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General Introduction

Chapter 1

Calcium signaling in control of life and death
Growth, proliferation and differentiation of cells are tightly controlled processes
that play a central role in the development of a fertilized egg into an adult
multi-cellular organism. While most cells in an adult organism are nonproliferating, it remains essential that proliferation can be re-initiated when
necessary, for example during wound healing or tissue regeneration. However,
such proliferation requires tight regulation to ensure that cell division starts and
stops at the right time and place. In cancer cells this tight control mechanism
has been lost, resulting in abnormal cellular growth. Signaling between cells
requires a variety of soluble molecules, including neurotransmitters, hormones
and growth factors. This thesis focuses on the role of such signaling molecules
in inducing repetitive calcium action potentials in a cultured fibroblast cell line.
Although the physiological function of this activity is still enigmatic, its
components are universal, and the accessibility of these cells to experiments
without any ethical complication allows us to understand the mechanisms
involved. In this introduction we describe the signaling systems that are
involved in calcium homeostasis of mammalian cells and the role of the
concomitant signaling processes for the overall physiology of mammalian
organisms.
Role of calcium in cellular signaling
Calcium ions are important second messengers that play a pivotal role in the
transduction of extracellular signals to intracellular processes such as
fertilization, proliferation, secretion, memory and contraction. However,
prolonged elevation of the concentration of free calcium ions is highly toxic for
cells of all branches within the phylogenetic tree. Already in the earliest stages
of evolution cells needed a homeostatic system to control the lethality of the
high calcium concentrations in the surrounding medium. This has evolved in a
set of calcium ion transport systems in the plasma membrane that maintains a
basal intracellular free calcium concentration of approximately 100 nM against
a 10,000 to 20,000-fold higher extracellular concentration (Case et al., 2007).
The contradiction between lethality of high concentrations and a pivotal role in
cellular signaling has been solved by the transient character of calcium rises
during the signal transduction process. It can therefore be stated that
homeostasis of intracellular calcium levels forms a narrow line between life
and death, such that many physiological processes depend on intracellular
calcium concentrations between strictly set limits. If a specific calcium signal is
required to effectively activate or inactivate cellular processes as needed, this
requirement will be met by a high versatility in speed, amplitude and
spatiotemporal pattern of the calcium signal (Berridge et al., 2000; Lipskaia et
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al., 2003). As a consequence a tight regulation of the intracellular free calcium
concentration is crucial. An extensive 'toolkit' of receptors, transducers,
channels, calcium buffers, effectors, calcium-sensitive enzymes, pumps and
exchangers enable the cell to regulate a dynamic calcium signal within
physiological borders (Berridge et al., 2003). Basically, the intracellular
concentration of calcium ions is regulated by four distinct transport processes:
a) release from subcellular organelles into the cytoplasm, b) uptake from the
cytoplasm into subcellular organelles, c) influx from the extracellular medium
into the cytoplasm, d) efflux from the cytoplasm into the extracellular medium.
Each of these four processes will now be considered in more detail.

Release and uptake of calcium from subcellular organelles
Calcium signals are observed in many cells as calcium oscillations, differing in
frequency, amplitude and spatiotemporal patterns. An example is shown in
Figure 1, where the intracellular calcium concentration in NRK fibroblasts is
monitored after treatment of these cells with the growth stimulating factor
prostaglandin F2α (PGF2α). These calcium oscillations take place as long as
PGF2α is present, and require uptake and release of calcium ions from the
extracellular medium as well as from intracellular stores, as outlined in more
detail below.
Uptake of calcium into subcellular organelles
One of the most prominent intracellular sources of calcium resides in the
endoplasmic or sarcoplasmic (in muscle cells) reticulum (ER/SR). The uptake
of calcium into the ER/SR is facilitated by the P-type ATPase
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA). Three
different SERCA genes are known (human nomenclature ATP2A1-3), which
are expressed in a tissue and developmental stage dependent manner, and
encode at least 11 different protein products as a result of alternative splicing
(Brini & Carafoli, 2009). The active transport of calcium from the cytoplasm
into ER/SR not only prevents lethal cytoplasmatic calcium concentrations but
also generates an intracellular calcium store from which ions can be released
when needed.
Release of calcium from subcellular organelles
In many cells extracellular hormonal factors can initiate intracellular calcium
signaling by activation of plasma membrane receptors. In the case of tyrosine
kinase receptors and many G-protein coupled receptors ligand binding results
in activation of phospholipase C (PLC), which converts membrane-bound

11

Chapter 1
phospholipid phosphatidylinositol 4,5-biphosphate (PIP2) into inositol 1,4,5
trisphosphate (IP3) and diacylglycerol (DAG) (Berridge, 1993). DAG remains
bound to the membrane and activates protein kinase C (PKC), while IP 3 enters
the cytoplasm where it can activate IP3-receptors (IP3Rs) on the ER/SR which
triggers the release of calcium ions from these organelles.
The binding of IP3 to the IP3R enables the subsequent binding of
calcium ions to this receptor. Binding of calcium to a primary binding site
induces the opening of the IP3R intrinsic calcium channel and thereby the fast
activation of calcium release, while binding to a secondary calcium binding site
results in a slow inhibition of calcium release (Parker & Ivorra, 1990; Marshall
& Taylor, 1994; Marchant & Taylor, 1997). This biphasic response of the IP3R
towards elevation of the intracellular calcium concentration plays an essential
role in the oscillatory calcium responses seen in many cells (Streb et al., 1983;
Berridge, 2009; Rahman & Taylor, 2009). The IP3R consists of four subunits
that have generally a similar structure. In higher organisms IP3-receptors are
encoded by three different genes (human nomenclature ITPR1, ITPR2 AND
ITPR3), which encode different isoforms of the IP3-receptor subunits (IP3R1, -2

Figure 1: Effect of PGF2α on intracellular calcium concentration of quiescent NRK fibroblasts.
Typical response of an individual cell in a monolayer of cells induced by 1 M PGF2α. Moment of
addition is indicated by the bar. The F340/F380 fluorometric ratio is a measure of the intracellular
calcium concentration.
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and -3), whereby the protein diversity is further enhanced by alternative
splicing . Both homotetramers and heterotetramers of IP3R subunits have
been identified (Monkawa et al., 1995).
Besides IP3Rs also Ryanodine receptors (RyRs) play an important role
in the release of calcium ions from ER/SR into the cytosol. Ryanodine
receptors are homotetramers of a ~550 kDa subunit. Three different RyR
isoforms are known in mammals, which are encoded by three distinct genes
(human nomenclature RYR1, RYR2 and RYR3) (Laver, 2007; Hamilton &
Serysheva, 2009). Initially these RyRs were thought to act independently of
modulating agents, but more recent studies showed that cyclic adenosine
+
diphosphate ribose (cADPR), synthesized from β-NAD by an cADP-ribosyl
cyclase (Lee & Aarhus, 1991), is able to modulate calcium release from the
ER/SR by RyRs (Galione et al., 1991). cADPR is required for sensitizing and
calcium ions themselves for triggering RyR-mediated calcium release (Guo &
Becker, 1997).
Both IP3R- and RyR-mediated calcium release are modulated by the
calcium content of the intracellular calcium store; an enhanced calcium
concentration at the luminal side of calcium stores increases the open
probability and channel open durations of the RyR channels (Laver, 2007),
while for IP3Rs it has been shown that at a low luminal calcium content higher
cytosolic IP3 levels are required to induce calcium release (Missiaen et al.,
1992). An important difference between IP3R and RyR is that calcium ions
alone cannot induce IP3R-mediated calcium release in the absence of IP3
while cADPR does not seem to be essential for RyR-mediated calcium release
(Guo & Becker, 1997). The release of calcium ions from intracellular stores
evoked by the action of calcium itself is known as calcium-induced calcium
release (CICR). (Endo, 2009).
NAADP (nicotinic acid adenine dinucleotide phosphate) is also able to
induce intracellular calcium release, but primarily from acidic endolysosomal
organelles and not from the ER/SR. Similar to cADPR, NAADP is a product of
+
cADP-ribosyl cyclase, using however -NADP instead of -NAD as a
substrate (Wilson & Galione, 1998). A recent study identified the two-pore
channels (TPCs) as the main target for NAADP- mediated calcium release
(Galione et al., 2009).

Influx and efflux of calcium from the extracellular medium
and the cytoplasm
Besides the release and uptake of calcium ions from intracellular calcium
stores, influx and efflux of calcium ions across the plasma membrane is
essential to maintain calcium oscillations. Here we discuss calcium efflux via
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plasma membrane calcium ATPases and calcium uptake by so-called storeoperated and receptor-operated calcium channels. The role of voltageoperated calcium channels will be discussed later.
Efflux of calcium from the cytoplasm to the extracellular medium
Prolonged enhancement of the cytosolic calcium concentration has a cytotoxic
effect on the cell and therefore it is essential that the surplus of calcium ions is
efficiently pumped out of the cell. There are four plasma membrane calcium
ATPase (PMCA) isoforms (encoded by ATP2B1-4) with several splice variants
that differ in their calmodulin affinity, calpain sensitivity and tissue distribution
(Brini & Carafoli, 2009). In contrast to the calcium ions that are taken up from
the cytosol into intracellular organelles by the SERCA pumps, the calcium ions
extruded from the cytoplasm by the PCMA pumps are lost for the cell. To
ensure that cells can exhibit prolonged calcium signals it is therefore
necessary that intracellular calcium stores can be refilled with extracellular
calcium.
Capacitative calcium entry
It has been known for many years that depletion of intracellular calcium stores
triggers the influx of calcium ions across the plasma membrane, a process
referred to as capacitative calcium entry (CCE) or store-operated calcium entry
(SOCE) (Putney, 2011). In general the plasma membrane permeability for
calcium is low when the stores are filled with calcium, but calcium entry
pathways become activated when the stores are emptied (Parekh, 2006).
Over the past years many hypotheses have been put forward to
understand the molecular mechanisms underlying SOCE. One of the first
hypotheses was the involvement of a so far unidentified diffusible calcium
influx factor (CIF) that would be released from depleted intracellular calcium
stores and was subsequently able to activate SOC channels (Randriamampita
& Tsien, 1993). Smani et al. suggested that CIF activates calcium-independent
phospholipase A2 (iPLA2) resulting in the generation of lysophospholipids that
in turn activate SOC channels (Smani et al., 2003). Other studies have
suggested that such molecules as 5,6-EET, sphingosine-1-phosphate,
calmodulin and certain protein kinases could act as CIF (Parekh & Putney,
2005). Alternatively a conformational coupling of the IP3R with the calcium
entry channel has been proposed, whereby depletion of calcium stores would
induce the migration of peripheral regions of ER to the plasma membrane. A
physical interaction of the IP3R with the SOC channel would subsequently
trigger calcium entry. However, later reports showed that genetic deletion of
IP3R did inhibit IP3 binding and IP3-induced calcium release from the ER but
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did not induce SOCE (Parekh, 2006). Furthermore a fusion model has been
proposed in which SOC channel-containing vesicles are held in reserve
underneath the plasma membrane, which upon store depletion would fuse with
the plasma membrane, resulting in enhanced calcium entry (Patterson et al.,
1999; Yao et al., 1999). However, later studies showed that disrupting the
action of SNARE proteins, which are essential for the fusion of the vesicles
with the plasma membrane, failed to affect SOCE (Bakowski et al., 2003; Scott
et al., 2003).
The finding that a mutation in the Drosophila transient receptor potential
(trp) gene resulted in a decline of calcium and sodium influx (Hardie & Minke,
1992), triggered interest in the TRP channel family as potential SOC channels.
This TRP family is grouped into six subfamilies (TRPC, TRPV, TRPM, TRPA,
TRPP and TRPML) that form six-transmembrane cation permeable channels
(Nilius & Owsianik, 2011). The TRPC subfamily can be divided in three groups
based on sequence alignment and functional characteristics, i.e.
TRPC1/C4/C5, TRPC3/C6/C7 and TRPC2. The latter is a pseudogene in
humans and has only been functionally characterized in rodents. Alternatively,
TRPC1 has been considered as an separate group (Ramsey et al., 2006). The
TRPC subfamily members form both homotetramers and heterotetramers,
which appears essential for their activity (Strubing et al., 2001; Hofmann et al.,
2002; Strubing et al., 2003). They show a moderate permeability for calcium
ions (PCa/PNa: 0.5-9) (Owsianik et al., 2006) and appear to be activated by
phospholipase C (PLC)-dependent pathways which can be triggered by Gprotein-coupled receptors or growth factor receptors, releasing IP 3 and DAG.
Activation of the TRPC3/C6/C7 group may, at least in part, be mediated by
DAG (Venkatachalam & Montell, 2007). However, especially for the
TRPC1/C4/C5 group of channels the mechanism of activation is not fully
understood and there is considerable debate as to whether channel activation
indeed results from calcium store depletion. TRPC1 has been widely
investigated and a number of reports indicate a role for TRPC1 as a subunit of
SOC channels (Ambudkar et al., 2007; Liu et al., 2007), although other studies
show SOC activity that is independent of TRPC1 (Dietrich et al., 2007). Also
TRPC5 and TRPC6 have been described to play a role in the formation of
SOC channels.
A breakthrough was reached with the identification of the protein ORAI
as an essential subunit for the channel mediating the calcium releaseactivated calcium current (ICRAC), a current earlier identified as a current
dependent on store depletion (Feske et al., 2006; Peinelt et al., 2006; Prakriya
et al., 2006; Vig et al., 2006; Yeromin et al., 2006). ICRAC currents, which were
first identified in hematopoietic cells, are highly calcium-selective, have a low
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2+

single channel conductance and show a slow Ca -dependent inactivation
(Lewis & Cahalan, 1989; Hoth & Penner, 1992; Cahalan, 2009). Recent
studies have identified ORAI proteins as constituents that are involved in this
calcium release-activated calcium current (Prakriya et al., 2006; Cahalan,
2009). In mammals three isoforms of ORAI (human nomenclature ORAI1-3)
have been identified (Feske et al., 2006). ORAI is a channel which differs from
all other calcium channels known today; neither its structure nor its current
characteristics are homologous to those of the other calcium channels. ORAI
is activated by another protein, STIM, and is inactivated by calcium ions
entering the cells through ORAI, thus resulting in a slow negative feedback
loop (Parekh, 1998). STIM is a protein that senses when the ER luminal
calcium concentration is getting low. Subsequently it is able to activate ORAI
channels in the plasma membrane which induces the influx of extracellular
calcium ions (Liou et al., 2005). Two isoforms of STIM have been identified
(STIM1-2), whereby STIM1 was found to be involved in activation of ORAI
channels and subsequent induction of SOCE, while STIM2 has been identified
as a regulator of basal calcium levels (Cahalan, 2009).
Depletion of the calcium stores has been shown to result in the
formation of clusters (puncta) of STIM1 in the ER membrane and the
translocation of these puncta to regions adjacent to the plasma membrane, a
process facilitated by microtubules (Zhang et al., 2005). The formation of
STIM1 puncta adjacent to the plasma membrane results in closely located
clusters of ORAI1 in the plasma membrane. Protein-protein interaction of the
STIM1 and ORAI1 clusters has been suggested as the mechanism of
activation of SOCE, although an involvement of other components in this
process cannot be excluded (Putney, 2009; Schindl et al., 2009; Varnai et al.,
2009; Krapivinsky et al., 2011). The STIM-ORAI complex is nowadays
considered to be the most prominent component of SOC channels.
Although TRPC channels and the STIM-ORAI complex have been
described to function independently of each other (DeHaven et al., 2009),
STIM1 has been reported to regulate the activity of TRPC channels and to
heteromultimerize with various TRPC subunits (Worley et al., 2007; Yuan et
al., 2007; Cheng et al., 2011). Moreover, it has been suggested that ORAI and
TRPC proteins form complexes that are involved in calcium entry (Liao et al.,
2009). Also so-called arachidonic acid-regulated calcium channels seem to be
regulated in part by STIM1, while also ORAI proteins have been suggested to
be essential components of these channels (Mignen et al., 2007, 2008;
Shuttleworth, 2012). This suggests that STIM, ORAI and TRPC proteins do not
necessarily act independently from each other, but can form a versatile array
of calcium entry channels that meet the specific needs of the cell. The
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formation of SOC therefore appears a complex process whereby the various
proteins involved may play different roles (Liao et al., 2009; Yuan et al., 2012).

Role of the membrane potential in cellular signaling
Periodic changes in intracellular calcium concentration can not only result from
store-mediated oscillations, but also action potentials that result from
membrane excitability. Excitability of the plasma membrane allows muscle
cells and neurons to rapidly transmit information over long distances, thereby
controlling voltage-gated ion channels, exocytosis of neurotransmitters and
muscle contraction. Although not all cells show excitable behavior, every cell
does have a membrane potential, generally ranging from -10 to -90 mV in
eukaryotic cells. The membrane potential is determined on the one hand by
the concentration gradient of ions inside and outside the cell membrane and
on the other hand by the permeability of the plasma membrane, which
depends primarily on the gating kinetics of a wide variety of ion channels in the
plasma membrane. The gating kinetics of an ion channel is not a constant, but
is dependent on the membrane potential (voltage-gated ion channels, inward
rectifier potassium channels), binding of ligand to the channels (ligand-gated
ion channels) or other factors (e.g. light sensitive, mechanosensitive, ion
activated). Ion channels are generally classified by their selectivity for ions
such as sodium, calcium, chloride and potassium. Under resting conditions the
membrane potential of a cell is determined by the relatively high permeability
of the plasma membrane for potassium ions compared to other ions, due to
the open state of the inward rectifying potassium channel. As a result the
membrane potential will generally be close to the reversal potential of
potassium ions (in NRK fibroblasts the resting membrane potential is about -70
mV). The membrane potential is not always stable, electrical messages such
as action potentials run along the membrane of excitable cell like neurons,
muscle cells, glandular cells and some fibroblasts. These changes in the
membrane potential are caused by a flow of ions through ion channels in the
plasma membrane. An action potential is a change in the membrane potential
that is characterized by a sharp, all-or-nothing depolarization and a
subsequent repolarization to the resting membrane potential. Typically an
action potential can be induced with a electrical stimulus depolarizing the
membrane potential beyond the threshold potential of the voltage-gated ion
channels (Hille, 2001).
In many cells voltage-operated calcium channels (VOCC) have been
identified, which can be subdivided in P/Q-type, N-type, R-type, T-type and Ltype calcium channels. While P/Q-, R and T-type channels are mostly found in
neurons, L-type calcium channels are also found in skeletal muscle cells,
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smooth muscles cells, ventricular myocytes and some types of fibroblasts (de
Roos et al., 1997b; Dolphin, 2003). Activation of the L-type calcium channel
results in a depolarization up to +40 mV, which is long lasting compared to
other VOCC types due to its slow calcium-dependent inactivation profile
(Budde et al., 2002). The activation of VOCC does not only result in a
depolarization of the membrane potential but also in an influx of calcium ions
into the cytosol, and thereby contribute to calcium signaling processes in the
cell. A striking example of a cell type in which calcium signaling and
membrane excitability are intertwined, is the NRK fibroblast.

NRK fibroblasts: a model system to study growth-dependent
calcium dynamics and membrane excitability.
The proliferation of cells is dependent on the action of small signaling
molecules that bind to membrane receptors, thereby triggering intracellular
signaling mechanism that eventually result in growth, differentiation or
apoptosis. Normal, non-tumorigenic cells will grow until a certain cell density
has been reached, after which cellular growth is stopped by a process referred
to as density-dependent growth-inhibition or contact inhibition. This regulatory
mechanism is lost upon oncogenic/tumorigenic transformation of cells,
resulting in uncontrolled cellular growth (van Zoelen, 1991).
In our research we used normal rat kidney (NRK clone 49F) fibroblasts
to study the role of polypeptide growth factors in cell proliferation, densitydependent growth inhibition and phenotypic transformation (Figure 2). When
cultured in serum-containing medium, NRK cells form a confluent monolayer
after 3-4 days. At this stage cells are unsynchronized, with cellsin different
stages of the cell cycle. Upon deprivation of serum from the culture medium
cellular growth will stop due to the absence of growth factors and NRK
fibroblasts are synchronized in the G0-phase. The subsequent addition of
epidermal growth factor (EGF) in combination with insulin induces
approximately 40% of the cells to undergo one additional cell cycle. After
completing this cycle, cells become density-arrested (DA or contact-inhibited)
in spite of the continuous presence of externally added growth factors. This
mechanism of density-dependent growth inhibition is an important distinction
between normal and tumorigenic cells. In the additional presence of
transforming agents such as transforming growth factor β (TGFβ) or retinoic
acid (RA), NRK cells attain a transformed phenotype and are able to grow
under anchorage-independent conditions, which is considered to be the best in
vitro correlate of tumorigenic growth in vivo (van Zoelen, 1991).
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Figure 2: Overview of culturing NRK fibroblasts to different growth stages (panel A), the behavior of
the monolayers in the membrane potential (Vm (mV); panel BI-III) and the cytosolic calcium
concentration (Fura-2 ratio F340/F380; panel CI-III). In the presence of serum containing medium
(new born calf serum; NCS) the cells are grown to subconfluency. After removal of the growth factors
the cells become quiescent (panel BI and CI). Addition of epidermal growth factor (EGF) together
with insulin triggers about 40% of the cells to reenter the cell cycle for one additional cell cycle and
the cells become density-arrested (panel BII and CII). By the addition of retinoic acid (RA), EGF and
insulin the growth arrest is overcome and the cells become phenotypically transformed (panel BIII
and CIII).
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At the subconfluent, quiescent growth stage NRK cells have a stable
membrane potential around -70 mV (Figure 2BI). Density-arrested NRK cells
show a similar membrane potential, but now interrupted by repetitive calcium
action potentials and associated calcium spikes (De Roos et al., 1997a; de
Roos et al., 1997b) (Figure 2BII). De Roos et al. (de Roos et al., 1997b) have
shown that stimulation of quiescent NRK fibroblasts with bradykinin, inducing
IP3-production and subsequently calcium release, results in a membrane
depolarization mediated by a calcium-dependent chloride conductance. Harks
et al. showed that addition of PGF2α induces intracellular calcium oscillations
accompanied by a reversible depolarization of the cells (Harks et al., 2003b).
In contrast to quiescent and density-arrested NRK cells, phenotypically
transformed cells show a stable membrane potential of -20 mV. We have
previously shown that this depolarization results from the autocrine production
of PGF2α into the culture medium by these transformed cells (Harks et al.,
2005) (Figure 2BIII). Based on these studies it can be concluded that
intracellular calcium levels and membrane potential are closely intertwined;
propagating action potentials induce calcium spikes in density-arrested NRK
cells, while agonist-induced calcium oscillations result in membrane
depolarization. Gaining a further insight into these processes will require a
detailed characterization of the membrane conductances in NRK fibroblasts.
Harks et al. identified the ionic membrane conductances involved in the
action potentials observed in NRK cells (Harks et al., 2003c). Nonetheless, the
repetitive propagating action potentials as observed in density-arrested NRK
cells could not be explained solely with these membrane conductances. The
concept of a pacemaker center as seen in the heart has proven to be useful to
explain the propagating action potentials in NRK cells. We hypothesized that
local autocrine production of PGF2α induced IP3-mediated calcium oscillations
in groups of pacemaking cells (Harks, 2003). The release of calcium from
intracellular stores activates calcium-dependent chloride conductance
channels (GCl(Ca)) and depolarizes the membrane potential up to -20 mV, the
equilibrium potential of chloride in NRK fibroblasts. Transmission of a
depolarization from pacemaking cells to their surrounding cells (i.e. followers)
is enabled since NRK cells in monolayer cultures are electrically coupled via
gap junctions (Harks et al., 2001). The transduced depolarization activates the
L-type calcium conductance (GCaL) due to a depolarization of the plasma
membrane beyond the threshold value of GCaL of approximately -40 mV . This
results in an action potential with a rapid depolarization to +20 mV. The influx
of calcium through L-type calcium channels activates the calcium-dependent
chloride conductance channels and the cell membrane repolarizes to -20 mV.
This long standing depolarization (30-60 sec) is supported by the transient
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calcium increase through L-type calcium channels and probably further
supported by CICR. This depolarization ends when the cytosolic calcium is
actively transported into the extracellular medium and ER by PMCA and
SERCA, respectively, and GCl(Ca) becomes inactivated. Subsequently the cell
becomes subject again to the activation of the inwardly rectifying potassium
conductance (GKir) and the cell repolarizes to its resting membrane potential
near -70 mV. A following rise of the intracellular calcium level in the
pacemaker cells can induce a subsequent action potential.
A mathematical model has been developed to understand the
excitability of the NRK cell. In this model Hodgkin-Huxley (HH) type equations
have been used to describe the key elements of the NRK cell (Torres et al.,
2004). The key elements used in the model are: G CaL, GCl(Ca), GKir, calcium
extrusion, calcium buffering and a leak current. However, in this model neither
the dynamics of the IP3R, nor the role of store-operated calcium entry was
taken into account. However, our experimental findings such as propagating
action potentials induced by a local potassium pulse could be simulated with
an one-dimensional mathematical model featuring a strand of electrically
coupled cells via gap junctions including the dynamics of IP 3R and the role of
store-operated calcium entry (Kusters et al., 2008). However, this model was
unable to simulate spontaneous, repetitive action potentials as observed in
density-arrested cells.
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Aim and outline of thesis
The aim of this thesis is to explore the physiological role of calcium dynamics
and excitability in different growth stages of NRK fibroblasts. We have used
experimental approaches and mathematical modeling to verify the
hypothesized mechanisms.
In chapter 2 we have extended the theoretical model by presenting an
integrated model combining an IP3- mediated calcium oscillator with an
excitable membrane, based on experimental findings on ion conductance and
kinetics from NRK fibroblasts and literature. We discovered that simply
coupling these two processes resulted in a model with unstable calcium
dynamics. The inclusion of a store-operated calcium entry in the plasma
membrane as a feedback mechanism stabilized the calcium dynamics. This
integrated model not only simulated our experimental findings, but also
predicted the existence of a store-dependent calcium channel in NRK
fibroblasts.
In chapter 3 we experimentally show the existence of a SOCE in NRK
fibroblasts. Moreover, we show that the growth-dependent electrophysiological
properties and calcium dynamics observed in NRK cells coincide with a
differential expression of calcium entry channels. In quiescent cells a storeoperated calcium entry is triggered by store depletion. In density arrested cells,
an additional PLC-dependent non-store operated calcium entry is identified.
Our results suggest that the differential expression of Trpc5, Trpc6, Orai1 and
Stim1 are responsible for differential regulation of calcium entry into quiescent
and density-arrested cells.
In chapter 2 we hypothesized that calcium dynamics and subsequent
electrical activity is activated by increased IP3, a product of activation of the
prostaglandin-F2α receptor (FP-R). In chapter 4 we show that RNAi- mediated
knock-down of FP-R diminished the ability of quiescent fibroblasts to
depolarize upon exposure to PGF2α. Moreover, knock-down of this receptor
also strongly suppressed the firing of repetitive action potentials by densityarrested NRK fibroblasts. Finally, knock-down of the FP-R did not affect
phenotypic transformation of the cells induced by RA or TGFβ, but surprisingly
this process was no longer accompanied by the typical depolarization
observed upon transformation of wild-type NRK fibroblasts. Thus it appears
that phenotypic transformation of NRK cells does not require FP-R activity,
while spontaneous membrane excitability of density-arrested cells and
membrane depolarization of transformed cells do so
The firing of spontaneous action potentials by density-arrested NRK
fibroblasts was first described in 1997 (de Roos et al., 1997b), but the
underlying mechanism has remained puzzling for a long time. In chapter 5 we
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describe experiments to test the hypothesis suggested earlier by Harks
(Harks, 2003) that local pacemaker centers which exhibit intracellular calcium
oscillations drive the generation of repetitive action potentials in surrounding
cells. Using a so-called ring assay by which pacemaker cells can be studied
separately from so-called follower cells, we provide direct evidence that local
ligand-induced calcium oscillations underlie the generation of calcium action
potentials in NRK cells. Based on our experiments we developed a twodimensional model in which gap-junctional coupling between NRK cells was
included, a process that has previously been verified experimentally by Harks
et al. (Harks et al., 2003a). These gap junctions enable diffusion of ions and
small molecules and also facilitate a strong intercellular electrical coupling
despite the relative small current. The intercellular coupling appears an
essential component of electrical activity between cells and crucial for the
propagation of action potentials.
In chapter 6 the results presented in this thesis are discussed in a
broader perspective whereby recent developments are reviewed. Furthermore
we present data supporting the long standing (15 year old) (De Roos et al.,
1997a) hypothesis that action potentials in density-arrested cells propagate
throughout the monolayer. We describe experiments suggesting that action
potentials can be induced from different positions in a monolayer of densityarrested cells. Also the potential future developments in research on
pacemaker activity and growth, proliferation and differentiation will be
addressed.
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Abstract
In many biological systems, cells display spontaneous calcium oscillations
(calcium oscillations) and repetitive action-potential firing. These phenomena
have been described separately by models for intracellular inositol
trisphosphate (IP3)-mediated calcium oscillations and for plasma membrane
excitability. In this study, we present an integrated model that combines an
excitable membrane with an IP3-mediated intracellular calcium oscillator. The
IP3 receptor is described as an endoplasmic reticulum (ER) calcium channel
with open and close probabilities that depend on the cytoplasmic concentration
2+
of IP3 and Ca . We show that simply combining this ER model for intracellular
calcium oscillations with a model for membrane excitability of normal rat
kidney (NRK) fibroblasts leads to instability of intracellular calcium dynamics.
To ensure stable long-term periodic firing of action potentials and calcium
oscillations, it is essential to incorporate calcium transporters controlled by
feedback of the ER store filling, for example, store-operated calcium channels
in the plasma membrane. For low IP3 concentrations, our integrated NRK cell
model is at rest at −70 mV. For higher IP3 concentrations, the calcium
oscillations become activated and trigger repetitive firing of action potentials.
At high IP3 concentrations, the basal intracellular calcium concentration
becomes elevated and the cell is depolarized near −20 mV. These predictions
are in agreement with the different proliferative states of cultures of NRK
fibroblasts. We postulate that the stabilizing role of calcium channels and/or
other calcium transporters controlled by feedback from the ER store is
essential for any cell in which calcium signaling by intracellular calcium
oscillations involves both ER and plasma membrane calcium fluxes.

Introduction
Many neuronal and non-neuronal systems exhibit synchronized oscillatory
behavior in networks of electrically coupled cells. This oscillatory behavior has,
typically, a twofold character. Cells can reveal periodic action-potential firing,
usually triggered by repeated depolarization of the cell membrane by
pacemaker cells in the network, or they can have inositol trisphosphate (IP 3)mediated intracellular calcium oscillations (for an overview, see (Ramirez et
al., 2004)). Experimental findings have revealed that some cell types—for
example, pituitary gonadotroph cells (Stojilkovic et al., 1992)—can have both,
and that these types of oscillation are then coupled in these cells. This can be
understood from the fact that in cells containing subthreshold concentrations of
IP3, calcium influx during an action potential can activate the IP 3 receptor,
triggering an intracellular calcium oscillation by calcium-induced calcium
release (LeBeau et al., 1999). The opposite, pacemaking by calcium release
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from the endoplasmic reticulum (ER), is less frequently observed, but was
reported recently in interstitial cells of Cajal (Ward et al., 2000).
The detailed mechanism underlying action-potential firing by cells has
been studied extensively since the pioneering work by Hodgkin and Huxley
(Hodgkin & Huxley, 1952) (for an overview, see (Koch, 1999)) and the role of
various ion channels in the plasma membrane and their dynamics has been
studied in great detail. Similarly, the mechanism underlying the IP 3-mediated
intracellular oscillations has been studied extensively (for a review of various
models, see (Schuster et al., 2002; Falcke, 2004; Sneyd & Falcke, 2005)).
Some studies included a coupling between intracellular calcium oscillations
and action-potential firing (see, e.g., (Keizer & De Young, 1993; Chay, 1996; Li
et al., 1997)), but did not study the implications for the long-term stability of
calcium dynamics.
Experimental evidence for stability problems with calcium dynamics
comes from data from rat hepatocytes (Rychkov et al., 2005), which show
2+
repetitive waves or oscillations in the cytoplasmic Ca . During these waves,
2+
Ca is released from the endoplasmic reticulum to the cytoplasmic space and
subsequently transported back to the stores and to the extracellular space.
2+
Maintenance of these Ca signaling mechanisms requires the replenishment
2+
of intracellular Ca that is transported out of the cell. A related problem was
addressed theoretically and experimentally for HEK293 cells by Sneyd et al.
2+
(Sneyd et al., 2004) who demonstrated that small changes in the Ca load in
cells with intracellular calcium oscillations can move the cell into or out of
oscillatory regimes, resulting in the appearance or disappearance of IP 3mediated calcium oscillations. These authors presented theoretical and
experimental evidence that membrane transport can control intracellular
2+
calcium oscillations by controlling the total amount of Ca in the cell.
However, the unstable calcium dynamics in cells with intracellular
calcium oscillations studied by Sneyd et al. (Sneyd et al., 2004) is only one
side of the problem. Cells without spontaneous intracellular calcium
oscillations in a network with propagating periodic electrical activity due to
pacemaker activity also have a problem with controlling calcium dynamics.
This can be understood since every action potential will give rise to an
increase of cytosolic calcium, due to influx from extracellular space. This leads
to an increase of calcium in the ER due to increased SERCA activity.
Repetitive firing, therefore, would lead to accumulation of calcium in the ER up
to unrealistic values. Using a detailed model for intracellular calcium dynamics,
which takes into account the calcium fluxes through both the plasma and the
ER membrane, we show that calcium-store-dependent plasma membrane
calcium channels, like store-operated calcium (SOC) channels in the plasma
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membrane, can control the total amount of calcium in the cell under all
conditions.
The mathematical modeling in this study is largely based on and
supported by experimental data from normal rat kidney (NRK) fibroblasts. NRK
fibroblasts in cell culture exhibit growth-state-dependent changes in their
electrophysiological behavior. Cells made quiescent by serum deprivation
exhibit a resting membrane potential near −70 mV. Upon subsequent
treatment with epidermal growth factor, the cells re-enter the cell cycle,
undergo density-dependent growth arrest (contact inhibition) at confluency,
and repetitively fire action potentials (APs) that propagate via gap junctions
through the entire cellular monolayer and are accompanied by intracellular
calcium spiking (de Roos et al., 1997). Treatment of the growth-arrested cells
with retinoic acid or TGFβ causes the cells to become phenotypically
transformed and to depolarize to ∼−20 mV (Harks et al., 2005).
The action potential fired by NRK fibroblasts is characterized by a fast
depolarizing spike to positive membrane potential values, mediated by an
influx of calcium through L-type calcium channels. This phase is followed by a
plateau phase, which is mediated by a calcium-activated chloride
conductance, after which the cells repolarize to their resting value near −70
mV. Based on an electrophysiological characterization and the use of specific
inhibitors, we have previously established that L-type calcium channels,
calcium-activated chloride channels, and inwardly rectifying K-channels all
contribute to the firing of action potentials by NRK fibroblasts (Harks et al.,
2003b). Based on the electrophysiological properties of these various
channels, determined by patch-clamp analysis on isolated NRK cells, Torres et
al. (Torres et al., 2004) developed a minimal mathematical model for the cell
membrane, which correctly described the shape and the width of the action
potentials fired by NRK fibroblasts, but could not explain the spontaneous
periodic firing of action potentials as observed in the density-arrested NRK
cells.
We have recently found that proliferating NRK fibroblasts secrete
prostaglandin (PG)F2α in their culture medium (Harks et al., 2005).
Furthermore, we found that this prostaglandin at submicromolar
concentrations induces IP3-dependent intracellular calcium oscillations in
quiescent serum-deprived NRK cells via activation of the G-protein-coupled
prostanoid FP receptor (Harks et al., 2003a). The frequency of these slow
calcium oscillations is on the order of that of spontaneously fired action
potentials in density-arrested NRK fibroblasts. The similar timescale of both
processes strongly suggests that intracellular calcium oscillations provide the
cells with a mechanism for periodic firing of action potentials. We therefore
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hypothesized that the activity of an IP3-dependent intracellular calcium
oscillator, perhaps only in a small subpopulation of cells, triggers the periodic
firing of action potentials. These action potentials are then propagated in the
remainder of the monolayer, causing transient elevations in intracellular
calcium in these cells (Harks, 2003). As a matter of fact, we found that growth
media conditioned by density-arrested NRK fibroblasts contain nanomolar
concentrations of PGF2α, which have been shown sufficient to induce calcium
oscillations in quiescent NRK cells (Harks et al., 2005).
A natural way to understand these observations is to assume that
almost all cells can switch between two modes of behavior (pacemaker activity
by IP3-mediated calcium oscillations and follower-behavior, where cells initiate
action potentials by electrical stimulation of the membrane), dependent upon
the agonist concentration (PGF2α concentration) near its membrane. We,
therefore, wanted to construct a single model of a NRK cell incorporating both
calcium oscillations and action potentials. At elevated PGF 2α, it should act as a
pacemaker by producing calcium oscillations, which initiate action potentials.
At low agonist concentrations, it should behave as an electrically excitable cell
that displays an action potential followed by calcium-induced calcium release
by the IP3 receptor after electrical stimulation. NRK cells do exhibit calcium
oscillations for very long periods of time (hours). We can only understand that
this is possible when their calcium stores have some form of homeostasis: the
content of calcium stores cannot go to zero or to infinity over that period. We
therefore wanted to find a suitable set of parameters and channels that
allowed our model cell to exhibit stable calcium homeostasis.
In this modeling study, we have investigated the interrelationship
between periodic firing of action potentials and intracellular calcium
oscillations. It represents a first quantitative approach to understand the twoway coupling between action-potential firing and intracellular calcium
oscillations. Our model explains how the increased cytosolic calcium
concentration during IP3-mediated calcium oscillations activates the calciumdependent chloride channels, which in NRK fibroblasts cause a depolarization
to the Nernst potential of chloride ions near −20 mV. This depolarization then
opens the L-type calcium channels in these cells. The model predicts that the
shape of an action potential will be different depending on whether it is
triggered by electrical stimulation of the membrane or by IP 3-mediated calcium
oscillations.
The model also illustrates in detail why simply coupling a model for
intracellular IP3-receptor-mediated calcium oscillations to a model for the
plasma membrane excitability results in unstable intracellular calcium
dynamics. ere we show that store-operated calcium (SOC) channels can
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provide the cells with a mechanism that enables long-term stable calcium
homeostasis. Furthermore, the model predicts that in NRK fibroblasts the
induction of intracellular calcium oscillations by PGF 2α does not depend on
gap-junctional coupling with surrounding cells (Loewenstein et al., 2001), but is
an intrinsic property of an isolated cell. The latter is substantiated
experimentally (see Appendix 1).
Like NRK fibroblasts, several other cell types have been shown to fire
periodic action potentials, which are related to intracellular calcium oscillations.
Therefore, the results of this study are relevant not only for NRK cells, but also
for other cell types such as, for example, the pancreatic β-cells in the islets of
Langerhans (Rorsman & Trube, 1986; Valdeolmillos et al., 1996) and the
interstitial cells of Cajal (Ward et al., 2000).

Model description
The electrical membrane model
This model is an extended version of a previous model by Torres et al.(Torres
et al., 2004). Torres et al. (Torres et al., 2004) presented a model to explain
the excitable properties of the plasma-membrane of normal rat kidney (NRK)
cells, which was largely based on experimental work of Harks et al. (Harks et
al., 2003b). The membrane components of our model for action-potential firing
+
included an inwardly rectifying K conductance (
), a small leak
conductance ( ), an L-type calcium conductance (
), a cytoplasmic
calcium-dependent chloride conductance (
), and a plasma-membrane
calcium (PMCA) pump. In the present model we added a store-operated
calcium (SOC) channel and we improved the properties of
and
(see
Figure 1 for a diagram of the full conceptual model).
The general differential equation (Eq. 1; see Appendix 2 for this and all
other numbered equations) describing NRK cell excitability is obtained by
setting the capacitive membrane current (term left from equation sign) equal to
the sum of all conductive currents (all terms at the right). The properties of
+
these currents are defined by Eqs. 2–16. The inward rectifier K conductance,
characterized by Eqs. 2–5, shunted by a small leak conductance Glk (Eq. 6),
determines the resting membrane potential of the cell near −70 mV. Action
potentials are initiated by a depolarization to ∼–40 mV, which opens the L-type
calcium channel. The L-type calcium current (Eq. 7) is characterized by a
Hodgkin-Huxley-type activation parameter m (Eqs. 8–10), an inactivation
parameter h (Eqs. 11–13), and an inactivation parameter vCa, which depends
on the calcium concentration in the cytosol (Eq. 14). Opening of the L-type
calcium channel causes an inflow of calcium ions and a corresponding
depolarization to ∼+20 mV. The increased calcium concentration in the cytosol
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activates the calcium-dependent chloride channels (Eq. 15). This causes a
plateau phase at the Nernst potential of the calcium-dependent chloride
channel near 20 mV as long as the calcium concentration in the cytosol is
elevated (Harks et al., 2003b). Final repolarization to the resting potential
results from the removal of intracellular cytoplasmic calcium by the calcium
pumps (PMCA), which causes deactivation of the calcium-dependent chloride
channel. GKir then supports repolarization by reactivation. The activity of the
PMCA pump increases with the calcium concentration in the cytosol (Eq. 20),
in agreement with Caride et al. (Caride et al., 2001).
In the model by Torres et al. (Torres et al., 2004), the steady-state
parameter of inactivation h∞ for the L-type calcium channel consisted of a sum
of two voltage-dependent components. The first one represented the
conventional voltage-gated inactivation process, while the second one was
meant to mimic calcium-dependent inactivation. Since recent experiments
argue against this second term (Bernus et al., 2002), we simplified the
inactivation parameter to a genuine voltage-dependent term in Eq. 12. This
allowed us to set half-activation of m∞ to −15 mV (Eq. 9) in agreement with
experimental data of Harks et al. (Harks et al., 2003b) (see their Figure 3) and
to introduce a multiplicative calcium-dependent and Vm-independent
inactivation parameter
(Eq. 14) in Eq. 7, as in Bernus et al. (Bernus et al.,
2002).
Another modification refers to the KIR channel properties, which, in the
model by Torres et al. (Torres et al., 2004) did not include the effect of
variations in external potassium concentration. Since changes in extracellular
K-concentration do affect the Nernst potential for the K-ions, we have modified
Figure 1: Conceptual model of the
processes involved in membrane
excitability and intracellular calcium
oscillation in NRK cells. The model of
NRK cell membrane excitability consists
of leak channels (see Glk), KIR channels
(see GKir), Cl(Ca)-channels (see GCl(Ca)),
SOC channels (see GSOC), L-type Cachannels (see GCaL), and a PMCA pump.
The model for intracellular calcium
oscillations consists of a SERCA pump,
leak
channels
through
the ER
membrane (see lkER), and an IP3
receptor (see IP3R). The value IP3 is
produced by phospholipase C (PLC)
upon binding of a hormone (H) to a
plasma membrane receptor (R).
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the parameters for the inward rectifier in agreement with ten Tusscher et al.
(ten Tusscher et al., 2004) in Eqs. 2–5.
A last modification of the model for the NRK cell membrane by Torres et
al. (Torres et al., 2004) is the addition of a so-called store-operated-calcium
(SOC) channel. The existence of SOC channels is well documented in the
literature (Prakriya & Lewis, 2003). This channel allows calcium ions to flow
from the extracellular space into the cytosol at a rate inversely proportional to
the calcium concentration in the ER. This property of the SOC channel is given
by Eq. 16. The relevance of the SOC channel for the model will be explained
in detail later. The reaction equations for calcium buffering are described by
Eqs. 17 and 18 as in Torres et al. (Torres et al., 2004). The terms [B] and
[BCa] denote the concentration of the buffer and the buffer-calcium complex,
respectively, whereas TB denotes the total fixed concentration of buffer
molecules. For the parameter values of the electrical membrane model, see
table 1 in Appendix 3.
The intracellular calcium dynamics model
In contrast to the membrane model, the calcium oscillator model is a
nonelectrical model. It is, so far, common practice to model intracellular
calcium oscillations in this way, probably because calcium oscillations seem to
result primarily from the calcium- and IP3-dependent properties and not from
the voltage-dependent properties of the IP3 receptor. The intracellular calcium
oscillator is controlled by the agonist PGF2α ((Harks et al., 2003a), see also
Appendix 1). PGF2α diffuses through the extracellular space and binds to the
cell-surface receptor, thus activating a G-protein. This, in turn, activates
phospholipase C (PLC), producing IP3 from phosphatidylinositol bisphosphate.
IP3 diffuses through the cytoplasm until it binds to the IP 3 receptor on the
surface of the ER. For each simulation in this article, we use a fixed IP 3
concentration.
The flow of calcium between cytosol and ER is characterized by three
fluxes (LeBeau et al., 1999):
,
and
(see Figure 1). The rate of
change of calcium concentration in the cytosol due to inflow from the
endoplasmic reticulum (ER) is given by

(compare to Eqs. 21 and 22), where AER represents the size of the surface of
the endoplasmic reticulum and Volcyt and VolER represent the cytoplasmic
volume and the volume of the ER, respectively.
is the flux of calcium
through the IP3-receptor channel into the cytosol (Eq. 23),
is the leak of
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calcium through the ER into the cytosol (Eq. 24), and
is the flux of
calcium into the ER by the SERCA pump (Eq. 25).
The equation for the IP3 receptor (Eq. 23) is taken from Schuster et al.
(Schuster et al., 2002), who presented an overview with two different models
for the IP3 receptor. We took the one from Li and Rinzel (Li & Rinzel, 1994),
which is a reduced version of De Young and Keizer (De Young & Keizer,
1992) and we slightly modified it. The other model is not compatible with
experimental data, as will be explained later.
We took the equation for the flux of calcium through the IP3 receptor in table 1
in Schuster et al. (Schuster et al., 2002), given by
which translates into our Eq. 23,
where

k0

is

the

leak

corresponds to

term
and

in

our

model,

is

,

corresponds to our parameter w.

The terms
and
represent the fraction of open activation and
inactivation gates, respectively.
is the concentration-difference
between calcium in the endoplasmic reticulum and the cytosol and provides
the driving force. The value
is the rate constant per unit area of IP3receptor-mediated release. In the model of Li and Rinzel (Li & Rinzel, 1994),
cytosolic calcium and IP3 play a pivotal role in facilitating and inhibiting the
opening of the IP3-receptor channel. The function
(Eq. 26) describes fast
activation by calcium. Since the dynamics of the -gate is fast relative to other
processes (Finch et al., 1991), we will not include dynamics in that gate. A
small amount of calcium in the cytosol will bind to the activation site and will
open the IP3 receptor, triggering calcium-induced calcium release and causing
a further increase of the calcium concentration in the cytosol.
From figure 2 of Mak et al. (Mak et al., 1998) it is clear that the
activation
of the IP3 receptor is only determined by the calcium
concentration in the cytosol and is independent of IP 3. Therefore, we modified
the expression for the fast activation in Li and Rinzel, given by
into Eq. 26. We replaced the constant
the constant

in Li and Rinzel by

and removed the IP3 dependence. The equation for

inactivation of the IP3 receptor is defined in Li and Rinzel by
and we changed it into Eq. 28.
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The expression for w∞ reflects that the inactivation of the IP3 receptor
depends on [IP3] and
. This agrees with data in figure 2 of Mak and
Foskett (Mak & Foskett, 1997), showing that the inactivation curve depends on
[IP3] and
. We follow Li and Rinzel (Li & Rinzel, 1994) by using a Hill
coefficient of 1 for
and w∞. The inactivation-constant time of the IP3 receptor
is defined in Li and Rinzel by

. We changed it into the

equivalent expression, Eq. 29. Since we dropped the first term

in the

expression for the fast activation in Li and Rinzel, the parameter
zero. The constants
and
in Li and Rinzel are equal to

was set to
and

respectively.
The variable w describes a slow inactivation process with timedependent kinetics and is characterized by Eqs. 27–29. There is ample
evidence suggesting that the time required for IP3-receptor inactivation is slow
in comparison to the time required for IP3-receptor activation (Finch et al.,
1991). This means that an IP3 receptor can open quickly and can stay open for
a considerable amount of time (allowing calcium to leak out), before
inactivation by calcium takes place. The time-constant
(Eq. 29) for calciumdependent (de-)inactivation of the IP3 receptor is of the order of 20 s (Mak &
Foskett, 1997) and decreases with an increase in
and
.
Several studies (see, e.g., (Finch et al., 1991; Dufour et al., 1997; Marchant &
Taylor, 1998)) reported evidence that calcium-dependent inactivation is of the
order of seconds. The calcium oscillations and spontaneous action potentials
in NRK cells have periods in the order of 30–200 s, so there must be a slow
component in the oscillation that governs the interval, which is not observed in
the studies just mentioned (Finch et al., 1991; Dufour et al., 1997; Marchant &
Taylor, 1998). Unfortunately, there is no agreement as to which set of data
better represents the in vivo behavior. It was not our goal to model the detailed
kinetics of the IP3 receptor, but rather to describe our slow NRK calcium
oscillations and to understand the influence of these oscillations upon the
membrane excitability and vice versa. Therefore, we chose to modify the time
2+
constant of the variable w in such a way that it is relatively fast in high [Ca ]
2+
and slow in low [Ca ], as well as dependent upon [IP3], as in Mak and Foskett
(Mak & Foskett, 1997). In this way the variable w is a minimal model of a
complexity of mechanisms that all keep the IP3 receptor closed on a longer
timescale. Phosphorylation of the IP3 receptor has been suggested to cause
slow calcium oscillations (Yule et al., 2003). Another possibility might be that
slow oscillations in IP3 concentration determine the slow dynamics of the
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cellular calcium response (Nash et al., 2001). However, at the moment there is
no experimental evidence yet for these mechanisms in NRK cells.
At the high values of cytosolic calcium reached after a release wave,
the inactivated IP3 receptor remains closed for some time. This allows a
decrease of cytosolic calcium by reuptake of calcium into the ER by the
SERCA pump and by extrusion out of the cell by the PMCA pump. The
equation for the SERCA pump (Eq. 25) is taken from Lytton et al. (Lytton et al.,
1992). The flux of the SERCA pump
increases for increasing cytosolic
calcium. The flow through the
channel is proportional to the difference in
concentration of calcium in the ER and the cytosol (Eq. 24).
The simple intracellular calcium oscillator is coupled to the intracellular
calcium buffer described in The Electrical Membrane Model (see above; see
also Eq. 18). For an overview of the parameter values used in this study, see
Table 1 and Table 2. We did not include calcium buffering in the ER, because
we have no data on that buffering in our cells and because separate
simulations showed that this buffer had little or no effect on cytoplasmic
calcium oscillations and AP firing.
The complete single-cell model
If we combine the membrane model with the model for the intracellular calcium
dynamics (see Figure 1), the currents through the membrane are described by
the differential equation (Eq. 1). The rate of change for cytosolic calcium
concentration is defined by Eq. 21, and the rate of change for the calcium
concentration in the ER is defined by Eq. 22. The value
(Eq. 19) couples
calcium dynamics to the electrical membrane model, whereas
does the
opposite. The factor
is a conversion factor that transforms a current
of calcium ions into a calcium flux changing the cytosolic calcium
concentration (Eq. 19). Here is the Faraday constant and
is the valence
of calcium ions.
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Dynamic properties of the model
In the past, separate models have been proposed for the dynamics of the cell
membrane and for the IP3-related intracellular calcium oscillations. As we will
explain, integrating the two models gives some unexpected complexities,
which can only be understood if the two separate components have been
clarified in detail. Therefore, we will first explain the properties of the
membrane and intracellular calcium-oscillation models separately, before
integrating them into a full model.
Dynamics of the electrical membrane model
Current pulses cause the model to generate action potentials similar to those
appearing in real NRK fibroblasts in whole-cell current-clamp experiments.
This is illustrated in Figure 2, which shows the excitable properties of the
single-cell model in response to stimulation of the membrane with a current
pulse of 10 pA (for parameter values, see table 1). In response to the current
pulse, the membrane potential rises from its resting value near −70 mV to
∼+20 mV (Figure 2A). The depolarization is caused by the combination of an
increasing inward ICaL and a decreasing outward IKir (Figure 2B, dashed line
and dashed-dotted line, respectively). After the initial depolarization to ∼+20
mV, a repolarization to ∼−20 mV is caused by inactivation of ICaL and
activation of the calcium-dependent chloride channels, which are activated by
the increase of cytosolic calcium due to the influx of calcium ions through the
L-type calcium channels. The increase of the calcium concentration in the
cytosol is shown in Figure 2C (solid line). The rapid increase of calcium in the
cytosol is buffered and decreases due to extrusion by the PMCA pump. After
inactivation of the L-type calcium channel, the calcium-dependent chloride
current (solid line, Figure 2B) keeps the membrane potential for some time at
the plateau phase near −20 mV (ECl(Ca)), which lasts (∼2 s) until the calcium
concentration in the cytosol has decreased to low levels. The calcium-induced
ICl(Ca) goes outward during the peak of the action potential, but reverses into a
small inward chloride current during the plateau phase. With the decreasing
calcium concentration in the cytosol, the conductance of the calciumdependent chloride channels decreases, and the membrane potential
becomes subject to the repolarizing effect of IKir.
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Figure 2: Current-clamp simulation in an NRK fibroblast membrane model. Action potential
generated upon a current pulse of 10 pA and of 100-ms duration. Panel A shows the simulated
membrane potential of the NRK cell model, B shows the currents ICaL(dashed line), IKir (dash-dotted
line), ICl(Ca) (solid line), Ilk (dotted line), and the Ipulse (solid line), and C shows the free (solid line) and
buffered calcium concentration in the cytosol (dashed line). The buffer rates were set to 13 (μMs)−1
(kon) and 2.28 s−1 (koff). This results in a KD value of
= 0.175 μM. The total buffer
concentration TB was 20 μM. These values were in the same range as reported by Nägerl et
al.(Nagerl et al., 2000). All parameters were as in table 1, except for
which was set to the
value 4 × 10-5
for the electrical membrane model without an IP 3-mediated calcium
oscillator.

The leak-current Ilk follows the shape of the action potential (dotted line,
Figure 2B). The conductance of the SOC-channel in this membrane model has
been set to a small constant value (0.05 nS), since it depends on the calcium
concentration in the ER, which is not included in the membrane model (ISOC is
not shown in Figure 2, because this current is very small). This leak of calcium
ions through the SOC channel is chosen such that the balance between leak
through the plasma membrane and extrusion by the PMCA pump gives a
cytosolic calcium concentration of 0.08 μM in the steady state at −70 mV. The
SOC channel will play an important role when we merge the membrane model
with the model for the intracellular calcium oscillator, to make a complete
model for the NRK-cell dynamics.
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Dynamics of the intracellular calcium oscillator model
When the IP3 concentration is zero,
equals zero, and the ratio between
cytosolic calcium and calcium in the ER is determined by a balance between
two fluxes:
. Solving this equation for
as a function of
gives

Differentiation of this equation gives the rate of change of
of

The parameter values of
values of

and

is proportional to

as a function

can be found in Table 2. For low
which is ∼8000. Therefore,

when the concentration of cytosolic calcium changes, the concentration of
calcium in the ER changes 8000 as much.
In agreement with previous studies (Li & Rinzel, 1994; Schuster et al., 2002)
the behavior of the IP3-receptor system follows that of a Hopf bifurcation.
When the concentration of IP3 increases from zero, it reaches a point where
spontaneous calcium oscillations occur. This can be understood from Eqs. 26
and 28. For increasing IP3 concentration, the fraction of open inactivation
gates (Eq. 28) increases. As a consequence, the leakage of calcium through
the IP3 receptor increases and the calcium concentration in the cytosol
increases. The fraction of open activation gates (Eq. 26) is independent of the
IP3 concentration, but increases when the calcium concentration in the cytosol
increases. This provides a positive feedback between the IP3-receptor state
and the activation gate: when the IP3 receptor starts leaking calcium, the
fraction of open-activation gates increases, contributing to a greater leakage of
calcium through the IP3 receptor, and a large burst of calcium will be released
through the IP3 receptor.
Figure 3A shows the oscillations for an IP3 concentration of 0.5 μM.
When the IP3 receptor opens, the calcium concentration in the ER decreases
(Figure 3A, middle panel), whereas the calcium concentration in the cytosol
increases (Figure 3A, solid line in upper panel). The buffer absorbs part of the
calcium release in the cytosol (dashed line, upper panel). The lower panel of
Figure 3A shows the flow through the ER membrane. The flow of calcium ions
through the IP3 receptor during the opening of the IP3 receptor is a large,
short-lasting flow (dashed line). The leak flow is rather small (solid line).
Integrated over a complete cycle of the IP3 receptor, the flow through the
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SERCA pump (dashed-dotted line) is equal to the flow through the IP3 receptor
plus the leak flow.
Increasing the IP3 concentration increases the frequency of the calcium
oscillations (compare, in Figure 3A (IP3 0.5 μM) and B (IP3 1 μM)). The lower
panel of Figure 3B shows the flows through the ER membrane. The flow of
calcium ions through the IP3 receptor during the opening of this receptor
shows a large peak, followed by a small shoulder (dashed line). The sharp
peak in the flow of calcium ions is due to the rapid activation, followed by a fast
inactivation of the IP3 receptor. The small shoulder is the result of the slow
closing of the f-gate (∼15 s, related to the slow decrease of cytosolic calcium)
and the increase of the difference between calcium in the ER and in the
cytosol.

Figure 3: Simulation of the intracellular calcium oscillator for an IP 3 concentration of 0.5 μM (A)
and 1 μM (B). When the IP3 receptor opens, the calcium concentration in the ER decreases (A,
middle panel), whereas the calcium concentration in the cytosol increases (A, solid line in upper
panel). The buffer absorbs part of the calcium release in the cytosol (dashed line in upper
panel). The lower panel of A shows the flow through the ER membrane. The flow of calcium
ions through the IP3 receptor during the opening of the IP3 receptor (dashed line), the flow
through the SERCA pump (dashed-dotted line), and the leak (solid line).
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For high IP3 concentrations (IP3 > 2 μM), the oscillations stop at a subcritical
Hopf-bifurcation with a hysteresis effect. For these high IP 3 concentrations, the
IP3 receptor is leaking continuously, and the f- and w-gates have an open
probability near 0.8 and 0.3, respectively, which allows calcium to flow
continuously from the ER into the cytosol. The basal calcium concentration in
the cytosol remains permanently elevated. This elevated calcium
concentration opens the chloride channels in the membrane model, when we
couple the intracellular calcium model to the membrane model.
The buffer plays an important role in the model. Increasing the affinity
kon of the buffer leads to a frequency decrease of calcium oscillations and a
decrease of their peak amplitude. A very large affinity or a very large total
buffer capacity reduces the calcium concentration in the cytosol to such an
extent that the IP3 receptor will not be activated and calcium oscillations will
not occur. Hence, oscillations can only be produced by the model if
and
are in the same range. This is achieved by setting
=
0.175 μM and
= 20 μM in agreement with data by Nägerl et al. (Nagerl et
al., 2000).
Action potentials of the complete cell model evoked by intracellular
calcium transients versus external current pulses
In the complete cell model, intracellular calcium oscillations and actionpotential firing are coupled. This is illustrated in Figure 4, which shows the
calcium concentration in the cytosol (Figure 4A), calcium concentration in the
store (Figure 4B), and the corresponding action potential (Figure 4C) for IP3mediated calcium oscillations (first and last events near times 80 and 240 s)
and for electrical stimulation of the membrane (middle event near 160 s). It
also shows the ion currents through the membrane for an IP3-mediated
calcium oscillation (Figure 4D) and after an external current pulse (Figure 4E).
At the onset of a calcium cycle during spontaneous calcium oscillations, inflow
of calcium from the ER into the cytosol opens the calcium-dependent chloride
−
channel, causing an inward current, i.e., an outward flow of Cl -ions (solid line
in Figure 4D) as long as the membrane potential is below the Cl-Nernst
2+
potential near −20 mV, and a corresponding depolarization. The inflow of Ca
from the ER and the resulting rise of the membrane potential to the Cl-Nernst
potential near −20 mV have two opposing effects on the L-type calcium
channels. The depolarization causes activation of the L-type calcium channels,
but the slow depolarization before reaching the threshold and the increased
cytosolic calcium concentration cause inactivation of these channels. The
result of these opposing effects is a relatively small inflow of calcium through
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Figure 4: Simulation of action potentials (APs) evoked by intracellular calcium transients versus
external current pulses in the complete cell model. The figure shows the calcium concentration in
the cytosol (A), calcium concentration in the store (B), and corresponding AP for the complete
model with the SOC channel included (C), and ion currents ICaL (dashed line), IKir (dashed-dotted
line), ICl(Ca) (solid line), and Ilk (dotted line) during a cytosolic calcium transient (D, corresponding to
the first AP in C), and the same ion currents during an external current pulse (solid line in E,
corresponding to the second AP in C).

the membrane, causing a further depolarization above the Nernst potential of
the chloride channels, which reverses the current of chloride ions.
Inactivation of the L-type calcium channels after the initial peak of the
action potential contributes to repolarization to the Cl-Nernst potential near
−20 mV. The reduction of cytosolic calcium by the activity of the SERCA and
PMCA pump reduces ICl(Ca), such that the membrane becomes subject to the
repolarizing effect of IKir (dashed-dotted line in Figure 4D). The role of GKir in
the repolarization results from reactivation of GKir after deactivation during the
upstroke of the action potential. As a consequence, the membrane potential
decreases from the voltage plateau near −20 mV to the resting potential near
−70 mV.
Figure 4E shows the ion currents during an action potential (AP) evoked
by an external current pulse at time 160 s, just before the expected
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appearance of an intracellular calcium oscillation. The corresponding AP is
shown in Figure 4C (see arrow). It has a much larger initial peak than the
intracellular calcium AP. Stimulating the cell with an external current pulse
opens the L-type calcium channels, causing a large inward current of calcium
ions (dashed line). The increase of calcium in the cytosol opens the calciumdependent chloride channel (solid line). Notice that the inward calcium current
is approximately three-times-larger than in the case of an AP triggered by an
intracellular calcium oscillation (Figure 4D), which is the reason of the
increased AP peak. This difference in the peak between these two types of
APs was observed before by Torres et al. (Torres et al., 2004). Furthermore,
the order of onset of calcium- and chloride-ion currents is reversed in both
conditions. Inactivation of the L-type calcium channels after the initial peak of
the action potential contributes to repolarization to the Cl-Nernst potential near
−20 mV. The reduction of the cytosolic calcium by the activity of the SERCA
and PMCA pump reduces ICl(Ca), such that the membrane becomes subject to
the repolarizing effect of IK (dashed-dotted line).
The duration of the action potential of the integrated model in Figure 4 is
much longer (∼15 s) than that of the membrane model (∼2 s, see Figure 2).
This is due to the additional presence of the intracellular calcium release
mechanism in the ER membrane causing an extended calcium wave and
extended opening of Cl(Ca)-channels under the appropriate calcium buffering
conditions in the model.
Calcium dynamics stability of the complete cell model
For a steady-state situation without calcium oscillations and without action
potentials, solving Eq. 22, so that

gives for the balance of the

calcium flows into and out of the ER, a steady-state ratio of ∼8000 between
the concentration of calcium in the ER and cytosol (see Dynamics of the
Intracellular Calcium Oscillator Model, above). Similarly, we find for the plasma
membrane that the ratio between the calcium concentration in extracellular
space (1800 μM) and in the cytosol is determined by the total influx leak of
calcium ions through the membrane and the activity of the PMCA pump. For
the parameters in our model this ratio is ∼30,000 in the steady-state situation
in the absence of action-potential firing. Because of these high ratios, small
variations in the leak or activity of the pumps cause large changes in the
calcium concentrations in cytosol and ER. The calcium dynamics of the cell
become highly unstable for periodic electrical stimulation of the cell membrane
and for periodic intracellular IP3-mediated calcium oscillations.
Suppose that a cell in steady state without IP3-mediated calcium
oscillations (IP3 concentration zero) is electrically stimulated such that it starts
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to generate action potentials. The inflow of calcium during the action potentials
gives peaks in the calcium concentration in the cytosol (upper left panel of
Figure 5A). The increased calcium concentration in the cytosol is reduced by
activity of the PMCA and SERCA pumps. Since there is no release of calcium
from the ER related to IP3-mediated calcium oscillations, the activity of the
SERCA pump after each action potential causes an accumulating increase of
calcium in the ER (dashed line in middle panel of Figure 5A). With a constant
leak of calcium through the plasma membrane (by choosing a constant value

Figure 5: Simulation of the complete model with a constant SOC conductance value versus that
with an ER-filling-dependent SOC conductance. Panel A shows the resting membrane potential
(lower panel) and the steady state of the calcium concentration in the cytosol (upper panel) and in
the ER (middle panel) for an IP3 concentration of zero. At time 500 s, we induced action potentials
(APs) (lower panel) and calcium oscillations (upper and middle panels) by electrical current
pulses, first with a constant SOC conductance value
in the model (dashed
line) and then with an ER-filling-dependent SOC conductance (Eq. 16) (solid line). Panel B shows
the steady state of the calcium concentration in the cytosol (upper panel) and ER (middle panel)
for an IP3 concentration of zero until time 500 s. At time 500 s, the IP3 concentration is changed to
0.5 μM. This will generate calcium oscillations in the cytosol (upper panel) and in the ER (middle
panel) and APs (lower panel) with implementation of Eq. 16 for the ER-dependent SOC
conductance in the model (solid line) and one single calcium oscillations and AP with a constant
SOC conductance (dashed line).
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for the SOC conductance) the calcium concentration in the ER builds up to
unrealistically high values in long-term runs.
However, introducing a SOC channel reduces the leak of calcium into
the cytosol for high values of the calcium concentration in the ER (solid line in
middle panel of Figure 5A). The reduced leak through the SOC channels
causes a reduction in mean cytosolic calcium concentration and a reduction of
SERCA activity. As a consequence, the averaged calcium concentration in the
ER increases slightly.
Now suppose that there is no electrical stimulation, but that the cell is in
a steady state with IP3 equal to 0 μM, and then starts to produce IP3-mediated
calcium oscillations due to an increase of IP3 concentration to 0.5 μM (Figure
5B). Each cycle of calcium release from the ER increases the calcium
concentration in the cytosol, leading to opening of the calcium-dependent
chloride channels and depolarization of the cell (lower panel in Figure 5B). The
depolarization opens the L-type calcium channels, causing inflow of calcium
through the membrane into the cytosol. As explained before (see Figure 4D
and E), the inflow of calcium through the L-type calcium channels in this
condition is approximately three-times smaller than in the case of electrical
stimulation. Therefore, the large peak in the action potential up to +20 mV in
Figure 5A, which is due to sudden simultaneous opening of all L-type calcium
channels, is absent in Figure 5B. In the time periods between the IP3-mediated
calcium oscillations, both the PMCA and SERCA pump remove calcium from
the cytosol. However, since the inflow of calcium from the extracellular space
is relatively small, there is a net mean efflux of calcium out of the cell,
decreasing the calcium concentration in the ER. If the leak of calcium through
the cell membrane would be constant for all conditions, the consequence
would be a depletion of calcium from the ER. This is illustrated in Figure 5B
(dashed line in middle panel). After the rapid decrease of the calcium
concentration in the ER, inactivation of the IP3 receptor allows the SERCA
pump to increase calcium in the ER. However, after some time the inactivation
of the w-gate in the IP3 receptor decays, allowing an inflow of calcium in the
cytosol from the ER. Since the concentration of calcium in the ER is relatively
small, the flow of calcium through the IP3 receptor is much smaller than during
the first calcium release. As a consequence, the -gate, which depends on
cytosolic calcium, opens gradually, leading to a small but continuous flow of
calcium from the ER into the cytosol. This gives rise to a low calcium
concentration in the ER (dashed line in middle panel of Figure 5B). However, if
we add a SOC channel in the cell membrane, a decrease of calcium
concentration in the ER leads to an increase of calcium inflow through the cell
membrane in the cytosol (Hofer et al., 1998). Since small changes in cytosolic
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calcium concentration lead to large changes in calcium concentration in the
ER (8000 times larger), the presence of SOC channels prevents depletion of
the ER (solid line in middle panel).
The main conclusion from Figure 5 is that SOC channels can maintain a
balance of calcium in the ER for both conditions of electrical stimulation and
spontaneous IP3-mediated calcium oscillations. Notice the difference in the
duration of the plateau phase in the lower panel of Figure 5A and B. Since the
IP3 concentration is zero in Figure 5A, it is not possible to open the IP3
receptor and to initiate intracellular calcium oscillations. As a consequence, the
peak value of the calcium concentration in the cytosol after an action potential
is approximately a quarter of the peak value of the calcium concentration of
the cytosol of a cell with IP3 concentration above zero (see upper panels in
Figure 5). As a result, it takes less time for the PMCA and SERCA pump to
reduce the calcium concentration in the cytosol to its basal concentration if the
IP3 concentration is zero. Since the duration of the plateau phase depends on
the calcium concentration in the cytosol via the calcium-dependent chloride
channels, the duration of the plateau phase of the APs is smaller in Figure 5A
(lower panel) than in Figure 5B.
The calcium flux through the SOC channel has large implications for the
cell behavior. This is illustrated in Figure 6, which shows the behavior of the
complete model for a fixed concentration IP3 (0.5 μM) and with the
conductance GSOC increasing from 0 to 0.1 nS in steps of 0.025 nS (Figure
6A). Figure 6B shows the calcium concentration in the cytosol, Figure 6C the
calcium concentration in the ER, and Figure 6D shows the membrane potential
of the cell. For small values of GSOC, the cytosolic calcium concentration is
small and ∞ (Eq. 26) is too small to open the IP3 receptor (Figure 6E). When
GSOC increases, the cytosolic calcium concentration increases, leading to
periodic opening and closing of the IP3 receptor. Figure 6E shows the activation (dashed-dotted line) and -inactivation parameter (dotted line) of
the IP3 receptor. The solid line shows the product of f and w. After each
calcium oscillation, the inactivation gate w suddenly decreases and then
gradually opens, causing an increase in the product
and thereby causing
the IP3 receptor to leak calcium into the cytosol. This activates the -gate of
the IP3 receptor and gives positive feedback to the IP 3 receptor. As a result, a
calcium burst is released through the IP3 receptor.
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Figure 6: Simulation of the complete model with IP 3 = 0.5 μM and stepwise increasing GSOC from 0
to 0.1 nS in steps of 0.025 nS. The figure shows the increase of GSOC (A), the calcium concentration
in the cytosol (B), the calcium concentration in the ER (C), and the membrane potential of the cell
(D). When GSOC increases above 0.125 nS, the level of calcium concentration in the cytosol
increases and the membrane potential goes to −20 mV. Panel E shows the f-activation (dasheddotted line) and w-inactivation (dotted line) parameter of the IP3 receptor. The solid line shows the
product of f and w. We chose a GSOC value (0.05 nS) so that the cell oscillates and generates APs.

Discussion
The aim of this study was to develop an integrated single-cell model for NRK
cell excitability and intracellular calcium oscillations by combining a HodgkinHuxley type model for action-potential generation with a model for intracellular
IP3-mediated calcium oscillations. The present model is a minimal model,
containing the essential components to reproduce the qualitative electrical
behavior and spontaneous calcium oscillations of NRK cells. Although the
model was primarily developed to reconstruct calcium oscillations in NRK
fibroblasts, the results have general applicability.
The new single-cell model revealed several new characteristics:
1.
Combining a known AP model for the cell membrane with a model for
intracellular calcium oscillations resulted in the instability of the calcium
dynamics of the whole cell. Stability of the whole-cell behavior required
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2.

a control system to keep the calcium concentration in cytosol and ER
within certain limits. Here we show that this role can be fulfilled by storeoperated calcium channels in the cell membrane. However, it is possible
that other channels fulfill the same role, like diacylglycerol-activated
2+
(Hofmann et al., 1999) and arachidonate (ARC)-regulated Ca
channels (Mignen et al., 2003) or reversible SERCA pumps
(MacLennan et al., 1997).
There is a mutual influence between excitability of the plasma
membrane and the IP3-dependent calcium oscillator. Action-potential
firing on the one hand may trigger IP3-receptor-dependent intracellular
calcium oscillations and on the other hand, intracellular calcium
oscillations may induce rhythmic firing of chloride-mediated action
potentials. The characteristics of the action potential, however, are
different in the two conditions. These results will be discussed in more
detail below in the context of available experimental data for NRK
fibroblasts and the numerical model simulations of this study.

The involvement of the IP3 receptor
Several mathematical models have been proposed in the literature for the IP3
receptor (for an overview, see Schuster et al. (Schuster et al., 2002)). Usually,
two classes of models with intracellular calcium oscillations mediated by the
IP3 receptor are distinguished. The first class of models—called the Cacyt/IP3
models; see, e.g., (Keizer & De Young, 1994; Li & Rinzel, 1994)—assume that
the dynamics of the IP3 receptor is determined by the concentrations of the
cytoplasmic calcium and IP3. The second class of models (Cacyt/CaER models;
see, e.g.,(Dupont & Goldbeter, 1993; Torres et al., 2001)) assume that the
dynamics of the IP3 receptor is dependent on the calcium concentration in the
cytosol as well as in the ER.
In this study we opted for the Li and Rinzel model (Li & Rinzel, 1994).
This choice was based on the different behavior of the two model types upon
the frequency of the calcium oscillations affected by changes in SERCA pump
activity. In the class of Cacyt/IP3 models, an increased SERCA pump activity
will have no effect on the frequency of the calcium oscillations, since the
frequency of the calcium oscillations only depends on the time
for the deinactivation of the w-gate of the IP3 receptor, which is determined by the IP3
concentration.
For the class of Cacyt/CaER models, the effect of increased SERCA
pump activity is more complex. A typical model from the Ca cyt/CaER class
contains a factor proportional to
and is represented by

and a factor proportional to
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(see, e.g., (Dupont & Goldbeter, 1993)). The
net flux of calcium from the ER to the cytosol is defined by the leak through the
IP3 receptor and a leak channel in the ER minus the removal of calcium into
the ER by the SERCA pump. When the SERCA pump is more active, the net
flux of calcium into the cytosol decreases. Therefore, it takes more time to
increase the calcium concentration in the cytosol to open the activation gate to
sufficiently high values to cause an IP3-mediated calcium oscillation. This
explains why the frequency of the calcium oscillations decreases with
increased SERCA pump activity for the class of Cacyt/CaER models.
Therefore, the main qualitative difference between the Cacyt/IP3 and the
Cacyt/CaER models is that the former predict a constant oscillation frequency for
IP3-mediated calcium oscillations, whereas the latter predict lower oscillation
frequencies when SERCA pump activity increases. In recent experiments,
Harks et al. (Harks et al., 2003a) showed that partial blocking of the SERCA
pump with thapsigargin reduces the amplitude of the oscillations by ∼30%, but
does not affect the frequency of the oscillations. Based on these experimental
findings, we decided to use the Cacyt/IP3 model described by Li and Rinzel (Li
& Rinzel, 1994) (see Eq. 23), which is a reduced version of the De YoungKeizer model (De Young & Keizer, 1992).
Recent preliminary real-time reverse transcriptase polymerase chain
reaction studies in our laboratory revealed that the IP3-receptor isoforms IP3R1
and IP3R3 are expressed in NRK cells, whereas the IP3R2 isoform is not
(Almirza et al., 2010). Interestingly, distinct roles of the IP3R1 and IP3R3 have
been described in calcium signaling (Hattori et al., 2004). In HeLa cells
expressing comparable amounts of IP3R1 and IP3R3, knockdown by RNA
interference of each subtype resulted in dramatically distinct calcium signaling
patterns. Knockdown of IP3R1 significantly decreased total calcium signals
and terminated calcium oscillations. Conversely, knockdown of IP3R3 leads to
more robust and long-lasting calcium oscillations than in controls, suggesting
that IP3R3 might function as an anti-calcium-oscillatory unit (Hattori et al.,
2004). Our finding that single isolated NRK fibroblasts can be induced to
respond with intracellular calcium oscillations (see Figure 7A; see Appendix 1)
upon exposure to PGF2α, therefore, supports our model assumption of the
involvement of IP3R1 in calcium oscillations, and justifies the use of its kinetic
features in modeling the intracellular calcium oscillator. In this minimal model
we have not included features of IP3R3. The involvement of specifically IP3R1
is further supported by the finding that thimerosal (recently shown to potentiate
IP3-dependent calcium fluxes through IP3R1, but not the type-3 receptor, via
modulation of an isoform-specific calcium-dependent intramolecular interaction
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(Bultynck et al., 2004)) indeed amplifies the PGF2α-induced calcium response
of an initially poorly responding cell (Figure 7B and Appendix 1).

Figure 7: Induction of calcium oscillations in single isolated NRK fibroblasts by PGF 2α. (A) Example
of a cell exhibiting PGF2α-induced calcium oscillations characterized by an initial sharp calcium peak
resulting from calcium release from IP3-sensitive stores, which was followed by a secondary
response consisting of prolonged repetitive calcium oscillations, comparable to those described for
cells in monolayer cultures by Harks et al. (Harks et al., 2005). (B) An example of a poorly
responding cell showing only the initial calcium transient. Subsequent addition of 10 μM thimerosal
amplified the PGF2α-induced calcium response of this cell, as shown by the delayed appearance of
secondary repetitive calcium oscillations.
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Intracellular calcium buffering and compartmentalization
The characteristics of the calcium oscillations of the whole cell model are
strongly dependent on the parameters of the calcium buffer in the cytosol.
Changing the buffer parameters affects the calcium concentration in the
cytosol and the duration of the plateau phase. The duration of the plateau
depends on the activity of the calcium-dependent chloride channels. When the
calcium concentration in the cytosol decreases due to a higher affinity (kon)
and/or due to an increase of total buffer capacity TB, the calcium-dependent
chloride channel will close earlier with the consequence that the duration of the
plateau phase becomes shorter. The precise buffering properties for calcium in
NRK cells are not known. In the membrane model of Torres et al. (Torres et
al., 2004), the values of the buffer parameters were different from the
parameters in this model. This is mainly due to the fact that simulations of
Torres et al. (Torres et al., 2004) were aimed to reproduce experimental
results in conditions of non-natural calcium buffers like EGTA and BAPTA.
The peak values of the calcium concentration in the cytosol during an
oscillation are much higher than reported in the literature (see, e.g., (Mak et
al., 1998)). Theoretical models and indirect experimental observations have
predicted that calcium concentrations at the inner surface of the plasma
membrane reach, upon stimulation, values much higher than those of the bulk
cytosol. Marsault et al. (Marsault et al., 1997) demonstrated that the mean
calcium concentration near the plasma membrane can reach values >10-fold
higher than those of the bulk cytosol upon activation of calcium influx through
plasma membrane channels. Our explanation for the high calcium
concentration in the model is the simplification of intracellular calcium
dynamics by the absence of intracellular compartmentalization. If the cytosol is
considered as a finite volume with diffusion of calcium ions in the cytosol, the
average concentration of calcium ions in the cytosol will be much lower than
that near the membrane (in case of an action potential) or near the ER (for IP3mediated calcium oscillations).
The importance of feedback of ER filling to calcium inflow transporters
The calcium concentration in the store depends critically on the ratio of the
activity of the SERCA pump and the leak of calcium through the ER
membrane. For a cell at rest, it is possible to choose the parameters for the
2+
plasma membrane calcium (PMCA) pump, the SERCA pump, Ca -leak
2+
channels through the plasma membrane, and Ca -leak channels through the
ER membrane such that a stable situation occurs. However, this stability at
rest is lost when action potentials or IP3 oscillations lead to changes in the
2+
Ca concentration of the cytosol.
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This instability could be overcome by introducing a channel controlled
by feedback of the store, which provides a coupling between the calcium
currents through the cell membrane and the calcium concentration in the ER—
for example, a store-operated calcium channel (SOC). The existence of SOCs
is well known and well accepted. Recent experimental findings have shown
that calcium entry through SOC channels is essential to sustain receptorinduced intracellular calcium oscillations (Bird & Putney, 2005). In nonexcitable cells, they provide the most important calcium influx in the cytosol
(Putney, 1990), and thereby regulate the calcium concentration in the ER via
the calcium concentration in the cytosol. Activation of SOCs is triggered by
depletion of intracellular calcium stores. Despite the intense research in the
field, the mechanism that links the fall of calcium concentration in the stores to
the opening of plasma membrane calcium channels remains highly
controversial. One set of hypotheses postulates the release of a diffusible
messenger by the pools, while others claim a physical interaction between the
empty stores and plasma membrane involving membrane proteins, secretory
vesicles, and possibly cytoskeletal elements (reviewed in (Putney & McKay,
1990; Parekh, 2003)).
Although SOC channels in NRK fibroblasts have not yet been
demonstrated experimentally, their expression in these cells seems most
likely. In NRK fibroblasts the induction of calcium oscillations by PGF 2α is not
affected by blockers of L-type calcium channels but is prevented in calciumfree extracellular media (Harks et al., 2003a). These findings thus agree with
the model prediction that stable long-term calcium oscillations require influx of
extracellular calcium mediated by a plasma membrane channel, other than the
L-type calcium channel, possibly a SOC channel. In our model simulations we
found that stable calcium dynamics could be achieved with values for a wholecell SOC conductance (GSOC) near 0.05 nS. These values are of the same
order of magnitude as experimentally determined by Rychkov et al. (Rychkov
et al., 2005) for a SOC channel in rat hepatocytes.
Some other channels may very well regulate the calcium dynamics in a
similar way. The central idea is that there has to be some feedback of ER
calcium content upon cytosolic calcium entry. Falcke et al. (Falcke et al.,
2000), Chay (Chay, 1996), and Li et al. (Li et al., 1997) discuss models for
stable calcium dynamics without a store-operated channel. Their mechanism
+
is based on a calcium-dependent K current. These channels could be useful
to control a stable long-term operation of the cell. However, the presence of
calcium-dependent potassium channels in our NRK cell can be excluded for
three reasons:
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1.

Ion-substitution experiments revealed that the calcium-dependent
current in voltage-clamp experiments was a chloride current (Harks et
al., 2003b).
2.
Current-clamp measurements show that an increased PGF2α agonist
concentration leads to an increased intracellular calcium concentration
and a depolarization of membrane potential toward the Nernst potential
of chloride channels (Harks et al., 2003b). The presence of a calciumdependent K-channel would result in a hyperpolarization, consistent with
the model by Loewenstein et al. (Loewenstein et al., 2001).
3.
Charybdotoxin blocks certain calcium-dependent potassium channels,
but this blocker has no effect on the membrane potential of NRK cells
during IP3-mediated calcium oscillations (personal communication with
E.G.A. Harks). Therefore, a different mechanism should be involved in
our NRK cells. Sneyd et al. (Sneyd et al., 2004) suggested a
modification of the SERCA-pump dynamics to control the balance of
calcium ions in the cytosol and the ER, such that lower concentrations
of calcium in the ER lead to higher activity of the SERCA pump. An
SOC channel and the modified SERCA dynamics, used by Sneyd et al.
(Sneyd et al., 2004), have the same qualitative effect on the regulation
of the total amount of calcium in the ER. However, there is a small
difference between the modified SERCA pump and the SOC channel. If
the concentration of calcium in the ER is suddenly decreased, the
modified SERCA pump will become more active, leading to a decrease
of calcium in the cytosol. In contrast to that, a decrease in the calcium
concentration in the ER leads to an initial increase of
for a cell
model with SOC channels in the membrane.
One of the main criticisms regarding the store-operated calcium channels in
2+
the plasma membrane concerned the signaling mechanism that senses Ca
store depletion and triggers opening of the store-operated calcium channel.
Recently, it was shown (Liou et al., 2005; Roos et al., 2005) that the stromal
interaction molecule (STIM) acts as the missing link between store and plasma
membrane. This finding supports the presence of store-operated channels and
fits very well with the important function of store-operated channels that is
postulated in our study.
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Appendix 1: Calcium oscillations in single NRK cells
The basic property of the present NRK-cell model is that it is able to generate
self-sustained IP3-dependent intracellular calcium oscillations. This property is
based on our previous work (Harks et al., 2005), where we found good
evidence that NRK cells in a monolayer culture under certain conditions are
able to generate spontaneous intracellular IP3-mediated calcium oscillations,
independent of the neighbor cells to which they are coupled by gap junctions.
To further support this idea, we addressed the question of whether the
exhibition of prolonged intracellular calcium oscillations is an intrinsic property
of a single NRK fibroblast in isolation, or instead requires, for some reason,
gap-junctional coupling of the cell to other cells in a network of electrically or
chemically coupled cells. For that purpose we measured the calcium response
of single, isolated Fura-2-loaded NRK fibroblasts upon exposure to PGF 2α,
because this prostaglandin was able to induce IP3-dependent calcium
oscillations in NRK-monolayer cells (Harks et al., 2005).Quiescent monolayers
of normal rat kidney fibroblasts (NRK clone 49F) were cultured and dissociated
in single cells by trypsinization as described previously (Harks et al., 2003b).
The experiments on the dissociated cell cultures were performed 2–4 h after
trypsinization when NRK cells had been sufficiently attached to the culture
dish. Intracellular calcium measurements were as described in detail in Harks
et al. (Harks et al., 2003a): Coverslips with trypsinized single NRK fibroblasts
in isolation were placed in a cell chamber and loaded with Fura-2/AM.
Dynamic video imaging was performed as described elsewhere (Cornelisse et
al., 2002). Excitation wavelengths were 340 nm and 380 nm and Fura-2
fluorescence emission was monitored at wavelengths above 440 nm. Ratio
images (F340/F380) were calculated every 6 s and plotted as a function of
2+
time to monitor relative changes in the cytosolic [Ca ] (see Figure 7).
As in our previous studies on monolayers of gap-junctionally coupled
NRK cells (Harks et al., 2003a), 1 μM PGF2α induced calcium responses in
individual cells in a population of single NRK fibroblasts in isolation. The
trypsinized single, isolated NRK fibroblasts appeared less responsive to
exposure to 1 μM PGF2α than the NRK cells in the intact monolayer culture. In
an imaged area of the coverslip, three of 26 cells showed an initial large
calcium transient followed by prolonged calcium oscillations (Figure 7A) with
−1
similar shapes and frequencies (0.2–1.4 min ) as induced in monolayer cells
(Harks et al., 2003a).
The remainder of the isolated single cells only showed the initial large
calcium transient upon exposure to PGF2α sometimes followed by a second
delayed transient. However, in a field of 14 of these single initial-peak
responders imaged, 13 cells started sustained calcium oscillations upon
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exposure to 10 μM thimerosal (Figure 7B), a compound that has been
described to sensitize the type-1 IP3 receptor (Bultynck et al., 2004).
Thimerosal (10 μM), even without prior exposure of the cells to PGF 2α, already
induced calcium oscillations in these cells with a comparable delay (n = 10,
data not shown). A plausible interpretation of these observations is that the
direct oscillation responders to PGF2α could serve as pacemaker cells in a
periodically firing NRK-monolayer culture, whereas the initial-peak responders
could behave as follower cells. In summary, we conclude that at least a
percentage of single, isolated NRK cells has the intrinsic property to generate
sustained IP3-dependent calcium oscillations. This percentage is probably an
underestimate because of the experimental conditions (trypsinization). Thus,
the property that the single NRK-cell model can generate self-sustained IP3dependent calcium oscillations is supported by ample experimental evidence.
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Appendix 2: Equations
The equations defining the electrical membrane properties of NRK fibroblastic
cells and associated intracellular calcium buffering, unconnected to the
intracellular calcium model (for explanations, see text and table 1):
eq. 1
eq. 2
eq. 3
eq. 4
eq. 5
eq. 6
eq. 7
eq. 8
eq. 9
eq. 10
eq. 11
eq. 12
eq. 13
eq. 14

eq. 15
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eq. 16

eq. 17
eq. 18

eq. 19
eq. 20
The equations defining the properties of the intracellular calcium dynamics
model of NRK cells isolated from the electrical membrane model when JPM is
zero (see Eq. 19):
eq. 21
eq. 22
eq. 23
eq. 24
eq. 25

eq. 26
eq. 27

eq. 28

eq. 29
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Appendix 3: Tables
Table 1: Parameter values of the electrical membrane properties, including buffering

Cm*
GKir*
Kost
Ko
Ki*
Elk*
Glk*
ECaL*
GCaL*
KvCa
ECl(Ca)*
GCl(Ca)*
KCl(Ca)
GSOC
ESOC
KSOC
KPMCA
zCa
APM
Volcyt
F
R
T
kon
koff
TB
Caext
*

20
2.2
5.4
5.4
120
0
0.05
50
0.7
10
−20
5
35
0.05
50
10
1.6 × 10−5
0.25
2
2 × 10−7
1 × 10−12
96480
8.314
293
13
2.28
20
1800

pF
nS
μM
μM
μM
mV
nS
mV
nS
μM
mV
nS
μM
nS
mV
μM
μmol/(s × dm2)
μM
dm2
dm3
C/mol
m2kg/(s2 Kmol)
K
(μMs)−1
s−1
μM
μM

Values from Harks et al. (Harks et al., 2003b); other values from Torres et al. (Torres et al., 2004),
except the new parameters (GSOC, KSOC, Kost, and Ko).
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Table 2: Parameter values of the intracellular calcium dynamics properties

APM
Volcyt
AER
VolER
KlkER
KSERCA

Kw(Ca)
a
kon
koff
TB

2 × 10−7
1 × 10−12
0.3 × 10−7
0.1 × 10−12
0.002 × 10−5
8 × 10−5
0.20
6 × 10−5
0.5
0.5
1.5
20
13
2.28
20

dm2
dm3
dm2
dm3
dm/s
μmol/(s × dm2)
μM
dm/s
μM
μM−1
μM
s
(μMs)−1
s−1
μM
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Abstract
Normal rat kidney (NRK) fibroblasts have electrophysiological properties and
intracellular calcium dynamics that are dependent upon their growth stage. In
the present study we show that this differential behavior coincides with a
differential calcium entry that can be either capacitative or non-capacitative.
Confluent cells made quiescent by serum deprivation, which have a stable
membrane potential near –70 mV and do not show spontaneous intracellular
calcium oscillations, primarily exhibit the capacitative mechanism for calcium
entry, also called store-operated calcium entry (SOCE). When the quiescent
cells are grown to density-arrest in the presence of EGF as the sole
polypeptide growth factor, these cells characteristically fire spontaneously
repetitive calcium action potentials, which propagate throughout the whole
monolayer and are accompanied by intracellular calcium transients. These
density-arrested cells appear to exhibit in addition to SOCE also receptoroperated calcium entry (ROCE) as a mechanism for calcium entry.
Furthermore we show that, in contrast to earlier studies, the employed SOCs
and ROCs are permeable for both calcium and strontium ions. We examined
the expression of the canonical transient receptor potential channels (Trpcs)
that may be involved in SOCE and ROCE. We show that NRK fibroblasts
express the genes encoding Trpc1, Trpc5 and Trpc6, and that the levels of
their expression are dependent upon the growth stage of the cells. In addition
we examined the growth-stage dependent expression of the genes encoding
Orai1 and Stim1, two proteins that have recently been shown to be involved in
SOCE. Our results suggest that the differential expression of Trpc5, Trpc6,
Orai1 and Stim1 in quiescent and density-arrested NRK fibroblasts is
responsible for the difference in regulation of calcium entry between these
cells. Finally, we show that inhibition or potentiation of SOCE and ROCE by
pharmacological agents has profound effects on calcium dynamics in NRK
fibroblasts.

Introduction
There is currently a great interest in the cellular and molecular mechanisms
that underlie store-operated calcium entry (SOCE). Upon release of
intracellular calcium ions from stores in the endoplasmic reticulum (ER),
calcium channels in the plasma membrane are opened, which results in an
influx of calcium ions and a refilling of the intracellular stores. A breakthrough
in the understanding of this process has come from the identification of the
2+
proteins Stim1 and Stim2 as sensors of Ca within the ER. Stim proteins
2+
sense the depletion of Ca from the ER, oligomerize, translocate to junctions
adjacent to the plasma membrane, organize plasma membrane calcium
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channels into clusters and open these channels to bring about SOCE
(Cahalan, 2009; Putney, 2009). Recent studies have identified particular
members of the Orai and Trpc family as the plasma membrane calcium
channels that are activated by this calcium-store depletion mechanism (Salido
et al., 2009).
Although the components that play a role in store-operated calcium
entry may have been identified, relatively few studies have functionally
characterized this process under physiological conditions. Calcium entry into
cells can take place through voltage-dependent calcium channels, including Ltype and N-type channels, or through voltage-independent calcium channels.
The latter group can be subdivided into store-operated calcium channels
(SOCs) and receptor-operated calcium channels (ROCs). SOCs are activated
by depletion of calcium stores after calcium-release, whereas ROCs are
activated through PLC-coupled receptors involving second messengers such
as diacylglycerol (DAG), inositol 1,4,5-trisphosphate (IP3) and arachidonic acid
(AA). Orai channels work according to a SOC mechanism, whereas certain
members of the Trpc channel family operate as SOC, and others as ROC.
In a number of studies we have made a detailed characterization of the
calcium homeostasis in normal rat kidney (NRK) fibroblasts as a function of
their growth status (Harks et al., 2003; Harks et al., 2005). When cultured at
high density in serum-free medium these cells become quiescent, which is
characterized by a stable membrane potential near –70 mV. Addition of
prostaglandin F2α (PGF2α) to such quiescent cells, which activates the Gprotein-coupled PGF2α- receptor (Ptgfr), results in degradation of inositol lipids
and the production of IP3, which releases calcium ions from the ER by
activation of the IP3-receptor. This process results in calcium oscillations,
which are uncorrelated between different cells, and is accompanied by
depolarization of the cells to a stable membrane potential of -20 mV. Upon
addition of epidermal growth factor (EGF) and insulin to quiescent NRK cells,
they can undergo one additional round of duplication, after which they stop
proliferating as a result of density-dependent growth arrest. These densityarrested cells maintain a membrane potential near –70 mV, but show in
addition periodically propagating calcium action potentials during which cells
temporarily depolarize to positive values as a result of the opening of L-type
calcium channels.
In an integrated model of calcium fluxes in NRK cells, we have
previously shown that constitutive activation of plasma membrane calcium
channels is essential for long-term calcium oscillations in PGF2α-treated
quiescent cells, as well as for periodic calcium action potentials in densityarrested cells (Kusters et al., 2005). In the present study we have
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characterized experimentally the contribution of store-operated and receptoroperated calcium channels in the calcium homeostasis of quiescent and
density-arrested NRK cells. Our results show that changes in calcium
dynamics upon growing quiescent NRK cells to density-arrest coincide
particularly with regulation of expression and activity of Trpc5, Trpc6 and Orai1
calcium channels, as well as of the calcium sensor Stim1.

Materials & Methods
Cell culturing
Normal rat kidney fibroblasts (NRK clone 49F) were seeded at a density of
4
2
1.25x10 cells/cm in bicarbonate-buffered Dulbecco's modified Eagle's
medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% newborn
calf serum (HyClone Laboratories, Logan, UT). Confluency was reached after
four days. Cells were then incubated for three days in serum-free DF medium
(1:1 mixture of DMEM and Ham's F-12 medium (Invitrogen) supplemented
with 30 nM Na2SeO3 and 10 µg/ml human transferrin, to obtain quiescent cells.
Density-arrested monolayers were obtained by incubation of quiescent cells
for 48 hours with 5 ng/ml EGF (Collaborative Research Incorporated, Bedford,
MA) in combination with 5 µg/ml insulin (Sigma-Aldrich, St. Louis, MO). For
5
calcium imaging experiments 1.2x10 NRK cells were seeded on 0.1% gelatincoated glass coverslips with a diameter of 25 mm in 9.6 cm2 wells.
Intracellular calcium measurements
Glass coverslips grown with quiescent monolayers of NRK fibroblasts were
placed in a cell chamber and loaded for 30 min with 4 µM Fura-2/AM
(Molecular Probes, Eugene, OR) in serum-free DF medium at room
2+
temperature. Medium was replaced by Ca -free HEPES-buffered saline
2+
(Ca -free HBS, containing 143 mM NaCl, 5 mM KCl, 1 mM MgCl 2, 10 mM
2+
2+
glucose, 10 mM HEPES-KOH, pH 7.4). Ca or Sr -containing HBS (128 mM
NaCl, 10 mM CaCl2 or SrCl2, 5 mM KCl, 1 mM MgCl2, 10 mM glucose, 10 mM
2+
HEPES-KOH, pH 7.4) was mixed with an equal amount of Ca -free medium
2+
2+
to obtain a 5 mM Ca or Sr -containing medium in the chamber. Dynamic
calcium video imaging was performed as described elsewhere (Cornelisse et
al., 2002). Excitation wavelengths of 340 nm and 380 nm (bandwidth 8-15 nm)
were provided by a 150 W Xenon lamp (Ushio UXL S150 MO, Ushio, Tokio,
Japan), while fluorescence emission was monitored above 440 nm, using a
440 nm DCLP dichroic mirror and a 510 nm emission filter (40 nm bandwidth)
in front of the camera. Image acquisition, using a camera pixel binning of 4
and computation of ratio images (F340/F380), was every 4 sec and operated
through Metafluor v.6.2 (Universal Imaging Corporation, Downingtown, PA).
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Camera acquisition time was 100 msec per excitation wavelength. The agents
U73122, SKF96365, Gö6976 and OAG were purchased from Sigma-Aldrich
(St. Louis, MO), BHQ was purchased from Calbiochem (Darmstadt, Germany)
and 2-APB from Tocris (Avonmouth, UK) .
Data analysis
At each measurement variations in intracellular calcium concentration as a
function of time were measured simultaneously in 50 to 70 cells. The MannWhitney U ranking test was applied for comparing the frequency of calcium
oscillations/ transients in different cell groups. The increase of the F340/F380
ratio due to calcium influx through membrane channels or by calcium release
from intracellular stores was determined by subtracting the mean ratio before
(basal level) and after (peak) the calcium influx or release. Numerical data are
represented as mean ± S.E.M throughout this article, with n representing the
number of replicates in each experiment. Significance levels (denoted p) have
been determined by double-sided student's T-test unless otherwise stated.
PCR Primers and Total RNA isolation
PCR primers for rat Trpc1-7, Orai1 and Stim1 were designed based on
published sequences in GenBank (see supplementary table S1) using Oligo
Perfect designed tool (Invitrogen). Total RNA was isolated from NRK cells
using Trizol (Invitrogen) according to manufacturer’s protocol.
RT-PCR
TM
First strand cDNA was prepared from 1 µg of total RNA using SuperScript II
RNase H reverse transcriptase (Invitrogen) and 0.25 µg of hexamer primer.
0
Thereto RNA samples were denaturated at 65 C for 55 min and reverse
0
transcription was performed for 50 min at 42 C and stopped by heating the
0
samples for 15 min at 70 C. The cDNA was amplified by PCR using the
specific primers for individual Trpc genes (see list in supplementary table S1)
TM
and Taq polymerase (Invitrogen). PCR amplification was performed using a
PERKIN ELMER Gene Amp PCR System 2400 (Norwalk, CT) using 1 µl of
first stranded cDNA reaction, 150 pmol of each degenerate primer, 50 µM of
dNTPs, 2 units of Taq polymerase and 2.5 mM MgCl2 in total volume of 50 µl.
0
PCR conditions were as follows: 3 min at 94 C, 40 cycles consisting of 30 sec
0
0
at 94 C, followed by 1 min at 72 C. After completion of the 30 cycles,
0
samples were incubated at for 10 min 72 C. The PCR products were
visualized on an ethidium bromide-stained agarose gel.
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Quantitative Real-time RT-PCR
The mRNA levels for genes of interest were analyzed by using quantitative
RT-PCR (Detection System 5700 ABI Prism, Applied Biosystems, Foster City,
CA). A total of 1 µg of cDNA, synthesized as described above using the
primers shown in supplementary table S2, was amplified using SYBR Green
PCR Mastermix (Applied Biosystems) under the following conditions: initial
0
denaturation for 10 min at 95 C, followed by 40 cycles consisting of 15 sec at
0
0
94 C and 1 min at 60 C. Expression values were calculated from threshold
cycles at which an increase in reporter fluorescence above baseline signal
could first be detected.

Results
Characterization of store-operated calcium entry in quiescent and
density-arrested NRK fibroblasts
Store-operated calcium entry (SOCE) was studied in quiescent (Q) and
density-arrested (DA) NRK fibroblasts by measuring calcium influx after
release of calcium from intracellular stores. Emptying of these stores was
induced by placing the cells in a nominal calcium-free medium in the additional
2+
presence of the sarco-endoplasmatic reticulum Ca -ATPase (SERCA)
inhibitor BHQ. SOCE was subsequently measured by increasing the
extracellular calcium concentration to 5 mM.
Figure 1 shows on the basis of the F340/F380 ratio of Fura-2
fluorescence that release of calcium from the stores results in an increase in
cytoplasmic calcium ions, which are rapidly pumped out of the cells by the
2+
plasma membrane Ca -ATPase. Subsequent addition of calcium to the
extracellular medium results in a strong, transient increase in cytoplasmic
calcium concentration due to the activity of store-operated calcium channels.
Figure 1A shows that the release of calcium from intracellular stores in Q-cells
resulted in an increase in F340/F380 ratio of 0.080 ± 0.008 (mean ± SEM,
n=19), as measured from the basal level to the peak value after addition of
BHQ. Addition of extracellular calcium ions resulted in a rise of the F340/F380
ratio of 0.14 ± 0.01 (mean ± SEM, n=19), as measured from the basal level to
2+
the peak value after addition of Ca . Comparable experiments for DA-cells
(see Figure 1B) resulted in an increase in F340/F380 ratio of 0.10 ± 0.02
(mean ± SEM, n=6) for BHQ treatment and of 0.19 ± 0.02 (mean ± SEM, n=6)
upon subsequent calcium addition.
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Figure 1C shows that addition of extracellular calcium to Q-cells without
prior depletion of calcium stores by BHQ treatment resulted in a small increase
in the F340/F380 ratio of only 0.030 ± 0.021 (mean ± SEM, n=4). These data
Figure 1: Demonstration of
store-operated calcium entry in
NRK fibroblasts. Store-operated
calcium entry is present in both
quiescent (A) and densityarrested (B) NRK fibroblasts.
BHQ (50 µM) was added to
deplete intracellular calcium
stores (first phase of calcium
increase) and subsequently 5
mM extracellular calcium was
added to induce store-operated
calcium entry (second phase).
Recordings in density-arrested
cells were performed in the
presence of nifedipine to prevent
activation of L-type channels.
Difference in the calcium entry
between quiescent and densityarrested fibroblasts was not
significant (N.S.). Addition of
extracellular
calcium
to
quiescent cells without previous
stimulation did not induce a
significant increase (N.S.) in the
intracellular calcium level (C).
The gray band around the traces
represents the SEM-error bars
for every datapoint.
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show that SOCE in density-arrested NRK cells is higher than in quiescent
cells, although the difference was below the 95% confidence interval for
statistical significance (p = 0.08).
Since DA-cells can undergo spontaneous calcium action potentials,
accompanied by calcium influx due to transient opening of the L-type calcium
channel, the above experiments were carried out in the presence of the L-type
channel inhibitor nifedipine. Control experiments showed that nifedipine had
no effect on the intracellular calcium level of both Q- and DA-cells (data not
shown).
Characterization of receptor-operated calcium entry in quiescent and
density-arrested NRK fibroblasts
Receptor-operated calcium entry (ROCE) was studied in quiescent (Q) and
density-arrested (DA) NRK fibroblasts by pre-incubating the cells in nominal
calcium-free medium with the DAG-analogue OAG and measuring the
increase in intracellular calcium concentration upon addition of 5 mM
2+
extracellular Ca . Nifedipine was added in the experiments to prevent calcium
influx through voltage-dependent L-type calcium channels.
Figure 2A shows that addition of extracellular calcium to Q-cells in the
presence of OAG resulted in a F340/F380 increase of 0.045 ± 0.013 (mean ±
SEM, n=10) above the basal fluorescence level. Figure 2B shows that addition
of calcium ions to OAG-treated DA-cells resulted in an increase in F340/F380
of 0.11 ± 0.01 (mean ± SEM, n=10), which is 2.4 times higher (p<0.01) than
the value observed in Q-cells. When these experiments were carried out in
DA-cells without prior incubation with OAG (Figure 2C), a value of 0.11 ± 0.01
(mean ± SEM, n=10) was found, which is not significantly different from the
increase found in the presence of OAG. This suggests that density-arrested
NRK cells may already contain sufficient DAG to activate receptor-operated
calcium channels. Figure 2D shows that pretreatment of DA-cells with PLCinhibitor U73122 in order to prevent PIP2 degradation and concomitant DAG
production, reduced the increase in F340/F380 to 0.061±0.007 (mean ± SEM,
n=7), which is indeed 45% lower than the value observed for these cells in the
absence of this inhibitor, either with or without additional OAG.
These results show that density-arrested NRK cells display significantly
higher levels of ROCE than quiescent cells. Furthermore they suggest that at
least in density-arrested cells activation of receptor-operated calcium entry
takes place in a PLC-dependent manner.
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Figure 2: Non-store operated calcium entry is larger in density-arrested than in quiescent cells.
Increase in intracellular calcium upon re-addition of calcium in the presence of 100 µM OAG to
quiescent cells (A) and density-arrested cells (B) (significance: **, p<0.001, compared to A, n=10).
Increase in intracellular calcium upon re-addition of calcium to density-arrested cells in the
absence of OAG (N.S., compared to B, n=10) (C). Calcium entry upon re-addition of calcium to
density-arrested cells in presence of the PLC-inhibitor U73122 (D) (significance: *, p<0.05,
compared to C, n=7). All recordings in density-arrested cells were performed in presence of
nifedipine to prevent entry of calcium through L-type calcium channels. The gray band around the
traces represents the SEM-error bars for every datapoint.

Mechanism of strontium uptake in NRK cells
We have previously shown that PGF2α-mediated calcium oscillations in
quiescent, as well as spontaneous calcium action potentials in densityarrested NRK cells, also occur in the presence of externally added strontium
ions (de Roos et al., 1997). These studies provided evidence that during an
action potential L-type calcium channels can mediate the uptake of strontium
ions into NRK cells. However, the ion channels involved in strontium uptake in
the absence of an action potential have not been characterized yet. Figures 3A
and B compare the uptake of calcium and strontium ions, respectively, by
2+
store-operated ion channels in DA-cells. In BHQ-treated cells 5 mM Ca
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induced a F340/F380 increase of 0.14 ± 0.01 (mean ± SEM, n=19), while 5
mM Sr2+ induced a fluorescence increase of 0.034 ± 0.008 (mean ± SEM,
n=11). Figures 3C and D show the rise in fluorescence ratio by the uptake of
calcium or strontium ions, respectively, through receptor-operated channels in
OAG-treated DA-cells. Addition of calcium ions resulted in a F340/F380
increase of 0.11 ± 0.01 (mean ± SEM, n=12), while strontium ions induce an
increase in fluorescence ratio of 0.075 ± 0.019 (mean ± SEM, n=6). These
data indicate that strontium ions can be taken up by NRK cells through both
store-operated and receptor-operated ion channels. All the measured
increases of the fluorescence ratio in these experiments were significant
compared to the baseline values.
When interpreting these data it should be taken into account that

Figure 3: ROCE and SOCE are permeable for calcium as well as strontium ions. Calcium (A)
and strontium (B) entry after depletion of calcium stores induced by BHQ (50 µM) in quiescent
cells. Receptor-operated calcium (C) and strontium (D) entry in density-arrested cells in
presence of OAG (100 nM) and nifedipine (1 µM). All changes in the F340/F380 fluorescence
ratio where significant (peak values compared to the baseline) (significance: *, p < 0.002; **, p <
10-6 ). The gray band around the traces represents the SEM-error bars for every datapoint.

76

Modulation of calcium entry
calcium and strontium ions both change the fluorescence properties of Fura-2,
2+
2+
but do so with a different affinity (Ca : Kd = 224 nM; Sr : Kd = 9.2 µM
(Hatae et al., 1996)). The relatively small change in fluorescence upon addition
of strontium ions therefore corresponds to a relatively high permeability of the
2+
plasma membrane for Sr , when compared to calcium ions. Calibration of the
Fura- 2 ratio signal by the method of Grynkewic (Robinson et al., 2004) was
not conclusive due to the small increase in the fluorescence ratio when
strontium was added. Based on the above Kd-values and the known Hill
coefficient of Fura-2, the observed increase in fluorescence ratio from 0.52 to
0.65 after addition of extracellular calcium (Figure 3A) corresponds to an
increase in intracellular calcium concentration of 0.44 µM. In comparison, the
relatively small increase from 0.49 to 0.52 upon addition of extracellular
strontium (Figure 3B) corresponds to an intracellular strontium concentration
up to 10 µM. This indicates that strontium ions can permeate through storeoperated ion channels at least as good as calcium ions. Moreover, the
relatively high fluorescence increase for strontium versus calcium ions during
receptor-operated ion uptake indicates that strontium ions are well taken up by
NRK cells by both SOCE and ROCE mechanisms.
Endogenous expression of Trpc family members, Orai1 and Stim1 in
NRK fibroblasts
In order to test which calcium channels may be involved in the observed
SOCE and ROCE, we tested NRK cells for expression of channel encoding
genes by RT-PCR analysis. Figure 4A shows that of the various Trpc
channels, NRK cells expressed particularly the genes encoding Trpc1, Trpc5
and Trpc6. As a comparison, rat brain tissue expressed at least the genes
encoding Trpc1, Trpc3, Trpc4, Trpc5, and Trpc6, but possibly also those
encoding Trpc2 and Trpc7. Trpc1 is generally considered as a channel
involved in SOCE (Liu et al., 2003), while Trpc6 is known to be DAG
dependent (Lemonnier et al., 2008). Trpc5 is less well characterized in this
respect. The observation that NRK cells express these three genes, confirms
our functional studies that NRK cells contain both SOCs and ROCs. As shown
in Figure 4B, quantitative RT-PCR analysis indicated that particularly Trpc5
(10-fold) and Trpc6 (6-fold) are strongly up-regulated when quiescent NRK
cells are grown to density-arrest. In contrast, the high expression level of
Trpc1 is not enhanced upon density-arrest of the cells.
Under similar experimental conditions, transcripts of both Stim1 and
Orai1 were detected in NRK fibroblasts by RT-PCR. Figure 5A and 5C show
the PCR products obtained for Stim1 and Orai1, respectively. Gel
electrophoresis confirmed that the PCR product sizes corresponded to rat
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Stim1 (293bp) and rat Orai1 (375bp). Sequencing of the PCR products
showed agreement with the original GenBank sequences. Upon density-arrest,
the expression of Stim1 and Orai1 was up-regulated 1.6 and 5.5 fold,
respectively (Figure 5B and D).
Although these data do not necessarily reflect changes in channel
densities, the results indicate that the genes for most calcium channels tested
and for the calcium sensor Stim1 are strongly up-regulated, when NRK cells
are grown from quiescence to density-arrest. These data agree with our
functional studies showing that both SOCE and ROCE are clearly enhanced
upon growing NRK cells to density-arrest (first two paragraphs of the results
section).
Figure 4: Differential expression of Trpc1,
Trpc5 and Trpc6 genes in quiescent and
density-arrested NRK fibroblasts. A) RTPCR analysis of the expression of Trpc
genes in NRK fibroblasts. Equal amounts
of cDNA, prepared from quiescent NRK
cells and rat brain tissue as a positive
control, were added in combination with
specific primers for individual Trpc genes
(see supplementary table S1). Data are
representative of three independent
experiments. M denotes marker for basepair length. B) mRNA levels for Trpc1,
Trpc5 and Trpc6 in quiescent (Q) and
density-arrested (DA) NRK fibroblasts
determined by quantitative RT-PCR using
Trpc specific primers (see supplementary
table S2), and expressed relative to 18S
rRNA levels. (significance: *, p<0.05; **,
p<0.005, n=4).
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Figure 5: Differential expression of Stim1 and Orai1 genes in quiescent and density-arrested NRK
fibroblasts. RT-PCR analysis of Stim1 (A) and Orai1 (C) expression in NRK fibroblasts. Equal
amounts of cDNA, prepared from quiescent NRK cells and rat brain tissue as a positive control,
were added in combination with gene specific primers (see supplementary table S1). Data are
representative of three independent experiments. mRNA levels of Stim1 (B) and Orai1 (D) in
quiescent (Q) and density-arrested (DA) NRK fibroblasts determined by quantitative RT-PCR using
gene specific primers (see supplementary table S2), and expressed relative to 18S rRNA levels
(significance: *, p<0.05; **, p<0.005, n=3).
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Calcium influx limits calcium oscillations
We have previously shown that calcium influx is required for the persistent
calcium oscillations that are induced by PGF2α in quiescent NRK cells (Harks
et al., 2003). Several pharmaceutical agents are known to inhibit or enhance
SOCE and ROCE. We have determined the inhibitory or enhancing effect of
three of these compounds. In figure 6 we show that 2-APB and SKF96365 had
profound nhibitory effects on SOCE in quiescent (Figure 6A and 6C,
respectively) and ROCE in density-arrested cells (Figure 6B and 6D,
respectively) (see also supplementary table S3). In the remainder of figure 6
we show that pre-incubation with the protein kinase C inhibitor Gö6976
potentiated SOCE in quiescent cells (Figure 6E) and also ROCE in densityarrested cells (Figure 6F) (see also supplementary table S3). The present
observations show that calcium entry into NRK cells can be either inhibited or
enhanced by pharmacological treatments. Because of the inhibitory effects of
2-APB on IP3 receptors (Siefjediers et al., 2007), we choose SKF96365 and
Gö6976 to test their inhibitory and potentiating effects, respectively, on PGF2αinduced calcium oscillations and spontaneous action potential induced calcium
transients.
In figure 7 we show typical responses of individual quiescent cells upon
inhibition and potentiation of SOCE. Figure 7B shows that pre-incubation of Qcells with Gö6976 resulted in an inhibition of PGF 2α-induced calcium
oscillations after approximately 10 min. In contrast, addition of SKF96365
resulted in an immediate decrease in the frequency of calcium oscillations
(Figure 7C). Density-arrested NRK cells display spontaneous action potentials
with concomitant calcium transients. In figure 8 we show the typical responses
of whole monolayers of density arrested cells upon inhibition and potentiation
of ROCE and SOCE. Figure 8B shows that pre-incubation with Gö6976 had no
significant effect on the frequency of the action potential-induced calcium
transients in DA-cells. The addition of SKF96365 resulted in an immediate
extinction of the spontaneous calcium spikes (Figure 8C). Table 1 summarizes
the results of the Mann-Whitney analysis of the effects of SKF96365 and
Gö6976 on the PGF2α-induced calcium oscillations and the spontaneous
calcium spikes, as exemplified in the Figures 7 and 8, respectively. The
analysis revealed that in Q-cells potentiation by Gö6976 as well as inhibition
by SKF96365 of calcium entry both significantly reduced the frequency of the
PGF2α-induced calcium oscillations, while in DA-cells only inhibition of calcium
entry caused a significant reduction in the frequency of the action potentialinduced calcium transients.
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Figure 6: Effects of pharmacological agents on calcium entry in NRK fibroblasts. Figure 6A and 6B
show the effect of 75 µM 2-APB on BHQ-induced store-operated calcium entry in quiescent cells (A)
and receptor-operated calcium entry in density-arrested cells in presence of OAG (B). Figure 6C
and 6D show the effect of SKF9365 (10 µM) on SOCE and ROCE in quiescent (C) and densityarrested cells (D), respectively. The inhibition of calcium entry by 2-APB and SKF96365 in quiescent
cells is compared with control experiments (Figure 1A) (significance: ****, p < 10 -8). The inhibition by
2-APB and SKF96365 in density-arrested cells is compared with control experiments (Figure 2B)
(significance: ***, p < 10-6). Figure 6E and 6F show the effect of pre-incubation (30 min) with 100
nM Gö6976 (assigned by (Gö6976) in the figure) on SOCE in quiescent (E) and ROCE in densityarrested cells (F). Potentiation of calcium entry in quiescent and density-arrested cells is compared
with control experiments (Figure 1A and 2B, respectively) (significance: **, p < 10 -4; *, p < 0.01). All
recordings in density-arrested cells were performed in the presence of the L-type calcium channel
blocker nifedipine to prevent entry of calcium through this type of calcium channels.
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Figure 7: SOCE modulators have a profound effect on PGF2α-induced intracellular calcium
oscillations in quiescent NRK fibroblasts. A) Intracellular calcium oscillations induced by PGF 2α in
quiescent NRK fibroblasts. B) PGF2α-induced intracellular calcium oscillations in NRK fibroblasts
after 30 min pre-incubation with 100 nM Gö6976, assigned by (Gö6976) in the figure. C) Effect of
inhibition of calcium entry by 10 µM of SKF96365 on PGF2α-induced intracellular calcium oscillations
in quiescent NRK fibroblasts. Each trace shown in this figure represents a typical calcium response
induced by PGF2α in an individual cell selected from a panel of 100-150 cells of data obtained in 3
independent experiments. (See Table 1 for a quantitative Mann-Whitney analysis of the significance
level of the changes represented in the traces).
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Figure 8: Effect of either potentiating or inhibiting calcium entry on action potential-induced
calcium transients in density-arrested NRK fibroblasts A) Calcium transients induced by
propagating action potentials in density-arrested NRK fibroblasts. B) Calcium transients induced by
propagating action potentials in density-arrested NRK fibroblasts after 30 min pre-incubation with
100 nM of Gö6976, assigned by (Gö6976) in the figure. C) Calcium transients induced by
propagating action potentials in density-arrested NRK fibroblasts disappear in the presence of 10
µM SKF96365. Each trace shown in this figure represents a typical example out of 3 (preincubation with Gö6976) and out of 5 (addition of SKF96365) independent experiments of
spontaneous synchronized calcium responses of a whole monolayer of density-arrested NRK
fibroblasts, respectively.(See Table 1 for a quantitative Mann-Whitney analysis of the significance
level of the changes represented in the traces).
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Q-cells

DA-cells

median

95%
range

n

control

7

3-16

107

Gö6976

6

2-11

128

control

6

1-10

155

SKF96365

3

0-5

155

p

<0.001

<0.001

median

95 %
range

n

7

4-8

3

6

2-7

3

6

5-9

5

1

1-3

5

p

>0.05

<0.01

Table 1: Effect of Gö6976 and SKF96365 on the frequency of PGF 2α-induced intracellular calcium
oscillations in Q-cells and action potential-induced calcium transients in DA-cells. The effect of preincubation with Gö6976 is compared to separate control experiments. The effects of SKF96365 are
compared to the PGF2α-induced calcium oscillations and the action potential-induced calcium
transients, respectively, before addition of the agent. Number of calcium oscillations in a period of
10 min was counted in n individual quiescent cells from data obtained in three independent
experiments. In density-arrested cells the number of synchronized calcium transients in a period of
10 min due to action potentials in the whole cellular monolayer was determined in a number (n) of
independent experiments. The significance level (p) following Mann-Whitney analysis is indicated.

Discussion
In this study we show a differential role for SOCs and ROCs in the calcium
dynamics of quiescent and density-arrested NRK fibroblasts. For the first time
the occurrence of both types of calcium entry has been demonstrated
experimentally in quiescent and density-arrested NRK cells. In an earlier study
we already predicted the necessity of a calcium entry pathway, dependent on
the filling state of the intracellular calcium stores, which could have a
stabilizing role in intracellular IP3-mediated calcium dynamics and cell
membrane excitability (Kusters et al., 2005). Here we show experimentally that
this calcium store-dependent calcium entry is differentially regulated via SOCs
and ROCs in quiescent and density-arrested fibroblasts.
In contrast to previous studies (Tesfai et al., 2001; Gamberucci et al.,
2002; Venkatachalam et al., 2003) we have shown that both SOCs and ROCs
2+
have a significant permeability for Sr -ions. Due to the low affinity of Fura-2
2+
2+
for Sr , influx of Sr into the cells resulted in only a rather small increase in
the fluorescence ratio. This modest increase represents, however, a quite
2+
large Sr influx. Previously we have shown that density-arrested cells can
repetitively fire action potentials in calcium-free medium supplemented with
strontium for prolonged periods of time (de Roos et al., 1997). Our results
suggest that strontium entry is facilitated by the same activation pathways as
calcium entry and that those pathways are different from L-type voltage-gated
channels.
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In quiescent cells, addition of extracellular calcium after calcium
deprivation without SERCA inhibition resulted in a small calcium influx (Figure
1C). In density-arrested cells, however, calcium addition after calcium
deprivation resulted in a significantly higher calcium influx (Figure 2C). These
results indicate that density-arrested cells have another ensemble of calcium
influx pathways than quiescent cells. Besides store-operated calcium entry,
the density-arrested cells also exhibit a receptor-operated calcium entry
mechanism. The addition of OAG, a DAG-derivative, did not result in an
additional increase of the calcium influx. However, incubation of the densityarrested cells with PLC-inhibitor U73122 inhibited the calcium entry in these
cells (Figure 2D). This indicates that in density-arrested NRK cells a PLCdependent hydrolysis of PIP2 into IP3 and DAG plays a role in the stimulation
of ROCs. This is supported by earlier findings by Harks et al (Harks et al.,
2005), who have shown that density-arrested cells produce and secrete low
amounts of PGF2α. This low concentration of PGF2α activates the G-protein
coupled FP receptor and activates PLC. These results suggest that the low
concentrations of PGF2α present in the culture medium of the density-arrested
cells can result in an increased intracellular DAG level activating ROCE.
Earlier studies (Flourakis et al., 2006) have proposed an iPLA2-dependent
pathway as an activation mechanism for SOCE. However, inhibition of iPLA 2
did not affect SOCE, showing that this pathway is not relevant in NRK
fibroblasts (data not shown).
Our findings are further supported by the differential expression pattern
of Trpc genes in quiescent and density-arrested cells. Trpc channels have
been described earlier as candidate channels for mediating SOCE and ROCE
(Parekh & Putney, 2005). While the expression level of Trpc1 was found to be
independent of cell density, expression levels of Trpc5 and Trpc6 were clearly
increased in density-arrested cells. Trpc1 is generally considered as the
channel involved in SOC formation (Liu et al., 2003), while Trpc6 is known to
be DAG dependent (Lemonnier et al., 2008). Although the exact activation
pathway is not conclusive, Trpc5 seems to be activated by receptors coupled
to PLC, suggesting a role together with Trpc6 in ROCE (Blair et al., 2009). On
the other hand, Zhu et al. (Zhu et al., 2005) have shown that Trpc5 is
desensitized by phosphorylated PKC. The binding of DAG to the C1 domain
results in activation and translocation of PKC (Newton, 2001), whereby the
production of DAG would inhibit the activity of Trpc5. The potentiating effect of
PKC inhibitor Gö6976 suggests that a PKC-dependent calcium entry channel
is present. However, we have shown that the PLC inhibitor U73122, expected
to decrease DAG levels, just attenuated instead of potentiated ROCE in the
density-arrested NRK cells.
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The six-fold increase of Trpc6 mRNA expression coinciding with ROCE
in density-arrested NRK fibroblasts suggests a prominent role of Trpc6 in
ROCE. Large et al. (Large et al., 2009) have suggested a model in which PIP2
binds to the same binding site as DAG in the resting state of Trpc6. Cleavage
of PIP2 into IP3 and DAG makes the DAG/PIP2-binding site available for DAG
and subsequently activates Trpc6. The requirement of both cleavage of PIP 2
and elevated DAG levels might explain the limited effect of additional OAG in
combination with a significant effect of inhibiting PLC activity. Our results show
a differential expression of Trpcs, Orai1 and Stim1 mRNA in quiescent and
density-arrested cells coinciding with a differential regulation of ROCE and
SOCE. Recently it has been reported that Stim1 converts Trpc1 from a ROC
into a SOC (Alicia et al., 2008; Jardin et al., 2008; Cahalan, 2009) and that
Trpc3, Trpc6 and Trpc7 facilitate DAG-sensitive calcium entry (Lemonnier et
al., 2008). These studies show that an intricate interplay between Trpcs, Stim1
and Orai1 subunits may constitute the channels responsible for calcium entry,
whether receptor-operated or store-operated. Our results therefore suggest
that quiescent and density-arrested NRK fibroblasts differ in their calcium entry
mechanisms.
The effect of SOCE inhibition and potentiation on PGF 2α-induced
calcium oscillations in both quiescent and spontaneously action potential firing
density-arrested cells is puzzling. It was expected that an increased calcium
entry in both quiescent and density-arrested cells would result in a higher
frequency or amplitude of calcium oscillations and action potential-induced
calcium transients, since increased calcium would fasten the recovery of the
IP3-receptor. However, in quiescent cells the calcium oscillations extinguished
while density-arrested cells seemed to be unaffected by calcium entry
potentiation. On the other hand, nearly complete SOCE inhibition only reduced
the calcium oscillation frequency in quiescent cells by 50% (Table 1). Although
inhibition of ROCE by SKF96365 in density-arrested cells was less effective
than in quiescent cells (Table S3), the reduced calcium entry completely
attenuated the action potential-induced calcium transients in the DA-cells
(Table 1).
In NRK cells we found SOCE in quiescent cells and both SOCE and
ROCE in density-arrested cells. In a previous study Kusters et al. have
explored the dynamical properties of a single cell model, reproducing
experimental observations on calcium oscillations and action potential
generation in NRK fibroblasts (Kusters et al., 2007). An analysis of increasing
SOC conductance and the effect on intracellular calcium oscillations is
visualized in the bifurcation diagrams shown in supplementary Figure S1
(modified from (Kusters et al., 2005)). This diagram shows how the range of
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IP3 concentrations whereby the cells exhibit calcium oscillations, depends on
store- and/or receptor-operated calcium entry. Quiescent cells start calcium
oscillations after addition of PGF2α, assuming an [IP3]cyt of 1 µM and a low
calcium entry conductance of 0.02 nS (see Figure S1A). Sufficient potentiation
might bring these cells to an equivalent SOC level of 0.10 nS (Figure S1C),
where they become silent and depolarized. Density-arrested cells, however,
behave in a more complex manner. In a previous study (Dernison et al., 2008)
we have suggested a pacemaker-follower system to explain the spontaneous
calcium action potentials in density-arrested cells. Under conditions of densityarrest an inhomogeneity in the local production of PGF 2α might give rise to
localized islands of depolarized cells with increased intracellular IP 3. In these
‘pacemaker’-islands IP3-induced intracellular calcium oscillations synchronize
resulting in depolarizations at the border between polarized and depolarized
cells, giving rise to propagating action potentials which depolarize the
surrounding ‘follower’-cells. According to Harks et al. (Harks et al., 2005)
density-arrested cells have a PGF2α concentration of only 1.5 nM in the
extracellular medium. Therefore the cytosolic level of IP3 in density-arrested
cells is presumably much lower than in quiescent cells stimulated with 1 µM
PGF2α. Density-arrested cells, however, seem to have a larger calcium entry
facilitated by SOCs and ROCs, so in pacemaking cells the concentration of IP3
might be in a regime near 0.2 µM in combination with a membrane calcium
conductance of 0.04 nS (Figure S1B). An increase/ potentiation of calcium
entry conductance (to 0.10 nS, Figure S1C), while maintaining a constant level
of [IP3]cyt, would not stop the calcium oscillations. This shows that the higher
calcium influx in density-arrested cells results in a broader range of IP 3
concentrations that can induce calcium oscillations. Apparently, densityarrested cells are more sensitive to IP3 with respect to the ability to induce
calcium oscillations.
The effect of increasing calcium entry on the calcium oscillations in NRK
cells suggests that proliferation of these cells from the quiescent to the
density-arrested stage may not only result in an increased production of
PGF2α, but also in an enhanced expression of both SOCs and ROCs. This
differential mechanism of calcium entry provides NRK fibroblasts with an
elegant pathway to meet their calcium requirements under the different growth
conditions. Our previous study (Kusters et al., 2005) has shown that a
regulated calcium entry is required to couple membrane excitability with
calcium dynamics, in order to maintain calcium homeostasis in NRK
fibroblasts. Our results thereby suggest that Trpc channels, most likely in
combination with Stim1 and Orai1, are able to provide this calcium entry
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pathway. We are currently testing this hypothesis by using a shRNA approach
to selectively knockdown the genes for these proteins.

Conclusions
In this study we have shown that Trpc1, Trpc5 and Trpc6, Stim1 and Orai1 are
expressed in NRK fibroblasts. Moreover, Trpc5, Trpc6 and Orai1 are
differentially expressed in quiescent and density-arrested cells. The increased
expression of these genes in density-arrested cells coincides with an increase
of SOCE and ROCE at this growth stage. The involvement of Trpc6 in ROCE
is supported by our observation that ROCE is a PLC-dependent process.
2+
Earlier observations of sustained oscillations in Sr - containing media are
supported by our finding that in NRK fibroblasts SOCs as well as ROCs are
2+
2+
not only permeable for Ca but also for Sr . The earlier notion from the
mathematical model of NRK fibroblasts that calcium entry limits the range in
which IP3-dependent calcium oscillations and action potentials can occur, is
supported by the present experimental findings.
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Supplementary data
Theoretical background of Figure S1: Modeling the dependence of
calcium oscillations on the extent of calcium influx
In an earlier study a mathematical single cell model of the NRK fibroblast has
been developed to describe the dynamics of the calcium oscillations in these
cells (Cornelisse et al., 2002; Kusters et al., 2005). In a subsequent model we
have studied the role of store-operated calcium entry in the stabilization of the
calcium dynamics by changing the SOC conductance (Alicia et al., 2008;
Large et al., 2009). In that model the presence of calcium oscillations depends
2+
on the concentration of both IP3 and Ca . For low IP3 concentrations, there is
a balance between removal of calcium from the cytosol and leak into the
cytosol from the ER and the extracelullar medium. In this condition, the
cytosolic calcium concentration is low. For higher IP3 concentrations, calcium
oscillations occur. During IP3-mediated calcium oscillations, the increased
2+
Ca -concentration causes inactivation of the IP3 receptor. The inactivation
time constant is governed by both the calcium and IP 3-concentration. At high
calcium concentrations the inactivation time constant is small. Therefore, the
inactivation rate is fast at the peak of the calcium spike. When the calcium
concentration decreases due to removal from the cytosol, the inactivation time
constant increases, causing a slow de-inactivation of the IP3 receptor. Calcium
oscillations occur as long as the inactivation time constant is long relative to
the duration of the calcium spike. As the concentration of IP3 increases, the
inactivation time constant decreases and calcium oscillations stop when the
duration of the inactivation time constant has become sufficiently short to
follow the changes in calcium concentration. In that condition, the calcium
concentration settles to a constant elevated level in a range between 2 and 5
M depending on the concentration of IP3.
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Figure S1: (modified from Fig.3 in (Kusters et al., 2007)) shows bifurcation diagrams for
intracellular calcium concentration as a function of [IP 3] at three different levels of SOC
conductance: 0.02 nS (A), 0.04 nS (B) and 0.10 nS (C), respectively. The increase in SOC
conductance causes an increase in the intracellular calcium entry from the extracellular medium.
The increased entry of calcium gives rise to a larger removal by pumps in the plasma membrane
and in the ER. The slight increase in cytosolic calcium concentration with increased SOC
conductance makes the IP3 receptor more sensitive for calcium oscillations at lower IP3
concentrations. At a low IP3 concentration of 0.2 µM and a low SOC conductance of 0.02 nS
(panel A), the cytosolic calcium concentration is too low to activate the IP3-receptor. Increasing
this conductance to 0.04 nS (panel B) will activate the IP 3-receptor and results in calcium
oscillations. For 0.10 nS (panel C) the calcium level is still low enough to produce calcium
oscillations, but the range of [IP3] in which oscillations can occur is much smaller. These
simulations show that store-operated calcium entry does have a great impact on calcium
dynamics in NRK cells.
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Table S1: Oligonucleotide sequences of primers used for RT-PCR
Gene

Accession No.

Size (bp)

rTrpc1

AF061266

248

rTrpc2

AF136401

261

For: 5’-G G G T C A C A G G C T T T C T G T G G-3’
rev:5’-A G C A T G C T C G T G A C A G C A A A-3’

1326-1587

rTrpc3

NM_021771

250

For: 5’-T C G G C T A C T G G A T T G C A C C T-3’
Rev: 5’-A T C C C G A G A A C C C A G A C C A T-3’

836-1086

rTrpc4

NM_053434

283

For: 5’-A T G T T G G C G A T G C G C T A C T T-3’
Rev:5’-T G A G G C T G T C C A C G T C T G A G-3’

400-683

rTrpc5

NM_080898

301

For: 5’-T C G C T C A G C C A A A C T G T C A A-3’
Rev: 5’-A G T T G G G G G A G G T C C T T G A A-3’

1235-1536

rTrpc6

NM_053559

275

For: 5’-T G C A G C A A G A T G G G G A A G A T-3’
Rev: 5’-G G G G C C T T G A G T C C A G A T T T-3’

1281-1556

rTrpc7 XM_001067646

391

For: 5’-A T C T G G T C C G A A T G C A A G G A-3’
Rev:5’-C G T A C A G C C C T T C C G A G A T G-3’

1621-2012

rOrai1 NM_001013982

375

For: 5’-A C G T C C A C A A C C T C A A C T C C-3’
Rev: 5’-A C T G T C G G T C C G T C T T A T G G-3’

546-921

rStim1

293

For: 5’-A A G C T T A T C A G C G T G G A G G A-3’
Rev: 5’-T G A T T G T G G C G A G T C A A G A G-3’

905-1197

XM_341896.2

Primers

Location

For: 5’-T C A C G A T T G G A C T G A C A C A G C-3’
1571-1819
Rev: 5’-A A G C A C G A T C A C A A C C A C G A-3’

Table S2: Oligonucleotide sequences of primers used for Quantitative RT-PCR

Gene

Accession No.

Size(bp)

Primers

Location

rTrpc1

AF061266

105

For: 5’- G G C A G A A C A G C T T G A A G G A G -3’
2057-2161
Rev: 5’- G T C G C A T G G A G G T C A G G T A T -3’

rTrpc5

NM_080898

116

For: 5’- T G A G G A G C T C T C C C A A C A G T -3’
1054-1169
Rev: 5’- C A A G T T C T T C G C T G T G G T C A -3’

rTrpc6

NM_053559

114

For: 5’- G C A T C A T C G A T G C A A A T G A C -3’
1664-1777
Rev: 5’- T G A T C T G A G G A T C G G T A G G G -3’

rOrai1 NM_001013982

117

For: 5’-T C A C T T C T A C C G C T C A C T G G-3’
Rev:5’-A G A G A A T G G T C C C C T C T G T G-3’

859-975

rStim1

100

For: 5’-A G C T C C T G G T A T G C T C C T G A-3’
Rev:5’-G C C T C T C T G C A T T T T G C T T C-3’

1583-1682

XM_341896
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Table S3: Effects of pharmacological agents on calcium entry in NRK fibroblasts.
SOCE/
ROCE

Growth
state

mean

SEM

%

p

n

BHQ (control)

SOCE

Q

0.14

0.01

0

BHQ + 2-APB

SOCE

Q

0.028

0.007

-80

<0.001

10

BHQ + SKF96365

SOCE

Q

0.0088

0.0053

-94

<0.001

10

BHQ + Gö6976

SOCE

Q

0.25

0.02

86

<0.001

10

OAG (control)

ROCE

DA

0.11

0.01

0

OAG + 2-APB

ROCE

DA

0.044

0.007

-59

<0.001

10

OAG + SKF96365

ROCE

DA

0.033

0.006

-70

<0.001

7

OAG + Gö6976

ROCE

DA

0.20

0.03

82

<0.01

10

19

10

Several agents have a profound effect on calcium entry in quiescent and density- arrested NRK
fibroblasts. In this table the effect of the agents (2-APB, SKF96365 and Gö6976) on BHQinduced store-operated calcium entry (SOCE) in quiescent cells (Q) and OAG-induced receptoroperated calcium entry (ROCE) in density-arrested cells (DA), respectively, are shown. The
table shows the mean rise of fluorescence ratio (mean) with standard error of means (SEM). In
column ‘%’ the percent increase and decrease compared to the control is shown. Significance
level of this increase/decrease is shown in column ‘p’ compared to the control, n denotes the
number of experiments. All experiments were performed at room temperature.
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Abstract
By using an shRNA approach to knock down the expression of the
prostaglandin (PG)-F2α receptor (FP-R), the role of PGF2α in the process of
phenotypic transformation of normal rat kidney (NRK) fibroblasts has been
studied. Our data show that PGF2α up-regulates Cox-2 expression both at the
mRNA and protein level, indicating that activation of FP-R in NRK fibroblasts
induces a positive feedback loop in the production PGF2. Knock down of FPR expression fully impaired the ability of PGF 2α to induce a calcium response
and subsequent depolarization in NRK cells. However, these cells could still
undergo phenotypic transformation when treated with a combination of EGF
and retinoic acid, but in contrast to the wild-type cells, this process was not
accompanied by a membrane depolarization to –20 mV. Knock down of FP-R
expression also impaired the spontaneous firing of calcium action potentials by
density-arrested NRK cells. These data show that a membrane depolarization
is not a prerequisite for the acquisition of a transformed phenotype.
Furthermore, our data provide the first direct evidence that activity of PGF 2α by
putative pacemaker cells underlies the generation of calcium action potentials
in NRK monolayers.

Introduction
There is currently great interest in the role of cyclooxygenases (COXs) and
their derived products (prostaglandins) in tumorigenesis. It has been shown
that COX activity in general, and that of the isoform COX-2 in particular, is
significantly enhanced in tumor tissue (see (Trifan & Hla, 2003; Dannenberg et
al., 2005) for reviews). In particular, prostaglandin E2 (PGE2) and its receptor
(EP2) have been shown to be involved in colon cancer, while prostaglandin F2α
(PGF2α) plays an important role in cervical cancer (DuBois et al., 1996;
Kulkarni et al., 2001). A further understanding of the role of COX enzymes and
their products in tumorigenesis is of great importance for the further
development of COX-2 directed anti-cancer therapies.
Normal rat kidney (NRK) fibroblasts provide an interesting in vitro model
system for studying the role of COX enzymes and their products in tumorigenic
transformation, since depending on the addition of specific combinations of
growth factors these cells either show density-dependent growth inhibition or
undergo phenotypic transformation (van Zoelen, 1991). Such transformed
NRK cells are able to proliferate under anchorage-independent conditions (van
Zoelen et al., 1988) which is considered to be the best in vitro correlate of
tumorigenesis (Cifone & Fidler, 1980). Our previous study has indicated that
phenotypic transformation of NRK cells is associated with depolarization of the
plasma membrane and enhanced cyclooxygenases activity, both important
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characteristics of a variety of human and animal cancer cells (Harks et al.,
2005).
The membrane potential of NRK cells strongly depends on the growth
state of these cells. Confluent cultures made quiescent by serum deprivation
show a stable membrane potential of –70 mV, while cells, which have become
density-arrested in the presence of epidermal growth factor (EGF) and insulin
show spontaneous calcium action potentials. During such action potentials the
cell depolarizes transiently from –70 mV to positive values (De Roos et al.,
1997a; de Roos et al., 1997b; Harks et al., 2003b). Upon subsequent addition
of retinoic acid (RA) or transforming growth factor-beta (TGFβ) these densityarrested cells resume their proliferation, which after 1-2 days is accompanied
by a depolarization of the plasma membrane to –20 mV and the formation of
cellular multilayer’s with a transformed morphology. Upon wash-out of the
culture medium of these phenotypically transformed cells by perfusion with
fresh growth factor-deficient medium, the membrane repolarizes to –70 mV
within a period of 10-30 min, indicating that a soluble factor in the conditioned
medium is responsible for the observed depolarization of these cells. This
factor was identified as PGF2α. In previous studies we have shown that
externally added PGF2α induces asynchronous calcium oscillations in
quiescent NRK cells, resulting in a depolarization to –20 mV (Harks et al.,
2003a). Furthermore we have shown that particularly phenotypically
transformed NRK cells secrete high levels of PGF2α whereas the two other
calcium-mobilizing prostaglandins PGD 2 and PGE2 could not be detected in
the growth media conditioned by the transformed cells (Harks et al., 2005). In
the present study we have investigated the causal relation between the
productions of PGF2α by phenotypically transformed NRK cells and their
acquisition of a transformed phenotype, including depolarization to –20 mV,
loss of density-dependent growth arrest and anchorage-independent
proliferation. PGF2α exerts its activity by binding to the FP receptor (FP-R), a
Gq-protein coupled transmembrane protein (Narumiya et al., 1999). In order to
understand the role of PGF2α in phenotypic transformation of NRK cells in
more detail, we have used an shRNA approach to knock down the expression
the FP-R in NRK cells. Our results show that the membrane depolarization of
phenotypically transformed NRK cells is a consequence of FP-R activation,
indicating that in these cells PGF2α acts in an autocrine manner. However,
activation of FP-R was not essential for cellular transformation induced by RA
of TGFβ. Furthermore, our data show that FP-R activation establishes a
positive feedback loop by up regulating COX-2 expression and PGF2α
synthesis, thereby enhancing the phenotypic transformation process of NRK
fibroblasts.
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Material and Methods
Cell culturing
NRK fibroblasts (clone 49F) were cultured in bicarbonate- buffered Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Paisley, UK) supplemented with
10% newborn calf serum (NCS; HyClone Laboratories, Logan, UT). Confluent
cultures were made quiescent by subsequent incubation for 1-3 days in
serum-free DF medium (1:1 mixture of DMEM-Ham’s F-12 medium; Invitrogen,
UK) supplemented with 30 nM Na2SeO3 and 10 mg/ml human transferrin.
Density-arrested monolayers were obtained by a subsequent 2-days
incubation with 5 ng/ml EGF (Collaborative Biomedical Products, Bedford, MA)
in combination with 5 ng/ml insulin (Sigma, St. Louis, MO). Phenotypically
transformed NRK cells were obtained by a 2-3 days treatment of densityarrested monolayers with 50 ng/ml RA or 2 ng/ml TGFβ.
shRNA constructs
In order to knock down expression of the rat Ptgfr gene, two different sets of
siRNAs sequences were chosen by entering the nucleotide sequence of rat
Ptgfr (NM-013115) into the web-based design tool from Dharmacon
(http://design.dharmacon.com). The first identified 19-nucleotides target
sequence (siRNA-1 bases 390–409) was 5’-ggatagctgtcttcgtata-3’, while the
second one (siRNA-2 bases 564–583) consisted of sequence 5’ctacaaagatcacgtctaa-3’. Verification of these siRNA sequences for their
specificity by BLAST database search did not show significant homology to
any other known gene sequence in the human, mouse and rat genome.
Specific and scrambled short hairpin (shRNA) template oligonucleoties were
designed by entering the siRNA target sequences into the siRNA Wizard webbased design tool
(http://www.sirnawizard.com/construct.php). The derived complementary
oligonucleotides were synthesized by Sigma-Aldrich (UK), annealed, and
ligated into the linearized pSUPER.retro puro vector (Oligo Engine, Seattle
WA, USA) according to pSUPER RNAi system protocol.
Virus production and cell infections
The resulting constructs, shRNA-FP-R1 from siRNA-1, shRNA-FP-R2 from
siRNA-2, scrambled shRNA and a control construct (pSUPER-empty vector
not expressing shRNA, further denoted control cells), were transfected into
Phoenix packaging cell line (Nolan Lab, Stanford, USA) in order to produce
ecotropic retroviral supernatants. Phoenix cells were seeded in tissue culture
dishes in DMEM supplemented with 10% NCS and pretreated with chloroquine
at a final concentration of 25 mM. One day before transfection, Phoenix cells
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4

2

were seeded in culture dishes at a density of 4.0x10 cells/cm in order to
reach 60% confluence at the time of transfection. Cells were then transfected
with 20 g of viral vector DNA using the calcium–phosphate precipitation
method (Wigler et al., 1977; Chen & Okayama, 1987). After 48 h transfection,
the culture medium was filtered through a 0.45m filter and the viral
supernatant was used for infection of NRK cells pretreated with 4g/ml of
polybrene (Sigma, USA). After infection, NRK cells were incubated for 24 h at
0
37 C. Subsequently, medium was replaced by fresh virus-free medium and
0
NRK cells were allowed to recover for 48 h at 37 C. Infected cells were
selected by culturing them in the presence of puromycin (6 g/ml) for 5 days.
Ptgfr expression in NRK wild-type cells, empty vector cells and shRNA
producing cells was analyzed by quantitative real-time polymerase chain
reaction (RT-PCR) and Western blot analysis, as described in detail below.
RNA extraction and quantitative RT-PCR
Total RNA was purified by applying Trizol reagent (Invitrogen, Paisley, UK) to
NRK monolayer cells according to the manufacturer’s instructions. Total RNA
was quantified at 260 nm and analyzed by electrophoresis on 1%
agarose/formaldehyde denaturing gels in order to exclude the presence of
RNA degradation. mRNA levels for genes of interest were analyzed by using
quantitative RT-PCR (Detection System 5700 ABI Prism, Applied Biosystems,
USA).
For rat Ptfgr the forward primer 5'-gctctcggcatctcattctc-3’ and reverse primer
5'-gtcaccagaaagggactcca-3’ were used. For cyclooxygenase-1 (Ptgs1) forward
primer 5-ggccatggagtggacttaaa-3 and reverse primer 5-ctctccaccgatgacctgat-3
was used. For cyclooxygenase-2 (Ptgs2) the forward primer 5gctgacacacggatactggat-3 and reverse primer 5-tgggacagtctttgggtacag-3 and
for 18S rat rRNA the forward primer 5’-cggctaccacatccaaggaa-3’ and reverse
primer 5’-gctggaattaccgcggct-3’, giving rise to amplicons of 100–125 base
0
pairs with a melting temperature between 58 and 60 C. For complementary
DNA (cDNA) synthesis, 2 mg of total RNA were reverse transcribed from
random hexamer primers using the SUPER SCRIPT II reverse transcriptase
kit (Invitrogene, Paisley, UK). Subsequently, 0.2 mg of total cDNA was
amplified using SYBR Green PCR Mastermix (Applied Biosystems, USA)
0
under the following conditions: initial denaturation for 10 min at 95 C, followed
0
0
by 40 cycles consisting of 15 s at 94 C and 1 min at 60 C. Expression values
were calculated from threshold cycles at which an increase in reporter
fluorescence above the baseline signal was first detected.
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Western blot analysis
4
2
NRK cells were plated on dishes at a density of 1.4x10 cells/cm under the
conditions described above. Cells were then lysed in lysis buffer (50 mM TrisHCl, pH 7.5, 2 mM EDTA, 100 mM NaCl, 1% Triton X-100 and protease
inhibitors mixture), supplemented with 50 mM NaF, 1 mM Na 3VO4, and 10 mM
β-glycerol phosphate. Cell lysates were incubated for 1 h on ice and
centrifuged at 12000xg to collect supernatants. Protein concentration in the
supernatants was evaluated by the Bradford method (Bradford, 1976). After
addition of sample buffer and boiling, 50 mg of the denatured proteins were
separated on 12% SDS–PAGE gels and subsequently transferred to
nitrocellulose papers. After a 1 h blocking period, nitrocellulose papers were
incubated with specific antibodies. The primary antibodies used were:
polyclonal anti-FP receptor, anti- COX-1 and anti-COX-2 antibodies (Cayman
Chemicals, USA), and anti-GAPDH antibodies (Sigma, USA). HRP-conjugated
secondary antibodies were purchased from Santa Cruz Biotechnology, USA.
Immunolabelling was visualized using the ECL procedure (Amersham
Biosciences, USA). Bands were quantified by densitometric image analysis
software (Image Master VDS, Pharmacia Biotech, Uppsala, Sweden). Results
were normalized on the basis of GAPDH expression.
Patch-clamp measurement
4
2
NRK cell lines were seeded at a density of 1.4x10 cells/cm in culture dishes
as described above to obtain quiescent, density-arrested and phenotypically
transformed cells. Whole cell current-clamp experiments were performed with
quiescent and phenotypically transformed NRK cells that were perfused at
room temperature with serum-free DF medium equilibrated with 7.5% CO2 to
pH 7.4. In order to study the spontaneous calcium action potentials in NRK
2+
monolayers, density-arrested cells were perfused with Sr
-containing
HEPES-buffered saline (Sr-HBS; 135.5 mM NaCl, 5.0 mM KCl, 5.0 mM SrCl2,
10 mM glucose, 1.0 mM MgCl2, 10 mM HEPES, pH 7.4). Borosilicate patch
pipettes (GC 150-15; Clark, Reading, UK) with resistances of 4-6 MΩ were
used, filled with an intracellular pipette solution containing 25 mM NaCl, 120
mM KCl, 1.0 mM CaCl2, 1.0 mM MgCl2, 3.5 mM EGTA, and 10 mM HEPESKOH (pH 7.4). Data were acquired with an EPC-10 patch-clamp amplifier in
conjugation with Pulse/Pulsefit v8.74 software (HEKA Elektronik, Lambrecht,
Germany) at a sampling frequency of 0.1 kHz. Data analysis was performed
offline using Microcal Origin software version 6.0 (Microcal Software,
Northampton, MA).
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2+

Intracellular Ca measurements
NRK cell lines were plated on glass cover slips coated with 0.1% gelatin at a
4
2
density of 1.4x10 cells/cm , as described above, and then were placed in a
Leiden cell chamber and loaded with 4 M Fura-2 AM (Invitrogen, Eugene,
OR) for 30 min at room temperature in serum-free DF medium. Prior to
2+
measuring, the loading medium was replaced by Ca containing HEPESbuffered saline (Ca-HBS; 141.5 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl2, 10 mM
glucose, 1.0 mM MgCl2, 10 mM HEPES, pH 7.4). Dynamic calcium video
imaging was performed as described elsewhere (Harks et al., 2003b).
Excitation wavelengths of 340 and 380 nm (bandwidth 8-15 nm) were provided
by a 150-W xenon lamp (UXL S150 MO; Ushio, Tokyo, Japan), while
fluorescence emission was monitored above 440 nm, using a 440 nm DCLP
dichroic mirror in front of the camera. Image acquisition, using camera pixel
binning of 4, and computation of ratio images (F340/F380) was performed
every 4 s using MetaFluor software v.6.2 (Universal Imaging Corporation,
Downingtown, PA, US). Camera acquisition time was 100 ms per excitation
wavelength.
Growth stimulation assays
Transfected and untransfected NRK cells lines were grown to confluency in
serum-containing medium and subsequently made quiescent by incubation
with serum-free medium for 1-3 days. These cells were then grown to densityarrest by incubation with 5 ng/ml EGF and 5 mg/ml insulin for an additional 48
h. Density-arrested cell were subsequently restimulated to proliferate by
treatment with indicated factors to induce phenotypic transformation.
3
Cumulative incorporation of [ H] thymidine (0.5 mCi/ml added; Amersham
International) was measured between 24-48 h after addition of serum-free
medium, which contained in addition to EGF and insulin also the transforming
factors RA, PGF2α or TGFβ (van Zoelen et al., 1986).
Soft agar assay for anchorage-independent growth
Anchorage-independent growth of NRK cells was assayed under growth
factor-defined conditions as described by Van Zoelen et al. (van Zoelen et al.,
1984). To 60-mm culture dishes first 2 ml of DF medium containing 10%
growth factor-inactivated serum (SH-FCS) were added in the presence of 0.5
4
% agar noble (Difco). After solidification of the underlayer, 1.0x10 freshly
trypsinized NRK cells were added in DF medium containing 10% SH-FCS in
the presence of 0.5% agar noble, supplemented with 10 ng/ml EGF, 5 μg/ml
insulin and as transforming factors either 50 ng/ml RA or 100 nM PGF2. After
solidification of the upper layer, the cultures were incubated for 14 days
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without further addition under standard culture conditions. Colony formation
was assessed in unfixed and unstained cultures by use of a light microscope
Olympus CK2 (Japan). Colonies larger than 8 cells were counted in 20 random
2
2.3 mm microscopic fields from two replicate culture dishes. Data are
expressed as the number of colonies relative to the number of inoculated cells.
Statistics
Student’s t-test was used for statistical comparisons. Numeric data are
represented as ±SEM throughout this article, n representing the number of
replicates of each experiment.

Results
Induction of COX enzymes by RA, TGF and PGF2α
In a previous study we have shown that NRK fibroblasts, which had been
grown to density arrest in the presence of insulin and EGF, become
phenotypically transformed upon treatment with PGF2α (Lahaye et al., 1999).
Furthermore we have shown that NRK fibroblasts which are phenotypically
transformed upon addition of RA or TGFβ secrete elevated levels of PGF2α in
their culture medium (Harks et al., 2005). These observations prompted us first
to examine the mRNA levels of genes encoding COX-1 and COX-2, the two
enzymes that mediate the production of prostaglandins, in NRK cells at the
different growth states. Figure 1A (black bar) shows that COX-1 expression by
quiescent, density-arrested and phenotypically transformed NRK cells,
respectively, did not differ significantly. In striking contrast to that, great growth
state-dependent differences in COX-2 expression were observed; the level of
mRNA expression of Cox-2 in density-arrested cells was 8-fold higher than in
the quiescent cells, and strongly further up-regulated (16-fold) in the RAinduced transformed cells. (Figure 1A white bar). Also on the protein level,
similar results were obtained for the growth state-dependent expression of
COX-1 and COX-2 (Figure1B and 1C). These findings indicate that the
elevation of the concentration of PGF2α secreted by NRK fibroblasts into their
growth medium upon phenotypic transformation is related to an up-regulation
of COX-2 activity in the transformed cells.
We subsequently investigated how external growth modulating stimuli
affect the expression of the COX-1 and COX-2 genes in NRK fibroblasts.
Figure 1D (white bar) shows that 4 h after addition of growth modulating stimuli
to quiescent NRK cells, mRNA levels for the Cox-2 gene (Ptgs2) are strongly
up regulated, while that for Cox-1 (Ptgs1) are not (Figure 1D (black bar)).
PGF2α induced a nearly 30-fold increase in the Cox-2 gene mRNA levels in
these cells, while EGF, RA and TGFβ induced only a 9, 5 and 14 - fold
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increase, respectively. Also at the protein level PGF2α was particularly potent
in inducing Cox-2 (Figure 1F), while the expression of COX-1 was hardly
affected by the four growth modulating agents applied in this study (Figure
1E). Since activation of Cox enzymes is considered to be the rate-limiting step
in prostaglandin synthesis, these data indicate that PGF2α may stimulate its
own production. The observed production of PGF2α upon phenotypic
transformation of NRK cells by RA or TGFβ may therefore have been initiated
by these transforming agents, but are most likely further enhanced by this
positive feedback loop.

Figure 1: Growth state-dependent expression of COX-1 and COX-2 in NRK fibroblasts and the
effect of EGF, RA, TGF and PGF2α on COXs expression in quiescent NRK cells. (A) mRNA
expression levels of COX-1 (black bar) and COX-2 (white bar) in quiescent (Q), density-arrested
(DA) and RA-induced phenotypically transformed (PT) NRK fibroblasts, and (B) and (C) the
corresponding Western blots of the COX-1 and COX-2 proteins, respectively. (D) Effect of EGF,
RA, TGF and PGF2α on mRNA expression levels of COX-1 and COX-2 in quiescent NRK
fibroblasts, and (E) and (F) the corresponding Western blots of the COX-1 and COX-2 proteins,
respectively. Quiescent NRK fibroblasts cells were treated with 5 ng/ml EGF, 50 ng/ml RA, 2
ng/ml TGF and 100 nM PGF2 for 4 h. Data in (A) and (D) are represented as mean ± SEM
(n=3). mRNA levels were measured by quantitative PCR analysis as described under Materials
and Methods, and expressed relative to the amount of 18S rRNA . For Western blot analysis
specific antibodies against Rat COX-2 (C, F) and COX-1 (B,E) were used, and antibodies against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control.
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Suppression of PGF2α receptor expression in NRK fibroblasts by shRNA
PGF2α mediates its action by binding to the Gq-protein coupled receptor FP-R,
which is encoded by the Ptgfr gene. Quiescent and density-arrested NRK cells
2+
respond to externally added PGF2α by intracellular Ca
oscillations,
concomitant with a depolarization of the cell to –20 mV, indicating that these
cells have functional FP receptors (Harks et al., 2003a). Autocrine activity of
PGF2α in phenotypically NRK cells requires sufficient expression of its receptor
in these cells.
In order to investigate a possible modulation of Ptgfr expression in NRK
cells, we studied its mRNA levels by quantitative real-time PCR (qRT-PCR)
analysis as a function of the NRK growth status. Figure 2A and 2B shows that
quiescent and density-arrested NRK cells have significantly higher Ptgfr

Figure 2: Expression level of FP receptor in NRK fibroblasts and dFPR1 cells. (A) Expression level
of FP receptor in quiescent (Q), density-arrested (DA) and phenotypically transformed (PT) NRK
fibroblasts as determined by Quantitative PCR analysis. (B) Western blot analysis of FP receptor
protein in quiescent (Q), density-arrested (DA) and phenotypically transformed (PT) NRK cells
using antibodies against FP-R; antibodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as a loading control (C) Quantitative PCR analysis of RNAi-mediated
reduction of FP receptor mRNA level in control cells, stable cell line expressing shRNA against FP
receptor (dFPR1) cells and cells expressing scrambled FP receptor shRNA (scr-1). Values are
represented as mean ± SEM (n=3), whereby * indicates p<0.05 vs. control. (D) Western blot
analysis of FP receptor protein in control cells, shRNA expressing dFPR1 cells and scrambled FP
receptor shRNA expressing cells (scr-1), using antibodies against FP-R; antibodies against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as a loading control.
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mRNA and protein levels than phenotypically transformed cells. The cause of
this reduced Ptgfra expression in transformed cells is unknown, but may reflect
a downregulation of expression as a result of autocrine receptor activation.
Figure 2C shows that quiescent NRK cells transfected with a Ptgfr
specific shRNA encoding vector (dFPR1) exhibit an 83% reduction in steady
state Ptgfr mRNA level. No such knockdown of Ptgfr expression was observed
in the control cells (not expressing shRNA) or cells transfected with the
scrambled shRNA nucleotide sequence (scr1) (see Material and Methods). At
the protein level, a similar reduction in FP-R expression levels was induced by
the shRNA vector, as shown by immunoblotting with anti-FP-R antibodies
(Figure 2D). These data combined show that Ptgfr expression in NRK cells is
modulated during different proliferation states, while expression can be
strongly suppressed by RNA interference approaches.
Suppression of Ptgfr expression by shRNA prevents membrane
depolarization of quiescent NRK fibroblasts by PGF2α
In order to study the effect of Ptgfr knockdown on the sensitivity of NRK cells
for PGF2α , we measured the effect of PGF2α (0.1 μM) and bradykinin (1 μM)
on the membrane potential of quiescent NRK cells. Figure 3A shows that
addition of PGF2α to quiescent control cells results in a depolarization from –69
± 3.3 mV (mean ± SEM; n=5) to –19 ± 2.4 mV (mean ± SEM; n=5).
Subsequent removal of PGF2α from the perfusion medium resulted in a
complete hyperpolarization, after an intermediate stage in which the
membrane potential showed transient oscillations. In contrast, no
depolarization was observed upon addition of PGF2α to the shRNA transfected
NRK cells (dFPR1) cells in which Ptgfr was knocked down (Figure 3B),
indicating that these cells have a strongly reduced sensitivity to PGF 2α. In
contrast, both cell types remained sensitive to the transiently depolarizing
activity of bradykinin.
Activation of FP-R by PGF2α induces the degradation of inositol2+
containing phospholipids resulting in intracellular Ca oscillations. Ratiometric
2+
Fura-2 Ca imaging showed that addition of PGF2α (0.1 μM) to control cells
2+
resulted in a rapid and pronounced increase in intracellular Ca concentration,
which was fully absent in dFPR1 cells (average of 40 cells shown in
Figure3C). At the level of individual cells, 36 out of 40 (90%) of the control
cells responded with a more than 10% increase in the Fura-2 fluorescence
ratio upon treatment with PGF2α, while in the case of the dFPR1 cells only 2
out of 40 (5%) gave such a positive response. In combination, these data
show that PGF2α is unable to induce functional second messengers in NRK
cells in which Ptgfr has been knocked down.
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Figure 3: Downregulation of FP receptor by shRNA prevents membrane depolarization evoked by
PGF2α in quiescent NRK fibroblasts. Cells were continuously perfused and the agonists were
included in the perfusion medium during the indicated time. Typical responses to exposure to 100
nM PGF2α or 1 M bradykinin (BK), indicated by the bars, measured in the current clamp mode of
whole cell patch clamp configuration of (A) control cells and (B) dFPR1 cells. (C) Effect of 100 nM
PGF2α on the intracellular calcium response of control cells (black trace) and dFPR1 cells (gray
trace). Each trace represents an average response of 40 cells from at least three independent
experiments.

Ptgfr knockdown abolishes action potential firing in density-arrested
NRK fibroblasts
Density-arrested NRK cells show spontaneous periodic calcium action
potentials, which result from the concerted activity of an L-type calcium
channel, a calcium-activated chloride channel and an inward rectifying
potassium channel. Instantaneous depolarization occurs upon opening of the
L-type calcium channel, a process that is enforced in the presence of strontium
ions (De Roos et al., 1997a; de Roos et al., 1997b; Harks et al., 2003b). We
have previously hypothesized that locally enhanced production of PGF 2α by
density-arrested NRK fibroblasts induces calcium oscillations in these cells
and thereby generates the pacemaker activity that is required for the induction
of propagating action potentials (Harks, 2003). In order to study the role of
PGF2α in this process, we investigated the effect of Ptgfr knockdown on the
occurrence of such calcium action potentials. Figure 4A shows that
spontaneous calcium action potentials are readily observed in density-arrested
control cells, but not in dFPR1 cells (Figure 4B). Similarly as shown in Figure
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Figure 4: Effect of FP receptor downregulation on calcium action potential firing of density-arrested
NRK fibroblasts. (A) Membrane potential registration of density-arrested control cells. Cells fired
spontaneously repetitive calcium action potentials. Addition of PGF2α (100 nM) instantly
depolarized the cells. (B) Membrane potential registration of density-arrested dFPR1. These cells
showed no firing of repetitive action potentials. The addition of 100 nM PGF2α to dFPR1 cells did
not depolarize the cells. Shown are typical experiments that were repeated at least three times with
similar results.

3A, subsequent addition of PGF2α to the control cells resulted in constitutive
depolarization, which was not observed in the dFPR1 cells. Previously we
have shown that a single propagating calcium action potential can be
generated in NRK monolayers upon local treatment with a depolarizing agent,
+
such as K or bradykinin (De Roos et al., 1997a). Such a single calcium action
potential, which is generated independently of PGF 2α activity, could be induced
in both the control and the dFPR1 cells (data not shown). These observations
support the hypothesis that activation of FP-R is essential for the generation of
pacemaking activity in NRK monolayers, but are not required for propagation
of the resulting action potentials.
Ptgfr knockdown prevents membrane depolarization of phenotypically
transformed NRK fibroblasts
Addition of RA or TGFβ to density-arrested NRK cells results in restimulation
of cellular growth and the acquisition of a transformed phenotype (Anzano et
al., 1982; van Zoelen et al., 1988). This process is accompanied by a gradual
depolarization of the cells, concomitant with enhanced secretion levels of
PGF2α. In order to study the role of PGF2α in this process in more detail, we
measured the effect of Ptgfr knockdown on the membrane potential of
phenotypically transformed NRK cells. Table 1 shows that, 48 h after addition
of RA, control cells and the wild type are depolarized with a membrane
potential of –21 ± 1.2 mV (mean ± SEM; n=5), while dFPR1 cells remained
hyperpolarized with a membrane potential of –57 ± 6.4 mV (mean ± SEM;
n=6). In combination with the observation that perfusion of phenotypically
transformed NRK cells with fresh medium results in a gradual
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hyperpolarization, these data underline the hypothesis that depolarization of
NRK cells upon phenotypic transformation is mediated by autocrine activation
of the FP receptor by PGF2α.
Cell name
wild type

control

dFPR1

transforming
factor
RA
TGFβ
PGF2
RA
TGFβ
PGF2a
RA
TGFβ
PGF2

No. of
experiments
4
4
4
5
4
5
6
6
6

Membrane
potential (mV)
-22.0 ± 1.8
-16.7 ± 2.3
-20.1 ± 3.3
-21.1 ± 1.2
-19.7 ± 2.1
-20.2 ± 2.1
-57.5 ± 4.6
-55.9 ± 1.2
-63.1 ± 2.3

Table 1: FP receptor downregulation prevents the membrane depolarization of NRK fibroblasts
upon phenotypic transformation. Membrane potential values of phenotypically transformed NRK
(wild type, control and dFPR1 cells), measured by the current-clamp patch-clamp technique as
described in Materials and Methods. Values are represented as mean ± SEM.

Ptgfr knockdown does not affect the ability of NRK cells to undergo
phenotypic transformation
Phenotypic transformation of NRK cells is associated with loss of densitydependent growth inhibition and induction of anchorage-independent
proliferation. The observation that density-arrested dFPR1 cells do not
depolarize upon treatment with RA or TGFβ,could either indicate that these
cells have lost the ability to undergo phenotypic transformation or that
membrane depolarization is not essential for the acquisition of a transformed
phenotype. In order to discriminate between these two possibilities, we
investigated to what extent dFPR1 cells could still be induced to undergo loss
of density-dependent growth inhibition and induction of anchorageindependent proliferation upon addition of RA.
Figure 5A compares the rate of thymidine incorporation into quiescent,
density-arrested and phenotypically transformed NRK cells, wild type and
transfected or not with Ptgfr shRNA. In all cell types, low thymidine
incorporation levels were observed in non-stimulated quiescent cells and in
cells that had become density-arrested after stimulation with EGF and insulin.
Upon subsequent addition of RA to density-arrested cells, 7-fold stimulation
was observed for the wild type and control cells, while for dFPR1 cells 4.5-fold
stimulation was observed. This indicates that upon reduction of Ptgfr
expression, NRK cells retain the ability to undergo loss of density-dependent
growth arrest, although to a lesser extent than control cells. Figure 5A also
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shows that PGF2α itself is able to induce a 4- to 5-fold increase in thymidine
incorporation in wild type and control cells, compared to a 2-fold increase in
dFPR1 cells. These data agree with previous observations which showed that
PGF2α is a much poorer inducer of phenotypic transformation than RA (Lahaye
et al., 1999). Moreover, these data show that with respect to induction of cell
proliferation dFPR1 cells are not fully insensitive to PGF2α.
The observation that in mitogenic assays dFPR1 cells still respond to
PGF2α could potentially result from heterogeneity in the extent of Ptgfr knock

Figure 5: Effect of FP receptor downregulation by shRNA on RA and PGF 2α-induced phenotypic
transformation of NRK fibroblasts. (A) [3H]-Thymidine incorporation assay for wild type NRK cells
(black bar), control cells (gray bar) and dFPR1 cells (white bar). The cells were grown to density
arrest in the presence of 5 ng/ml EGF, and thereafter restimulated to proliferate by the addition of
RA (50 ng/ml) or PGF2α (100 nM). Cumulative incorporation of [3H]-thymidine was measured
between 24 and 48 h after the addition of serum-free medium, which contained in addition to EGF
also the transformation-inducing agents. The control represents [3H]-thymidine incorporation
values of the cells in the absence of EGF and transformation-inducing agents. Values are
represented as mean ± SEM (n=3) whereby * indicates p<0.05 vs. response of control cells. (B)
Anchorage-independent growth of control and dFPR1 cells was assayed as described in Materials
and Methods. Phase contrast micrographs of colonies formed in soft agar were taken at 20x
magnification. Control cells and dFPR1 cells were cultured in soft agar in the presence of 10 ng/ml
EGF (a,d), and in the additional presence of either 50 ng/ml RA (b,e) or 100 nM PGF2α (c,f) as
transformation-inducing agents. (C) Quantitative analysis of anchorage-independent growth. Data
are expressed as the number of colonies relative to the number of inocculated cells of the average
of two replicate cultures.
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down between cells in the monolayer. In order to test the ability of dFPR1 cells
to undergo phenotypic transformation at the cellular level, we examined their
ability to form progressively growing colonies in soft agar (Figure 5B). Figure
5C shows that under growth factor-defined assay conditions RA induced a 4fold increase in the number of EGF-treated NRK cells that were able to form
colonies larger than 100 μm in soft agar, both for the control and the dFPR1
cells.
This observation indicates that dFPR1 and control cells show a similar
efficiency in soft agar colony formation (Figure 5B). Moreover, PGF2α induced
a 2-fold increase in colony forming ability of both the control and the dFPR1
cells. The observation that with respect to the induction of cell proliferation in
control and dFPR1 cells is similarly responsive to PGF 2α argues against the
possibility that only a subset of cells, which have retained substantial FP-R
expression, respond mitogenically to PGF2α.

Discussion
In this study we have examined the role of prostanoid FP receptor (FP-R)
activation in phenotypic transformation of NRK fibroblasts. Emphasis was laid
on three aspects of the transformation process, i.e. membrane depolarization
to –20 mV, loss of density-dependent growth arrest and the induction of
anchorage-independent proliferation. In addition, we have investigated the role
of the FP-R in modulating the membrane potential of these fibroblasts during
their different proliferative states. The present results show that dFPR1 cells,
in which the mRNA levels for the FP-R encoding gene Ptgfr have been
reduced by 83% following introduction of a specific shRNA, are unresponsive
to PGF2α, both with respect to the enhancement of the intracellular calcium
concentration and the ability to depolarize the cells to –20 mV. Furthermore,
density-arrested dFPR1 cells are unable to generate spontaneous calcium
action potentials. However, these dFPR1 cells can still undergo phenotypic
transformation, as measured by the loss of density-dependent growth arrest
and induction of soft agar growth in the presence of RA, indicating that
membrane depolarization is not essential for the acquisition of a transformed
phenotype. Furthermore, we observed that in proliferation assays dFPR1 cells
are still weakly responsive to PGF2α, indicating that for a proliferative effect of
this prostaglandin much less FP receptors have to be activated than for the
generation of a calcium response and subsequent depolarization. Finally our
results show that FP-R activation establishes a positive feedback loop that upregulates COX-2 expression and PGF2α synthesis, thus enhancing phenotypic
transformation of NRK fibroblasts.
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There is presently substantial evidence for the involvement of COX
enzymes in cell proliferation and tumor progression (Trifan & Hla, 2003). In
most cell types, including fibroblasts, particularly COX-2 is up-regulated upon
cell transformation (Eberhart et al., 1994; Gilroy et al., 2001; Schenning et al.,
2007), but up-regulation of COX-1 expression has also been reported in e.g.
human prostate cancer (Narko et al., 1997) and murine lung tumors (Bauer et
al., 2000). In addition, recent studies have indicated that increased
prostaglandin levels may play an important role in mediating the up-regulation
of COX-2 expression and activity (Vichai et al., 2005). In this study, we report
that an elevated cellular secretion of PGF2α is accompanied with an upregulation of the expression of COX-2 and not of COX-1, and notably also an
up-regulation of functional FP receptors in NRK fibroblasts (Figure 1A-C and
2A). Furthermore, we have shown that in these cells PGF2α is a stronger
inducer of COX-2 expression than growth factors such as EGF or
transformation-inducing agents such as RA or TGFβ. Hence, these results
underline the role of the FP receptor in phenotypic transformation of NRK cells
and indicate that the excessive increase of PGF 2α secretion following cell
transformation most likely results from a positive feedback regulation of COX-2
expression and activity.
Pierce et al. (Pierce et al., 1997) have reported the existence of two FPR isoforms named FPA and FPB, whereby FPB is a truncated form of FPA due
to a lack of the 46 carboxy-terminal amino acids. These two isoforms have
been shown to differ in their activation of second messenger pathways (Fujino
et al., 2000). In addition, a splice variant of human PTGFR has been identified
in a variety of cell types, which leads to a 71 bp insert and a concomitant
th
frame shift, resulting in a truncated receptor that lacks the 7 transmembrane
segment and the intracellular carboxy-terminal tail (Vielhauer et al., 2004). In
the present study, we designed the shRNA oligonucleotides against the third
transmembrane segment, to make sure that all reported isoforms of FP-R will
be targeted by the RNAi machinery. As Western blotting of whole cell lysates
of NRK fibroblasts with the anti-FP-R antibody generated only one single
band, it is highly unlikely that by these cells more than one form of the FP
receptor is expressed.
Recently we have shown that the amount of PGF2α produced by NRK
fibroblasts in their culture medium depends on their growth status and directly
influences the membrane potential of these cells (Harks et al., 2005b).
Quiescent cells secrete hardly detectable amounts of PGF2α in their growth
medium and display a stable membrane potential of around –70 mV. Densityarrested cells reach a concentration of 1.5 nM PGF2α in their growth medium,
which is accompanied by periodic firing of action potentials, while
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phenotypically transformed cells secrete PGF2α up to concentrations of 20 nM,
which is sufficient to induce constitutive depolarization of the cells to –20 mV
(Harks et al., 2005b). Our current results provide the first direct evidence for an
exclusive role of the FP receptor in modulating the membrane potential of NRK
fibroblasts during these different proliferate states, as outlined in the following
paragraphs.
Firstly, we have shown that the suppression of Ptgfr expression by
shRNA prevents the membrane depolarization of quiescent NRK cells by
PGF2α. Furthermore, single-cell calcium imaging analysis of quiescent Ptgfr
knocked-down NRK cells (dFPR1) cells revealed that almost all dFPR1 cells
had become unresponsive to exposure to PGF2α. In particular, these cells did
no longer show the typical intracellular calcium response of control cells, which
is characterized by an initial large calcium transient followed by repetitive
oscillations (Harks et al., 2003a). However, approximately 5% of the dFPR1
cells still showed a wild-type calcium response. This could be indicative for the
possibility that these cultures still contain a small percentage of cells with
functional FP-Rs, although this small number of wild-type like cells is obviously
not sufficient to cause a depolarization of all cells in PGF2α- treated
monolayers. All together these findings demonstrate that membrane
depolarization of quiescent NRK fibroblasts by PGF2α is mediated by activation
of their FP receptors. In contrast, activation of the FP receptor by PGF2α in cell
types such as Swiss 3T3 cells and rabbit cerebral smooth muscle cells has
been shown to cause hyperpolarization instead of depolarization of the cells.
In these cells the induced increase in intracellular calcium concentration
results in the activation of calcium-dependent potassium channels (Kusano &
Gainer, 1991; Woodward & Lawrence, 1994; Kim et al., 2003), which are
absent in NRK fibroblasts.
Secondly, our present findings show that in dFPR1 cells, grown to
density arrest in the presence of EGF, no spontaneous firing of periodic
calcium action potentials occurs. This supports our hypothesis that activation
of the FP-R by PGF2α is essential for the generation of periodic firing activity by
density-arrested NRK fibroblasts. However, dFPR1 cells are still able to
undergo density-arrest to a comparable level as in control cells (Figure 5A),
which shows that periodic firing of action potentials is not a requirement for
NRK cells to undergo density-dependent growth inhibition.
Thirdly, we have shown that although dFPR1 cells can still become
phenotypically transformed by RA, TGFβ and surprisingly also still
substantially by PGF2α, such transformation is not accompanied by a
membrane depolarization. The transformed dFPR1 cells maintain a membrane
potential around –60 mV, not much different from that of quiescent control
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cells (Table 1). This observation shows that the expression of functional FP
receptors by NRK fibroblasts is required for their depolarization upon
transformation by these agents. On the other hand, the above findings also
show that phenotypic transformation of NRK fibroblasts does not require a
depolarization of the cells.
Some of our findings suggest that dFPR1 cells are heterogeneous with
respect to their expression level of functional FP receptors. Results of qPCR
and Western blot analysis (Figure 2) indicated that a 83% down-regulation of
the FP-R had been achieved in the dFPR1 cells. This might mean that in 83%
of these cells a complete knockdown of FP-R was achieved, and that the
remainder 17% of cells still retained wild-type FP-R levels in spite of the
continuous antibiotics pressure on the cells. However, the observation that
dFPR1 cells treated with either RA or PGF2α, have a similar cloning efficiency
in soft agar as wild-type NRK cells, indicates that under those conditions the
dFPR1 cells behave as a homogeneous population. Since this population is
still weakly responsive to PGF2α, this suggests that all cells have similarly low
FP-R levels. Obviously these receptors levels are too low to allow a calcium
response, but apparently sufficient to generate the growth response.
We have previously postulated that the induction of phenotypic
transformation of NRK cells by RA and TGFβ is mediated by the ability of
these growth modulators to up-regulate expression of the EGF receptor.
Density-arrested cells become quiescent in spite of the presence of EGF,
because at high cell density the number of EGF receptors has become too low
to mediate an EGF growth response (Lahaye et al., 1998). As a result of the
up-regulation of the EGF receptor density by RA or TGFβ, density-arrested
cells become responsive again to the growth stimulating activity of EGF. Since
FP-R is not involved in this process, this explains why dFPR1 cells can still
undergo phenotypic transformation upon treatment with RA or TGFβ.
However, the induction of COX-2 by these growth modulators, resulting in
enhanced secretion of PGF2α, will only result in a depolarization of wild-type
and control cells but not of dFPR1 cells, since this aspect of the transformation
process requires FP-R activation. PGF2α itself is also a weak activator of
phenotypic transformation (Lahaye et al., 1999), in agreement with the
observation that it is able to weakly up-regulate EGF receptor expression,
although with delayed kinetics. Preliminary results show that phenotypically
transformed dFPR1 cells secrete approximately 3-fold less PGF2α in their
growth medium than transformed control NRK fibroblasts under similar
conditions (W.H. Almirza; unpublished), indicating that the levels of FP-R
expression control the positive feedback on PGF2α production.
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We realize that up-regulation of COX-2 activity might also lead to
enhanced production of prostanoids other than PGF 2α and that these might
elicit biological effects on NRK fibroblasts as well. However, although
commercially produced PGE2 and PGD2 have been shown to be calciummobilizing prostaglandins for NRK fibroblasts, whereas PGI2, PGJ2 and PGA2
not, the presence of none of these five prostaglandins could be detected in
growth media conditioned by RA-transformed NRK cells (Harks et al., 2005a).
Moreover, PGE2 and PGD2 appeared not able to induce phenotypic
transformation of NRK fibroblasts in the presence of EGF (W.H.M.A. Almirza;
unpublished). Taken together, our findings strongly suggest that the main
product of up-regulated COX-2 activity in NRK fibroblasts involved in their
phenotypic transformation and growth state-dependent modulation of the
membrane potential is PGF2α and that these cellular responses are mediated
by activation of their FP receptors.
In summary, our findings indicate that the extent of PGF 2α–FP receptor
interaction is responsible for the growth state-dependent modulation of the
membrane potential of NRK fibroblasts and that this interaction enhances
phenotypic transformation of the cells by RA or TGFβ.
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Abstract
Cultures of normal rat kidney (NRK) fibroblasts may display spontaneous
calcium action potentials which propagate throughout the cellular monolayer.
Pacemaking activity of NRK cells was studied by patch clamp
electrophysiology and vital calcium imaging, using a new experimental
approach in which a ring was placed on the monolayer in order to physically
separate pacemakers within or under the ring and follower cells outside the
ring. Stimulation of cells inside the ring with IP3-generating hormones such as
prostaglandin F2α (PGF2α) resulted in the induction of periodic action potentials
outside the ring, which were abolished when the L-type calcium channel
blocker nifedipine was added outside the ring, but not inside the ring. PGF 2αtreated cells displayed asynchronous IP3-mediated calcium oscillations of
variable frequency, while follower cells outside the ring showed synchronous
calcium transients which coincided with the propagating action potential.
Mathematical modelling indicated that addition of PGF 2α inside the ring
induced both a membrane potential gradient and an intracellular IP3 gradient,
both of which are essential for the induction of pacemaking activity under the
ring. These data show that intercellular coupling between PGF 2α-treated and
non-treated cells is essential for the generation of a functional pacemaker area
whereby synchronization of calcium oscillations occurs by activation of L-type
calcium channels.

Introduction
Spontaneous calcium action potentials have been identified in a variety of
tissues, from smooth muscle, endocrine and neuronal origin (Ramirez et al.,
2004; Stojilkovic et al., 2005; McHale et al., 2006). We have shown before that
density-arrested monolayers of normal rat kidney (NRK) fibroblasts in tissue
culture display propagating calcium action potentials (De Roos et al., 1997b;
de Roos et al., 1997d; Harks et al., 2003c; Harks et al., 2005a). Such
propagating action potentials generally require a combination of so-called
pacemaker and follower cells. In the smooth muscle layers of the
gastrointestinal and urinary tract, as well as of the fallopian tubes, the
interstitial cells of Cajal (ICC) or ICC-like cells have been shown to function as
pacemakers which induce propagating calcium action potentials in their
surrounding follower cells (Lang & Klemm, 2005; Shafik et al., 2005; McHale et
al., 2006; Park et al., 2006; Sanders et al., 2006; Sergeant et al., 2006).
Recently evidence was found for ICC-like cells associated with vascular
smooth muscle layer, although their role in vasomotion remains elusive
(Pucovsky et al., 2007). However, NRK fibroblasts have been derived from a
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single clone and are therefore genetically homogeneous. As a consequence
specific molecular markers for identification of pacemaking cells in such
cultures are lacking, which makes it difficult to identify pacemaking cells and to
study the mechanisms involved in the generation of action potentials.
NRK fibroblasts form an attractive model system to study action
potential generation, since their initiation and propagation is related to the
growth status of the cells (Harks et al., 2005a). Confluent cells made quiescent
by serum deprivation are electrically coupled, have a membrane potential of
–70 mV, but do not spontaneously fire calcium action potentials. However,
+
local addition of a depolarizing agent such as K to these cells results in the
induction of a single calcium action potential, which propagates throughout the
monolayer (De Roos et al., 1997b). This observation indicates that quiescent
NRK cells have all the properties of follower cells, but the cultures appear to
lack cells with pacemaking activity. Upon addition of epidermal growth factor
(EGF) and insulin, quiescent cells grow to density-arrest within 48 hours. Such
density-arrested cells have a membrane potential of –70 mV, and show
periodic propagating calcium action potentials during which the membrane
depolarizes to positive values (de Roos et al., 1997d). Upon subsequent
addition of retinoic acid or transforming growth factor-β, these density-arrested
cells are restimulated to proliferate and undergo phenotypic transformation
after 48 hours, resulting in a constitutively depolarized membrane potential of
–20 mV in the absence of action potentials (Harks et al., 2005a).
Prostaglandin F2α (PGF2α) plays an important role in the different growth
states of NRK fibroblasts. Addition of PGF2α to quiescent or density-arrested
monolayers of NRK fibroblasts results in the generation of asynchronous IP 3mediated calcium oscillations associated with a sustained depolarization to –
20 mV (Harks et al., 2003b). Furthermore, phenotypically transformed NRK
cells show autocrine production of PGF2α which is responsible for the observed
depolarization, since phenotypically transformed NRK cells in which the
expression of the PGF2α receptor (Ptgfr) is knocked down by an shRNA
approach, have a membrane potential of –70 mV (W.H. Almirza, unpublished
observations). Removal of secreted PGF2α by perfusion of these cells with
fresh medium resulted in a repolarization accompanied by the spontaneous
generation of action potentials (Harks et al., 2005a). The observation of
spontaneous action potentials in density-arrested monolayers, indicates that
both pacemaker and follower cells must be present in these cultures. We have
proposed that density-arrested cells with their membrane potential of –70 mV
basically behave as follower cells, but that groups of cells within the monolayer
are able to secrete enhanced levels of PGF 2α, and that groups of cells within
the monolayer are able to secrete enhanced levels of PGF 2α, and thereby
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induce pacemaking activity. In earlier studies it has been shown that L-type
calcium channels are essential for the propagation of calcium action potentials
in NRK monolayers, since action potential propagation is inhibited by
nifedipine and other blockers of L-type calcium channels (De Roos et al.,
1997b; de Roos et al., 1997d).
In the present study we analyzed the properties of NRK pacemaker and
follower cells in detail, by making an experimental set-up in which both cell
types were physically separated. This was achieved by applying a cloning ring
on top of a confluent monolayer of quiescent NRK cells, whereby the addition
of PGF2α to the cells inside the ring evoked pacemaking activity, while the
perfused cells outside the ring behaved as follower cells. Using this approach
we show by a combination of experimental and modeling studies that both the
PGF2α-treated cells and the follower cells are required for the generation of
zonal pacemaker areas, which are located in areas just outside the regions
with PGF2α-treated cells. In the present experimental set-up those pacemaker
areas are formed under the ring. A PGF2α-induced membrane potential
gradient is established just outside the inner diameter of the ring, in
combination with an intracellular IP3-concentration gradient. In contrast to
results of previous studies (Tordjmann et al., 1997; Hofer et al., 2001)
pacemaking activity in NRK monolayers does not seem to require intercellular
2+
diffusion of Ca .

Materials and Methods
Cell culturing
Normal rat kidney fibroblasts (NRK clone 49F) were cultured in bicarbonatebuffered Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Paisley,
UK) supplemented with 10% newborn calf serum (HyClone Laboratories,
5
Logan, UT, USA). For electrophysiology experiments, 1.0x10 NRK cells were
5
seeded in 8.8 cm2 dishes. For calcium imaging experiments 1.2x10 NRK
cells were seeded on 0.1% gelatin-coated glass coverslips with a diameter of
2
25 mm in 9.6 cm wells. In both cultures cells reached confluency after four
days. Cells were then incubated for three days in serum-free DF medium (1:1
mixture of DMEM and Ham's F-12 medium; Invitrogen, Paisley, UK)
supplemented with 30 nM Na2SeO3 and 10 µg/ml human transferrin, to obtain
quiescent cells. Prior to electrophysiological and calcium imaging
measurements, a small cloning ring of acrylic glass was placed on top of the
monolayer without disrupting intercellular contact, thereby isolating the
medium inside the ring (approximately 70 μl of serum-free DF-medium in the
electrophysiological and 40 µl of calcium containing HEPES-buffered saline in
the calcium imaging measurements) from the perfused medium outside the
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ring. The outside diameter of the ring was 8 mm and the inside diameter 6 mm
4
(height 8 mm), thereby enclosing approximately 3.0x10 cells within the ring.
Endothelin-1 and PGF2 were purchased from Sigma (St. Louis, MO, USA),
bradykinin was purchased from Boehringer (Mannheim, Germany).
Electrophysiology
Whole cell current clamp experiments on quiescent NRK fibroblasts were
performed at room temperature as described previously (Harks et al., 2005a).
At the start of the recordings cells were perfused with serum-free DF medium
equilibrated with 7.5% CO2, pH 7.4. After approximately 5 min this medium
2+
2+
was replaced by Sr -containing HEPES-buffered saline (Sr -HBS) containing
135.5 mM NaCl, 5.0 mM KCl, 5.0 mM SrCl2, 1.0 mM MgCl2, 10 mM glucose
2+
2+
and 10 mM HEPES-KOH, pH 7.4. Sr was used instead of Ca to enhance
generation and propagation of action potentials in the cultures upon addition of
PGF2 (de Roos et al., 1997d). Action potentials were measured outside the
ring using borosilicate patch pipettes (GC150-15; Clark, Reading, UK) with
resistances of 4–6 M, with an intracellular pipette solution containing 25 mM
2
NaCl, 120 mM KCl, 1.0 mM CaCl , 1.0 mM MgCl2, 3.5 mM EGTA, and 10 mM
HEPES-KOH, pH 7.4. Data were acquired with an HEKA EPC-10 patch-clamp
amplifier in conjunction with Pulse/Pulsefit v8.74 software (HEKA Elektronik,
Lambrecht, Germany) at a sampling frequency of 0.1 kHz. Data analysis was
performed offline using Microcal Origin software version 6.0 (Microcal
Software, Northampton, MA).
Intracellular calcium measurements
Glass coverslips containing quiescent monolayers of NRK fibroblasts were
placed in a Leiden cell chamber and loaded for 30 min with 4 µM Fura-2/AM
(Invitrogen, Eugene, OR, USA) in serum-free DF medium at room
temperature. Prior to the placement of the ring, the loading medium was
2+
2+
replaced by Ca containing HEPES-buffered saline (Ca -HBS, containing
141.5 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl2, 1.0 mM MgCl2, 10 mM glucose,
10 mM HEPES-KOH, pH 7.4). Before starting the recordings the medium
2+
2+
outside the ring was perfused with Sr -HBS. Inside the ring the Ca -HBS was
2+
2+
not replaced by Sr -HBS because the lower affinity of Fura-2 for Sr than for
2+
Ca might obscure the detection of the changes in Fura-2 fluorescence ratios
2+
due to the rather small IP3-induced releases of Ca from the intracellular
calcium stores. Dynamic calcium video imaging, both inside, outside and
under the ring, was performed as described elsewhere (Cornelisse et al.,
2002). Excitation wavelengths of 340 nm and 380 nm (bandwidth 8-15 nm)
were provided by a 150 W Xenon lamp (Ushio UXL S150 MO, Ushio, Tokio,
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Japan), while fluorescence emission was monitored above 440 nm, using a
440 nm DCLP dichroic mirror in front of the camera. Image acquisition, using a
camera pixel binning of 4 and computation of ratio images (F340/F380), was
every 4 sec and operated through Metafluor v.6.2 (Universal Imaging
Corporation, Downingtown, PA, US). Camera acquisition time was 100 msec
2+
per excitation wavelength. Oscillations in intracellular Ca -concentration were
analyzed by a custom made analysis protocol in Wolfram Mathematica version
2+
6, in order to determine the time points at which the peak of a Ca -wave
occurred, as well as the time interval between the subsequent peaks (interval
time). The bin size of the histograms of interspike intervals was 5 sec.
Mathematical modeling
Computer simulations were performed using the mathematical model of
normal rat kidney (NRK) fibroblasts reported in previous studies (Kusters et al.,
2005; Kusters et al., 2007; Kusters et al., 2008). Each cell in the model
consists of two compartments: a single calcium store, located in the
endoplasmic reticulum (ER), and the cytosol. The plasma membrane of each
cell contains gap junctions to neighboring cells, calcium-activated chloride2+
channels, L-type calcium-channels (CaV 1.2), Ca -ATPase (PMCA), inwardrectifier potassium-channels, store-dependent calcium-channels and a passive
2+
leak. The ER membrane contains IP3-receptors, Ca -ATPase (SERCA) and a
passive leak. The characteristics of the various ion channels have previously
been determined for NRK cells using single-cell measurements (Harks et al.,
2003b). In the model each cell has a fixed intracellular IP 3-concentration,
which thereby affects calcium oscillations by regulating the speed of
inactivation of the IP3-receptor (Kusters et al., 2005; Foskett et al., 2007).
The model describes the dynamics of the membrane potential, the
transmembrane currents and the intracellular calcium oscillator, based on a
coupling between the kinetics of the excitable membrane and that of the
intracellular calcium oscillator by cytosolic calcium (Kusters et al., 2005).
Moreover, the model explains the generation and propagation of repetitive
action potentials and calcium waves in a one-dimensional network of NRK
cells (Kusters et al., 2008). Details of the model and the parameter values
used in the simulations have been presented previously (Kusters et al., 2005;
Kusters et al., 2008). According to the model, the local addition of hormones
2+
such as PGF2α will generate IP3-mediated intracellular Ca -oscillations in their
2+
target cells. The enhanced Ca -concentration results in opening of the
calcium-activated chloride-channels, resulting in a depolarization of the cell
towards the chloride Nernst potential near -20 mV and subsequent activation
of the L-type calcium-channels. Opening of these calcium channels will
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2+

generate an influx of Ca into the cells, resulting in a rapid but transient
depolarization towards the positive equilibrium potential for calcium ions. The
calcium-activated chloride-channels will remain activated as long as the
2+
intracellular Ca -concentration is elevated, resulting in a plateau phase at the
2+
chloride Nernst potential at -20 mV. Upon extrusion of Ca from the cytoplasm
by calcium ATPases, the calcium-activated chloride-channels become
deactivated, and the cells will subsequently repolarize to –70 mV as a result of
+
the activity of inward-rectifier K -channels (Harks et al., 2003c). Transmission
of the action potential to the follower cells requires depolarization of
neighboring cells through gap junctions, which results in opening of their Ltype calcium channels and the firing of an action potential.
In the present study we use a two-dimensional layer of cells with the
above properties to analyze our experimental findings. The cells are coupled
to their nearest neighbors in a hexagonal grid by gap junctions. Gap junctions
provide not only the intercellular diffusion pathway for IP3 but an electrical
coupling of the cells as well. The mathematical coupling between cells in this
model occurs by electrical current through the gap junctions with an
intercellular conductance of 3 nS, which is driven by the membrane potential
difference between the cells.
For our modeling we used a hexagonal grid consisting of cells with a
diameter of 10 μm. The complete network included 400 x 400 cells. In the
simulations a ring with an outer diameter of 3 mm and an inner diameter of 2
mm was used, resulting in a circular two-dimensional cluster of NRK cells. A
ring with a diameter smaller than that used in the experiments (6-8 mm) was
chosen, in order to reduce the computing time of the computer simulations of
the network. The 31,000 cells inside the ring were given a fixed IP3concentration for each cell, randomly chosen between 5 and 15 µM, to mimic
2+
the differences in the frequency of intracellular Ca -oscillations experimentally
observed for various cells (Harks et al., 2003b). The cells far outside the ring
were set at an IP3-concentration of 0.1 µM. In the transitional zone between
these groups of cells IP3 was distributed according to a radial gradient as a
result of diffusion of IP3, as described in the Appendix.

Results
Agonists of G-protein coupled receptors induce pacemaking activity
Density–arrested NRK monolayers display spontaneous calcium action
potentials and are therefore supposed to contain both pacemaker and follower
cells. To study under which conditions pacemaking activity can be generated
and action potentials are initiated, we placed a 6-8 mm ring on top of a
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Figure 1: Action potentials recorded outside the ring are induced by PGF 2 inside the ring and
inhibited by addition of nifedipine outside the ring. A) Typical membrane potential response of
NRK fibroblasts (n=24) measured outside the ring after addition of 0.5 µM PGF 2inside the ring
(indicated by lower light gray bar). B) Typical membrane potential response (n=4) measured
outside the ring after addition of 0.3 µM nifedipine inside the ring (indicated by lower open bar),
and following perfusion with 0.3 µM nifedipine outside the ring (indicated by upper dark gray bar).
Trace in B is preceded by the trace presented in A. In all figures additions inside the ring are
indicated by lower bars, additions outside the ring are indicated by the upper bars. Time (5 min) is
indicated by the lower black bar.
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confluent monolayer of quiescent NRK cells, which separates the medium
inside the ring from the perfused medium outside the ring, without perturbing
the gap junction-mediated intercellular communication between these cells.
This approach allowed us to study the propagation of calcium action potentials
outside the ring, as a result of the addition of hormonal triggers inside the ring.
Membrane potential recordings were performed only outside the ring (5-10 mm
from the ring), while calcium imaging measurements were performed outside
(5-10 mm from the ring), inside and under the ring.
Figure 1A shows that addition of 0.5 μM PGF 2 inside the ring can
induce periodic action potentials in cells outside the ring. Such action
potentials were observed in 19 out of 24 experiments, and were initiated within
10 min after addition of PGF2 (median time 4.5 min). In 11 of 13 calcium
imaging recordings synchronous calcium waves were observed within 10 min
after addition of PGF2(median value 3.8 min, Figure 2). The mean interval
time between successive action potentials was 3.5 ± 0.6 min (mean ± SEM;
n=19). Similar results were obtained with other activators of Gq-coupled
receptors, including endothelin-1 (n=3) and bradykinin (n=2). However,
+
addition of 30 mM K inside the ring, which induced a similar depolarization of
the cells as PGF2(-20 mV), generated either no (n=5) or typically only one
single propagating action potential in cells outside the ring (n=3). The
+
observation that PGF2 induced repetitive action potentials, while K induced
at most a single action potential, suggests that the induction of periodic
calcium action potentials requires not only depolarization of cells inside the
ring, but also the sustained production of intracellular second messengers
such as IP3 from activated Gq-coupled receptors.
Blocking of L-type calcium channels in PGF2-treated cells does not
inhibit pacemaking activity
Activation of L-type calcium channels is essential for the generation and
propagation of calcium action potentials (De Roos et al., 1997b; de Roos et al.,
1997d). The ring approach allowed us to study the effect of inhibition of L-type
calcium channels separately on hormone-treated cells and follower cells.
Figure 1B shows that addition of 0.3 μM nifedipine inside the ring does not
impair PGF2-induced generation and propagation of calcium action potentials
outside the ring (n=4). However, subsequent addition of nifedipine outside the
ring resulted in the immediate inhibition of firing of these action potentials
(n=4). PGF2-induced calcium oscillations of cells inside the ring were not
affected upon exposure of these cells to nifedipine (see online supplemental
file I), in accordance with previous findings that perfusion of a whole
monolayer with nifedipine did not affect the asynchronous PGF 2- induced
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Figure 2: Synchrony of Ca2+/Sr2+-transients measured outside the ring, induced by addition of
PGF2 (0.5 µM) inside the ring, is lost upon perfusion outside the ring with of 0.5 µM PGF 2. A
typical response of 20 cells is displayed (n=5 experiments). Individual traces are in gray, while the
mean response is shown in black. Lower gray bar indicates presence of PGF inside the ring, top
hollow bar indicates perfusion with PGF2 outside the ring. Time (10 min) is indicated by the lower
black bar.

calcium oscillations in the NRK fibroblasts (Harks et al., 2003b). These data
agree with previous observations that in PGF2-treated cells the L-type calcium
2+
channels are inactivated due to auto-inhibition by Ca and voltage-dependent
inactivation (de Leon et al., 1995; de Roos et al., 1997d). Therefore, blocking
these channels by adding nifedipine does not annihilate the pacemaking
mechanism evoked by PGF2-addition in the ring. From this experiment we
conclude that the PGF2-treated cells are essential for pacemaking activity but
are themselves not the actual pacemaker cells which set the frequency of
follower cells outside the ring.
Pacemaking activity requires a transitional zone between PGF2-treated
and non-treated cells
We have previously shown that IP3-mediated calcium oscillations in PGF2treated NRK cells occur asynchronously, in spite of electrical coupling between
the cells (Harks et al., 2003b). In contrast, in the ring experiments propagating
calcium action potentials outside the ring persisted, causing almost
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synchronous calcium transients in the follower cells. In order to investigate the
requirement of a transient tissue zone between the PGF 2α-treated cells in the
ring and the untreated cells outside the ring, we first measured calcium
oscillations outside the ring after the addition of 0.5 μM PGF 2α inside the ring.
Figure 2 shows that PGF2α addition inside the ring resulted in synchronous
high amplitude, low frequency calcium transients outside the ring, most likely
as a consequence of the periodic passage of action potentials. Subsequently
the same cells outside the ring were analyzed upon addition of 0.5 µM PGF 2α
to the perfusion medium, thereby annihilating the PGF2α-gradient across the
ring. Figure 2 shows that under these conditions asynchronous low amplitude,
high frequency calcium oscillations were observed (n=5), which are
characteristic for PGF2α-treated cells (Harks et al., 2003b). These data show
that in follower cells the apparent synchronization of calcium oscillations, due
to propagation of action potentials, is rapidly lost upon treatment with PGF2α.
This is most likely due to annihilation of the pacemaker mechanism in the
transient tissue zone under the ring as a consequence of the inactivation of the
L-type calcium channels, which results from sustained depolarization of the
cells following the activation of calcium-activated chloride channels (Harks et
al., 2003c). Comparable results (n=4) were obtained in patch-clamp
recordings. Subsequent perfusion with PGF2αoutside the ring resulted in a
depolarization to approximately -20 mV causing annihilation of the periodic
action potentials (data not shown). We conclude that in this experimental setup, an intercellular [IP3]-gradient is achieved, by adding a hormone locally in
the ring, that provides an area of cells with the ‘proper’ [IP 3] required for
induction of pacemaking activity. Whether the intercellular gradient of IP 3
originates from a gap junctional diffusion of IP3 from cells inside the ring to
those under and outside the ring, or whether extracellular PGF2α under the ring
contributes to this IP3-gradient remains to be established.
2+

Synchronization of Ca -oscillations occurs under the ring
The above results indicate that PGF-treated cells inside the ring are essential
for the generation of periodic calcium action potentials outside the ring, but
these experiments do not provide information about the location of pacemaker
areas. To form a pacemaker area that is able to initiate action potentials cells
have to synchronize their IP3-mediated calcium oscillations. Figure 3
compares the extent of synchronization of intracellular calcium oscillations
outside, inside and under the ring, following addition of PGF2α inside the ring.
The data show that the near-synchronous individual calcium transients
recorded outside the ring had dominant interval times of 4.0 and 4.3 min
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(n=123) in the experiment presented in Fig. 3A (right panel), while inside the
ring asynchronous oscillations with a broad range of frequencies were
observed (median interval time 1.3 min, n=376). Inside the ring (Figure 3C)
90% of the asynchronous oscillations had an interval time between 0.5 and 2.8
min (Figure 3C). Under the ring, however, a more dominant pattern of
synchronous oscillations was observed (Figure 3B) whereby 90% of the
oscillations had an interval time between 1.0 and 2.3 min (median interval time
1.5 min, n=246).
Averaged over seven experiments, we observed a value of 2.0 ± 0.5
min (mean ± SD) for the most dominant interval time between calcium
oscillations under the ring, while in the same experiments a value of 3.9 ± 1.3
min was observed for the interval between calcium transients outside the ring.
When these values were compared pairwise for the same experiment a ratio of
2.0 ± 0.6 (n=7) was observed for the interval time outside and under the ring.
However, in individual experiments ratios of 1.0 and 3.0 were observed as
well. The observation that the interval time between calcium transients under
the ring is shorter than outside the ring, suggests that calcium oscillations
under the ring may induce action potentials outside the ring with a particular
entrainment.
Simulation of calcium action potentials in a two-dimensional network
To explore the experimental findings for quiescent NRK cell monolayers in
which periodic calcium action potentials are induced outside the ring by
application of PGF2 to the cells inside the ring, we carried out numerical
computer simulations in the model described in Materials and Methods. The
PGF2 enhanced intracellular IP3 concentration in cells within the ring has two
effects, a direct and an indirect one. First it gives rise to an increase of the
intracellular calcium concentration, which by activation of calcium-activated
Figure 3: (opposite page): Changes in intracellular Ca2+/Sr2+ levels of quiescent monolayer NRK
cells, upon stimulation with PGF2α inside the ring, at different positions outside, inside and under
the ring. Cells inside the ring were stimulation with PGF2α (n=7 experiments). Distribution of the
interval time between calcium oscillations is depicted at right panels. A) Response of 62 cells
measured 5 mm outside the ring at position A (see inset) after addition inside the ring of 0.8 µM
PGF2. B) Response of 47 cells measured under the ring (position B in inset) in the presence of
PGF2 inside the ring. C) Response of 67 cells measured at the inner edge of the ring (position C
in inset) in the presence of PGF2α inside –the ring. Individual traces are shown in gray, the mean
response of the imaged cells is represented by the black line. Cells outside the ring were
perfused with 5 mM Sr2+, while inside the ring 1 mM Ca2+ was present (see Materials and
Methods. The lower gray bar indicates presence of PGF2α inside the ring. Inset shows different
positions of the imaged regions in relation to the ring location on the monolayer. Time (5 min) is
indicated by the lower black bar.
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Figure 4: The inset shows a schematic two-dimensional network of 400 by 400 cells. At the centre
of the network cells, within a ring with an inner radius of 1 mm (equivalent to 100 cells) have an IP 3
concentration randomly distributed within a range between 5 and 15 µM. A) IP3 gradient due to
diffusion and degradation of IP3 as described by Eq. A4 in the Appendix. For cells under the ring
(0.5 mm thick) the IP3 concentration decreases according to Eq. A4 from 10 µM (inner side of the
ring) to 0.1 µM (outside the ring). Cells outside the ring have an IP3-concentration of 0.1 µM and
do not exhibit spontaneous calcium oscillations. B) Membrane potential gradient in the network
with (dashed line) and without (solid line) taking into account IP 3 diffusion. The solid line shows the
average membrane potential if there would be no diffusion of IP 3 from the inside of the ring to cells
under the ring. The dashed line shows the average membrane potential as a result of simulations
for an IP3 distribution in the network according to Eq. A4 in the Appendix A.
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chloride-channels depolarizes the cells. Secondly, locally produced IP 3 will
diffuse to adjacent cells via gap junctions.
In general there are two classes of models by which IP 3 may cause
oscillations in intracellular calcium concentration (Berridge & Galione, 1988).
2+
Ca -oscillations may either be caused by sequential positive and negative
2+
feedback of Ca on the IP3-receptor and occur at constant (steady-state) [IP3],
or be directly dependent on oscillations in [IP3]. In the first case the frequency
of the calcium oscillation is an increasing function of [IP 3]. If in such a case a
2+
pulse of IP3 is applied to a cell exhibiting Ca -oscillations, the additional IP3
will cause a transient increase in the oscillation frequency, as pointed out by
Sneyd et al.(Sneyd et al., 2006). Conversely, for cells in which the calcium
oscillations depend on [IP3] and thus can occur only when [IP3] is in the
appropriate range, the application of an external pulse of IP 3 will force [IP3] out
of this oscillatory range, and the oscillations cannot reappear until [IP 3] has
decreased sufficiently, thus causing a change in the phase of the oscillations.
The assumption that in NRK fibroblasts IP3-dependent calcium oscillations
arise from the kinetics of the IP3-receptor and thus depend on the steady-state
IP3-concentration, is supported by results of an experiment performed in
conformity with Sneyd et al. (Sneyd et al., 2006) (see online supplemental file
II). Therefore in the model we assumed a steady-state concentration of IP3 in
all cells depending on their respective position in the network (see Figure 4A
and Appendix). This IP3 concentration was set at a high value (average 10 µM)
for cells within the ring, and at a low value for cells far outside the ring (0.1
µM). In between, the concentration of IP3 decreased according to a modified
Bessel function (Figure 4A, see also Appendix A), which describes the decay
of the IP3 concentration outside the ring due to diffusion of IP3 through gap
junctions.
Quiescent NRK cells far outside the ring have a membrane potential of
–70 mV, while cells treated with 0.5 μM PGF2 in the middle of the ring are
depolarized to –20 mV as a result of the sustained opening of calciumactivated chloride-channels (Harks et al., 2005a). Figure 4B (solid line) shows
the profile of the simulated voltage gradient across the ring, for gap junction
conductance of 3 nS. Due to the membrane potential difference between the
cells in the ring and those under and outside the ring, there will result a
constant current through the gap junctions, which explains why cells inside,
but near the edge of the ring show a membrane potential that is below -20 mV
(Figure 4B, position C).The profile of this voltage gradient will be strongly
affected, however, by diffusion of IP3, which shows the concentration profile in
Figure 4A. The increased IP3 concentration for cells under the ring (r > 1mm)
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Figure 5: The membrane potential (right column) and corresponding intracellular calcium
concentrations (left column) of our simulation study for the 2D-network for cells outside (panel A),
under the ring (panels B1 and B2) and inside/under the ring (panel C) (respectively 1.97, 1.24,
1.16 mm and 1.0 mm from the centre of the ring), corresponding to the positions A, B1, B2 and C
in the inset of Fig. 4. Each panel shows a superposition of 25 traces of the 25 cells in the 50 x 50
µm area at A, B1, B2 and C.

leads to an increase in the intracellular calcium concentration and a
concomitant depolarization (dashed line in Figure 4B).
Figure 5 shows the results of simulations of the intracellular calcium
concentration (left column) and membrane potential (right column) for a cluster
of cells outside (panel A), under (panels B1 and B2) and inside/under the ring
(panel C). These panel numbers correspond to different locations relative to
the ring, as shown in the inset of Figure 4. At each position, the activity of a
cluster of 25 cells is shown, corresponding to an area of 50 by 50 µm. The
cells inside and just under the ring (position C) have a relatively high IP 3
concentration in a range between 5 and 15 µM, characteristic for PGF 2α-
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treated cells. For IP3-concentrations between 5 and 8.5 µM, this will trigger
periodic calcium release from IP3-sensitive ER stores, resulting in uncorrelated
and asynchronous calcium oscillations. For cells with an IP3 concentration
between 8.5 and 15 µM, the IP3 receptor leaks calcium ions continuously from
intracellular calcium stores, causing an elevated calcium concentration in the
cells without oscillations. The left panel of Figure 5C shows a superposition of
the calcium traces for the various cells. Some cells show more or less periodic
calcium oscillations, whereas other cells reveal a constant, elevated calcium
concentration. The right panel of Figure 5C shows that the elevated
intracellular calcium concentration of these cells causes a depolarization to
about -20 mV. Since all cells inside the ring have a similar membrane potential
near -20 mV, the current through the gap junctions is negligible.
In cells under the ring along the steady-state gradient of intracellular IP3,
the 25 cells near position B2 have an IP3 concentration between approximately
0.3 and 0.8 µM, while for cells near position B1 this ranges from 0.15 and 0.25
µM (see Figure 4A). In isolated cells, IP3 concentrations in that range will
induce intracellular calcium oscillations by release of calcium from IP3sensitive ER stores. At position B2 the membrane potential fluctuates around 25 mV (see Figure 4B), which will keep the L-type calcium channel mostly in
an inactive form. However, due to fluctuations in the membrane potential these
cells occasionally repolarize to values below –40 mV and during subsequent
depolarization the L-type calcium channels may transiently open. As a
consequence the calcium oscillations in these cells tend to synchronize (see
Figure 5B2), in spite of the fact that most of the time the L-type calcium
channels remain closed. As explained by Timme et al. (Timme et al., 2003)
weak coupling between oscillators with different frequencies or weak noise in
identical, synchronized oscillators can cause perpetual synchronization and
desynchronization with continuously varying clusters.
At position B1 the membrane potential constantly varies between –60
and –20 mV. Highly synchronized changes in intracellular calcium
concentration take place, which coincide with the depolarization phase (see
Figure 5B1). The intracellular calcium concentration rises to higher levels than
in cells at position B2. This can be understood by a substantial contribution of
a calcium influx via activated L-type calcium channels, which are more
inactivated at B2 than at position B1. These data agree with previous modeling
results which show that at membrane potentials below the window current of
the L-type calcium channel near -35 mV, rapid depolarization of the cells by
calcium transients can provide effective coupling of calcium oscillations
(Kusters et al., 2008). The observation that cells at B1 show highly
synchronized calcium oscillations, in combination with opening of the L-type
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calcium channels, makes them ideal candidates to act as the pacemaker cells
to generate propagating calcium action potentials in the follower cells.
Cells at position A behave as follower cells and transmit the received
action potentials (right panel, Figure 5A) to their neighbors resulting in calcium
oscillations simultaneously with the action potentials (see left panel, Figure
5A). Intriguingly, the frequency of the calcium oscillations for the cells at A is
much lower than at B1. Approximately one out of four calcium oscillations at
B1 corresponds to a calcium transient in the cells at A. This lower frequency
can be understood when taking into account the activation and inactivation
kinetics of the IP3 receptor. In our model, the IP3 receptor inactivates at
elevated calcium concentrations and de-inactivates when the cytoplasmic
calcium concentration decreases. The speed of both processes is increased at
elevated IP3 concentrations (Kusters et al., 2005; Foskett et al., 2007; Kusters
et al., 2008). This indicates that for low IP3 concentrations (near 0.1 µM as in
follower cells) the time constant for de-inactivation of the IP3 receptor is long
(in the order of 200 sec), while for the higher IP3 concentrations near positions
B1 and B2, this time constant is about 50-100 sec. Since the time constant in
the follower cells is long (about 200 sec) relative to the time interval between
action potentials generated by the pacemaker cell (about 50-100 sec), the deinactivation of the IP3 receptor in the follower cells has not yet recovered after
a depolarization to –20 mV in the pacemaker cells. Therefore, the IP 3 receptor
channels of these cells cannot be sufficiently activated when the pacemaker
area generates the next action potential. As a result, the frequencies of
calcium oscillations in follower cells tend to be lower than those of pacemaker
cells but entrained with pacemaker firing.

Discussion
Density-arrested NRK fibroblasts show spontaneous calcium action potentials
which propagate through the cellular monolayer. Using a new experimental
set-up in which a ring was placed on top of the monolayer, we now show that
local application of PGF2 to quiescent NRK cells is sufficient to induce
formation of the pacemaker cells that are required for the generation of such
action potentials.
We have previously postulated that density-arrested NRK monolayers
contain groups of cells which produce enhanced amounts of PGF 2α and
thereby act as local pacemaker centers for the observed action potentials,
while the remaining cells act as followers which participate in the propagation
of these action potentials. However, such pacemaker centers have not been
identified by specific markers and may in fact have a transient character. As a
consequence it has not been possible so far to study the properties of such

134

Induction of pacemaking activity
pacemaker cells in NRK monolayers. Previously we have shown that
activators of Gq-coupled protein receptors can induce changes in the
membrane potential and IP3-mediated calcium oscillations within their target
cells (Harks et al., 2003b). Using the current ring approach, which allowed us
to separate pacemaker and follower cells, we now show that as a result of
electrical coupling and diffusion of IP3 through the gap junctions between
treated and non-treated cells, cells under the ring have the proper membrane
potential and IP3-mediated calcium oscillations to form a pacemaker area for
the generation of calcium action potentials. These data imply that the
formation of pacemaker areas in cellular monolayers requires a combination of
coupled PGF2α-stimulated and non-stimulated cells. The stimulated cells
supply the required IP3 for calcium oscillations, while the non-stimulated cells
provide the required membrane potential for opening of the L-type calcium
channel.
In other systems where calcium action potentials have been studied,
pacemaker and follower cells are distinct cell types. Also in those systems
pacemaking activity requires an initial depolarization process followed by
activation of voltage-dependent calcium channels. In sinoatrial node
+
2+
intracellular calcium oscillations in the pacemaker cells activate Na -Ca exchange, which results in sodium influx and subsequent depolarization
(Maltsev et al., 2006), while in smooth muscle cells activation of a calciumactivated chloride current mediates cell depolarization (Wang et al., 1992; Hirst
et al., 2002).
PGF2 is known to induce asynchronous calcium oscillations in
quiescent NRK cells, in spite of a substantial gap junctional coupling of the
cells (Harks et al., 2003b). It should be noted that this unsynchronized
behavior of the cells upon exposure to a high concentration of PGF2 cannot
be attributed to a loss of gap junctional coupling of the cells. Previously we
have shown that addition of a high concentration of PGF 2α to a quiescent
monolayer of NRK cells, resulting in an increased cytosolic calcium
concentration, did not affect the gap junctional coupling between the cells
(Harks et al., 2003b).
Although we cannot exclude the occurrence of [IP3]-oscillations in NRKfibroblasts after receptor activation, there are no indications that the PGF 2induced calcium oscillations in these cells depend on [IP3]-oscillations. These
2+
asynchronous calcium oscillations indicate that Ca diffusion through gap
junctions is not very effective in these cells. Moreover, electrical coupling is far
2+
more efficient than chemical coupling by diffusion of Ca (van Helden &
Imtiaz, 2003; Kusters et al., 2008). Diffusion through gap junctions does play a
role, however, in that it enables IP3 to establish a steady state gradient of
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excitability rather than a direct beat-to-beat coupling of oscillators. A plausible
explanation for the synchronization of calcium oscillations between cells in
pacemaking areas is that it occurs by electrical signal transmission through the
gap junctions. The calcium waves evoked depolarizations or action potentials
(Figure 5B1) via calcium-activated chloride-channels. Then the depolarizations
or action potentials are conducted to neighbor cells and cause calcium inflow
through the L-type channels in these cells to activate the IP 3-receptors and in
this way to synchronize the calcium waves. This is shown experimentally in
Figure 2 where the synchronicity of the cells, observed during propagation of
calcium action potentials, is rapidly lost upon addition of PGF 2α. Both the
experimental data (Figure 3) and theoretical analysis (Figure 5) shows that the
calcium oscillations gradually synchronize when moving from positions inside
to those under the ring. Our data are in line with recent results of Kusters et al.
(Kusters et al., 2005; Kusters et al., 2008) and those of other groups (Cousins
et al., 2003; Imtiaz et al., 2006; Imtiaz et al., 2007) who have studied how IP32+
mediated Ca -oscillations can be involved in the generation of cellular
pacemaking activity.
In the present experiments, extracellular calcium outside the ring was
replaced by strontium which ensures a more robust propagation of action
potentials (de Roos et al., 1997d). Under conditions of extracellular strontium
instead of calcium the conductance of L-type calcium channels becomes
higher, while ion-dependent inactivation of this conductance is lower (Harks et
al., 2003c). Therefore in our model equations we have neglected the calciumdependent inactivation factor for the L-type calcium channel and increased the
L-type calcium channel conductance (Kusters et al., 2008). The replacement
of calcium by strontium thus ensures a more pronounced depolarization of the
cells upon opening of the L-type calcium channels, which may facilitate the
generation of action potentials in the follower cells. Inside the ring extracellular
calcium was not replaced by strontium since in PGF 2α-treated cells the L-type
calcium channels are already inactivated as a result of the depolarization,
while extracellular calcium enables a more sensitive identification of the
calcium oscillations inside and under the ring than strontium. Density-arrested
NRK cells show spontaneous action potentials in strontium-containing
medium, indicating that strontium does not interfere with the pacemaking
activity of NRK cells (Harks et al., 2003b; Harks et al., 2005a).
Interestingly, the average interval time between calcium action
potentials measured outside the ring was almost twice the average interval
time between calcium oscillations under the ring. This suggests an 1:2
entrainment in the follower cells (Figure 3), although incidentally 1:1
entrainment has been observed as well in our study (data not shown). In
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comparison with the simulation studies, where we explained an 1:4
entrainment (Figures 5A and 5B1) by the refractory period of the IP3 receptor,
simulations with a somewhat higher IP3 concentration would have enabled 1:2
entrainment. This can occur under conditions of a slightly higher IP 3
concentration in the follower cells, as a consequence of either a more
favorable ratio between degradation (λ) and diffusion (D IP3) or a somewhat
higher IP3-receptor sensitivity or production of IP 3. Different modes of
entrainment have been described for an one-dimensional model of NRK
fibroblast by Kusters et al. (Kusters et al., 2008). Entrainment in smooth
muscle cells and cardiac cells has been described earlier as the Wenckebach
phenomenon (Weiss et al., 2006).
The pacemaker mechanism created in ring experiments on quiescent
NRK cell cultures may be similar to the one we have described in densityarrested cultures. Therefore, we hypothesize for those cultures the existence
of inhomogeneity in the local production of PGF2α which can give rise to
islands of depolarized cells with increased intracellular IP 3. Gap junctional
coupling between the cells would then allow the establishment of a membrane
potential gradient and IP3 concentration gradient towards the surrounding cells
with a more negative membrane potential and a lower IP3 concentration. A
transitional pacemaker area driving the surrounding follower cells would then
arise as observed in the ring experiments on quiescent cells. It should be
noted that a gradient of IP3-concentration per se is not essential for
establishing a pacemaker zone, but that rather achieving the ‘proper’
intracellular IP3 concentration allows a group of cells to exhibit pacemaking
activity (see online supplemental file S3). However, in our mathematical
modelling we assumed an [IP3]-gradient since this would be more analogous
to conditions in our experimental set-up. Moreover, we hypothesize that this
set-up would also be more analogous to conditions in pacemaker areas in
density arrested cultures of NRK fibroblasts, since it seems likely that the cells
in such cultures will differ substantially in their [IP3]. Mapping action potential
firing with a multi-electrode system would be a necessary experiment to
evaluate this pacemaker hypothesis for density-arrested cells.
We conclude that the local application of an IP 3 producing hormone
promotes a pacemaking and propagation mechanism that consists of the
intricate cooperation of the intracellular calcium handling-system and the
voltage- and calcium-dependent properties of the ion channels in the plasma
membrane. This mechanism seems to be of general importance for calcium
signal transmission across various tissues as for example in vascular smooth
muscles playing a role in vasomotion (Aelkjaer & Nilsson, 2005).
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Appendix A
In order to analyze theoretically the IP3 concentration in a network of NRK
cells, we assume that IP3 is constitutively produced in cells within the ring as a
result of PGF2α treatment, giving rise to a mean intracellular concentration of
10 μM. Outside the ring, the intracellular IP3 concentration depends on
diffusion from the cells in the ring to the other cells in the network, in
combination with degradation of IP3.
Assuming that the cells under and outside the ring do not produce IP 3,

the concentration gradient of IP3 as a function of position ( x ) and time (t) due
to degradation and diffusion is given by the general diffusion equation
(A1)
where
is the diffusion coefficient of IP3 and  is the rate of IP3 degradation.
To solve the two-dimensional diffusion equation we change from Cartesian

coordinates x to polar coordinates (r and ), which results in
(A2)
For reasons of circular symmetry, the term
is zero.
For a constant concentration of IP3 in the pacemaker cluster, the steady-state
solution to Eq. A1 should obey
(A3)
The solution to this equation is the modified Bessel-function of order zero
(Bender & Orszag, 1987).The boundary condition that the solution should be
finite for r   leads to the solution which for sufficiently large values of r is
given by
(A4)
with
The following values for the diffusion coefficient DIP3 and for  were taken from
the literature (see (Allbritton et al., 1992; Lechleiter & Clapham, 1992; Dupont
2 -1
-1
et al., 2000): DIP3=258 m s and  = 0.07 s . With these values p ≈ 0.0165
-1
µm . With the boundary conditions that the concentration of IP3 has a mean
value of 10 μM inside the ring (0  r  1 mm), and a value of 0.1 μM at large
distances from the ring we find
IP3(r) = 10 µM
for 0  r  1 mm

for r  1 mm
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where the value of B is such that IP3(r) is a continuous function with IP3(1 mm)
= 10 μM.
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Appendix B
Supplementary material:

Figure S1: Effect of nifedipine on calcium oscillations in quiescent NRK fibroblasts inside the ring.
Typical example of a cell out of 90 cells from two experiments imaged inside the ring stimulated
with 0.5 μM PGF2α and subsequently exposed to 0.3 μM nifedipine, consistent with Harks et al.
(Harks et al., 2003b). Lower gray bar indicates presence of PGF2α inside the ring, hollow bar
indicates presence of nifedipine. Time (5 min) is indicated by the lower black bar.
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Figure S2: Effect of an intracellular IP3-pulse on the frequency of PGF2α -induced calcium
oscillations in a monolayer of NRK fibroblasts. Typical example of 45 cells. Calcium oscillations
were induced in quiescent NRK fibroblasts by 1 μM PGF2α. A pulse of IP3 was applied indirectly to
the cells via addition of 1 μM bradykin (BK) to the bathing medium. This causes a short transient
further elevation in [IP3] because the BK-receptor becomes quickly desensitized after binding of BK
(see e.g. Lahaye et al. (Lahaye et al., 1999)).

File S3 (video): To investigate whether a small cluster of pacemaker cells is
able to pace a large network of cells, we have carried out a simulation of the
dynamics of a 2D network of NRK-cells consisting of an array with 400 x 400
cells. In the center a cluster of 35 x 35 cells has an IP 3-concentration of 1 μM.
This concentration causes IP3-mediated calcium oscillations in the individual
cells (period of each cycle, about 110 s). All other cells in the network have an
IP3-concentration of 0.1 μM. With this small concentration, the cells are not
able to produce spontaneous IP3-mediated calcium oscillations. IP3-diffusion
between the cells is absent in this simulation. When coupled by gap junctions
and started at random phases, the 35x35 cells in the pacemaker-cluster
synchronize their calcium oscillations and action potentials (not shown in the
movie). The depolarization of the cells in the cluster triggers action potentials
in the surrounding follower cells, causing propagation of the action potentials
across the follower cells in concentric patterns. The color bar at the bottom
refers to the membrane potential, with the blue color at the left representing
–75 mV and the red color at the right corresponding to +10 mV.
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Because of the gap junctional coupling, the calcium oscillations in the
cells within the cluster of 35 x 35 cells synchronize by conduction of L-type
calcium channel mediated depolarizations, as described in the paper. In this
synchronized condition, the more or less simultaneous membrane potential
changes reflect the various ionic events described in the paper for the single
cells. The periodic depolarizations of the cells in the pacemaker cluster are
conducted via the gap junctions to the surrounding follower cells, thereby
opening the L-type calcium-channels in these cells and evoking action
potentials, which propagate with wavefronts through the surrounding follower
cells. Thus, a localized IP3-receptor mediated pacemaker area can drive a
surrounding network with follower cells. The exact sequence of membrane
potential changes in the simulation reveals interesting details of the influence
of the geometry of the network on the synchronization and propagation
properties of the network, but these are outside the scope of the present
paper. All parameters in the model were as in Kusters et al. (Kusters et al.,
2008).
The supplementary video file associated with this article can be found, in the
online version, at doi:10.1016/j.ceca.2008.02.005.
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NRK fibroblasts are an excellent model system for studying density-dependent
growth inhibition and alterations observed during phenotypic transformation of
non-transformed cells (van Zoelen, 1991). While in general fibroblasts are
considered to be non-excitable cells, we have made the interesting
observation that density-arrested NRK cells fire repetitive calcium action
potentials which propagate through the entire monolayer. The membrane
potential of NRK fibroblasts changes dramatically when quiescent cells are
induced to grow to density-arrest or to undergo phenotypic transformation
(Harks et al., 2005b). Quiescent cells show a stable membrane potential of -70
mV, density-arrested cells have a membrane potential of -70 mV which is
interrupted by periodic action potentials during which the cells depolarize up to
+40 mV, while phenotypically transformed cells have a stable membrane
potential of -20 mV. Harks et al. have studied the sequential ionic
conductances that play a role in the generation and propagation of these
action potentials (Harks et al., 2003c). Initiation of the action potential is due to
opening of the L-type calcium channel (conductance GCaL) which results from
a depolarization beyond the threshold value of -40 mV. The entry of calcium or
strontium ions into the cells through the L-type calcium channels results in a
depolarization up to +40 mV and the subsequent activation of calciumactivated chloride channels (conductance G Cl(Ca)), which repolarizes the
membrane potential to -20 mV. Subsequent inactivation of GCl(Ca) makes the
NRK cells subject to an inward rectifying potassium current (G Kir) which
repolarizes the cell to the resting membrane potential of -70 mV. The
propagation of action potentials throughout a monolayer requires electrical
coupling between cells via gap junctional conductance (Ggj) (Harks et al.,
2001). The results of these experimental studies have been used to develop a
mathematical model for the generation of calcium action potentials in NRK
fibroblasts. This model (Torres et al., 2004) was able to reproduce the
excitability of single cells and small cell clusters, but was unable to describe
the spontaneous and repetitive nature of these action potentials, as observed
in density-arrested NRK cells. In the studies presented in this thesis we aimed
to elucidate the mechanism whereby cells in a network collaborate in order to
generate periodic action potentials, both from a theoretical and an
experimental perspective.
The data presented in this thesis show that store-operated calcium entry
plays a stabilizing role in both intracellular calcium oscillations and action
potentials in a single cell model. Next, we show that capacitative calcium entry
is modulated during the different growth phases of NRK fibroblasts. While in
quiescent cells only store-operated calcium entry was identified, densityarrested cells exhibited in addition also a PLC-dependent receptor-operated
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calcium pathway for calcium entry. These results indicate that the pathway of
calcium entry in NRK cells is growth-dependent.
Furthermore our studies indicate that activation of the prostanoid FP
receptor (FP-R) by autocrine produced PGF2α may not be essential for
phenotypic transformation of NRK cells. On the other hand, knockdown of the
FP-R gene does impair the spontaneous firing of action potentials in densityarrested cells and the membrane depolarization to -20 mV observed in
transformed cells. Finally our data show that action potential generating cells
(pacemakers) and follower cells can be physically separated in a so-called ring
experiment, whereby the frequency of calcium oscillators in the pacemaking
cells determines the periodicity of the propagating action potentials in the
follower cells. Our studies therefore show that propagating action potentials in
density-arrested cultures are induced by a pacemaker center, with a periodicity
that is regulated by the calcium dynamics of the pacemaking cells.

Mechanisms of calcium entry in NRK fibroblasts
We have presented an integrated single cell model consisting of a combination
of an electrical membrane model and an intracellular calcium dynamics model.
The electrical model originally described by Torres et al. (Torres et al., 2004)
has been extended by including an inactivation parameter of the L-type
channel and by adding conductance properties of the inward rectifying
potassium channel, in line with experimental data and more recent literature
(Bernus et al., 2002; Harks et al., 2003c; ten Tusscher et al., 2004). Still this
extended mathematical model, which remains primarily based on fluxes across
the plasma membrane, was unable to describe prolonged calcium oscillations,
as observed experimentally upon activation of the FP-receptor by PGF2α in
single NRK fibroblasts. Therefore we have further expanded the initial Torresmodel by adding extrusion of calcium through the plasma membrane calcium
pump (PMCA) and an inflow via store-operated calcium channels. This
resulted in an intracellular calcium dynamics model, which includes an inward
flow of calcium from the cytosol to the ER via the sarcoplasmic/ endoplasmic
reticulum calcium pump (SERCA), a calcium flow from the ER into the cytosol
which is mediated by the IP3-receptor, a calcium leak between ER and cytosol,
an ER calcium content, and finally a cytosolic calcium buffering parameter.
The additional electrical membrane model is coupled to the calcium dynamics
model by the calcium-activated chloride conductance, whereas the flow of
calcium across the plasma membrane couples the calcium dynamics model
with the electrical membrane model. This simple coupling of an excitable
membrane model with a calcium dynamics model resulted, however, in
instability of the calcium dynamics. In order to keep the calcium concentration
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of both cytosol and ER within (physiological) limits, a feedback mechanism
was found to be required. Our study did not only show that the coupling of
calcium dynamics with membrane excitability is required to model the
prolonged calcium oscillations observed in single NRK fibroblasts and
multicellular monolayers. It also predicted that the feedback mechanism, which
is required to prevent instability of the calcium dynamics, can be mediated by
an inward calcium flow from the extracellular medium which depends on the
filling state of the ER and is therefore referred to as capacitative calcium entry.
For the model it is not relevant whether this calcium entry is controlled via
store-operated calcium channels, a diacylglycerol-activated channel or an
arachidonate-regulated calcium channel.
In order to obtain a stable cytoplasmic calcium concentration, a model
without a feedback mechanism on the ER store is theoretically possible by a
careful choice of the permeability parameters for SERCA, PMCA and calcium
leak channels in ER membrane and plasma membrane. However, model
studies showed that only a small change in the calcium concentration due to
action potentials or due to an IP3-induced calcium response would then result
in loss of stability. This instability was only resolved by incorporating a
feedback mechanism, whereby the calcium flux over the plasma membrane
was coupled to the calcium concentration in the ER. Previous studies have
discussed models for stable calcium dynamics. Interestingly, Eisner et al.
reported on a negative feedback system in cardiac myocytes, describing a
+
2+
sarcolemmal flux of calcium ions due to the combined activity of the Na -Ca exchanger (NCX) and an L-type calcium channel (Eisner et al., 2005). In that
model, the calcium influx is controlled by the amplitude of the systolic calcium
transient, such that small transients are related to a larger calcium influx and
vice versa.

Channels enabling calcium entry in NRK fibroblasts
As we have discussed above, several alternatives are possible for a
feedback mechanism that describes both sustained calcium oscillations and
repetitive action potentials. Our model presented in chapter 2 predicts the
existence of a negative feedback mechanism in NRK fibroblasts, based on a
whole-cell store-operated calcium conductance (Gsoc) of approximately 0.05
nS. Following the prediction of the presence of store-operated influx of
calcium, we searched for candidate channel proteins that may be involved in
this calcium influx. One of the first currents identified (Icrac) was activated
upon depletion of the calcium stores. In later studies ORAI1 has been
identified as the plasma membrane protein which supports this CRAC current.
ORAI1 is activated by the protein STIM1, which acts as a sensor for the
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calcium content of the intracellular store (Liou et al., 2005; Roos et al., 2005).
Another type of channel that has been suggested to play a role in this process,
is the TRPC family of channels. Although the exact role of TRPCs is still under
debate, there is experimental evidence that certain members of the TRPC
family play a role in either store-operated or receptor-operated calcium entry
(Birnbaumer, 2009). The interaction between STIM1 and ORAI1 has been
studied intensively, but also an interaction of STIM1 with TRPC channels has
been described. Yuan et al. proposed a mechanism in which TRPC channels
in the closed state are associated with the IP3R by the scaffolding protein
HOMER. Dissociation of TRPC from the TRPC-HOMER-IP3R complex by
binding of IP3 to the IP3R, allows access of STIM1 to TRPC. Association of
STIM1 with TRPC stabilizes the open state of the TRPC gating calcium current
in the cell. Interestingly STIM1 has been shown to associate with both TRPC
and ORAI1 in the same cell (Yuan et al., 2011).
The terms store-operated calcium entry (SOCE) and receptor-operated
calcium entry (ROCE) may cause some confusion. SOCE is considered to be
the calcium entry that is triggered by the emptying of the intracellular stores,
which can result from activation of the IP3R or alternatively by inhibition of the
SERCA pump. ROCE is a more complex process, since many receptors can
induce calcium entry upon activation. In this thesis we consider ROCE as
calcium entry that is mediated by PLC-coupled receptors following the
generation of second messengers such as inositol 1,4,5-trisphosphate (IP3),
diacylglycerol (DAG) and arachidonic acid (AA), or alternatively via the direct
interaction between a receptor and a calcium entry channel. Stimulation of a
receptor by an agonist may either result in direct calcium entry or alternatively
by a stepwise process. In the case of NRK cells, depletion of calcium stores is
induced upon activation of the prostanoid receptor by its ligand PGF2α, which
results in the formation of IP3 and DAG. The activation of the IP3R by IP3,
which results in the depletion of calcium stores and subsequent calcium entry,
is a process that will be considered as SOCE. Activation of ROCE by DAG has
been observed to be mediated by the three related channel subunits TRPC3,
TRPC6 and TRPC7 (Albert, 2011). The application of DAG analogues or
increasing the endogenous DAG levels by inhibition of both DAG lipase and
DAG kinase, showed that these TRPC channels can be activated by a DAGdependent mechanism (Trebak et al., 2003; Estacion et al., 2004). DAG has
also been reported to have an inhibitory effect by activating PKC which
subsequently phosphorylates TRPC (Trebak et al., 2005). Other studies have
reported that TRPC3-mediated calcium entry can be stimulated by IP3 via IP3R
(Venkatachalam et al., 2001; Xi et al., 2008; Zhao et al., 2008). As mentioned
above, SOCE and ROCE have been identified in many different cell types, but
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the identity of calcium entry channels in NRK fibroblasts has remained elusive
for a long time. The predicted existence of a SOCE in NRK fibroblasts, as
described in chapter 2, urged us to search for the identity of the calcium entry.
Our experimental approach, aimed to identify the sources of calcium entry in
NRK fibroblasts, showed both the strength and the weakness of our minimal
mathematical model. We provided evidence that NRK cells indeed express
channels involved in SOCE, but in addition our data indicated that SOCE and
ROCE are differentially regulated in quiescent and density-arrested NRK cells
(chapter 3), a finding that was not predicted by our mathematical model. In
quiescent cells we observed a significant calcium entry after depletion of
intracellular calcium stores, but only a very small calcium entry in the presence
of the DAG analogue OAG. In density-arrested cells SOCE was found to be
equally large as in quiescent cells, but in addition calcium entry was observed
that did not depend on depletion of the calcium stores and was prevented by
inhibition of PLC. Density-arrested NRK cells have been shown to produce
and secrete small amounts of PGF2α, which results in the activation of the Gprotein coupled FP receptor and the subsequent turnover of PIP2 into IP3 and
DAG (Harks et al., 2005b). This low PGF2α concentration can result in
endogenous DAG production which will subsequently activate ROCE.
Although we showed that in density-arrested cells PLC-dependent calcium
entry is possible, we did not observe an additional effect of OAG. The absence
of such an effect may be due to the presence of an already optimal
concentration of endogenous DAG. On the other hand the simple addition of
OAG may not be sufficient for stimulating calcium influx, if an additional
compound is required. For portal vein myocytes, for example, a synergy has
been described between IP3 and DAG in activating DAG-operated calcium
channels such as TRPC6; in these cells the inclusion of IP 3 in the patch
pipette during a whole-cell patch clamp measurement potentiated the
amplitude of the cation current (Icat) upon activation by bath application of
OAG, but no additional effect was observed following current activation by
noradrenalin (Albert & Large, 2003). Recently, Large and coworkers have
suggested a model in which PIP2 and DAG compete for a common binding site
on TRPC6; in the resting state PIP2 is bound to TRPC6 but is removed from
TRPC6 upon excitation, whereby the binding site becomes available to DAG
(Large et al., 2009a). Moreover, the inhibitory effect of PIP2 on TRPC6 or
TRPC7 is decreased by IP3, independently of its activation of IP3R (Ju et al.,
2010). In this model the cleavage of PIP2 is required to make the binding site
available for DAG to activate TRPC6, which might also explain the limited
effect of the sole addition of OAG in NRK cells on ROCE. These data strongly
suggest that DAG is essential for PKC-independent activation of ROCE
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mediated by TRPC3/6/7, whereby PIP2 seems to play an important inhibitory
role. Additional IP3, which competes with PIP2 for binding to these TRPC
channels, can thus potentiate DAG-induced ROCE. Since IP3 is expected to
be present in density-arrested NRK cells, our results suggest that OAGinduced ROCE in these cells may be potentiated by this additional IP 3 (Albert,
2011). Activation of TRPC4 and TRPC5 channels, however, was shown to be
inhibited by increasing endogenous DAG or application of exogenous OAG
(Venkatachalam et al., 2003). TRPC5 currents have been shown to be
desensitized after phosphorylation of the TRPC5 channel by PKC (Zhu et al.,
2005). On the other hand TRPC1 containing channels have been reported to
be gated by PIP2, requiring PKC-dependent phosphorylation of the TRPC1
protein (Albert, 2011).

Growth stage dependent calcium entry
Interestingly we have also observed a growth stage dependent expression of
the Trpc subfamily members in NRK cells; the expression of the Trpc5 and
Trpc6 genes was upregulated 10 and 6-fold, respectively, upon the transition
from the quiescent to the density-arrested state. Also an upregulation of the
expression of Orai1 and Stim1 (1.6 and 5.5 fold, respectively) was observed
upon density-arrest of NRK fibroblasts. Assuming a correlation between
mRNA and protein levels, these results suggest that a relation exists between
the expression of proteins involved in calcium entry and the electrical activity,
upon the transition of quiescent cells to a density-arrested state. Such
differential regulation of Trpc, Stim and Orai proteins has not only been
observed in NRK fibroblasts. There are several other studies in which genes
encoding proteins involved in calcium transport are regulated upon
proliferation or contractile activity. Chung et al. reported the modulation of
capacitative calcium entry and expression of TRPC channels in human
saphenous veins of diabetic patients. The authors showed that diabetic veins
have a higher contractility than normal saphenous veins. The level of TRPC4
mRNA was upregulated by 22% in diabetic veins, while expression of TRPC1
and TRPC6 at the protein level was downregulated by 50% (Chung et al.,
2009). Treatment of the diabetic veins with SKF96365, which prevents both
store-operated and receptor-operated calcium entry, completely abolished
contraction of the veins. These results support the hypothesis that expression
of TRPC channels in vascular smooth muscle cells is required for the
contractility of the veins. In caudal artery smooth muscle cells (SMC) of type 2
diabetic rats an impairment of calcium entry was observed together with an
increase of the expression of Trpc1 and Trpc6, but not of Trpc3 (Mita et al.,
2010). Liu et al. reported a increased expression of Trpc4 and Trpc5 in the left
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ventricle of spontaneously hypertensive rats, when compared to nonhypertensive rats (Liu et al., 2010). The reduced expression of TRPC channels
has also been associated with impaired differentiation and enhanced
proliferation in psoriatic keratinocytes (Leuner et al., 2011). In rat airway
smooth muscle cells SOCE was upregulated during cell proliferation, together
with an increase of Stim1 and Orai1 mRNA levels (Zou et al., 2011). These
results show that TRPC channels play an important role in a variety of
physiological calcium signaling processes.
Based on the theoretical model presented in chapter 2, we predict that
quiescent NRK cells, as a result of their lower calcium entry rates, are less
sensitive to IP3 for generating intracellular calcium oscillations than densityarrested cells. On the other hand, density-arrested cells show both SOCE and
ROCE, and as result of the higher calcium entry rate they will be more prone
to IP3 for generating calcium oscillations, as visualized in the bifurcation
diagram (chapter 3, figure S1). The increased calcium entry in density-arrested
cells, as a result of both ROCE and SOCE, would generate a larger window of
cytosolic IP3 concentrations at which calcium oscillations are induced.
Following this calcium/IP3 bifurcation diagram, however, NRK cells may
become less prone to generating calcium oscillations upon a further increase
in calcium entry rate. We can therefore interpret the differential expression of
Stim1, Orai1 and Trpc6 between quiescent and density-arrested NRK cells as
an adaptation to meet their calcium requirements. This adaptation coincides
with the autocrine production of PGF2α in density-arrested cells. As described
above, similar adaptation phenomena have been observed in other cell types
than NRK.

Release and uptake of calcium from subcellular organelles
Previous studies have shown that confluent monolayers of quiescent
NRK fibroblasts exhibit a stable membrane potential of around -70 mV, mainly
as a result of their high potassium conductance. Stimulation with transforming
growth factors resulted in a transformed phenotype, accompanied by a
membrane depolarization to -20 mV due to opening of calcium-activated
chloride channels. The observation that agents which induce membrane
depolarization, such as PGF2α, do not necessarily show transforming activity,
indicates that membrane depolarization as such is not sufficient to induce
phenotypic transformation (Lahaye et al., 1994; De Roos et al., 1997c). In the
recent years the major role of cyclooxygenase (COX)-mediated production of
prostaglandins in tumorigenesis has been well established (Wu et al., 2010). In
many tumor tissues an increased activity of COX2, which is the main regulator
of prostaglandin production, has been observed. As a consequence inhibitors
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of COX2 activity are currently being investigated as anticancer drugs (Menter
et al., 2010; Wang & Dubois, 2010). While PGE2 has been shown to be
involved in gastrointestinal cancer (Wu et al., 2010), PGF2α appears to play an
important role in endometrial cancer (Keightley et al., 2010). It is well
established that PGF2α activates the prostanoid FP receptor (Coleman et al.,
1994), a receptor that is functionally expressed in NRK cells. In a previous
study Harks et al. have shown that phenotypically transformed NRK cells
secrete PGF2α in a density-dependent manner. Conditioned medium of
density-arrested NRK cells showed a much lower concentration of PGF 2α than
that of transformed cells, while no detectable PGF2α levels were detected in
media conditioned by quiescent cells (Harks et al., 2005b). The production of
PGF2α could be blocked by COX inhibitors, such as indomethacin, flurbiprofen
and ibuprofen, which are able to prevent the depolarization of NRK cells upon
phenotypic transformation (Harks et al., 2005b). Previous studies have shown
that addition of PGF2α to quiescent NRK cells resulted in unsynchronized
calcium oscillations in combination with a sustained membrane depolarization
as a result of the opening of calcium-activated chloride channels (Harks et al.,
2003b). Moreover, continuous transfusion of transformed NRK cells with fresh
medium resulted in a hyperpolarization of the cells, indicating that the
depolarized membrane potential of transformed NRK cells is the result of a
secreted, autocrine factor (Harks et al., 2005b).
In chapter 4 we show that quiescent NRK cells in which the FP-receptor
has been knocked down (dFPR1 cells), are unresponsive to PGF 2α with
respect to intracellular calcium oscillations and membrane depolarization.
Spontaneous firing of action potentials in density-arrested dFPR1 cells was
also diminished. On the other hand, proliferation assays showed that despite
this knockdown of the FP-receptor, the dFPR1 cells were still weakly
responsive to PGF2α, suggesting that lower levels of activated FP-receptors
are required for induction of cell proliferation than for elevation of intracellular
calcium concentrations and subsequent membrane depolarization.
It is well-established that activation of the IP3-receptor (IP3R) is a critical
factor for the generation of ligand-induced calcium oscillations (Harks et al.,
2003b) and several mathematical models have been proposed for the role of
IP3R in calcium dynamics (Schuster et al., 2002). For our model we have
made the assumption that the activity of the IP3R is determined by the
concentrations of both cytoplasmic calcium and IP3 (called the Cacyt/IP3
model). Alternative models assume that the activity of the IP 3R is dependent
on the concentration of calcium in the cytoplasm and the ER (the Ca cyt/CaER
model). The Cacyt/IP3 model predicts that the oscillation frequency is not
affected by SERCA activity, in contrast to the Cacyt/CaER model. Experimental
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data showed that the frequency of PGF2α-induced calcium oscillations in
quiescent NRK cells is indeed not affected by inhibition of SERCA activity
(Harks et al., 2003b). The PGF2α-induced calcium oscillations are relatively
slow, with an interval of 30-200 sec, which in our model is the consequence of
calcium-dependent inactivation of the IP3R with a half-time in the order of 20
sec. This is much slower than reported in other studies (e.g. (Finch et al.,
1991; Dufour et al., 1997; Marchant & Taylor, 1998), where the calciumdependent inactivation of the IP3R appeared to have a half-time in the order of
seconds. A recent publication by Almirza et al. (Almirza et al., 2010) showed
that in NRK fibroblasts two subtypes of the IP3R can be identified, IP3R1 and
IP3R3. Knockdown of the IP3R1 gene resulted in a decreased frequency of
PGF2α-induced calcium oscillations, whereas knockdown of the IP 3R3 gene
induced an increased frequency. These studies also showed that the
IP3R1/IP3R3 ratio is lower in density-arrested than in quiescent cells, which
may explain the lower frequency of PGF 2α-induced calcium oscillations in
density-arrested cells. It therefore appears that with respect to calcium
signaling IP3R1 exerts a pro-oscillatory and IP3R3 an anti-oscillatory effect.
Our choice to include only the IP3R1 and not the IP3R3 in the mathematical
model is supported by our experiments in which it is shown that thimerosal, a
specific potentiating agent for the IP3R1, amplifies the PGF2α-induced calcium
response in initially poorly responsive cells. The anti-oscillatory features of the
IP3R3 have not been implemented in our current model, which we have limited
to the minimum number of components that are essential to model the
excitability and calcium dynamics of NRK cells. In a study by Kowalewski et al.
(Kowalewski et al., 2006) two models describing the effect of cytosolic calcium
on the IP3R were compared; the first is based on the De Young and Keizer
model and is strongly dependent on the IP3 level. The calcium flux is inhibited
at high calcium concentrations and has a bell-shaped profile upon increased
cytosolic calcium concentrations (De Young & Keizer, 1992). The profile of the
second model, postulated by Mak, McBride and Foskett (Mak et al., 1998a),
shows that the calcium flux becomes less inhibited by high cytosolic calcium
concentrations at an IP3 concentration above approximately 30 nM; below this
IP3 level the calcium flux is strongly dependent on cytosolic calcium. Induction
of calcium oscillations in these models upon raising the IP3-concentration
showed that the calcium oscillations in the Mak-McBride-Foskett model had a
lower frequency and a higher amplitude than those in the De Young and
Keizer model. The lower frequency is compatible with our expectations that
inclusion of the IP3R3 would have an anti-oscillatory effect. The De Young and
Keizer model and our NRK model generate calcium oscillations in a narrow
window of cytosolic IP3 concentrations, resembling our experimental data on
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IP3-induced calcium oscillations (Harks et al., 2003b). In the De Young and
Keizer model calcium oscillations are generated in a narrow range of cytosolic
IP3 concentrations. In the Mak-McBride-Foskett model, however, calcium
oscillations are observed at all IP3 concentrations above a certain level, which
is considerably lower than the minimum value of IP3 in the narrow
concentration range of the De Young and Keizer model.
In summary, in our minimal mathematical model of the NRK cell only the
properties of the IP3R1 have been incorporated. The incorporation of both
IP3R1 and IP3R3 would perhaps have generated a more realistic model with
more variations in terms of excitable behavior and calcium dynamics , but also
a much more complex model, particularly when taking our initial research
question into account.

Induction of pacemaking activity in a monolayer of coupled
NRK cells
The in vitro propagation of action potentials has been described in a variety of
cell types including nerve cells, smooth muscle cells and cardiac myocytes. In
the heart the sinoatrial node, atrial foci, junctional foci and ventricular foci have
all been identified as pacemaker regions inducing propagation of action
potentials in striated cardiac myocytes. Sinoatrial nodes show a specific
expression profile of connexin proteins, while neurofilament M has been
reported as an early marker for the developing conduction system of the heart
in rabbits, but not in rats or humans (Baruscotti & Robinson, 2007). In layers of
the non-striated smooth muscle cells (SMC) of the gastrointestinal and urethral
tract, action potentials are generated in vivo by a region of pacemaker cells
known as the interstitial cells of Cajal (ICCs). These ICCs have a cytosolic
oscillator that generates calcium oscillations by activating inward currents,
while the subsequent depolarization is transmitted through follower cells via
gap junctions, triggering synchronized contractions in SMCs. In vascular,
airway and corpus cavernosum SMCs the rhythmical contractions are driven
by a calcium oscillator acting as an endogenous pacemaker. Membrane
depolarizations that occur due to calcium pulses are not involved in the
primary mechanism, but play a role in synchronizing and amplification
(Berridge, 2008).
c-Kit, a proto-oncogene that encodes a receptor tyrosine kinase, is
widely used as marker for ICCs (Burns et al., 1997). NRK cells in tissue culture
form a genetically and epigenetically homogenous population, and no specific
cell type in density-arrested cultures has as yet been identified as putative
pacemakers. Quiescent NRK cultures do not show spontaneous action
potentials, but it has been shown that a single action potential induced by local
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application of K or PGF2α can be transmitted throughout the monolayer,
indicating that quiescent NRK cultures consist of cells with the ability to act as
followers. In contrast, density-arrested monolayers of NRK cells, which show
spontaneous action potentials in a periodic manner, appear to contain both
pacemaker and follower cells. The nature of these pacemaker cells is currently
unknown, since specific biological markers for such cells are lacking. We have
hypothesized that density-arrested monolayers are heterogeneous in their
production of PGF2α, and that regions with relatively high PGF 2α production
induce calcium oscillations which subsequently generate propagating action
potentials in the low PGF2α producing cells. If this model is correct, pacemaker
cells in density-arrested NRK monolayers could potentially be identified by
expression of enhanced green fluorescent protein, transfected under
transcriptional control of a Cox2- promoter.
In order to understand the contribution of pacemaker and follower cells
in a mathematical model, we started with a relative simple model (Torres et al.,
2004) in which the excitability was described in single cells and the
propagation of action potentials occurred only in small clusters of cells. Later
Kusters et al. extended this model by describing the interplay between
membrane excitability and IP3-mediated intracellular calcium oscillations in
single cells (Kusters et al., 2005c). This latter model was further used for
establishing a one-dimensional model consisting of a linear strand of several
pacemaking cells and 100 follower cells, in order to describe the generation
and propagation of repetitive action potentials (Kusters et al., 2008). In this
way the concept of pacemaker and follower cells was introduced in the
mathematical model, based on the assumption that NRK monolayers show
intrinsic heterogeneity whereby pacemaker cells display IP 3-mediated calcium
oscillations, while follower cells display only calcium increases when triggered
to propagate an action potential. Kusters et al. used this model to study the
conditions under which pacemaker cells can generate a propagating action
potential that is transmitted to follower cells (Kusters et al., 2008). The model
was developed on the basis of a linear strand of follower cells, with low
intracellular IP3 concentration, and at the terminal end one or several
pacemaker cells, with enhanced IP3 concentration. The modeling data showed
that in uncoupled pacemaker cells the intracellular IP3 concentration
determines the frequency of the calcium oscillations. Our model also showed
that synchronization of these IP3-induced calcium oscillations may occur in
cells of the monolayer, however, only when the cells were electrically coupled
via a gap junctional conductance. The synchronization of these pacemaking
cells results in a pacemaker region that is powerful enough to depolarize a
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large number of cells surrounding the pacemaker region and give rise to action
potentials propagating throughout the monolayer.
The fundaments for understanding the synchronization of calcium
oscillations have been laid by Christiaan Huygens in the 17th century, when he
observed that clock pendula separated by a distance of multiple meters could
become synchronized via the transmission of small vibrations through the wall.
In cells, the coupling of the oscillators can be provided by chemical
messengers resulting from the diffusion of calcium or IP 3 through gap
junctions. This chemical coupling is weak, however, since the intercellular
diffusion of calcium is hampered by calcium buffering and the effect of IP 3 is
limited by its short half-life (Allbritton et al., 1992). Electrical coupling, on the
other hand, is much stronger and extends over larger distances than chemical
coupling (Imtiaz et al., 2010). The synchronization of intracellular calcium
oscillations in two interconnected cells is a complex interaction of the excitable
membrane dynamics and the calcium dynamics determined by the IP3R.
Kusters et al. have shown that the cytosolic calcium concentration plays a
pivotal role in the interaction between the dynamics of IP3R and the excitable
membrane (Kusters et al., 2005c; Kusters et al., 2007a).
Normal rat kidney cells in a single strand or a two-dimensional monolayer are
electrically coupled via gap junctions (Harks et al., 2001). By this electrical
coupling a depolarization in one cell is transmitted to neighboring cells. A
calcium rise in one cell with the subsequent activation of the calcium-activated
chloride channel (GCl(Ca)), can therefore result in a depolarization of a
neighboring cell. Synchronization of calcium oscillations mediated by electrical
coupling can only occur if a calcium oscillation gives rise to a depolarization of
the membrane. The stimulus raising the intracellular IP3 level may provide a
variety of calcium oscillations varying in amplitude, frequency and phase
(Harks et al., 2003b), but not every calcium rise will result in a membrane
depolarization. A depolarization mediated by a calcium rise is dependent on
activation of the calcium-activated chloride channel (GCl(Ca)), and thus a
threshold in the calcium level needs to be exceeded. In order to understand
what happens with respect to the interaction between two coupled cells or
between cells in a monolayer, it may be helpful to take a look at the response
of a single cell with IP3-mediated calcium oscillations to a current pulse or a
calcium injection. The mathematical model on NRK cells showed that
providing an electrical current pulse into a single cell resulted in the opening of
the L-type calcium channel. The inflow of calcium via the L-type channel
increased the open probability of the IP3R, resulting in calcium-induced
calcium release and a calcium rise prior to IP3-mediated calcium oscillations.
On the other hand, injection of calcium ions leads to a calcium transient phase
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in advance of the IP3-mediated calcium oscillations. Our model predicts that
this increase in calcium activated the calcium-dependent chloride channels,
resulting in an advanced appearance of the next action potential (Kusters et
al., 2008). Therefore, the frequency of calcium oscillations in the cells of a
monolayer is not only dependent on the cell’s own intracellular IP3 level, but is
also influenced by the frequency of calcium oscillations in neighboring cells.

Figure 1: A schematic representation of a two-cell system depicting the coupling of NRK cells
(adapted from (Imtiaz et al., 2010)). Each cell is an oscillating system composed of a calcium
oscillator (here reduced to IP3R and SERCA) and an excitable membrane system. The excitable
membrane is here reduced to the L-type calcium channel (GCaL) and the Ca2+-activated inward
chloride current (GCl(Ca)). The cyclical release of calcium from endoplasmatic reticulum (ER) into
the cytosol is dependent on IP3 and Ca2+. The cytosolic Ca2+ of each oscillator is transformed into
membrane potential oscillations by GCl(Ca), the subsequent depolarization (depicted here as a
dashed arrow) results in activation of the GCaL. The membrane potential can modulate the calcium
release from the ER by its effect on cytosolic calcium levels. The membrane potentials of the cells
are strongly linked via the gap junctions, while there is a weak chemical coupling between the
cells.

Figure 1 depicts the relationship between membrane excitability and
calcium dynamics in a two-cell system, in which both cells act as oscillators. In
such a system, whereby the membrane excitability and calcium dynamics are
coupled, the cytosolic calcium level plays a pivotal role. An increase in the
cytosolic calcium levels, e.g. by release of calcium via IP 3R, activates GCl(Ca),
leading to efflux of chloride ions that will result in a depolarization of the
membrane. On the other hand, activation of the L-type channel which will take
place when the membrane potential exceeds -40 mV, will result in an influx of
calcium into the cytosol. When these two cells are not coupled, the calcium
oscillations of the two cells will most likely not be in phase. However, due to
the electrical coupling between the two cells in Figure 1, coupling of the two
local calcium oscillators will take place. An increase in calcium in the left cell
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will activate GCl(Ca), leading to depolarization of the membrane and subsequent
opening of the L-type channel. Mediated by the strong electrical coupling, this
depolarization will be transferred to the right cell leading to activation of the Ltype channels, followed by an influx of calcium ions. This influx results in an
advanced upward phase of the calcium level of the right cell. Due to this
phase shift the calcium oscillators in a two-cell system become synchronized
in their phase.
Sustained depolarization of the membrane prevents de-inactivation (the
recovery from inactivation at repolarized membrane potentials) of the L-type
channel, with the consequence that the L-type channels cannot be reactivated
for renewed excitation. Since activation of the L-type calcium channel is no
longer possible, a depolarization from surrounding cells will no longer induce a
calcium influx, preventing the coupling of calcium oscillators in the two
neighboring cells. Therefore a sustained membrane depolarization will still
prevent the synchronization of calcium oscillations, even in gap junctionallycoupled cells. Previously Harks et al. have shown that a PGF 2 induced
depolarization of quiescent NRK cells is accompanied with asynchronous
calcium oscillations (Harks et al., 2003b). This is in contrast to the
synchronous calcium waves measured in quiescent cells in our 'ring
experiments' shown in Figure 3 of chapter 5. We hypothesize that the calcium
oscillations shown in this figure become synchronized upon a repolarizing
membrane potential gradient, where de-inactivation of the L-type channel is
not prevented by a sustained depolarization of the membrane potential.
In our mathematical model we have studied the synchronization, in
terms of frequency, of two neighboring cells with different intrinsic frequencies
of the calcium oscillators. This synchronization can be described with
entrainment in which 1:1 entrainment refers to complete synchrony of calcium
oscillations, while e.g. 1:2 entrainment refers to a situation in which one cell
oscillates twice as fast as the other cell.
In our model of two heterogenous coupled cells there are major
entrainment regions with ratios 1:2, 2:3, 1:1, 4:3 and 3:2, while in between
there are many, much smaller regions of entrainment with m:n ratios (m and n
are integers). The major entrainment ratios become more dominant as the gap
junctional coupling increases, until 1:1 entrainment is reached. The
entrainment regions of two coupled oscillators are determined by the coupling
strength and the frequency of the two cells in the uncoupled mode and thus by
the cytosolic IP3 levels (Kusters et al., 2008). In a model of a strand of cells
with one pacemaking cell at the terminal side, entrainment of 1:2, 1:3 and 1:4
has been observed for a strand with more than twenty followers cells in the
presence of an intracellular [IP3] = 0.1M, while an 1:1 entrainment was

161

Chapter 6
shown for a strand with three pacemaker cells and hundred follower cells.
Synchronization was not observed in two or more coupled cells in a strand, if
the values for gap junctional coupling conductance (G gj) were below
approximately 0.05 nS. Such low gap junction-coupling conductance values
would hamper the current from the pacemaker cell to reach the membrane
potential threshold in the follower cells required for activation of the L-type
channel. The range of gap junctional coupling conductance in which 1:1
entrainment is allowed for large number of follower cells, is between about
0.25 and 0.40 nS. These values are considerably lower than the actual
conductance of gap junctions observed in NRK cells, which is approximately 3
nS. This relatively high conductance prevents spontaneous pacemaking
activity from a single cell in a monolayer. Therefore, multiple pacemaker cells
need to become synchronized in order to ensure a robust initiation of a
propagating action potential. Furthermore, a higher gap junctional
conductance results in a higher propagation velocity of action potentials
through the follower cells (Rohr, 2004). On the other hand, if the coupling
conductance is too large, the current will flow away to surrounding cells, which
will prevent the depolarization and excitation of the direct neighboring cell
(Kusters et al., 2008). It is clear that due to the intermediate coupling
conductance observed in NRK cells a large number of cells can be
synchronized, which on their own differ in the frequency and phase of their
oscillations.
In our mathematical model we have assumed that the follower cells
have a low cytosolic IP3 level (0.1M). The presence of a low concentration of
PGF2in density-arrested NRK cells justifies a low intracellular IP3 level in
follower cells (Harks et al., 2005b). The mathematical model showed that a low
level of IP3, which is insufficient to induce spontaneous calcium oscillations on
its own, supports the synchronization of the oscillators in a network of cells
(Kusters et al., 2008). The inflow of current in a follower cell results in a
cytosolic calcium rise as a result of activation of the L-type calcium channel,
whereby the calcium rise is amplified by activation of the IP 3R in the presence
of low levels of IP3. Activation of the calcium-activated chloride channel can
thus be achieved by a lower L-type channel-mediated calcium inflow due to
the amplifying action of IP3R/IP3, decreasing the number of pacemaking cells
required to induce a propagating action potential (Kusters et al., 2008).
In silico experiments have shown that in the case of NRK cells the
cooperative activity of three pacemaking cells is sufficient to induce a
propagating action potential in an one-dimensional strand of a hundred
follower cells. In a two-dimensional monolayer of 400 x 400 cells a cluster of
32x32 pacemaking cells is required to induce a propagating action potential
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(Kusters et al., 2008). An analysis of a one-dimensional strand of pacemaking
cells and hundred follower cells, with a physiological electrical coupling (G gj=3
nS), showed that the number of pacemaking cells is critically determined by
the conductance of the L-type channel (GCaL). A minimum GCaL of 1.45 nS
required ten pacemaking cells for 1:1 propagation in a one-dimensional
network. Increasing GCaL to 1.6 nS reduced the required number of
pacemaking cells in order to initiate a propagating action potential to three
cells. In our model we have assumed a single pacemaking cluster of cells.
Based on that model we found that the required number of pacemaking cells is
determined by the gap junctional conductance, the L-type channel
conductance and the IP3 concentration of follower cells.
These above theoretical considerations resulted in an experimental setup, whereby a ring was placed on a quiescent monolayer of NRK cells and
PGF2α was added to the cells inside the ring. This set-up enabled us to study
what experimental conditions are required for the generation of action
potentials. Our results showed that intracellular calcium oscillations started to
synchronize under conditions of a proper membrane potential, below -40 mV,
and a cytoplasmic IP3 concentration capable of inducing calcium oscillations.
In our experimental setup we established a condition in which pacemaker
regions were formed at the edge of the PGF2α-treated cells inside the ring and
the untreated cells outside the ring. For pacemaker activity it appears essential
that on the one hand intracellular calcium oscillations can occur while at the
same time the L-type calcium channel can be activated. The stimulated cells
thus provide a sufficiently high level of IP3, which can diffuse through the gap
junctions to untreated cells, while the untreated cells provide the required
membrane potential for opening of the L-type calcium channel. Our results
indicate that these basic conditions are required for synchronization of the
calcium oscillations in these cells. The possibility of neighboring cells to
become synchronized is, however, determined by the electrical coupling
between the cells and the availability of the L-type calcium channels in these
cells to become activated. In conclusion, pacemaking activity and subsequent
firing and propagation of action potentials can be induced in a quiescent
monolayer of NRK cells under conditions of sufficient production of IP3 in the
pacemaking cells, depending upon the strength of electrical coupling of the
cells in the monolayer and the conductance of their L-type calcium channels.

Electrophysiological characterization of pacemaking activity
in density-arrested NRK monolayers.
Harks et al. have previously proposed three conceptual models to explain the
nature of the spontaneous action potentials in density-arrested NRK
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fibroblasts: a) a non-pacemaker model in which all cells in the monolayer are
identical and show synchronized intracellular calcium oscillations that trigger
action potentials; b) a static model in which action potentials are triggered by a
single localized pacemaker region, which operates from a constant position in
the monolayer; and c) a dynamic model in which action potentials are triggered
from multiple pacemaker regions at alternating positions (Harks, 2003b), as
shown schematically in Figure 2. The non-pacemaker model hypothesizes that
all cells are identical and show synchronized calcium oscillations that trigger
synchronous, repetitive action potentials. The observation that action
potentials in density-arrested are propagating throughout the monolayer
makes this model implausible. The static model implies that there is
heterogeneity in the monolayer, whereby a group of cells has intrinsic
pacemaker activity. The heterogeneity may be due to local differences in cell
density, which might be accompanied with a locally increased expression of
FP-Rs by which cells can become more prone to act as a pacemakers.
Moreover, it is known that phenotypically transformed NRK cells, which show a
higher cell density than quiescent cells, release increased levels of
prostaglandin PGF2 (Harks et al., 2005b) which is able to activate FP-R.
Potentially the observed increase in expression of the FP-R in density-arrested
NRK fibroblasts can also contribute to pacemaking activity by increased
sensitivity of the cells to PGF2. It remained however unclear whether this
increased expression is specific for the pacemaking cells or can be observed
in follower cells, as well (Almirza et al., 2008)he dynamic model on the other
hand does not imply intrinsic heterogeneity in the monolayer, but assumes that
synchronization of cells is a stochastic process whereby transiently multiple
cells form one of more pacemaker centers. The dominance of such a
pacemaker center may have a temporary character and could be taken over
Figure 2 (opposite page): Proposed mechanisms for the firing of repetitive action potentials in
monolayers of NRK fibroblast. A rise in the intracellular calcium concentration ([Ca 2+]i) activates
calcium-activated chloride current (GCl(Ca)), after which the membrane depolarizes towards the
chloride equilibrium potential (~ -20 mV). When the membrane potential reaches the activation
threshold (~-40 mV) of the L-type calcium channel (GCaL) action potentials can be triggered. Here
four potential concepts for the firing of action potentials in density-arrested NRK fibroblasts are
depicted. A) All cells have synchronous calcium oscillations that trigger action potentials, B) a
pacemaker at a constant position triggers propagating action potentials, C) multiple pacemakers at
different locations trigger action potentials, D) a shifting pacemaker triggers propagating action
potentials. The pacemaker regions that exhibit IP3-induced calcium oscillations are indicated by
the gray area, while the follower cells are depicted in white. The action potentials are recorded by
two patch clamp electrodes in current clamp mode (CC) (recording at the top), whereas
intracellular calcium concentration is measured by Fura-2 imaging (recordings at the left side). The
curved line indicates the wavefront of an action potential at the electrode. Adapted from (Harks,
2003).
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by a successive pacemaker center. These three models can be expanded with
a model in which there is a single pacemaker at shifting positions (Figure 2D).
In such a shifting pacemaker model cellular heterogeneity is not required and
can therefore be considered as a modification of the dynamic model. Such a
gradual shift of the pacemaker center can occur, if cells close to the initial
pacemaker center are more prone to become the subsequent pacemakers.
We consider it is more likely that cells in the proximity of an existing
pacemaker center become prone to become pacemaking cells e.g. due to
activation of the FP-R by locally increased levels of PGF2
In order to test these various models experimentally, we have used a
two-electrode patch-clamp setup in which the membrane potential of a densityarrested monolayer is measured with two electrodes at different positions with
approximately 1 cm distance. Assuming that in density-arrested monolayers
action potential propagation takes place at a constant speed, this set-up
allowed us to identify the direction of the cluster of pacemaking cells relative to
the electrodes. If spontaneous action potentials in density-arrested NRK
monolayers would result from a simultaneous depolarization of the membrane
potential in all cells, no time difference would be expected in the action
potential recordings from the two electrodes. On the other hand, a time
difference between the two recordings of an action potential indicates that the
action potential is generated at a specific position in the monolayer
(pacemaker center) and is propagating such that it arrives first at electrode A
and subsequently at electrode B (or vice versa). Figure 3A shows the
experimental recordings of the two electrodes over time, while Figure 3B
shows the same data when expanded in time for each action potential. Clearly,
the spontaneous action potentials do not reach the two electrodes
simultaneously, indicating that local pacemaking activity takes place.
Interestingly, the time difference between the arrival of the propagating action
potential is not a constant (Figure 3C). Initially the signal appears at both
electrodes at the same time, subsequently first at electrode A (with a
maximum time difference of 0.5 sec) and later first at electrode B (with a
maximum time difference of 0.5 sec). This suggests that the pacemaking
activity is not located on a fixed position in the monolayer, but can be found at
different positions over time which is not compatible with the non-pacemaker
model nor with the static pacemaker model. As the position of the pacemaking
center does not appear to change randomly with time in a stochastic manner,
our findings are also not compatible with a model of multiple pacemakers at
different locations that alternatingly trigger action potentials. Our preliminary
experimental data appear to suggest, however, that an existing pacemaker
center gradually changes its position in the monolayer and then fires action
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Figure 3: Recordings of action potentials with two electrodes in a density-arrested NRK
monolayer. A) A typical response of a density-arrested monolayer measured with two patch-clamp
electrodes (grey and black lines for electrode A and B, respectively), whereby the recordings of
the two electrodes are represented by the two traces. B) Detailed view of the individual action
potentials (dotted and solid line for electrode A and B, respectively). C) Analysis of the time
difference (time of electrode A minus time of electrode B) of the action potentials observed at the
two electrodes at subsequent action potentials.
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potentials from its newly achieved position. Based on these observations a
shifting pacemaker model seems to be a more appropriate model for the
complex pattern of pacemaking activity in NRK fibroblasts.
Based on the difference in response time between the two electrodes and
assuming a radial propagation process, the direction of the pacemaker center
relative to the electrodes can be estimated, although the absolute position of
the pacemaker center cannot be determined from this two electrodes
experiment. Given two electrodes in the monolayer at a distance d, an XY axis
can be defined with one electrode at (-½d,0) and the other at (+½d,0). The
collection of data points with a given difference in distance between both
electrodes equal to u (with 0 ≤ u ≤ d) is then given by the hyperbolic function:
-

(eq. 1)

=

Derivation: The distance between a point (x,y) and the nearest electrode
(+½d,0) will be given by L1 =

, while the distance to the other

electrode is given by L2 =
upon squaring both sides
+

. Assuming L2 = L1 + u, if follows

=

+
=

=

+

-

+

+

, and thus

. Upon squaring both sides again, it follows
, from which the final equation is derived.

If propagation of action potentials takes place homogeneously
throughout the monolayer at a constant speed v, the value of u will be given by
u = v. DT, in which DT is the difference in response time between the two
electrodes. Experimental data have shown that the propagation rate of calcium
action potentials in quiescent NRK monolayers is of the order of 0.6 cm/sec
(De Roos et al., 1997a). Figure 4 shows the putative location of pacemaker
centers as a function of the difference in response time (DT in sec). The
simulation data indicate that only close to the electrodes the lines with equal
distance from both electrodes deviate from the linear asymptotic values. Note
that for DT = 0 sec a vertical line is obtained coinciding with the Y-axis, while
for DT = 1 sec, a horizontal line is obtained coinciding with the X-axis. From
these data it can be concluded that based on experimental values for d and v,
the direction of the pacemaker center can be judged from the difference in
response time between the two electrodes.
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Figure 4: Collection of data points with a fixed difference in distance between two electrodes.
Data were simulated according to eq. 1, using a distance between the electrodes of d = 1 cm, of
which the nearest electrode is shown by the grey x at (+0.5, 0). The indicated DT values
correspond to a difference in response time (sec) between the two electrodes, assuming a
homogenous propagation velocity of v = 1 cm/sec. Only the (+x,+y) quadrant is shown, a mirror
image of this pattern is found for the (+x,-y) quadrant . (We are grateful to Dr. W.J.J. Gielen for
providing the used equation).

In our observations shown in Figure 3, we identified a time difference
(DT=telectrode A-telectrode B) starting at DT=0 sec and subsequently ranging
between +0.5 sec and - 0.5 sec. Using Figure 4 we can reconstruct the path of
the shifting pacemaker; the pacemaker starts at a position almost precisely
between the two electrodes, then shifts to the right close to the right electrode
(electrode A in Figure 3) and subsequently shifts to the left to ending closer to
the left electrode (electrode B in Figure 3). In Figure 3 we can see that the shift
of the pacemaker between the first (DT=0.0 sec) and second action potential
(DT=+0.5 sec) is the fastest in the experiment, using eq.1 we can calculate the
maximum distance between these pacemaker positions (propagation speed
0.6 cm/sec and distance between electrodes 1 cm). At first we calculate the
minimum distance between the two pacemaker centers at DT=0.0 sec and
DT=+0.5 sec., whereby their positions are assumed to be as close as possible
to the electrodes at the line for y=0. Based on eq. 1 and assuming that the
pacemaker center was located on a line parallel to the electrodes, the first
pacemaker at DT=0.0 sec was located on x,y-position (0,0) in Figure 3 and the
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second action potential would originate from position (0.15,0). This would
mean that the pacemaker has covered a distance of at least 0.15 cm in the
time between the first and second action potential (4 min). Subsequently, we
calculated the largest possible distance between both pacemaker centers. If
we assume that the position of the pacemaker at DT=0.0 sec is located at the
edge of the petridish ( 2.5 cm) given by (0,1.25) or (0,-1.25), it can be
calculated using eq.1 that position (0.4,1.2) or (0.4,-1.2) would approximately
be the position of the pacemaker at DT=+0.5 sec if it would be at the edge of
the petridish. Based on this we calculate that the maximum distance that is
covered by a shifting pacemaker within the 4 minutes between the first and
second action potential would be approximately 2.5 cm. This would mean that
the maximum speed of a shifting pacemaker is between 0.04 and 0.6 cm/min,
which is some two orders of magnitude lower than the speed of a propagating
action potential (0.6 cm/sec).
Of course it is well realized that it cannot be excluded that multiple
pacemaker centers exist in the monolayer at the same time. Multiple
pacemaking centers may be expected to occur more frequently in larger
monolayers, but modeling studies indicate that the pacemakers with the
highest firing frequency will dominate the time course of action potential
propagation in the monolayer. Nonetheless multiple pacemakers may exert
their activity in an alternating manner, which may explain the change in
frequencies of action potentials observed in experiments of density-arrested
monolayers. We have no experimental evidence that the frequency of
propagating action potentials is dependent on the size of the monolayer, which
is in line with our conclusion that this frequency is primarily determined by the
frequency of the calcium oscillations in the pacemaking cells.
In our NRK model we assume that propagation occurs in a radial way
from the pacemaker center at a constant speed and is e.g. not disrupted by
areas which show poor electrical coupling. In this ideal situation the
propagation activation front would be without any aberrations. It is well
possible, however, that some areas in the monolayer are less coupled than
others. Due to such aberrations in the monolayer the propagation activation
front would not be closed but crumbled, allowing the development of a single
or multiple circular activation fronts, resembling tachycardia and fibrillation in
heart tissue, respectively. Such circular activation fronts may result in
differences in the response times between two electrodes. Still, our shifting
pacemaker model with radial propagation of action potentials at a constant
speed can be considered as the simplest explanation for our experimental
observations.
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Future perspectives
The NRK model has proven to be an intriguing cell culture system for studying
a variety of phenomena related to cell growth and cellular signaling. In the
thesis presented here we have studied some aspects that intrigued us and we
have tried to unravel several intricate questions regarding the spontaneous
firing of action potentials in density-arrested cells. In our mathematical model
we have modeled the IP3R only with the properties of the IP3R1, although we
are aware that NRK cells express besides IP3R1 also IP3R3 (Almirza et al.,
2010). Incorporation of the IP3R3 in the NRK model would provide an
important addition to the model since IP3R3 is less inhibited by cytosolic
calcium than the IP3R1 and is known to have an anti-oscillatory effect, which
decreases the frequency of calcium oscillations. The modeling study by
Dupont and Combettes (Dupont & Combettes, 2006) showed that the
composition of the different subtypes of IP3R in a cell has a profound effect on
the cytosolic calcium response upon the increase of IP 3 within the cellular
cytoplasm. Recently it has been shown experimentally that the IP 3R subtype
expression and spatial distribution has a profound effect on the shape of
calcium waves (Hernandez et al., 2007; Kim et al., 2010). Inclusion of the
IP3R3 in our mathematical model might provide answers on the variation in
frequency observed in calcium oscillations and action potentials in NRK cells.
Our experiments have shown that pacemaker centers should be active
in density-arrested cells, although our experimental set-up was not able to
actually identify the pacemaking cells in density-arrested cultures. Fast
imaging techniques using calcium sensitive and/or voltage sensitive dyes,
imaging a large surface, may provide us with the tool to visualize a
propagating action potential and to identify the pacemaker center. The
development of functional multi-neuron calcium imaging (fMCI), allowing
imaging of hundreds of cells with high temporal resolution, would provide a
method to image the propagation of an action potential in real-time (Namiki &
Ikegaya, 2009). A multi-electrode array with 60 electrodes has been used
earlier to study propagating action potentials in ventricular myocytes (Meiry et
al., 2001), which would also be suitable to study the generation and
propagation of action potentials in density-arrested NRK fibroblasts. These
methods may provide an answer to the question as to whether (multiple)
circular activation fronts appear in density-arrested NRK monolayers or
whether action potential propagation occurs in radial manner.
However, the most simple and perhaps obnoxious question in science
and especially biology would be: "why?". Or, to put it in other words, what
function in the physiology of an animal have these action potentials in
fibroblasts, which for long have been considered to be non-excitable cells?
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Fibroblasts have been shown to form three-dimensional communicating
networks, expanding throughout entire organs (Komuro, 1989, 1990). Recently
electrical communication has been shown between NRK fibroblasts that are
connected via tunneling nanotubes and gap junctions (Wang et al., 2010). The
authors have suggested that the transfer of electrical signals might be able to
provide long-distance cellular signaling and may have a role in wound healing
(Chifflet et al., 2005). Based on our observations that action potentials can be
induced by a local rise of PGF2α, we hypothesize that the intercellular
communication of an organ-spanning network of cells might be modulated by
local release of hormones. Interestingly, Elson has postulated a role of action
potentials in the coordination of the development of an entire eukaryotic
organism (Elson, 2007). This concept is further elaborated by the hypothesis
that a 'primal pacemaker' might play a role in coordinating developmental
processes in the zygote (Elson, 2010). In such a way fibroblasts could be
involved in coordinating activity within an organ and may even contribute to an
organism-spanning cellular network which allows fast, long distance
communication that is essential for processes such as wound healing,
proliferation and differentiation.
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Summary
Cellular growth and differentiation are essential processes in the formation and
maintenance of a multicellular organism. These processes need to be strictly
regulated to ensure that cells start and stop growing at the proper time and
place. Disturbances in this complex of regulatory mechanisms may result in
uncontrolled proliferation of cells and may be the starting point of the
development of pathological conditions. A deeper insight in the fundaments of
these mechanisms is a necessity for understanding such pathological
conditions.
Under non-pathological conditions cells become density-arrested at high
cell densities. Due to this protection mechanism, also known as contactinhibition, excessive cell growth is prevented. In the studies presented in this
thesis normal rat kidney (NRK) fibroblasts are used to study the mechanisms
of calcium dynamics and membrane excitability at different growth stages.
NRK cells can be induced to undergo different growth stages upon addition of
specific growth factors. When these cells are cultured in the presence of
epidermal growth factor (EGF) they undergo density-dependent growth
inhibition. Moreover, the addition of retinoic acid (RA) or transforming growth
factor βTGFβ results in loss of growth inhibition and causes phenotypic
transformation of the cells. The membrane potential is critically dependent on
these different growth stages. Confluent cells made quiescent by serum
deprivation have a stable membrane potential around -70 mV, while densityarrested cells show a similar membrane potential that is interrupted by
spontaneous action potentials. Phenotypically transformed cells have become
depolarized at a membrane potential near -20 mV.
In this thesis several aspects of gene and protein expression, calcium
dynamics and membrane excitability in relation to the different growth stages
have been studied. A single-cell model was developed to get an insight in the
possible mechanism underlying membrane excitability and calcium
oscillations. We have studied the expression of calcium channels and the
prostaglandin (PG)F2α receptor (FP-R) in relation to the growth stagedependent electrophysiological behavior of NRK cells. Furthermore we
succeeded in developing a system in which the origin of pacemaking activity
and spontaneous action potentials could be studied.
In order to get more insight in the mechanism of sustained action
potentials and calcium oscillations, we build a model of a single NRK cell in
which a Hodgkin-Huxley model for membrane excitability and a model for
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inositol trisphosphate (IP3)-mediated calcium oscillations were integrated. The
aim of this minimal model was to reproduce the action potentials and calcium
oscillations observed experimentally in NRK fibroblasts with only a minimal set
of the most essential components. We showed that this could not be done by
simply combining a membrane model with a calcium oscillator, as this resulted
in a model displaying instability in calcium dynamics and is unable to
reproduce long-term calcium oscillations and action potentials. However, the
integration of a calcium influx channel, controlled by feedback from the
endoplasmic reticulum calcium store filling state, resulted in a model displaying
long-term calcium oscillations and action potentials.
The existence of this predicted calcium influx channel was shown
experimentally in both quiescent as density-arrested NRK cells. However, it
turned out that these growth stages coincide with a differential calcium entry
that have either capacitative or non-capacitative characteristics. Quiescent
cells mainly exhibit the capacitative mechanism for calcium entry, also called
store-operated calcium entry (SOCE). Density-arrested cells, however, appear
to exhibit in addition to SOCE also receptor-operated calcium entry (ROCE) as
a mechanism for calcium entry. We studied the expression of the genes
encoding canonical transient receptor potential channels (Trpcs) in NRK cells
and their growth stage-dependency. The expression of Trpc1 was not found to
be dependent on growth stages, but the expression levels of Trpc5 and Trpc6
were clearly increased in cells that became density-arrested in their growth. In
addition we examined the growth stage-dependent expression of the genes
encoding Orai1 and Stim1, and showed that the expression level of both
genes was increased in density-arrested cells compared to quiescent cells.
Our results suggest that the differential expression of Trpc5, Trpc6, Orai1 and
Stim1 in quiescent and density-arrested NRK fibroblasts is responsible for the
difference in regulation of calcium entry between these cells.
In our study investigating the role of FP-R and PGF2α in the phenotypic
transformation of NRK cells we showed that PGF2α up-regulates Cox-2
expression both at the mRNA and protein level. These results indicate that
activation of FP-R in NRK fibroblasts induces a positive feedback loop in the
production PGF2α. By using the shRNA approach we were able to knockdown
the expression of the FP-R encoding Ptgfr gene and showed that activation of
the FP-R is required for a PGF2α-mediated calcium response and subsequent
depolarization in NRK cells. Phenotypic transformation was not hampered by
knock down of Ptgfr, but, in contrast to wild-type cells, phenotypic
transformation was not accompanied by a membrane depolarization to −20
mV. Interestingly, the spontaneous firing of calcium action potentials observed
in density-arrested NRK cells was also impaired by knock down of FP-R
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expression. This study showed that a membrane depolarization is not required
for the acquisition of a transformed phenotype. Moreover, it showed that the
generation of spontaneous action potentials in density-arrested NRK
monolayers is dependent on PGF2α secreted by the cells.
Furthermore we studied the mechanisms of pacemaking activity and
spontaneous calcium action potentials propagating throughout the cellular
monolayer. We used a new experimental approach, in combination with patch
clamp electrophysiology and vital calcium imaging, to study pacemaking
activity of NRK cells. We placed a ring on the monolayer, enabling us to
physically separate pacemaker cells within or under the ring and follower cells
outside the ring. Stimulation of the cells inside the ring with PGF2α resulted in
the induction of periodic action potentials outside the ring. PGF 2α-treated cells
inside the ring displayed asynchronous IP3-mediated calcium oscillations of
variable frequency, while the calcium oscillations observed in cells located
more towards the outside edge of the ring showed a higher degree of
synchronicity. Synchronous calcium transients were observed outside the ring,
coinciding with propagating action potentials. Our mathematical model
indicated that addition of PGF2α inside the ring induced both a membrane
potential gradient and an intracellular IP3 gradient, both of which are essential
for the induction of pacemaking activity under the ring. These results show that
intercellular coupling between PGF2α-treated and non-treated cells is essential
for the generation of a functional pacemaker area whereby synchronization of
calcium oscillations occurs by activation of L-type calcium channels.
Finally, our results are discussed in view of different calcium entry
mechanisms, growth stages, calcium release and uptake and induction of
pacemaker activity. Furthermore, the latest results on propagating action
potentials in density-arrested cells and mechanisms of pacemaker activity
were discussed.
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Groei en differentiatie van cellen zijn essentiële processen in de vorming en
het in stand houden van een meercellig organisme. Deze processen moeten
strikt worden gereguleerd om er voor te zorgen dat cellen op de juiste plaats
en tijd beginnen en stoppen met groeien. Verstoringen in dit complexe stelsel
van regulatiemechanismen kunnen leiden tot ongecontroleerde proliferatie van
cellen en het startpunt zijn in de ontwikkeling van talrijke ziektes. Een dieper
inzicht in de achterliggende mechanismen is noodzakelijk om het ontstaan van
deze ziektes te kunnen begrijpen.
Onder normale omstandigheden stoppen cellen met groei op het
moment dat zij een hoge dichtheid hebben bereikt. Door dit
beschermingsmechanisme, ook wel contact-inhibitie genoemd, wordt
abnormale celgroei voorkomen. In de verschillende studies die in dit
proefschrift worden gepresenteerd, gebruiken we normal rat kidney (NRK)
fibroblasten om mechanismen in calcium dynamiek en exciteerbaarheid van
de celmembraan in verschillende groeistadia te bestuderen. NRK cellen
kunnen door de toevoeging van specifieke groeifactoren worden aangezet tot
verschillende groeistadia. Als deze cellen worden gekweekt in aanwezigheid
van epidermale groei factor (EGF) ondergaan zij dichtheidsafhankelijke
groeiremming. De toevoeging van transformerende groeifactor β TGFβ) of
retinoïnezuur (RA) leidt tot opheffing van de groeiremming en het ontstaan van
fenotypische transformatie. De membraanpotentiaal van een cel is afhankelijk
van de verschillende groeistadia. Confluente cellen die in rust zijn gebracht
door
het
weghalen
van
groeifactoren,
hebben
een
stabiele
membraanpotentiaal rond de -70 mV, bij contact-geïnhibeerde cellen wordt
deze stabiele membraan potentiaal onderbroken door spontane
actiepotentialen. Fenotypisch getransformeerde cellen zijn gedepolariseerd en
hebben een membraanpotentiaal van ongeveer -20 mV.
In dit proefschrift worden verschillende aspecten van gen- en eiwitexpressie, calcium dynamiek en exciteerbaarheid van het membraan in relatie
tot de verschillende groeistadia onderzocht. Een wiskundig model van een
enkele cel werd ontwikkeld om inzicht in de onderliggende mechanismen van
membraan exciteerbaarheid en calcium oscillaties te krijgen. We hebben
gekeken naar de groeistadium afhankelijke expressie van calcium kanalen en
de prostaglandine (PG)F2α receptor (FP-R). Bovendien zijn we er in geslaagd
een systeem te ontwikkelen waarin het ontstaan van activiteit van
'pacemakers' en spontane actiepotentialen kan worden bestudeerd.
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Om meer inzicht te krijgen in de mechanismen van aanhoudende
actiepotentialen en calcium oscillaties hebben we een model gemaakt van een
enkele NRK cel waarin een Hodgkin-Huxley model voor membraan
exciteerbaarheid en een model van inositol trifosfaat (IP 3)-gemedieerde
calcium oscillaties zijn geïntegreerd. Het doel van dit minimale model was om
de actiepotentialen en calcium oscillaties te kunnen reproduceren, zoals deze
ook in NRK cellen worden gemeten, met alleen de meest essentiële
componenten. We hebben laten zien dat dit niet een kwestie is van simpelweg
twee modellen combineren, aangezien dit een model oplevert dat een
instabiele calcium dynamiek heeft en niet in staat is calcium oscillaties en
actiepotentialen over langere tijd te reproduceren. Het toevoegen van een
calcium influx kanaal, dat onder invloed staat van terugkoppeling van de
vullingstoestand ten aanzien van calcium in het endoplasmatisch reticulum,
resulteerde in een model dat in staat is aanhoudende actiepotentialen en
calciumoscillaties te reproduceren.
Het bestaan van dit reeds voorspelde calcium influx kanaal werd
experimenteel aangetoond in zowel rustende als contact-geïnhibeerde NRK
cellen. Het bleek echter dat deze groeistadia samenvallen met een
differentiatie in de calcium instroom, die zowel capacitatief als non-capacitatief
kan zijn. Rustende cellen hebben met name capacitatieve calcium instroom,
ook wel bekend als 'store-operated calcium entry' (SOCE) waarin de calcium
instroom wordt bepaald door de vullingstoestand van de calciumopslag.
Contact-geïnhibeerde cellen hebben naast SOCE ook 'receptor operated
calcium entry' (ROCE) waarin de calcium instroom wordt bepaald door de
activiteit van een receptor. We hebben gekeken naar de expressie van genen
van 'canonical transient receptor potential channels' (Trpcs) in NRK cellen en
de relatie met de verschillende groeistadia. De expressie van het Trpc1-gen
bleek niet afhankelijk te zijn van de groeistadia terwijl de expressieniveaus van
Trpc5 en Trpc6 duidelijk waren toegenomen in contact-geïnhibeerde cellen.
Verder is er gekeken naar de relatie van groeistadium en expressie van Orai1
en Stim1 genen. Bij beide genen was er een verhoogde expressie te zien in
contact-geïnhibeerde cellen vergeleken met rustende cellen. Onze resultaten
suggereren dat de differentiële expressie van Trpc5, Trpc6, Orai1 en Stim1 in
rustende en contact-geïnhibeerde cellen zorgen voor het verschil in regulatie
van de calcium instroom in deze cellen.
In onze studie waarin de rol van FP-R en PGF2α in fenotypische
transformatie van NRK cellen wordt onderzocht, laten we zien dat PGF2α zorgt
voor een verhoging van de expressie van Cox-2 op zowel mRNA- als eiwitniveau. Dit is een aanwijzing dat activatie van de FP-R een positief
terugkoppelingsmechanisme in de PGF2α-productie stimuleert. Door gebruik te
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maken van shRNA technieken kunnen we de expressie van FP-R
onderdrukken en hebben we laten zien dat expressie van de FP-R nodig is
voor het opwekken van PGF2α gemedieerde calcium oscillaties en de
daaropvolgende depolarisatie van NRK cellen. Fenotypische transformatie
wordt niet tegengehouden door het onderdrukken van de FP-R expressie,
maar, in tegenstelling tot de wildtype cellen, gaat de fenotypische
transformatie niet gepaard met depolarisatie naar -20 mV. Het spontaan vuren
van actiepotentialen zoals we dat hebben gezien in contact-geïnhibeerde
cellen wordt ook sterk geremd door het onderdrukken van de FP-R expressie.
Deze studie heeft aangetoond dat depolarisatie van de celmembraan niet
noodzakelijk is voor fenotypische transformatie. Bovendien laat deze studie
zien dat het opwekken van actiepotentialen afhankelijk is van door de cellen
afgescheiden PGF2α.
Verder hebben we de mechanismen van pacemaker activiteit en de
propagatie van spontane actiepotentialen door de monolaag van cellen
bestudeerd. Hiervoor hebben we een nieuwe experimentele aanpak gebruikt,
in combinatie met patch clamp electrofysiologie en vital calcium imaging, om
pacemaker activiteit in NRK cellen te kunnen bestuderen. Hierbij is een ring
geplaatst bovenop de monolaag, zodat pacemakercellen binnen of onder de
ring fysiek gescheiden zijn van 'follower'-cellen buiten de ring. Het stimuleren
van cellen binnen de ring met PGF2α resulteerde in periodieke actiepotentialen
buiten de ring. Cellen binnen de ring die behandeld zijn met PGF 2α hebben
asynchrone IP3-gemedieerde calcium oscillaties met verschillende frequenties,
terwijl de calcium oscillaties gemeten in cellen die zich meer richting de rand
van de ring bevinden, een hogere mate van synchroniteit hebben. Buiten de
ring kunnen we synchrone calcium oscillaties meten die overeenstemmen met
propagerende actiepotentialen. Ons wiskundig model geeft aan dat het
toevoegen van PGF2α binnen de ring resulteert in een gradiënt van de
membraanpotentiaal en in een gradiënt van intracellulair IP3. Beiden zijn
essentieel voor het ontstaan van pacemakeractiviteit onder de ring. Deze
resultaten laten zien dat intercellulaire koppeling tussen cellen die behandeld
zijn met PGF2α en onbehandelde cellen essentieel is voor het ontstaan van
een werkend pacemaker gebied waarbij synchronisatie van calcium oscillaties
wordt gemedieerd door activatie van L-type calcium kanalen.
Tot slot worden de resultaten bediscussieerd in het licht van
verschillende calcium-instroommechanismen, groeistadia, calcium-afgifte en opname en het induceren van pacemakeractiviteit. Bovendien worden de
laatste resulten over propagerende actiepotentialen in contact-geïnhibeerde
cellen en mechanismen van pacemakeractiviteit bediscussieerd.
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Het is gedaan. Het schrijven van een proefschrift lijkt soms een eenzame
bezigheid maar blijkt altijd het resultaat te zijn van de inspanning en
ondersteuning van vele mensen. Dat is bij het tot stand komen van dit
proefschrift niet anders, een van de laatste bladzijdes is dan ook gewijd aan
de mensen zonder wie dit proefschrift niet voor u zou liggen.
Als eerste gaat mijn dank uit naar Lex Theuvenet en Joop van Zoelen
voor de mogelijkheid die jullie hebben geboden tot het doen van het
onderzoek dat in dit proefschrift is beschreven. Wellicht hebben jullie je
weleens afgevraagd of het ooit af zou komen, maar mede door jullie
aanhoudende ondersteuning is het toch gelukt. Stan Gielen, je fysische blik op
biologische data heeft enorm geholpen om deze te begrijpen.
Martijn Kusters, onze samenwerking in dit gezamenlijke project heeft
behalve mooi onderzoek ook veel plezier opgeleverd. Dick Ypey, door je
enthousiasme ging ik nog beter naar mijn resultaten kijken. Wilbert van
Meerwijk, je wist op een bijzonder prettige manier mijn gedachten weer
overhoop te gooien, dank daarvoor. Wadia Almirza, jouw inbreng in het NRK
onderzoek bracht op een belangrijk punt het onderzoek weer een nieuwe
impuls. Peter Peters, zonder jouw werk in de celkweek en vooral ook de patch
clamp experimenten was dit boekje een stuk dunner geweest.
Mijn andere collega's van de afdeling Celbiologie en Toegepaste
Biologie, hoewel het meerendeel van het experimentele werk zich voltrok in
patch-hokken en doka's, waren de pauzes en andere gezellige activiteiten een
welkome afleiding.
Tot slot wil ik mijn familie en vrienden en in het bijzonder mijn ouders,
bedanken, eindelijk is het eindresultaat zichtbaar. Jullie zijn een grote steun
geweest tijdens het schrijven van dit proefschrift.
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