-syntes medierades av fosfatidylinositol 4-kinaser av typ II 
och III och av fosfoinositid 5-kinas typ I . Resultaten visar att PIP2-
koncentrationen i plasmamembranet regleras av ATP/ADP-kvoten, och att PLC-
katalyserad hydrolys av PIP2noga styrs av [Ca2+]i i insulinfrisättande celler.  
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