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General Introduction

Chapter 1

Cellular signaling
It may appear as a miracle of life that millions of cells are working together in an organism to
evoke very complex behavior. When, for example, a predator attacks its prey, various cell
types at different locations in the body become activated to perform cell-specific tasks. First,
cells in the retina of the eye detect the optical information on the size and location of the
prey. The information is processed by various types of neurons located in a chain of neuronal
centers in the brain. Coming from the retina it flows through the thalamus and visual cortex
by various parallel pathways into the motocortex. The motoneurones located in this area
activate skeletal muscle cells, resulting in a jump towards the prey. This example shows that
the transfer of information between cells and within cells is essential for an organism and has
to be efficient and precise. This information transfer process is called ‘cellular signaling’ and
can be divided in two steps, namely intercellular and intracellular signaling.
Intercellular signaling is the interaction between cells via secretion of signaling
molecules like hormones, neurotransmitters and growth factors, and the subsequent binding
of these ‘first messengers’ to specific receptors on the plasma membrane of the target cell. In
contrast, intracellular signaling occurs within one cell and coordinates the activity of the
various biomolecules present to evoke the desired cellular response. Intracellular signaling
can involve enzymes and G-proteins, and intracellular signaling molecules like cAMP and
Ca2+, the so-called ‘second messengers’.
Translation of external signals into intracellular signals usually occurs at the plasma
membrane where receptors are located that activate intracellular signaling cascades upon
binding of first messenger molecules. In the case of Ca2+ signaling, excitability of the cell
plasma membrane often plays an important role. In this thesis the role of excitability in
transmembrane signaling is studied in two different cell types, focusing on Ca2+ as the
intracellular second messenger. The Xenopus melanotrope cell is a neuroendocrine transducer
cell that has to convert the incoming neuronal input into a correct output response (hormone
secretion), whereas the normal rat kidney (NRK) fibroblast is part of a cellular network
where intercellular signaling is necessary to coordinate activity important for formation and
maintaining structural integrity of connective tissue. Both cell types display under certain
experimental conditions spontaneous Ca2+ oscillations together with correlated electrical
activity that can be influenced by first messengers like neurotransmitters (Xenopus
melanotropes) and growth factors (NRK fibroblasts). We will compare these cells for
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common properties and significant differences with respect to excitability and calcium
signaling, and try to understand the results in relation to the physiological functions these
cells exert in the organism.

Calcium signaling
Calcium is an important second messenger, as it is involved in the regulation of several
processes including muscle contraction, secretion, metabolism, neuronal excitability and
proliferation. The action of calcium is through its change in concentration. At low
concentrations (10-100nm range) cells remain quiescent but when the Ca2+ concentration is
raised (500-1000nm range) cells become activated to perform specific functions. Special Ca2+
sensors such as calmodulin and troponin C are responsible for detecting the Ca2+ rise and
translate this information into specific cellular responses (Berridge & Bootman, 1996, Brini
& Carafoli, 2000). To raise the internal Ca2+ concentration the cell has access to external and
internal sources. Since there is a large electrochemical gradient across the plasma membrane
favoring Ca2+ entry, external Ca2+ will flow into the cell upon opening of Ca2+ channels
located in the membrane. Internal stores of Ca2+, like the endoplasmic reticulum, contain high
concentrations of Ca2+ and can be depleted upon activation of the ryanodine receptor and the
inositol 1,4,5-triphosphate (InsP3) receptor. Endogenous buffers like calbindin, calretinin and
parvalbumin, rapidly bind Ca2+ that flows into the cell, thereby keeping the Ca2+
concentration below a toxic level. To maintain the Ca2+ gradient over the membrane of the
cell and of the intracellular stores, Ca2+-transporters like Na+/Ca2+ exchangers and Ca2+
ATPases, pump the Ca2+ out of the cell again.
Measurements of the intracellular Ca2+ signal are possible using fluorescent probes
like Fura, Fura-Red and Indo-1, which bind free cytoplasmic Ca2+. Monitoring the internal
Ca2+ concentration has revealed that in many cell types the Ca2+ signal oscillates (neurons:
Gorbunova & Spitzer, 2002; McDonough et al., 2000; Numakawa et al., 2002; astrocytes:
Nett et al., 2002; Parri et al., 2001; Pasti et al., 2001; Tashiro et al., 2002; endocrine cells:
Charles et al., 1999; Deeney et al., 2001; Kaftan et al., 2000; Stojilkovic & Catt, 1992) with a
shape and frequency that strongly depend on the cell type. The various mechanisms that are
described to generate these oscillations often involve excitability of the membrane (Berridge
& Bootman, 1996; Hille, 2001; Taylor, 2002; Stojilkovic & Catt, 1992; Stojilkovic et al.,
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1994; Shibuya & Douglas, 1993b; Scheenen et al., 1994a). Ca2+ oscillations in these cells are
strongly correlated with electrical activity (plasma membrane oscillators).

Excitability
Since the phospholipid layer of the plasma membrane is not permeable for ions, the cell can
maintain a strong electrochemical gradient across that membrane. This fact, and the existence
of ion channels that selectively conduct ions when activated, forms the basis for electrical
excitability of the cell, as was shown by Hodgkin and Huxley in the early fifties. They used
basic principles from physics in a model to explain action potential firing in the giant axon of
the squid, which became a theoretical framework for research on excitable cells in general
(Hodgkin & Huxley, 1952).
Fig. 1.1A shows a schematic representation of an excitable cell according to Hodgkin
and Huxley, with as main components the plasma membrane and ion channels (in this case
Na+, K+, and leak channels). Hodgkin and Huxley considered the membrane as a capacitor
with capacitance Cm, and the ion channels as Ohmic conductances, which is depicted in the
equivalent circuit in Fig.1.1B. Applying to this scheme Kirchoff’s law, which states that
accumulation of charge at any node in the circuit is not allowed, yields that the capacitive
current through the membrane,

I cap = C m

dVm
dt

(1.1)

equals the sum of currents through the ion channels

I chan = I Na + I K + I L

(1.2)

which gives the following expression:

Cm
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dVm
= I Na + I K + I L .
dt

(1.3)
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This equation is referred to as the membrane-voltage equation, since it determines the
evolution of the membrane-voltage in time as a function of the ionic currents that flow
through the ion channels. The ionic currents are described according to Ohms law:
I y = G y (Vm − V y ) ,

(1.4)

with Vy the Nernst-potential for the ion reflecting the electrochemical gradient across the
membrane for that particular ion y. For K+ ions this potential is in general around –90mV, for
Na+ around +50mV and for the leak around 0mV. The macroscopic conductance Gy is the
sum of all the microscopic channel conductances gy that conduct the particular ion y. The
small conductance of a channel is a stochastic parameter that can either be 0 or a constant
value, depending on whether the channel is closed or open, respectively.
Hodgkin and Huxley introduced the concept of a channel that has activation and
inactivation gates (Fig. 1.1C). Each gate has its own stochastic dynamics determined by the
following linear differential equation:

dx
= α x (1 − x ) − β x x ,
dt

(1.5)

with x the probability for the particular gate to be in the open state. The rate constants αx and

βx are voltage-dependent, as shown for an activation gate in Fig. 1.1D. Given the relative high
value for αx and the relative low value for βx at depolarized levels, the open probability x for
the activation gate will increase upon depolarization. In the case of inactivation gates this is
the other way around and the open probability will decrease upon depolarization, with slower
dynamics compared to activation. For a channel with i activation gates with open probability
m and j inactivation gates with open probability h, the open probability of the channel itself is
mihj. Statistics tell that if the number of channels for ion y in the cell is large mihj is also an
expression for the fraction of open channels in the cell for ion y (Hille, 2001). Therefore, Gy
can be expressed as Gy,max mihj, with Gy,max the maximal total conductance for ion y when all
channels are open.
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Fig. 1.1 Hodgkin and Huxley description of excitable cells. (A) Schematic drawing of an excitable cell
consisting of an isolating lipid bilayer with inserted conducting ion channels. (B) Equivalent electrical circuit of
excitable cell in A, with ion channels represented by conductances, ionic reversal potentials by batteries and the
lipid bilayer by a capacitor. (C) Schematic drawing of an ion channel inserted in the plasma membrane. The
drawn channel model with the three m-gates and the h-gate in series is a conceptual way of drawing the m-gates
consistent with the original Hodgkin-Huxley model. For a more realistic activation gating structure-function
concept, see the recent papers of Jiang et al, (2003a, 2003b). (D) Rate constants α and β for opening and closing
of m-gates in C as a function of voltage.

Action potential firing can be induced in the model through stimulation with a current
pulse strong enough to exceed the threshold for action potential firing. Under this condition
the membrane will depolarize during the stimulus due to the passive RC-response of the
membrane capacitance and the leak conductance. However, the depolarization rapidly
activates the Na+ channels, and depolarization becomes regenerative. This causes the upstroke
14
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of the action potential, which reaches its peak when Na+ channels become inactivated and K+
channels are activated generating a hyperpolarizing force. The membrane repolarizes due to
this outward current with a small undershoot and equilibrates at the resting potential.
The use of biologically plausible parameter values is important to create realistic
models. These parameters values have to be obtained in electrophysiological experiments
using single cells.

Patch-clamp technique
In the late seventies Neher and Sakmann introduced the patch-clamp technique that made it
possible to measure electrical signals produced by in single cells (Neher & Sakmann, 1976).
The technique is based on the formation of a high-resistance seal of a glass pipette with a
patch of the plasma membrane of the cell (Fig. 1.2A). For low noise recordings the seal
resistance should typically exceed 109 Ω (“giga-seal”; Hamill et al., 1981). In this cellattached-patch tight-seal configuration a patch of membrane is electrically isolated and
currents through single channels can be measured when an electrode is placed inside the
pipette. Moreover, electrical access to the inside of the cell can be achieved by making an
opening in the membrane allowing intracellular recordings (whole-cell configuration, Fig.
1.2B). The patch-clamp amplifier, used to record the electrical signals, is designed in such a
way that current stimulation and voltage measurements, or vice versa, can be performed
using a single electrode. Both the cell-attached-patch and the whole-cell configuration of the
patch-clamp technique are used in the present study (see chapters 3, 4).
In the whole-cell configuration excitability can be studied by monitoring the change
in membrane-voltage, e.g. action potential firing, under current stimulation conditions
(current-clamp mode; Fig. 1.2C). Alternatively, to characterize the currents present in the cell
and to determine their voltage dependency, the membrane voltage can be controlled and
manipulated while the current is recorded (voltage-clamp mode, Fig. 1.2D). Applying the
appropriate voltage-protocols enables one to determine electrophysiological parameters such
as maximal conductance Gy,max, reversal potential Vy, steady-state activation m∞ and
inactivation h∞, and time-constants for activation τm and inactivation τh from the current
records (Hille, 2001). These parameters can be used to construct Hodgkin-Huxley-type
models to reproduce the electrical behavior of the cell, where the rate constants in Eq. 5 are
given by
15
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αx =

x∞

τx

and

βx =

(1 − x ∞ )

τx

,

(1.6a,b)

with x being either m for activation or h for inactivation.

Fig. 1.2 Patchclamp technique A) Schematic drawing of a cell-attached patch-configuration. In this
configuration a small piece of membrane sucked into the pipette and electrically isolated from the rest of the
membrane by the seal with the pipette. Single channel currents of ion-channels present in the patch can be
recorded, as well as action currents (capacitive currents evoked by action potential firing of the cell). B) Wholecell configuration. Access is made to the interior of the cell, which allows recording of the membrane potential
and total ion-currents in response to voltage-step protocols. C) Example of a current-clamp recording: injected
current into the cell is clamped at 0pA, spontaneous action potentials are recorded. D) Example of a voltageclamp recording: a 100ms voltage step from –80mV to +15mV is applied to the cell, induced K+ current is
measured.
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Excitability and Ca2+-signaling can be strongly coupled in cells that contain voltagegated Ca2+ channels and/or Ca2+-gated ion channels (Cl-(Ca) channel, K+(Ca) channel).
Action potential firing will cause an influx of Ca2+ through voltage-gated Ca2+ channels,
whereas changes in the internal Ca2+ will modify Ca2+-gated conductances, thereby affecting
the membrane potential.
The role of excitability in Ca2+-signaling is investigated in two cell systems that are
described in the following sections.

Melanotrope cells of Xenopus laevis
The amphibian Xenopus laevis has the ability to adapt its skin color to the background (see
Jenks & Van Zoest, 1990; Jenks et al., 1993; Roubos, 1992, 1997; Roubos et al., 1999, 2002;
Kramer et al., 2001; Kolk et al., 2002). Neuroendocrine melanotrope cells in the pars
intermedia of the pituitary gland secrete the peptide α-melanophore-stimulating hormone (αMSH). This hormone is named after its action on dermal melanophores, stimulating the
dispersion of melanin-containing pigment granules. In this way, animals placed on a black
background are able to camouflage themselves by turning the color of their skin black,
whereas on a white background the low level of α-MSH will make the animal look pale.
The Xenopus melanotrope cells receive a large number of different neuronal
stimulatory and inhibitory inputs. This is in accordance with the fact that four brain centers
are involved in regulating melanotrope cell activity (e.g. Jenks et al., 1993; Roubos, 1997;
Kramer et al., 2001). Inhibition is received from neurons in the suprachiasmatic nucleus,
which release neuropeptide Y (NPY), dopamine, and γ-amino butyric acid (GABA) (Verburg
et al., 1986a, 1987; Scheenen et al., 1995). The other three brain centers have a stimulatory
effect on secretion: the raphe nucleus releasing serotonin, the locus ceruleus releasing
noradrenalin, and the magnocellular nucleus releasing corticotropin-releasing hormone
(CRH) and thyrotropin-releasing hormone (TRH) (for details see Tuinhof et al. (1994) and
Ubink et al. (1998)). The melanotrope cell itself releases acetylcholine (Van Strien et al.,
1996) and BDNF (Kramer et al., 2002) that acts in an autostimulatory fashion.
There is a wide variety of receptors involved in transmembrane signaling by the
Xenopus melanotrope cell. DA acts via a D2-like receptor (Martens et al., 1991; Verburg et
al., 1986a,b), NPY via a Y1-type receptor (Blomquist et al., 1995; Scheenen et al., 1995),
GABA via a GABAA and a GABAB receptor (Verburg et al., 1986a; De Koning et al., 1993),
17
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NA via a β-adrenergic receptor (Roubos et al., 2002) and ACh via a muscarinic type 1
receptor (Van Strien et al., 1996b). The main second messengers that transduce receptor
activations into subcellular responses are cAMP and the Ca2+ ion, but eventually all neuronal
factors influencing Xenopus melanotrope cell activity control the intracellular Ca2+
concentration ([Ca2+]i ) (Kongsamut et al., 1993; Scheenen et al., 1993, 1994a,b,c, 1995,
1996; Van Strien et al., 1996). In vitro, most of the Xenopus melanotrope cells reveal
spontaneous fluctuations of the [Ca2+]i, the so-called calcium oscillations (Shibuya &
Douglas, 1993a,b,c; Scheenen et al., 1994a,b,c; 1995, 1996; Koopman et al., 1996, 1999;
Jenks et al., 1999). Dynamic video imaging of the [Ca2+]i has revealed that the known
secreto-inhibitors of the Xenopus melanotrope inhibit the oscillations whereas the known
secreto-stimulators affect the pattern of the oscillations, for instance by changing the
frequency or the amplitude of the oscillations (Shibuya & Douglas, 1993c; Scheenen et al.,
1994c). These findings indicate that the Ca2+ oscillations are the driving force for secretion.
Detailed analysis of the Ca2+ oscillations has revealed that opening of N-type voltageoperated Ca2+ channels in the plasma membrane permits Ca2+ ions to enter the cell and to
stepwise build up the [Ca2+]i, leading to the rise phase of a Ca2+ oscillation (Fig. 1.3;
Scheenen et al., 1996; Koopman et al., 2001). Simultaneous recordings of the electrical
activity and the Ca2+ oscillations show a direct coupling between action current events and
the steps that build up the calcium oscillations (Fig. 1.3; Lieste et al., 1998). This indicates
that melanotrope excitability is important in shaping of the oscillation patterns and in
translating a first messenger signal into a Ca2+-signal.
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Fig. 1.3 Coupling of electrical activity and Ca2+ oscillations in melanotrope cells of Xenopus laevis. Each action
current evokes a small rise in internal Ca2+ concentration (‘step’). Bursts of action currents are correlated with
peaks in the Ca2+ signal.

NRK fibroblasts
Normal rat kidney (NRK) fibroblasts are used as a model system for studying control
mechanisms of cell growth and cellular alterations in cancer cells. They can be
phenotypically transformed by growth factors concomitant with a loss of density-dependent
growth control as observed in tumor cells (Fig. 1.4; Van Zoelen, 1991). When NRK
fibroblasts are cultured in the presence of serum a confluent monolayer is formed after 3-4
days. Cells in this culture are present in various stages of the cell cycle and are therefore
called unsynchronized. After culturing them in serum-free medium for a few days they
become synchronized in the G0-phase of the cell cycle, referred to as the quiescent state.
When these quiescent cells are subsequently treated with epidermal growth factor (EGF) as
the only growth stimulating polypeptide, the cells undergo one more additional cell cycle,
before they become growth-arrested upon reaching a critical cell density. (Van Zoelen et al.,
1988). This state of density-dependent growth inhibition can be overcome by subsequent
addition of EGF in combination with a transforming agent like transforming growth factor β
(TGFβ) or retinoic acid (RA). Under these conditions the cells acquire a transformed
phenotype (‘transformed state’; Van Zoelen et al., 1988) and the ability to grow under
anchorage-independent conditions (i.e. without the necessity to bind to a solid substrate).
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Remarkably, different electrical patterns are associated with specific growth stages of
NRK cells. In the quiescent state the NRK membrane potential is stable around –70mV (De
Roos et al., 1997a). Spontaneous low frequency firing (~0.02 to 0.002Hz) of broad action
potentials (~30s) occurs in the density-arrested state whereas in the transformed state the
membrane potential depolarizes to the reversal potential of chloride, which is around –20mV
in these cells (De Roos et al., 1997a). The current hypothesis is that excitability is important
in calcium signaling in NRK fibroblasts since a strong interplay exists between the membrane
potential and the internal Ca2+ concentration. In the quiescent state, action potentials can be
induced that propagate across the monolayer with a speed of 6.0mm/s. Ca2+ measurements
show that almost synchronously with these action potentials Ca2+ transients propagate across
the monolayer, indicating coupling between Ca2+ signaling and the membrane potential. The
observation of spontaneous repetitive increases of the internal Ca2+ concentration in densityarrested monolayers of NRK cells that show spontaneous action potential firing, supports this
idea (De Roos et al., 1997b). The internal Ca2+ concentration is thought to play a role in
growth regulation because many growth modulating factors, including platelet-derived
growth factor (PDGF), prostaglandin F2α (PGF2α) and bradykinin (BK), induce an increase in
the internal Ca2+ concentration (Afink et al., 1994; De Roos, 1997a).
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Fig. 1.4 Different growth stages in NRK fibroblasts with corresponding electrical patterns (quiescent state: 70mV, density arrested state: low frequency action potential firing, transformed state: -20mV ).

The excitability of NRK cells might serve to shape and propagate and/or synchronize
the internal Ca2+ signal throughout the cellular network. For this purpose the cell possesses
several ion channel types to create the appropriate type of excitability. It contains Ca2+activated Cl- channels that depolarize the membrane upon activation by Ca2+ (De Roos et al.,
1997a; Harks et al., 2003b) and L-type Ca2+ channels that cause an increase in internal Ca2+
upon membrane depolarization (De Roos et al., 1997b; Harks et al., 2003b). Propagation and
synchronization of electrical activity is possible by electrical and chemical intercellular
coupling through gap junctions (De Roos et al., 1996, 1997c; Harks et al., 2001, 2003a).
Thus, excitability might be important in growth regulation of NRK fibroblasts
because of its role in the generation of Ca2+ signals as well as in the transduction of the Ca2+
signal to neighboring cells in the network.
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Aim and outline of the thesis
In the present thesis the role of excitability in Ca2+ signaling is studied in two different cell
types, namely neuroendocrine Xenopus laevis melanotropes and normal rat kidney (NRK)
fibroblasts. For this purpose, electrophysiological experiments were performed and
mathematical models were constructed based to a large extent on the obtained experimental
data. The study was initiated by building a minimal model to describe the generation of Ca2+
oscillations through electrical bursting in Xenopus laevis melanotropes, including all specific
oscillation features observed in these cells. The model reveals possible parameters by which
various neurotransmitters can modulate the intracellular Ca2+ signal (Chapter 2). To
investigate experimentally how first messengers modulate the internal Ca2+ signal the effect
of the secreto-stimulatory neurotransmitter sauvagine on both the Ca2+ oscillations and the
excitability is studied. The results of this study are described in Chapter 3. It shows that
sauvagine increases frequency and changes shape of the Ca2+ oscillations, and has a
stimulating effect on the electrical activity most likely through inhibition of K+ channels. An
electrophysiological study to assess the role of Na+ and K+ currents in the excitability of
Xenopus melanotrope cells underlying the Ca2+ oscillations is presented in Chapter 4. The
electrophysiological parameters obtained from the experiments in chapter 4 are then used in
Chapter 5 to build a realistic model for the Xenopus melanotrope cell containing only Na+

and K+ currents. The model simulates the current-clamp and voltage-clamp behavior
described in Chapter 4 and gives a better understanding of the role of Na+ and K+ currents in
the excitability of these cells. In Chapter 6 a model is presented for action potential
generation and propagation related to Ca2+ signaling in a monolayer of NRK fibroblasts,
based on electrophysiological data as presented in Harks et al. (2003b).
The results are summarized and discussed in Chapter 7, and an overview is given of
the common properties and significant differences in the role of excitability in calcium
signaling between Xenopus laevis melanotropes and NRK fibroblasts.
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Chapter 2

Abstract
A minimal model is presented to explain changes in frequency, shape, and amplitude of Ca2+
oscillations in the neuroendocrine melanotrope cell of Xenopus laevis. It describes the cell as a
plasma membrane oscillator with influx of extracellular Ca2+ via voltage-gated Ca2+ channels in
the plasma membrane. The Ca2+ oscillations in the Xenopus melanotrope show specific features,
that cannot be explained by previous models for electrically bursting cells using one set of
parameters. The present model assumes a KCa-channel with slow Ca2+-dependent gating kinetics
that initiates and terminates the bursts. The slow kinetics of this channel cause an activation of
the KCa-channel with a phase shift relative to the intracellular Ca2+ concentration. The phase
shift together with the presence of a Na+ channel that has a lower threshold than the Ca2+
channel, generate the characteristic features of the Ca2+ oscillations in the Xenopus melanotrope
cell.
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Introduction
Cells of multicellular organisms communicate with each other to control and coordinate their
activities. This communication takes place by way of various types of first messengers, such as
neurotransmitters, hormones and growth factors. First messengers specifically contact a cell via
receptors that subsequently transduce the extracellular signals into specific (intra-) cellular
responses such as protein synthesis, secretion or contraction. In this transduction process a
relatively small number of second messenger molecules are involved, such as cAMP, inositol
trisphosphate and Ca2+ ions. Among the second messengers, to date much attention is being
paid to the role of the intracellular Ca2+ concentration ([Ca2+]i) (Berridge, 1998; Bito, 1998;
Neher, 1998). In many secretory cells, including neurons and neuroendocrine cells, [Ca2+]i
changes in the form of Ca2+ oscillations are thought to control secretory events (Stojilkovic &
Catt, 1992; Shibuya & Douglas, 1993; Berridge, 1998). In some cases these oscillations depend
on influx of extracellular Ca2+ via voltage-gated Ca2+ channels in the plasma membrane and on
Ca2+ release from intracellular stores. In others, the influx of extracellular Ca2+ is the only cause
of the Ca2+ oscillations (Stojilkovic & Catt, 1992; Stojilkovic et al., 1994; Scheenen et al.,
1994a,b). In the latter cell type the Ca2+ influx depends on the electrical state of the plasma
membrane.
Several models have been proposed for the mechanism by which Ca2+ oscillations are
coupled to bursting electrical membrane activity, such as for the pancreatic β-cell (Chay &
Keizer, 1983) and the R15 neuron in Aplysia (Chay, 1990; Canavier et al., 1991). However,
although these models describe the electrical behavior of the cells, relatively little attention has
been paid to the characteristics of the Ca2+ oscillations. Recently, several interesting details have
been reported on Ca2+ oscillations in the melanotrope cell of the amphibian Xenopus laevis
(Scheenen et al., 1996; Koopman et al., 1997; Lieste et al., 1998). This neuroendocrine cell
type is located in the intermediate lobe of the pituitary gland and secretes α-melanophorestimulating hormone (α-MSH), which stimulates the dispersion of the pigment melanin in
dermal melanophores. This process enables the animal to adjust the gray intensity of its skin to
the light intensity of the environment (“background adaptation”). The Xenopus melanotrope cell
is an established and extensively studied object for investigations of the ways in which
environmental stimuli are transduced into physiologically meaningful responses (Loh & Gainer,
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1977; Maruthainar et al., 1992; Artero et al., 1994; Roubos, 1997; Jenks et al., 1998). Many of
the various steps in this transduction process are known in great detail and can be
experimentally approached and quantitatively manipulated both in vivo and in vitro. Various
neuronal messengers, such as thyrotropin-releasing hormone (TRH), corticotropin-releasing
hormone (CRH), acetylcholine, serotonin (all excitatory) and dopamine, neuropeptide Y (NPY)
and γ-aminobutyric acid (GABA ) (all inhibitory) control the secretion of α-MSH from the
Xenopus melanotrope cells (for reviews see Roubos, 1997; Jenks et al., 1998). All of these
factors exert their effect on α-MSH secretion by affecting the Ca2+ oscillatory dynamics
(Shibuya & Douglas, 1993; Scheenen et al., 1994a,b). Recently, we showed that the Ca2+
oscillations are coupled to membrane action potential bursting (Lieste et al., 1998). Imaging of
the [Ca2+]i oscillations with high temporal resolution has revealed that the oscillation patterns
may differ in frequency, amplitude and shape. In more detail, the Ca2+ oscillatory pattern of this
cell is characterized by various other features such as (i) repetitive steps during the rise phase,
(ii) a plateau phase, (iii) an exponential decline, and (iv) an abrupt transition from the decline
phase to the rise phase of the next Ca2+ peak (Scheenen et al., 1996; Koopman et al., 1997;
Lieste et al., 1998), as illustrated in Fig. 2.1.

Fig. 2.1. Characteristic features of Ca2+ oscillations in the Xenopus melanotrope cell: (i) steps during the rise
phase, (ii) plateau phase, (iii) exponential decline phase, (iv) abrupt transition from decline to rise phase. The
cell has been loaded with the membrane permeable probe fura-2/AM and fluorescence emission was monitored
at 520 nm (SD 15 nm; described in Lieste et al., 1998). Changes in [Ca2+]i are expressed as ratio signals of fura2 fluorescence after excitation at 360 nm and 380 nm (F360/F380).
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The aim of the present study is to develop a mathematical model that describes the detailed
features of Ca2+ oscillations in the Xenopus melanotrope cell and that links these features to the
electrical behavior of its plasma membrane. For this purpose we have taken the Chay-Rinzel
model (Chay & Rinzel, 1985) as a starting point. This model provides a qualitative description
of Ca2+ oscillations with steps in the rise phase as a result of the coupling between bursting
electrical membrane activity and [Ca2+]i. However, it can not explain the properties (ii), (iii) and
(iv) of the Xenopus melanotrope as described above. Therefore, we have replaced in the model
the original Ca2+-sensitive K+-channel by a KCa-channel with Hodgkin-Huxley kinetics which
are Ca2+ dependent and are slow compared to the kinetics of the voltage-gated channels.
Furthermore, we have added a Na+ channel which has a lower threshold than the Ca2+ channel.
These modifications enable us to describe Ca2+ oscillations with the features that are
characteristic for the melanotrope cell of Xenopus laevis, as depicted in Fig. 2.1. Whereas the
model describes and explains the characteristics of the Ca2+ oscillations and the relationship
between electrical membrane activity and Ca2+ oscillations in this neuroendocrine cell, it also
provides insight in the physiological parameters of the cell that can account for the variations in
the pattern of the Ca2+ oscillations. This is highly relevant from a biological point of view as it
is assumed that variations in this pattern reflect different physiological states of this Xenopus
neuroendocrine signal transducer cell (Koopman et al., 1997).
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Model
Plasma membrane oscillator
In this section we describe the model to explain intracellular Ca2+ oscillations in the
melanotrope cells of Xenopus laevis. The model consists of a set of eight coupled, non-linear
differential equations and is based on a excitable membrane model proposed by Chay and
Rinzel (Chay & Rinzel, 1985). It contains a Hodgkin-Huxley-type formalism (Hodgkin &
Huxley, 1952) for the generation of action potentials, a differential equation that describes the
dynamics of [Ca2+]i, and a differential equation that describes the Ca2+-dependent kinetics of
a KCa-channel that provides the coupling between the [Ca2+]i and the electrical activity.
Spontaneous Ca2+ action potentials are generated in a bursting manner. Each action potential
gives rise to a rapid influx of Ca2+ through voltage-gated Ca2+ channels and causes a small
increase in [Ca2+]i (a ‘step’) (Koopman et al., 1997). During a burst of action potentials a
number of steps are generated, which results in a sequential and accumulative increase in
[Ca2+]i. In the time periods between the bursts of action potentials Ca2+ is removed from the
cell by a Ca2+ removal mechanism.
In the model the fast kinetics of voltage-gated ion channels are combined with the
slow kinetics of a KCa-channel that is progressively activated by an increase in [Ca2+]i.
Activation (deactivation) of this slow K+ channel causes a hyperpolarization (depolarization)
of the plasma membrane. The activation and deactivation result in the stop and the start,
respectively, of a burst of action potentials. On the basis of this concept for a plasma
membrane oscillator, it is possible to describe the several characteristic features of the Ca2+
oscillations of the melanotrope cell, as given in the introduction.

Model equations
The membrane potential (V) of an excitable cell is given by

Cm

dV
= −∑ I ion
dt

(2.1)

where Cm represents the membrane capacitance, and Σ Iion the sum of the ion currents through
the various ion channels. In this model the total ion current consists of five components:
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∑I

ion

= I Ca , HH + I Na , HH + I K , HH + I L + I K ,Ca

(2.2)

with the Hodgkin-Huxley type currents: ICa,HH a voltage-gated Ca2+ current, INa,HH a voltagegated Na+ current, IK,HH a voltage-gated K+ current, and IL a leak current, that incorporates the
contributions of all the ion currents (e.g. Cl- currents) not explicitly included in the model.
The current IK,Ca represents a slow K+ current that is activated by [Ca2+]i.
ICa,HH, INa,HH, IK,HH, and IL are modeled similarly to the ion currents in the original
Hodgkin-Huxley scheme that describes the generation of action potentials (Hodgkin &
Huxley, 1952). The currents are expressed in terms of a voltage-dependent conductance
multiplied by the difference between the membrane voltage and the Nernst potential for the
particular ion:

I Ca , HH = g Ca , HH m 3 h(V − VCa )
I Na , HH = g Na , HH p 3 q (V − V Na )
I K , HH = g K , HH n 4 (V − V K )

(2.3)

I L = g L (V − V L )

where g Ca , HH , g Na , HH , g K , HH , and g L are the maximal conductances per unit area for the
voltage-gated Ca2+-, voltage-gated Na+, voltage-gated K+, and leak channels, respectively.
The symbols m, h, p, q and n represent the probabilities to be in an open state for the m-, h-,
p-, q- and n-gates, respectively. VCa, VNa, VK, and VL are the Nernst potentials for Ca2+, Na+,
K+, and leak ions, respectively, which are assumed to be constant in this study.
The time evolution of the probabilities m, h, p, q, and n is described by the following
first order differential equation, introduced by Hodgkin and Huxley:

dy
= α y (1 − y ) − β y y
dt

(2.4)

where y stands for m, h, p, q, or n, and where αy and βy are the activation and deactivation
rates, respectively. The voltage dependencies of αy and βy have qualitatively the same form as
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in the original Hodgkin-Huxley equations, but are shifted along the V-axis in accordance with
the Chay-Rinzel model. These shifts of the voltage dependencies of αy and βy result in the
periodic generation of action potentials by the membrane. The detailed expressions for αy and

βy, used in this study, are given in Table 2.2 in the parameter section.
The spontaneous activity of the membrane, as described above, can be blocked by a
hyperpolarizing current. Alternating activation and deactivation of this current will generate
bursts of action potentials. In this model a slow potassium current, IK,Ca, which is activated by
Ca2+, plays the role of the hyperpolarizing current. IK,Ca is given by

I K ,Ca = g K ,Ca P(V − VK )

(2.5)

where g K ,Ca is the maximal conductance per unit area for KCa-channel, P is the probability for
the channel to be in an open state, and VK is the Nernst potential for K+. The time evolution
of P depends on [Ca2+]i and is modeled by

dP
= α P (1 − P ) − β P P
dt

(2.6)

with αP and βP being the activation and deactivation rate, respectively. Eq. 2.6 is analogous to
Eq. 2.4. However, the rates in Eq. 2.6 are not voltage-dependent but are described by

α P = u o ([Ca 2+ ]i − [Ca 2+ ]basal )
β P = uc

(2.7)

with uo and uc constants, and [Ca2+]basal the basal level of [Ca2+]i. The parameters uo and uc
determine how P responds to an oscillating [Ca2+]i signal. If both parameters are large relative
to the rate of change of [Ca2+]i, P will closely follow changes in [Ca2+]i and therefore, will be
almost in phase with [Ca2+]i. If the values of uo and uc are small relative to the rate of change
of [Ca2+]i, P will lag changes in [Ca2+]i and will be out of phase with respect to [Ca2+]i for
periodic changes in [Ca2+]i. Note that for large values of uo and uc the probability P for the
KCa-channel to be in an open state can be replaced by its value at equilibrium

36

Modeling Ca2+ oscillations in Xenopus melanotropes

P∞ =

αP

αP + βP

=

([Ca

([Ca

2+

2+

]i − [Ca 2+ ]basal
2+

]i − [Ca ]basal

)

)

(2.8)

u
+ c
uo

which, for [Ca2+]basal=0, is the expression that was used by Chay and Rinzel (1985) for the
open probability for the KCa-channel in their model.
The change in [Ca2+]i depends on the influx of Ca2+ through the Ca2+ channels during
an action potential and on the removal of free Ca2+ from the cytoplasm. Various mechanisms
can be responsible for this removal, like a plasma membrane bound Ca2+-ATPase that pumps
Ca2+ out of the cell, mitochondrial uptake, and other fixed or mobile Ca2+ binding sites.
Because the precise mechanisms underlying the efflux of Ca2+ in the melanotrope cell are
unknown, the removal mechanism is modeled as simple as possible, by a linear flow

(

)

proportional to k Ca [Ca 2+ ]i − [Ca 2+ ]basal with kCa the rate constant for the removal of Ca2+.
The equation that describes the change of free Ca2+ in the cytoplasm is therefore given by

d [Ca 2+ ]i
 3

I Ca , HH − k Ca [Ca 2+ ]i − [Ca 2+ ]basal 
= f −
dt
 2rF


(

)

(2.9)

where the term -3/(2rF) reflects the scale factor to go from current per unit area to ion
concentration for an ion with a double valence. This scale factor is calculated by taking the
ratio of the cell surface area to the cell volume, with r the radius of the cell, and by dividing it
by the Faraday constant F and by a factor two because of the double valence of Ca2+. The
parameter f determines how fast [Ca2+]i changes in time, and is defined by

f =

d [Ca 2+ ]i
d [Ca 2+ ]T

(2.10)

with [Ca2+]T the total Ca2+ concentration inside the cell, i.e., the bound-plus-free cytosolic
Ca2+ concentration (excluding [Ca2+] in stores) (Chay, 1990). In the case of fast buffering
(faster than a millisecond), the inverse of parameter f can be expressed by
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f

[ B]
1
K B  [Ca 2+ ]
i
1 +
KB

[ B]
≈ 1+
KB

−1

= 1+





2

(2.11)

where [B] represents the buffer concentration and KB its dissociation constant (Chay, 1990).
The second part of Eq. 2.11 is valid only if KB>>[Ca2+]i.
The set of eight coupled differential equations described in Eq. 2.1, 2.4, 2.6, and 2.9
was solved numerically, using the “lsode” method of the mathematical software MapleV
release 5, by Waterloo Maple Inc., except for Fig. 2.3-2.5, where we used the Fourth-Order
Runge-Kutta method in a program written in C++ code.
C m = 1 µF / cm 2
g Ca , HH = 2600 µS / cm 2
g Na , HH = 780 µS / cm 2
g K , HH = 2400 µS / cm 2
g L = 9.98 µS / cm 2
g K ,Ca = 18 µS / cm 2
VCa = 100 mV
V Na = 60 mV
V K = − 75 mV
V L = − 50.95 mV
V ' = 50 mV
V n = 30 mV
V

p

= 60 mV

V q = 55 mV
r = 8.9 µm
f = 0.064
T = 17 o C
F = 9.65 ⋅ 10 4 C / mol
k Ca = 6.2 s −1
u o = 0.01 ( µM ⋅ s ) −1
u c = 0.003 s −1
V0 = −52 mV
P0 = 0.251
[Ca

2+

] i ,0 = 0.13 µM

[Ca 2 + ] basal = 0.1 µM
[Ca

2+

] basal = 0 µM

Table 2.1. Parameter values
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αn = φ 2

( −(V + V n ) + 10)

α m = φ 20

− (V +V n ) +10
10
e

α h = φ 14 e

α p = φ 20

−1

( −(V + V ' ) + 25)
e

β n = φ 25

,

− (V +V ' ) + 25
10

,

βh = φ

( −(V + V p ) + 25)
− (V +V ) + 25
10
p

− (V +V )
20
,

β m = φ 800 e

− (V +V ' )
18

−1

− (V +V ')
20
,

e

− (V +V n )
e 80

200
−(V +V ')+30
e 10

+1

− (V +V )
18
p

,

β p = φ 800 e

−1

q

α q = φ 14 e

βq = φ

200
− (V +V q )+ 30
10
e

+1

Table 2.2. Expressions for activation (α) and deactivation (β) rates for probabilities n, m, h, p, and q which
characterize the dynamics of the various ion channels.

φ = 3(T −6.3) / 10

See Table 2.1 for parameter values.
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Results
Fig. 2.2 shows the response characteristics of the model as a function of time for [Ca2+]i (Fig.
2.2A), the membrane potential V (Fig. 2.2B), and the fraction P of open KCa-channels (Fig.
2.2C). Fig. 2.2A together with Fig. 2.2B provide a clear illustration of the coupling between
the membrane potential and the Ca2+ oscillations. The specific features of the Ca2+
oscillations in the Xenopus melanotrope cell, as given in Fig. 2.1 in the Introduction, are
present in this simulation: steps in the rise phase of the Ca2+ peak (i), a plateau phase (ii), an
exponential decline phase (iii), and an abrupt transition from the decline phase to the rise
phase (iv). Fig. 2.2A also shows the increase in Ca2+ removal between the steps during the
rise phase. The values for the parameters used in the simulations are listed in Table 2.1. In the
following, we will discuss these features in more detail.
Coupling of [Ca2+] i and membrane potential

Within each burst, the action potentials appear with a progressively increasing time interval.
The sequence of action potentials is due to the combined effect of the voltage-dependent
Ca2+, Na+, K+ and leak channels. Each action potential causes a transient Ca2+ influx, as
described by the first term at the right-hand side of Eq. 2.9. The second term at the right-hand
side of Eq. 2.9 describes the removal of Ca2+, which is proportional to [Ca2+]i. The sequential
accumulation of Ca2+ ions in the cell causes an increase in [Ca2+]i. After several step
increments, the mean [Ca2+]i reaches a plateau due to the balance between the influx and the
removal of Ca2+. This is caused by (1) the fact that Ca2+ removal is proportional to [Ca2+]i on
the one hand and (2) by the increase of the interval between subsequent action potentials on
the other hand. Once the generation of action potentials is stopped, there is no influx of Ca2+
anymore and only the right-hand term in Eq. 2.9 is different from zero, resulting in an
exponential decline of [Ca2+]i.
The KCa-channels in our model are progressively activated by the build-up of [Ca2+]i
(see Eq. 2.6 and Fig. 2.2C). The activated KCa-channels cause a hyperpolarization of the
plasma membrane. This results in the increase of the time interval between the action
potentials, as discussed above, and finally stops the spontaneous generation of action
potentials. In the resulting silent period of membrane activity [Ca2+]i decreases. As a result of
this decrease, the fraction of activated KCa-channels P, which lags [Ca2+]i, decreases. This
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eventually leads to depolarization of the membrane, and action potential bursting is resumed.
Thus, the periodic suppression of the spontaneous generation of action potentials as a result
of the alternating activation and deactivation of the KCa-channels causes the bursting behavior
of the membrane and the resulting [Ca2+]i oscillations.

Fig. 2.2. Simulation of spontaneous Ca2+ oscillations coupled to electrical bursting in the Xenopus melanotrope
cell. In the calculated Ca2+ signal the characteristic features of the Ca2+ oscillations in the Xenopus melanotrope
cell are present: (i) steps in the rise phase, (ii) plateau phase, (iii) exponential decline, (iv) abrupt transition, (v)
upregulation of Ca2+ removal, (vi) coupling between the plasma membrane action potentials and the Ca2+ steps
(A). Corresponding burst of action potentials (B). Fraction of open KCa-channels (C).
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Dynamic analysis of models

In order to obtain insight in the qualitative properties of our model and in order to make a
comparison between the properties of our model and the properties of the Chay-Rinzel
model, we have applied a fast-slow analysis of the various dynamic features of the model.
The main difference between our model and the Chay-Rinzel model refers to the parameter
for the slow process, which controls the bursting. In the Chay-Rinzel model the slow
parameter is [Ca2+]i, which is directly coupled to electrical membrane activity. The dashed
line in the phase-plane plot in Fig. 2.3A shows the steady states of the fast-subsystem of the
Chay-Rinzel model for fixed values of the control parameter [Ca2+]i. This curve has three
branches, where the upper and lower branches represent the stable states. The upper branch
denotes the regime for stable oscillatory states (limit cycles). The maximum and minimum
values for the membrane potential during in this regime are denoted by the heavy lines. The
middle branch represents the unstable states and the lower branch represents the stable steady
state. Bursting occurs when the fast sub-system jumps between the two stable states. The
transitions are controlled by the slow parameter [Ca2+]i. During the active phase of the ChayRinzel model, there is an influx of Ca2+, and the cycles, corresponding to action potentials,
continue. As a consequence, [Ca2+]i increases until the system crosses the middle branch
representing the unstable states. Then the limit-cycle behavior stops and the system will
relaxate to the lower branch. Meanwhile [Ca2+]i decreases until the system leaves the lower
branch and jumps to the upper branch, which initiates a new sequence of action potentials.
This type of behavior was classified as “square bursting" (Wang & Rinzel, 1995). Note that
the changes in [Ca2+]i (see Fig. 2.3B) lack an exponential decline phase that returns to basal
level and a plateau phase, phases that are characteristic for the activity of the melanotrope
cell.
In our model we are dealing with two slow parameters: the first is parameter P, which
is the slow parameter that controls the bursting; it depends on the second slow parameter
[Ca2+]i, which is again coupled to the electrical membrane activity. The 3-D plot in Fig. 2.4A
reveals the relation between membrane potential V, [Ca2+]i and P. Fig. 2.4B shows the
projection on the P-V plane. As in Fig. 2.3A, the dashed curve represents the stable and
unstable steady states. Importantly, the trajectory in the P-V plane differs from the trajectory
in Fig. 2.3A. In Fig. 2.3A, [Ca2+]i decreases between two action potentials, whereas in Fig.
2.4B the slow parameter P increases steadily during the sequence of action potentials. Fig.
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2.4C, which gives the relation between V and [Ca2+]i , is qualitatively similar for the ChayRinzel model and our model. However, in Fig. 2.4C the cycles tend to approximate a limitcycle in the [Ca2+]i-V plane. This limit-cycle behavior in the [Ca2+]i-V plane corresponds to
the plateau phase (see Fig. 2.4E), where the parameter P increases (see Fig. 2.4D) until the
trajectory in the P-V plane crosses the line with unstable steady states, which ends the
oscillating pattern of action potentials. When the burst of action potentials stops, [Ca2+]i
decreases exponentially according to Eq. 2.9. After the burst of action potentials parameter P
continues for some time to increase due to the slow dynamics (see Eq. 2.6). After some time
P starts to decrease (see Fig. 2.4D) until the action potentials start again.

Fig. 2.3. Fast-slow analysis for the Chay-Rinzel model: trajectory (solid line), periodic branches (heavy lines)
and steady states (dashed curve) in the [Ca2+]i -V phase plane (A), Ca2+ oscillations in a small range above basal
level (B). For further explanation, see text.
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Fig. 2.4. Fast-slow subsytem analysis of our model: 3D-plot of trajectory in P-[Ca2+]i-V phase space (A),
projection of the trajectory (solid line) and steady states for different values of P (dashed curve) in the P-V plane
(B), projection in the [Ca2+]i-V plane (C), projection in the P-[Ca2+]i plane (D), simulated Ca2+ oscillations (E).

The Na+ channel

In our model the Na+ channel is responsible for the depolarization that leads to the abrupt
transition of the [Ca2+]i signal from the decline to the rise phase. It opens at a membrane
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potential that is about 10mV below that of the Ca2+ channel. Such a lower threshold is in
agreement with experimental data (J.R. Lieste, unpublished data) and is implemented by a
10mV larger voltage shift Vp for the activation variable p of the Na+ channel compared to the
voltage shift V’ for the activation variable m for the Ca2+ channel. When the membrane is
hyperpolarized after a burst of action potentials, the Na+ current together with the leak current
starts to depolarize the membrane very slowly. As a result of the slow depolarization of the
membrane the Na+ current starts to increase slowly while the Ca2+ current remains almost
zero due to a higher threshold of the Ca2+ channels. At a certain point (near -54mV) the Na+
current starts to increase more rapidly and thereby initiates a rapid depolarization. Once the
depolarization reaches the threshold for the Ca2+ channels, the Ca2+ current is activated
rapidly, resulting in a sharp increase in [Ca2+]i.
Without the Na+ channel the small depolarizing current at the onset of a new burst
would be generated by the Ca2+ channel. In the case that the decline phase reaches such low
levels that the efflux proportional to [Ca2+]i becomes very small, the Ca2+ influx due to this
depolarizing current may exceed the efflux. This becomes evident as a smooth rising of
[Ca2+]i resulting in a smooth transition. Because the Chay-Rinzel model does not display
exponential declines that come close to the basal level for [Ca2+] (see Fig. 2.3B), the problem
of abrupt transitions does not apply. Therefore, we compare our model with a minimal model
for square-wave bursting as described by Rinzel and Ermentrout (1998) which displays
smooth transitions as described above. This model is qualitatively the same as the ChayRinzel model, but uses simpler kinetics for the fast subsystem. Like de Chay-Rinzel model,
this model has a voltage-dependent Ca2+ current as an inward current. The different behavior
at the transition from decline to rise phase between the Rinzel-Ermentrout model and our
model is illustrated best by looking at the [Ca2+]i-ICa phase plane.
In Fig. 2.5A we plot the trajectory of this model in the [Ca2+]i-ICa plane. In order to
represent time in this graph we added circles at equidistant time steps on top of the traces in
the [Ca2+]i-ICa plane. When [Ca2+]i becomes small, the trajectory slows down, resulting in a
higher density of circles. For small values of [Ca2+]i, the trajectory slowly increases its speed
while [Ca2+]i is increasing again. This results in a smooth transition from the decline to the
rise phase, as depicted in Fig. 2.5B. For our model both the trajectories for INa and ICa are
plotted in the [Ca2+]i -I plane, with equidistant time steps, in Fig. 2.5C. When [Ca2+]i
decreases, both trajectories slow down. At some point (near [Ca2+]i=0.05µM) ICa remains
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fairly constant, while INa starts to increase slowly. Near [Ca2+]i=0.04µM INa starts to increase
rapidly. This is the start of a new action potential, which subsequently causes a rapid increase
of ICa. This illustrates the abrupt transition from the decline to the rise phase, as shown in Fig.
2.5D.

Fig. 2.5. Trajectory of the Morris-Lecar model in the [Ca2+]i-ICa plane (A), resulting in a smooth
transition from decline to rise phase for [Ca2+]i (B). Trajectory for our model in the [Ca2+]i-I plane of ICa and INa
(C), resulting in a abrupt transition from decline to rise phase for [Ca2+]i (D). For both models the circles in the
trajectories are plotted with equidistant time steps ∆t = 0.02 Tp. With Tp the period of one Ca2+ peak.

Recent experiments with combined measurements of action currents and [Ca2+]i have
revealed a blockage of electrical membrane activity of the cell and a return of [Ca2+]i to basal
level in Na+-free medium (Na+ replaced by N-methyl-D-glucamine; NMDG) (Lieste et al.,
1998) (see also Fig. 2.6A). Under these conditions, electrical activity can be induced again by
applying a depolarizing 20mM K+ pulse extracellularly. This induced activity generates a

46

Modeling Ca2+ oscillations in Xenopus melanotropes

large Ca2+ peak due to the continuous firing at a higher frequency than under normal
conditions. After returning to Na+ free medium without 20mM K+, the membrane activity is
blocked again and [Ca2+]i returns in an exponential way to its basal level. This experiment
can be simulated with our model, as illustrated in Fig. 2.6B. In the simulation the removal of
Na+ is modeled by setting the Nernst potential for Na+ to a value close to 0mV. This is done
because during the washout of the normal bathing solution with Na+ free medium the
concentration of Na+ is assumed to drop to very low values similar to the concentration of
Na+ inside the cell. This results in a blockage of the electrical activity and in a return of
[Ca2+]i to basal level. The effect of the depolarizing K+-pulse is simulated by increasing the
Nernst potential for K+ from –75mV to –68mV. It can be observed that a 20mM K+ pulse
leads to a larger shift in VK than that performed in the simulation. However, recent
experiments have confirmed that a less strong K+ pulse of 5mM is sufficient to induce a Ca2+
transient in silent cells similar to that of Fig. 2.6A (W.J.J.M. Scheenen, personal
communication). The membrane starts to generate action potentials again, with a high
frequency, resulting in a large Ca2+ peak. Setting the VK to –75mV again, but leaving VNa at
0mV, stops the firing of action potentials and results in an exponential decline of [Ca2+]i to
the basal level.
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Fig. 2.6. Effect of extracellular Na+ with or without a depolarizing K+ pulse, on the electrical activity of the
plasma membrane and the [Ca2+]i (after Lieste et al., 1998) (A). Simulation of the experiment in Fig. 2.3A. The
Na+ removal is modeled by VNa=0 mV and the depolarizing K+ pulse by VK= -68 mV (B).

Parameter dependence of the Ca2+ oscillations

Various parameters in our model affect the shape and frequency of the Ca2+ oscillations. In
this section we will investigate (1) the effect of four important parameters, uo and uc in Eq.
2.7, and kCa and f in Eq. 2.9, and (2) to what extent these parameters can account for the
variation of patterns in one cell and among different cells. In Fig. 2.7-2.9 the [Ca2+]i is shown
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in the first column (A). The corresponding graphs of the fraction of open KCa-channels P are
shown in the second column (B), and the membrane potential V is given in the third column
(C). All parameter settings are the same as in Fig. 2.2, unless explicitly stated otherwise.
Fig. 2.7 shows the results for different parameter values of uo. Since the rate of active

[

] [

KCa channels, dP/dt, is a function of both the positive term u o ( Ca 2+ i − Ca 2+

] )(1 − P ) and
basal

the negative term –ucP in the right hand side of Eq. 2.6, increasing uo will have the same
effect qualitatively as decreasing uc, namely an enhancement of the activation of the KCachannel for the same levels of [Ca2+]i. Therefore, we will only discuss the case for uo.

Fig. 2.7. Results for different values of parameter uo on the internal Ca2+ concentration (A), fraction of open KCachannels (B), and the membrane potential (C).
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For slow activation (uo=0.005(µM s)-1), the simulated [Ca2+]i shows a continuous
sequence of Ca2+ steps which, after some initial settling time, remains at a constant level
above basal level. The mean level of [Ca2+]i reached after about 20 steps reflects a balance
between influx and removal of Ca2+ in Eq. 2.9. The corresponding electrical activity is a
continuous firing of action potentials. After the initial settling, the fraction of open channels
is constant, which implies a balance between activation and deactivation in Eq. 2.6. The
product of uo with the plateau level of [Ca2+]i results in an activation of the KCa-channels that
is large enough to decrease the frequency of the action potential firing but not large enough to
stop membrane activity. For larger values of uo (uo=0.008(µM s)-1 and higher) the activation
of the KCa-channel is increased, which leads to hyperpolarization that is strong enough to end
the burst of action potentials. This is necessary to obtain the bursting and oscillating behavior
of the cell as described in the previous section. Increasing uo also decreases the number of
steps in a Ca2+ peak and increases the length of the decline phase. The latter is related to a
shorter bursts and a longer interburst interval of the membrane potential.
The simulations for different removal rates kCa are shown in Fig. 2.8. The upper panel
of Fig. 2.8 shows the [Ca2+]i in the case of fast pumping of Ca2+ (kCa=9.92s-1). After an initial
settling it shows a continuous sequence of Ca2+ steps at a constant level above basal level.
The pattern is very similar to the upper panel in Fig. 2.7A, but the mean level of [Ca2+]i is
lower. This is due to the stronger removal compared to that in Fig. 2.7, which settles the
balance between influx and efflux in Eq. 2.9 at a lower [Ca2+]i level. The corresponding graph
of the membrane potential (Fig. 2.8C) shows a continuous firing of action potentials. The
fraction of activated KCa-channels is constant, and it is large enough to decrease the
frequency of action potential firing, but not large enough to stop membrane activity.
Decrease of the removal rate kCa results in a smaller value for the second term
2+

kCa[Ca ]i on the right hand side of Eq. 2.9. The resulting smaller efflux allows a faster buildup of [Ca2+]i during the rise phase and a slower decrease of [Ca2+]i in the decline phase. This
is reflected by a faster activation of the KCa-channel and a slower deactivation. As a
consequence, the number of steps per peak and the frequency of the oscillations are reduced
for smaller removal rates kCa. Moreover, the frequency of the Ca2+ oscillations is also
decreased due to the higher levels of activation of the KCa-channels that are reached, which
requires more time to deactivate them.
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Fig. 2.8. Results for different values of parameter kCa on the internal Ca2+ concentration (A), fraction of open
KCa-channels (B), and the membrane potential (C).

The results for different values for parameter f are shown in Fig. 2.9. In the case of
strong buffering (small f) the change of free Ca2+, relative to the change of the total amount
of Ca2+ in the cell, is small. Therefore, in this case each action potential gives a small
contribution to the build-up of the Ca2+ peak (see Eq. 2.9 and upper panel Fig. 2.9). Due to
this slow increase of [Ca2+]i the activation of the KCa-channels is slow, which causes long
bursts of action potentials. The fact that f is small in Eq. 2.9 also accounts for the slow
decrease of free Ca2+. This causes slow deactivation of the KCa-channels and therefore long
interburst intervals. When the buffering becomes weaker (i.e. when f is increased; lower
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panels in Fig. 2.9), the steps in the rise phase of the Ca2+ peaks increase, yielding a faster
build-up of [Ca2+]i. This leads to faster activation of the KCa-channels resulting in shorter
bursts. Furthermore, faster deactivation, due to faster decrease of [Ca2+]i, yields shorter
interburst intervals.

Fig. 2.9. Results for different values of parameter f on the internal Ca2+ concentration (A), fraction of open KCachannels (B), and the membrane potential (C).
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Discussion
In this paper we present a minimal model to explain the various characteristic features of Ca2+
oscillations and the electrical bursting of the neuroendocrine melanotrope cell in the pituitary
gland of Xenopus laevis. Two important aspects of the model are new compared to previous
models for bursting cells. These aspects concern the relatively slow Ca2+-dependent Hodgkin
Huxley kinetics for the Ca2+-sensitive K+-channel, and the action of the Na+ channel. They
are necessary to reveal the specific features of the Ca2+ oscillations as measured in the
Xenopus melanotrope cell. These features include (i) steps (typical range 1 to 10) in the rise

phase of a Ca2+ peak, (ii) a plateau phase at the end of the rise phase, (iii) an exponential
decline, (iv) an abrupt transition from decline to rise phase, (v) an increase in the removal rate
of Ca2+ during the rise phase, and (vi) the coupling between the plasma membrane action
potentials and the Ca2+ steps.
Various models by Chay and Keizer, (1983), Chay and Rinzel (1985), Chay (1990,
1996) and by Canavier et al. (1991) have been proposed to explain the electrical bursting
activity of the plasma membrane coupled to oscillations of [Ca2+]i. These models describe the
electrical behavior of the various bursting cell types but pay little attention to specific
characteristics of the Ca2+ oscillations. They have in common that the ion channels that
hyperpolarize (depolarize) the plasma membrane in order to terminate (initiate) bursts of
action potentials are directly activated (inactivated) by [Ca2+]i. This implies that their activity
is in phase with [Ca2+]i. As a consequence, these models can only describe Ca2+ oscillations
in a relatively small range above basal level, which is the level where the [Ca2+]i will return to
after blocking the electrical activity of the membrane (Canavier et al. (1991): 100 up to
200nM above basal level with amplitude of 100 up to 200nM; Chay (1996): 500nM above
basal level with amplitude of 100nM; Chay and Rinzel (1985): 300nM above basal level with
amplitude of 20nM). The Ca2+ oscillations in the Xenopus melanotrope cell have amplitudes
in the order of 300nM (Shibuya & Douglas, 1993) and they return to basal level after each
Ca2+ peak (Lieste et al., 1998).
In general, the build-up of a Ca2+ peak in the Chay and Canavier models is by a large
number of steps corresponding to the number of action potentials in each burst. If the number
of steps in the Ca2+ peaks is less than ten, the Ca2+ peaks show no plateaus. In the Xenopus
melanotrope cell plateaus are generally observed after three to four steps. In the Chay and
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Canavier models it is not possible to vary the length of the decline phase without changing
the slope of the exponential decline. However, in the Xenopus melanotrope there is a strong
variability in the lengths of the decline phases of the Ca2+ peaks while the slopes can be
described with the same exponential.
The model we propose here is based on the Chay–Rinzel model (Chay & Rinzel,
1985) but it is modified in such a way that it describes the specific features of the Ca2+
oscillations in the melanotrope cell. The assumptions in our model and the parameter
dependence of the Ca2+ oscillations will be discussed in the next two paragraphs.

Assumptions of the model

The KCa-channel:

We have replaced the KCa-channel in the Chay-Rinzel model by

a KCa-channel that has Hodgkin-Huxley gating kinetics that are relatively slow with respect to
the gating kinetics of the voltage-sensitive channels in the model. The activation process of
the KCa-channel in our model is purely Ca2+-dependent with a relatively long time constant,
such that the channel activity lags the changes in [Ca2+]i, resulting in a phase-shift between
[Ca2+]i and the slow KCa-channel activity. The proposed gating kinetics for the KCa-channel,
which initiates and terminates the bursts of action potentials, lead to new results compared to
the previous models for bursting cells by Chay and Rinzel (1985), Chay (1990, 1996) and
Canavier et al. (1991): (1) The model simulates Ca2+ peaks with a variable number of steps in
the typical range of 1-10. (2) The peaks start at basal level, approaching in some peaks, but
not in all, a plateau level, and (3) the [Ca2+]i then returns exponentially to its basal level.
Various mechanisms can account for the slow kinetics of the KCa-channel. A possible
candidate for this mechanism is Ca2+-dependent phosphorylation of the channel as proposed
by Goldbeter (1996). In this terminology P in Eq. 2.6 stands for the fraction of

[

] [

phosphorylated channels. The term u o ( Ca 2+ i − Ca 2+

] ) is the Ca2+-dependent conversion
basal

rate from the dephosphorylated state to the phosphorylated state, which is in fact the activity
of the protein kinase. Parameter uc is the conversion rate from the phosphorylated state to the
dephosphorylated state, or the activity of the phosphatase. There is ample evidence that some
KCa-channels can be regulated in this way. For instance, the α-subunit of the BK channel
(“Big K+ channel”) displays putative phosphorylation sites (Vergara et al., 1998).
Furthermore, modulation of BK channels by phosphorylation is reported by Reinhart and
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Levitan (1995). They showed that the endogenous protein kinase activity is protein kinase C
(PKC)-like. The increase in open probability due to phosphorylation occurs gradually over a
period of minutes. This is in the same order of magnitude as the time constant for the channel

( [

] [

]

kinetics of the KCa-channel in our model, which is given by τ P = 1 / u o ( Ca 2+ i − Ca 2+ ) + u c

)

and which is about 4 minutes. An explanation of the dynamics of the melanotrope cell
required the introduction of the slow kinetics of the KCa-channel. As explained in the
previous paragraph, the dynamics of this channel are roughly in agreement with the dynamics
of phosphorylation. However, the simple first-order differential equations (Eq. 2.6 and 2.7) to
model this process may seem somewhat unrealistic. Since detailed experimental data are
lacking, this simple approximation was sufficient for the purpose of this study and for this
developing model of the Xenopus melanotrope cell.
The Na+ channel:

In the models of Chay and Rinzel (1985) and Canavier et al.
+

(1991), which lack a Na channel, the transitions from the decline to the rise phase are
smooth for the Ca2+ oscillations that have an oscillation time of several seconds. The
introduction in the model of a Na+ channel, with a lower threshold than the Ca2+ channel,
explains the abrupt transition from the decline to the rise phase, as measured in the
melanotrope cell. Independent evidence for a role of Na+ channels comes from experiments
by Lieste et al. (1998), which have shown that removal of extracellular Na+ eliminates the
electrical activity of the plasma membrane and blocks the Ca2+ oscillations. As a result, the
[Ca2+]i returns to basal level. Restoration of the electrical activity can be obtained by applying
a depolarizing K+ pulse extracellularly adding KCl, resulting in a large Ca2+ peak. We are
able to simulate this experiment with the model, whereas models, which lack a Na+ channel
and are therefore insensitive to Na+ removal, cannot reproduce these experimental results.
Ca2+ stores:

In the cytoplasm various stores are present that bind and release Ca2+,

such as the endoplasmic reticulum and the mitochondria (e.g. Pozzan et al., 1994).
Experiments in the Xenopus melanotrope cell where these Ca2+ stores were manipulated,
show only minor modulatory effects on the Ca2+ oscillations, suggesting that stores are not
involved in the generation of Ca2+ oscillations (Scheenen et al., 1994a,b; Koopman et al.,
1997). Therefore, our minimal model does not incorporate these Ca2+ stores as a source of
Ca2+. In this sense, the cell can be considered as a plasma membrane oscillator because the
Ca2+ oscillations are determined by the plasma membrane activity only.
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Ca2+ dynamics:

[

The assumption in the model of Ca2+ removal proportional to

] [

[Ca2+]i via the term k Ca ( Ca 2+ i − Ca 2+

] ) , is in good agreement with the experimental
basal

observations (Lieste et al. 1998). It adequately describes both the exponential decline and the
increasing removal rate during the rise phase of the Ca2+ peak. Because the cell is modeled as
one compartment, the distribution of Ca2+ is assumed to be homogeneous throughout the cell,
also during changes in [Ca2+]i due to efflux and influx of Ca2+ across the membrane. This is a
plausible assumption, considering the fact that the time interval between two steps and the
time needed for Ca2+ to travel from the membrane throughout the whole cell is both in the
order of a second (Scheenen et al., 1996). Therefore, the distribution of Ca2+ in the cell will
homogenize between two Ca2+ steps, which follow each other by intervals of about one
second.
In the model the buffering of Ca2+ is incorporated in the parameter f as described in
Eq. 2.11. The exact buffer parameters for the Xenopus melanotrope cell are not known.
However, we assume that these are not significantly different from the standard values in
other cell types (Nowycky & Pinter, 1993). Therefore, we assume an equilibrium coefficient
KB of 5 µM and a buffer concentration [B] of 0.5 mM. This results in a value for f of nearly
0.01, which is close to the values used in our simulations.

Dependence of the oscillation pattern on uo, uc, kCa, and f
In our model four crucial parameters control the shape and frequency of the Ca2+ oscillations.
Two of these, uo and uc, affect the length of the rise and the decline phase (and thus the
frequency, amplitude and the number of steps in each Ca2+ peak) without changing the
exponent of the decline phase. Decreasing (increasing) the removal rate kCa decreases
(increases) the frequency, the amplitude, the number of steps per Ca2+ peak, and the slope of
the decline phase. The parameter f, which expresses the change of free Ca2+ with respect to
the change in the total intracellular Ca2+ concentration, affects the frequency, the number of
steps per peak and the amplitude of both the Ca2+ step and the Ca2+ peak.
Summarizing, we have constructed a mathematical model that not only neatly
simulates all characteristics of the Ca2+ oscillation pattern in the Xenopus melanotrope cell,
but also provides the possibility to test the effects of neuronal factors (first messengers, such
as neurotransmitters and neuropeptides) on this pattern, via the parameters uo, uc and kCa. This
approach is of biological relevance, as it is assumed that changes in the oscillation pattern
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reflect differential regulations by various known regulatory neurotransmitters and
neuropeptides (e.g. NPY, dopamine, GABA, TRH, CRF and acetylcholine) of various
cellular key processes, such as gene expression, protein biosynthesis and secretion. We
expect that application and further development of our model will stimulate neurobiological
research on the role of neuronal factors in the control of cellular secretory processes.
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Abstract
Ca2+ oscillations regulate the secretion of the hormone αMSH by the neuroendocrine
pituitary melanotrope cells of the amphibian Xenopus laevis. These Ca2+ oscillations are built
up by discrete increments in the intracellular Ca2+ concentration, the Ca2+ steps, which are
generated by electrical membrane bursting firing activity. It has been demonstrated that the
patterns of Ca2+ oscillations and kinetics of the Ca2+ steps can be modulated by changing the
degree of intracellular Ca2+ buffering. We hypothesize that neurotransmitters known to
regulate αMSH secretion also modulate the pattern of Ca2+ oscillations and related electrical
membrane activity. In this study we have tested this hypothesis for the secretagogue
sauvagine. Using high temporal-resolution Ca2+ imaging, we first show that sauvagine
modulated the pattern of Ca2+ signaling by increasing the frequency of Ca2+ oscillations and
inducing a broadening of the oscillations through its effect on various Ca2+ step parameters.
Secondly, we demonstrated that sauvagine caused a small but significant decrease in K+
currents measured in the whole-cell voltage-clamp, whereas Ca2+ currents remained
unchanged. Thirdly, in the cell-attached patch-clamp mode, a stimulatory effect of sauvagine
on action current firing was observed. Moreover, sauvagine changed the shape of individual
action currents. These results support the hypothesis that the secretagogue sauvagine
stimulates the frequency of Ca2+ oscillations in Xenopus melanotropes by altering Ca2+ step
parameters, an action that likely is evoked by an inhibition of K+ currents.
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Introduction
In the process of cell signaling, second messengers play an important role in transducing
signals from first messenger molecules, such as growth factors, neurotransmitters and
hormones, into cell physiological responses like protein synthesis, secretion and contraction.
For secretory cells modulation by first messengers of the intracellular Ca2+ concentration
([Ca2+]i) is important for determining the amount of secretion. The melanotrope cell in the
pituitary intermediate lobe of the amphibian Xenopus laevis is a suitable model to study
regulation of the second messenger [Ca2+]i. When placed in vitro, these endocrine cells
display spontaneous [Ca2+]i oscillations, which are built up by repetitive increments, the Ca2+
steps, during the rise phase and the plateau phase of an oscillation. The plateau is followed by
an exponential decline to baseline [Ca2+]i (Scheenen et al., 1996; Koopman et al., 1997;
Lieste et al., 1998). Simultaneous Ca2+ imaging and recording of the electrical activity
showed that the Ca2+ oscillations are coupled to action potential bursting (Lieste et al., 1998).
The Ca2+ oscillations in Xenopus melanotropes are thought to drive the secretory
activity of the cell (Shibuya & Douglas, 1993; Scheenen et al., 1994a). The melanotrope cell
plays a key role in the process of adaptation of skin color to background light intensity of the
toads, because they release α-melanophore-stimulating hormone (αMSH; for reviews Jenks
et al., 1993; Kolk et al., 2002; Roubos et al., 2001; Kramer et al., 2001). αMSH secretion is a
strongly regulated process, which involves the action of several neural messengers, including
stimulation by sauvagine, thyrotropin-releasing hormone, acetylcholine, noradrenaline,
serotonin and brain-derived-neurotrophic factor and inhibition by dopamine, neuropeptide Y
and γ-aminobutyric acid. Secreto-stimulators have been found to increase the frequency of
oscillations whereas secreto-inhibitors eliminate the oscillations (Shibuya & Douglas, 1993;
Scheenen et al., 1994a,b; Van Strien et al., 1996).
We have recently shown experimentally that buffering the [Ca2+]i changes the shape,
frequency and amplitude of Ca2+ oscillations in Xenopus melanotropes and that the changes
in the pattern of Ca2+ signaling are reflected by changes in the secretory activity of these cells
(Koopman et al., 2001a). Until now it is not clear whether αMSH regulatory messengers can
modulate the pattern of Ca2+ oscillations and whether such a modulation would be reflected
in the electrical membrane activity. The purpose of the present study was to test our
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hypothesis that regulators of αMSH secretion modulate the pattern of the Ca2+ oscillations
and of the electrical membrane activity. To test this hypothesis we have examined the action
of the melanotrope secretagogue sauvagine, which is a homologue of mammalian
corticotropin-releasing hormone (CRH). In many cell types CRH activates the adenylyl
cyclase/cyclic-AMP pathway through either the CRH receptor I or II, thereby activating
PKA, although in some cell types involvement of PKC and InsP3 has been suggested
(Dautzenberg et al. 1997, 2001; Malagoli et al., 2000; Chakravorty et al., 1999; Kapcala &
Aguilera, 1995). In Xenopus melanotropes sauvagine works exclusively through the adenylyl
cyclase-cAMP pathway, although it is presently unknown through which receptor subtype.
Upon receptor activation the frequency of Ca2+ oscillations increases and hormone secretion
and proopiomelanocortin biosynthesis is stimulated (Verburg et al., 1987; De Koning et al.,
1992, 1993; Leenders et al., 1995; Lieste et al., 1996; Dotman et al., 1997). It is shown in the
present study that sauvagine not only increases the frequency of Ca2+ oscillations but also
modulates their shape and affects the properties of the action currents. Sauvagine likely acts
by inhibition of K+ channels.
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Materials and Methods
Melanotrope cell cultures
Young-adult Xenopus laevis, bred in our department according to standard procedures, were
adapted to a black background under continuous illumination, at 22˚C for three weeks prior
to the experiments. They were fed weekly with beef heart. All experiments were carried out
under the guidelines of the Dutch law concerning animal welfare. Animals were
anaesthetized in water containing 1% MS222 and 1.5g/l NaHCO3. To remove blood cells,
animals were perfused with Xenopus Ringer’s solution (112mM NaCl, 2mM KCl, 2mM
CaCl2, 15mM HEPES, 0.001% ascorbic acid, 10mM D-glucose, pH 7.4 adjusted with NaOH)
containing 1% MS222. After decapitation, neurointermediate lobes of the pituitary gland
were dissected and rinsed four times in XL L15 culture medium consisting of 76% L15
medium (Life Technologies Inc., Rockville, USA), 1% kanamycin solution (Life
Technologies), 1% antibiotic/antimyotic solution (Life Technologies), 2mM CaCl2, and
10mM glucose (pH 7.4). After an incubation period of 45 min in Ringer’s solution without
CaCl2 but containing 0.25% trypsin (Life Technologies), lobes were dissociated by gentle
trituration with a siliconized Pasteur’s pipette. The resulting cell suspension was filtered and
centrifuged for 10 min at 500 rpm. The pellet was resuspended in XL L15 culture medium
(100µl/lobe equivalent) and cells were plated at a round glass cover slip for Ca2+ imaging
studies, or at the center of a plastic petri dish (Nunc, Roskilde, Denmark) for patch-clamp
experiments, both coated with poly-L-lysine (Sigma, Mw>300kDa) at a density of about
10,000 cells/dish. After the cells had been allowed to attach for 1h, 2ml XL L15 culture
medium containing 10% fetal bovine serum was added to each dish. The cells were cultured
for 3 days at 22˚C in a humidified atmosphere before experimental use.

Intracellular calcium measurements
Coverslips were placed in a Leiden chamber (Ince et al., 1985) and cells were loaded with
either indo-1/AM (5µM) or fura-2/AM (2µM) for 25 min after exchanging the XL L15
culture medium with a loading solution that consisted of Xenopus Ringer’s solution (112mM
NaCl, 2mM KCl, 2mM CaCl2, 15mM HEPES, 10mM glucose, 3% BSA, pH 7.4 adjusted
with NaOH) containing the fluorescent dye and 0.025% Pluronic F127. Then, cells were
washed twice with Ringer’s solution and incubated for 15 min.
65

Chapter 3

Indo-1 experiments: The Leiden chamber was placed on a NIKON diaphot inverted
microscope (Nikon, Tokyo, Japan), using a NIKON x40 water-immersion, 1.2 NA fluor
objective lens, attached to an OZ confocal laser scanning microscope (Noran Instruments,
Middleton, WI, USA). Excitation of indo-1 (at 351nm) was provided by a high power Argonion laser (Coherent Enterprise, Santa Clara, CA, USA) and indo-1 fluorescence emission was
monitored at 405 and 485nm after separation with a 455nm DCLP dichroic mirror, using a
slid-width of 100µm (Koopman et al., 2001b). Images (512x480 pixels) were collected at
30Hz and a pixel dwell time of 100ns. Ratio images (F405/F485) were calculated using the
Intervision 2D software package (Noran Instruments).
Fura-2 experiments: The Leiden chamber was placed on a Zeiss Axiovert 135 TV
(Zeiss, Oberkochen, Germany), using a Zeiss x40 oil-immersion, 1.3 NA fluor objective lens,
attached to a Coolsnap fx monochrome digital camera (Roper Scientific, Tucson, USA).
Excitation wavelengths of 340nm and 380nm were provided by a 150W Xenon lamp (Ushio
UXL S150 MO, Ushio, Tokio, Japan) that was mounted in a Till Photonics Polychrome IV
monochromator (spectral range 320-680nm, band width 8-15nm; Martinsried, Germany) and
led into the microscope through an optical fiber. Fura-2 fluorescence emission was monitored
at 515nm, using a 440nm DCLP dichroic mirror in front of the camera. Image acquisition and
computation of ratio images (F340/F380) was operated through Metafluor v.4.5 (Universal
Imaging Corporation, Downingtown, PA, USA). Camera acquisition time was 50ms. To
obtain a maximal image acquisition speed of 1.5Hz a camera pixel binning of 4x4 pixels was
performed, leading to final images of 325x257 pixels. Different concentrations of sauvagine
(Bachem, Bubendorf, Switzerland) were applied to the cells using a peristaltic pumpcontrolled perfusion setup.

Patch-clamp experiments
For the recordings an EPC-9 patch-clamp amplifier (HEKA, Lambrecht/Pfaltz, Germany)
was used. Data was filtered by a Bessel filter set at 2.9kHz. Electrical activity was monitored
using a digital chart recorder (PowerLab/4sp, ADInstruments, Castle Hill, Australia). Data
was stored on videotapes using a VR-10B digital data recorder (InstruTECH, New York,
USA) in combination with a video cassette recorder (JVC, Tokyo, Japan), which made it
possible to replay the recordings and to sample individual spikes with frequencies of up to
47.2kHz. Patch pipettes with a resistance between 4-8MΩ were pulled from Wiretrol II glass
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capillaries (Drummond Scientific Company, Broomall PA, USA) using a Narishige PP-83
pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, Japan). The cells were
superfused alternately with Ringer’s and a test compound (4*10-6M sauvagine or 2mM 8-BrcAMP (Sigma, Steinheim, Germany) in Ringer’s solution), using an 8-channel valve
(Hamilton, Bonaduz, Switzerland). The superfused solution was applied by a small tube
placed at a distance of 2-3mm from the cells. In this way mechanical effects on the cells due
to imposing fluid flow were prevented.
Whole-cell voltage-clamp:

K+ and Ca2+ currents were measured in the whole-cell

voltage-clamp configuration. Voltage steps from a holding potential of –80mV to 10mV were
applied with a duration of 250 ms (Ca2+) or 400ms (K+) and a time interval of 10s. Records
were corrected for leak (P/N=4). Series resistances were 14±6MΩ

and membrane

+

capacitances 9±2pF (Mean±SD). To selectively record K currents the intracellular solution
consisted of 100mM KCl, 2mM CaCl2, 1.8mM MgCl2, 0.2mM MgATP, 10mM EGTA,
10mM HEPES (pH set to 7.4 with KOH) and the extracellular solution of 112mM NaCl,
2mM KCl, 2mM CoCl2, 15mM HEPES, 10mM glucose and 1µM TTX (pH set to 7.4 with
NaOH). For selective Ca2+ current recordings these solutions were 100mM CsCl, 2mM
CaCl2, 10mM EGTA, 2mM MgATP and 10mM HEPES (pH set to 7.3 with CsOH), and
10mM CaCl2, 15mM HEPES, 90mM TEACl and 2mM MgCl2, (pH set to 7.4 with TEAOH),
respectively.
Whole-cell current-clamp:.

Spontaneous electrical activity of the membrane

potential was measured in the whole-cell current-clamp patch configuration with the injected
current clamped to zero. Pipettes were filled with intracellular solution (100mM KCl, 1mM
CaCl2, 2mM MgCl2, 1mM EGTA and 10mM HEPES (pH set to 7.4 with KOH). The bath
contained Xenopus Ringer’s solution.
Cell-attached-patch action current recording:

Electrical activity was recorded

in the cell-attached-patch (CAP) voltage-clamp mode at zero pipette potential, as described
previously (Lieste et al., 1998). This configuration has two distinct advantages for the study
of spontaneous firing activity, namely an absence of transmembrane leaks and the
maintenance of the cytoplasmic composition. In this configuration the measured current
(ICAP) is the sum of the capacitive current (IC=CCAPdV/dt, with CCAP the capacitance of the
patch, and V the membrane potential) through the patch and the gated current through the
channels (Ich) that are present in the patch (DeFelice et al., 1990; Mazzanti & DeFelice,
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1990). Action potentials cause biphasic current events (action currents) in the cell-attached
patch. This biphasic shape is mainly due to the capacitive current, which is shaped as the first
derivative of the action potential. All cell-attached-patch recordings were made with a seal
resistance ≥ 80MΩ and at a pipette potential of 0mV. Bath and pipettes were filled with
Xenopus Ringer’s solution.

Data analysis
Intracellular calcium measurements:

Analysis of the ratio values of the Ca2+

imaging experiments was performed off-line using Origin 6.1 (Microcal, Northampton, MA,
USA). Oscillation frequency and Ca2+ step parameters were analyzed according to Koopman
et al. (1997), Scheenen et al. (1996), and Koopman et al. (1992, 2001a,b), respectively. All
data were tested for significance with a paired Student’s T-test, with α=5%, using Statistica
99 (StatSoft Inc., Tulsa, OK, USA).
Whole-cell voltage-clamp:

Whole-cell voltage-clamp data was analyzed by

calculating two variables from the current response upon a voltage step: the peak current
(maximal amplitude of the evoked current between 1% and 12% of the pulse time) and the
sustained current (average of values of the evoked current between 94% and 99% of the pulse
time). These variables were corrected for drift due to rundown of the currents. A linear
function (y=a*t+b) was fitted through the control segments before and after the sauvagine
segment, and the variables were multiplied with the inverse of this function times the Y-axis
intersect [b/(b+a*t)]. For each superfusion segment an average value for peak and for
sustained current was calculated, taking into account a wash-in and wash-out time of 100s for
sauvagine.
Cell-attached-patch action current recording:

Action current (spike) frequency

under different situations (Ringer’s solution, sauvagine, 8-Br-cAMP) was determined taking
into account a wash-in time of 45s and a wash-out time of 90s. The results were normalized
with respect to the control segment under Ringer’s. Data of cells that showed a clear response
of the electrical activity to sauvagine was analyzed at a sampling time resolution of 20kHz.
Action currents were selected and the background current per spike was determined by
averaging the signal between 100 and 50ms before the positive peak of the spike. Four
parameters were calculated to characterize the shape of the action current (see Fig. 6C): (1)
amplitude of the positive peak (positive peak minus background current), (2) bump value
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(average of the current between 35% and 65% of the time interval between positive and
negative peak, minus background current), (3) amplitude of negative peak (negative peak
minus background current), and (4) action current width (time between positive and negative
peak).
To test for statistical significant effects the (paired) Student’s t-test was used. For all
electrophysiological experiments analysis software was developed in Matlab 5.3 (Math
Works Inc., Natick, MA, USA).
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Results
Intracellular calcium imaging
We determined the responses in intracellular Ca2+ oscillations of melanotrope cells upon
adding various concentrations of sauvagine. We have reported that the oscillation frequency
remains constant during periods up to 30 min (Scheenen et al., 1994b). Moreover, it was
demonstrated that sauvagine increases the oscillation frequency (Scheenen et al., 1994c). Our
current experiments, which have a higher temporal resolution up to video speed, reveal
heterogeneity in responses, both for the concentration of sauvagine at which the cells
responded, and for the type of response observed (Fig. 3.1). At the lowest concentration of
10-9M, about half of the cells (5 out of 11) responded (Table 3.1). Of these cells four showed
an increase in oscillation frequency (example in Fig. 3.1A), whereas one cell showed a slight
broadening of the Ca2+ oscillations (not shown). At an intermediate sauvagine concentration
(10-8M), 75% of the cells (18 out of 24) responded to sauvagine: in 16.7% of the cells that
were initially non-oscillating, oscillations were induced (Fig. 3.1B), in 12.5% of the cells the
frequency of the oscillations went up (Fig. 3.1C), whereas in 45.8% of the cells broader
oscillations were induced (Fig. 3.1D). At a sauvagine concentration of 4*10-8M, 92.5% of the
cells responded (11 out of 12), the vast majority with a broadening of the oscillations (Fig.
3.1E), whereas in one cell a frequency increase was observed (not shown). A similar
broadening of the Ca2+ oscillations was observed when the highest tested concentration
sauvagine of 4*10-6M was added (Fig. 3.1F, n=5).

Table 3.1. Classifications of responses in Ca2+ oscillations of Xenopus melanotropes to sauvagine at different
concentrations. n is total number of cells observed at each concentration. See results for description of responses
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Fig. 3.1. Different responses of Ca2+ oscillations to sauvagine. (A) Increase in frequency at 10-9M. (B) Induced
oscillations at 10-8M. (C) Increase in frequency at 10-8M. (D) Broadening of oscillations at 10-8M. E)
Broadening of oscillations at 4*10-8M. (F) Broadening of oscillations at 4*10-6M.

We subsequently quantified the following parameters of the Ca2+ steps that underlie
the Ca2+ oscillations (Koopman et al., 2001b): step amplitude (sa), step interval (∆t), number
of steps per oscillation (steps/osc) and the decline time constant (τ ) at the end of an
oscillation, fitted by a mono-exponential curve (Fig. 3.2B). Previous studies (Lieste et al.,
1998; Koopman et al., 2001b) showed that under control conditions the variability of these
parameters within a single cell is small, implying a relatively stable spontaneous oscillation
behavior.
The cell shown in Fig. 3.2A responded to 10-8M sauvagine with a broadening of the
oscillations. In this cell we observed a 17% decline in sa upon sauvagine application
(P<0.05), a 136% increase in steps/osc (P<0.05) and a 15% increase in τ (P<0.05). Analyzing
these parameters for all cells that responded with a broadening of the oscillations following
10-8M sauvagine application (n=13, Fig. 3.2C) demonstrated a large intercellular variability
for τ: an increase was observed in 3 cells, in 5 cells τ decreased and in 5 cells no change was
observed. The parameters sa and steps/osc showed significant changes in all cells: sa was
reduced following sauvagine treatment by 11.2±1.2% (P<0.05) whereas steps/osc was
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increased by 65.7±9.2% (P<0.01). Therefore, the broadening of the oscillations is caused by
an increase in the number of steps per oscillation and not by an increase in the time between
steps.

Fig. 3.2. Effect of 10-8M sauvagine on oscillation parameters in an example of a melanotrope cell that responded
with a broadening of the Ca2+ oscillations. (A) Total record. (B) Enlargements of Ca2+ peaks in record sections
indicated by Roman capitals in A. Definition of oscillation parameters in the records: step amplitude (sa), time
between steps (∆t), and decline time constant (τ ). (C) Statistical results of the Ca2+ oscillation parameters of all
cells (*=P<0.05).
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Patch-clamp experiments
Spontaneous Ca2+ oscillations in Xenopus melanotropes are driven by electrical activity of the
plasma membrane (Lieste et al., 1998). To investigate whether and how sauvagine acts on the
Ca2+ oscillations by affecting this activity, different types of patch-clamp experiments were
performed.
Effect of sauvagine on Ca2+ and K+ currents in whole-cell voltage-clamp: The
stimulatory action of sauvagine on the intracellular calcium oscillations could be due to a
stimulatory effect of this secretagogue on action potential firing, e.g. by potentiating Ca2+
currents, and/or by depressing K+ currents. Therefore, whole-cell voltage-clamp studies were
performed to test the effect of sauvagine on these currents. The results of these experiments
for both the Ca2+ and K+ currents are shown in Fig. 3.3A and 3.3B, respectively. The left
panels are examples of recordings of peak (1, open circle) and sustained (2, closed circle)
currents, corrected for leak and rundown. The insets indicate the current responses to voltage
steps from –80mV to +10mV (with durations of 250 and 400ms for Ca2+ and K+,
respectively) and the definition of peak and sustained currents. Sauvagine (4*10-6M) has no
effect on Ca2+ peak (1) and sustained (2) current (Fig. 3.3A, right panels). The average
control peak current of all cells (n=9) was -363±50pA (SEM), -366±44pA (SEM) in the
presence of sauvagine and -353±50pA (SEM) after wash-out of sauvagine. For the sustained
current these values were -264±38pA (SEM), -261±35pA (SEM) and -247±37pA (SEM),
respectively.
In the right panels of Fig. 3.3B a small but significant inhibiting effect of sauvagine
on both K+ peak (1) and sustained (2) currents is shown. The average peak current of all cells
(n=8) decreased from 542±67pA to 521±67pA (P<0.01) after superfusion of sauvagine and
recovered again to 544±67pA (P<0.01) after washout of sauvagine. The sustained current
values were 315±39pA, 292±35pA (P<0.01), and 314±37pA (P<0.001), respectively.
The general conclusion of these melanotrope whole-cell current experiments is that
neither the activation nor the inactivation process of the Ca2+channels is affected, whereas
both processes are, slightly, affected with respect to the K+ channels.
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Fig. 3.3. Effect of 4*10-6M sauvagine on (A) Ca2+ currents, and (B) K+ currents, measured in whole-cell voltageclamp. Insets show typical current responses to a voltage step from –80 to 10mV (with durations of 250ms and
400ms for Ca2+ and K+, respectively) and the definition of peak (1) and sustained (2) currents. Left panels show
typical recordings of peak and sustained currents. Right panels show statistical results for 1) peak and 2)
sustained currents (n=9 for Ca2+ currents, n=8 for K+ currents) (**=P<0.01, ***=P<0.001).

Effect of sauvagine on action potential firing in whole-cell current-clamp:
Considering the small effect of sauvagine on K+ currents and the absence of an effect on Ca2+
currents it could be that the whole-cell configuration disturbs the intracellular signaling
pathways of sauvagine. To test for such a whole-cell induced artifact, whole-cell currentclamp experiments monitoring action potentials were performed (n=11). We observed
various patterns of electrical activity that differed both within a cell and among cells. The
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most commonly observed patterns consist of high-frequency tonic firing (Fig. 3.4A) or of
bursts of high-frequency action potentials (Fig. 3.4B).

Fig. 3.4. Effect of sauvagine (4*10-6M) on the electrical activity measured in whole-cell current-clamp. (A)
Example of a non-responding cell. (B) Example of a responding cell. (C) Stretched-out record segments
illustrating various types of electrical activity observed in A and B: I, continuous spiking, II, single spiking, III,
burst spiking, and IV, subthreshold oscillations.

In 4 out of 11 cells sauvagine (4*10-6M) did not induce a change in electrical activity
(Fig. 3.4A). In 6 cells an increase in activity in the form of burst spiking was observed (Fig.
3.4B), while one cell showed an increased firing frequency. In 5 cells the activity was
reduced after washout of sauvagine (Fig. 3.4B) but none of these cells returned to the firing
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pattern as observed before sauvagine treatment. In 4 cells spontaneous electrical activity
disappeared after wash-out of sauvagine.
Enlargements of segments of the different patterns are presented in Fig. 3.4C. The
following patterns were distinguished: (I) continuous firing of action potentials (1-2Hz) with
strong afterhyperpolarisation to –60mV (continuous spiking, n=3), (II) firing of single action
potentials (0.5-2Hz) on top of a slow oscillating wave (single spiking, n=6), (III) firing of
multiple high-frequency action potentials (4-10Hz) from a plateau (burst spiking, n=8), and
(IV) slow oscillations (subthreshold oscillations, n=4). In one of the 11 cells broad
depolarizations (“plateau potentials”, V, not shown) were observed during sauvagine
treatment. Patterns I, II, and III were seen under both control and sauvagine conditions.
Pattern IV was only observed under control conditions. Patterns III-V do not correspond to
any of the typical Ca2+ step patterns that occur in oscillating Xenopus melanotropes (3). We
did not observe bursts consisting of 3-10 spikes with an interspike interval of about 1s
(clustered spiking), which were expected based on the general Ca2+ oscillation patterns and
cell-attached patch recordings performed previously (3).
In conclusion, no consistent effect of sauvagine could be determined on the
membrane-potential activity, measured in the whole-cell current-clamp configuration.
Moreover, in this configuration various patterns of electrical activity were observed that did
not correspond to the general Ca2+ step patterns of oscillating Xenopus melanotropes cells.
Effect of sauvagine and 8-Br-cAMP on action current firing in the cell-attached-patch
mode: The absence of consistent effects of sauvagine on action potential firing might be due
to the fact that the used whole-cell configuration causes wash-out of intracellular components
which may be necessary to maintain action potential bursting. To avoid such possible
artifacts, the less invasive cell-attached-patch technique was used to measure the effect of
sauvagine on spontaneous firing of the melanotrope cell as seen as action currents in the
patch. In this configuration the cell membrane remains intact, which prevents disturbance of
the cytoplasm.
To determine the variability in the spontaneous firing of the melanotrope cells in the
cell-attached-patch mode and to establish the reliability of the superfusion procedure, we
performed control experiments (n=8) with Xenopus Ringer’s solution. A representative
example is presented in Fig. 3.5A. The horizontal bars indicate the superfusion segments
minus the initial wash-in and wash-out times, used to determine the number of spikes per
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100s. Fig. 3.5B shows the spikes of Fig. 3.5A binned in time intervals of 20s. A large
variability in firing patterns among cells was observed. The patterns varied from bursting
firing with a low frequency at 20-40 spikes per 100s (n=2), to continuous high-frequency
spiking at 80-180 spikes per 100s (n=2). Some cells switched between these patterns (n=4).
All patterns could be related to types of Ca2+ step patterns generally seen in melanotrope cells
(Lieste et al., 1998) where low-frequency bursting firing corresponds to oscillations of a few
steps and continuous spiking corresponds to long plateaus consisting of many steps. Despite
this large variability, the results in Fig. 3.5C show that the superfusion procedure does not
affect the spontaneous firing of the cells. The mean action current spike frequency
normalized to the first segment for all cells measured (n=8) was 100±22% for segment 1,
90±24% for segment 2 and 88±19% for segment 3.
The effect of 4*10-6M sauvagine on the electrical activity in the cell-attached- patch
under voltage-clamp at zero pipette potential was tested on 21 cells. Figure 3.6A is a typical
recording of action currents measured during such experiments. The vertical gray bar
indicates application of sauvagine. In the first superfusion segment the cell spontaneously
fires action currents. Upon adding sauvagine in the second segment, an increase in the firing
frequency is observed after 20s. After switching back to Xenopus Ringer’s solution in the
third segment the cell returns to low frequency firing in a bursting manner after 100s. In Fig.
3.6B the spikes of the recording shown in Fig. 3.6A are binned in 20s intervals. The effect of
sauvagine is clearly visible as a threefold increase in the number of spikes per bin.
The results for all 21 cells are shown in Fig. 3.5D. As in the control experiments,
different cells showed a large variability in firing pattern and frequency. Nevertheless,
sauvagine clearly increases the mean spontaneous action current firing normalized to segment
1 from 100±15% to 178±25% (P<0.01). The effect is reversible as spiking decreases to
68±14% (P<0.001) after wash-out of sauvagine.
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Fig. 3.5. Effect of test solutions on the action current firing in cell-attached-patch voltage-clamp. (A) Action
currents. Horizontal bars indicate the superfusion segments minus the wash-in and wash-out times of the test
solution (Ringer’s in this case) to determine the action current spike frequency. (B) Spikes binned in 20s time
intervals. (C) Effect of Ringer’s on average action current spike frequency (n=8). (D) Effect of sauvagine on
average action current spike frequency (n=21). (E) Effect of 8-Br-cAMP on average action current spike
frequency (n=5) (action current spike frequencies in C-E are normalized with respect to the control segments.)
**=P<0.01, ***=P<0.001.

In previous studies it has been demonstrated that sauvagine increases the frequency of
Ca2+ oscillations through a cAMP/PKA-dependent mechanism (Lieste et al., 1996).
Therefore, we tested the effect of 2mM 8-Br-cAMP on electrical activity (n=5). After
switching to 8-Br-cAMP the action current firing sharply increased from 100±22% to
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219±20% (Fig. 3.5E, P<0.01). This effect was not reversible because switching back to
Ringer’s yielded a mean of 225±57%.
In conclusion, both sauvagine and 8-Br-cAMP increase action current firing as
measured in the cell-attached patch mode. Only for sauvagine this effect is reversible.
Effect of sauvagine on the action current shape:

Changes

in

action

potential

firing, caused by changes in the electrical properties of the membrane (e.g. changes in
channel activation) imply changes in the shape of the action current (ICAP) recorded in the
cell-attached patch mode. First, the gated current through the channels in the patch (Ich) can
be changed, and secondly, the capacitive current of the patch (IC) can be changed due to a
different shape of the underlying action potential. To see whether the action current shapes
were affected by sauvagine, two cells were studied in which the action current frequency
showed a strong increase upon sauvagine addition. Fig. 3.6C shows three examples of spikes
sampled with a 0.05ms time resolution from the three segments in the trace in 3.6A as
indicated by Roman capitals. The action current taken from the sauvagine segment differs
from the action currents taken from the control segments. It does not reveal the bump that is
present in the control spikes between the positive peak and negative peak and it is wider.
Four parameters that characterize the action current shape are indicated in spike I of Fig.
3.6C: (1) amplitude of the positive peak, (2) bump value, (3) amplitude of negative peak, and
(4) action current width. In Fig. 3.6D and 3.6E these parameters are shown as a function of
time. A clear effect is visible on the positive peak, negative peak, bump value and action
current width. Statistical results for both cells were similar and are described in Table 3.2.
The positive peak was reduced by sauvagine by 15-30% and recovered under Ringer’s to 99108% of the original amplitude under control conditions. The negative peak was increased by
24-30% to more negative values under sauvagine and remains at 121-126% under subsequent
Ringer’s application. The bump value decreased by 90-98% under sauvagine and recovered
under Ringer’s solution to 49-60% of the bump value under control conditions. Finally, the
spike width increased with 30-40% under sauvagine and recovered under Ringer’s to 104120% of the original width. All these changes are statistically significant.
Thus, a sauvagine-induced increase in melanotrope spike frequency associated with
changes in the shape of the action currents, measured in cell-attached-patch.
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Fig. 3.6. (A) Action currents measured in the cell-attached-patch configuration. (B) Spikes binned in 20s time
intervals. (C) Action currents sampled with 0.05ms time resolution. Roman capitals correspond to location of
the spikes in the trace in A. Arabic numbers denote the spike parameters: 1) positive peak, 2) bump value, 3)
negative peak, and 4) spike width. (D) Spike parameters 1-3 as a function of time. Note that spike amplitudes in
A are smaller than those in D due to the low sampling resolution used in A. (E) Spike width as a function of
time.
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Table 3.2. Values for spike parameters (with SEM) under Ringer’s (R) and sauvagine (S). For definition of
parameters see Fig. 3.6C. All changes with respect to the previous segment are significant with P<0.001 unless
indicated otherwise (*=P<0.05, **=P<0.01).
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Discussion
Effect of sauvagine on calcium oscillation patterns and step kinetics
In this study we have tested the hypothesis that neural messengers modulate Ca2+ oscillation
patterns and Ca2+ step kinetics in Xenopus melanotrope cells. It has previously been shown
that the secretagogue sauvagine increases the frequency of Ca2+ oscillations in Xenopus
melanotrope cells (Shibuya & Douglas, 1993; Scheenen et al., 1994c). Using high temporal
resolution confocal laser scanning microscopy and digital imaging microscopy, we now show
that sauvagine is capable of inducing an additional response, namely broadening the
oscillations by inducing more Ca2+ steps per oscillation. This response is cell- and dosedependent, with low concentrations of sauvagine predominantly increasing the frequency of
the oscillations and high concentrations leading to a broadening of the oscillations. At a
moderate sauvagine concentration (10-8M) both responses were seen. When the sauvagine
concentration was maximal (4*10-6M) only a broadening of the Ca2+ response was seen with
an increase in the number of steps, without affecting the time interval between steps. The
ability of sauvagine to induce different intracellular responses may allow this neuropeptide to
orchestrate different cellular responses. For example, it is known that sauvagine not only
stimulates the secretion of αMSH from the Xenopus melanotrope cell (Verburg et al., 1987)
but also induces the expression of the precursor protein proopiomelanocortin (Dotman et al.,
1997). We speculate that an increase in oscillation frequency only leads to an increase in
secretion whereas broadening of oscillations stimulates both POMC gene expression and
αMSH secretion.
Previous studies have shown that several Ca2+ steps build up Ca2+ oscillations in
Xenopus melanotropes (Scheenen et al., 1996; Koopman et al., 1997; Lieste et al., 1998). In
theory, the shape of Ca2+ oscillations could be changed by changing the amplitude of each
step, the time interval between steps and the number of steps in each oscillation, or by
changing the speed with which Ca2+ is extruded from the cell as [Ca2+]i returns to its basal
value. Based on our results we conclude that sauvagine can change the shape of an oscillation
by influencing the number of steps in an oscillation. We have recently demonstrated that
increasing the Ca2+ buffering capacity in the Xenopus melanotrope leads to broader
oscillations as a consequence of the oscillations having more steps, more time between steps
and slower Ca2+ extrusion kinetics (Koopman et al., 2001a). The fact that sauvagine does not
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reduce the Ca2+ extrusion kinetics in a consistent way argues against an effect of this
secretagogue on Ca2+ buffering mechanisms. A likely target of sauvagine would be the
electrical membrane activity, because we have previously shown that the steps are likely
driven by the action of a plasma membrane potential oscillator (Lieste et al., 1996) that
probably consists of Ca2+, Na+, K+ and “leak” channels (Cornelisse et al., 2001). Therefore,
the effect of sauvagine on whole-cell Ca2+- and K+-currents and action potential firing was
investigated using whole-cell and cell-attached patch-clamp configurations, respectively.
Effect of sauvagine on Ca2+ and K+ currents in the whole-cell voltage-clamp mode
The stimulatory action of sauvagine on the Ca2+ oscillations may be due to stimulation of
Ca2+ currents, inhibition of K+ currents and/or stimulation of Na+ channels. In our
experiments on Ca2+ and K+ currents, only a small, but consistent inhibition on K+ currents
was observed. These results suggest that either sauvagine does not act primarily via Ca2+ or
K+ currents, but that it acts on other membrane ion channels, like Na+ currents, or that it
affects the electrical currents through a soluble factor, which could be lost in the whole-cell
configuration. cAMP is a likely candidate for a soluble factor, because it was demonstrated
that sauvagine stimulates the Xenopus melanotropes by activating adenylyl cyclase (Verburg
et al., 1987; De Koning et al., 1992, 1993; Leenders et al., 1995; Lieste et al., 1996). This is
in agreement with the observation that CRH regulates the Ca2+ signaling in corticotropes via
the adenylyl cyclase/cAMP pathway, subsequently affecting K+ and Ca2+ currents (Luini et
al., 1985; Kuryshev et al., 1995, 1997; Ritchie et al., 1996; Shorten et al., 2000). The fact
that in our studies no effect on Ca2+ currents was observed indicates that the effect of CRH or
CRH homologues might be cell-specific.

Effect of sauvagine on action potential firing
The idea that a soluble factor, like cAMP, is lost during the whole-cell patch-clamp mode is
strengthened by two observations in our whole-cell current-clamp experiments. First, in these
experiments a broad repertoire of spiking patterns was observed. However, comparison
between the results of the Ca2+ imaging studies and the whole-cell current clamp experiments
shows that the frequency of the action potentials during bursting observed under whole-cell
patch-clamp conditions is, although qualitatively similar, one order of magnitude higher than
the frequency of the Ca2+ steps during Ca2+ oscillations. This is in contrast with our previous
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demonstration that a one-to-one correlation between electrical membrane bursting and Ca2+
steps exists, the former being measured in the cell-attached patch-clamp configuration (Lieste
et al., 1998). Second, although in general a slight increase in electrical activity under
sauvagine was observed, this effect is not reversible. The observation that this electrical
activity tends to go from spiking to plateau bursting after superfusion of sauvagine might be
explained by an inhibition of a slow K+ current that is involved in the bursting mechanism. If
such a current is inhibited, bursts become longer and the frequency of the spikes in the burst
increases. However, also under sauvagine-stimulated conditions the bursting firing patterns
did not correspond to the frequencies observed during Ca2+-imaging experiments. These
observations motivated us to record the electrical activity of the melanotropes in a less
invasive way. Since the Xenopus melanotropes do not display electrical membrane bursting
but only continuous spiking using the perforated patch technique (Valentijn & Valentijn,
1997), we performed cell-attached-patch voltage-clamp experiments (Lieste et al., 1998).
Such experiments showed a large intercellular variability in the spontaneous electrical
activity as well as in the response of the electrical activity to sauvagine. The large variability
in the response to sauvagine is in agreement with the heterogeneity observed in Ca2+
responses to sauvagine. Our observation that cAMP stimulates the action current frequency
confirms earlier studies (Lieste et al., 1996) that showed that sauvagine acts by stimulating
adenylyl cyclase and is unable to induce Ca2+ oscillations when these are inhibited by the
PKA inhibitor H-89. The long-lasting effect of 8-Br-cAMP may be due to its slow
intracellular breakdown.

Effect of sauvagine on action current kinetics
Analysis of several characteristics of the action currents in two cells that responded strongly
to sauvagine, indicates that action current shapes are affected. The increase in width of the
action current implies that action potentials last longer in the presence of sauvagine.
Moreover, the amplitude of the positive and negative peak as well as the bump values are
also affected in the two cells analyzed. A decrease in the positive peak amplitude would
imply a decreased rise-speed of the action potential. Preliminary experiments indicate that the
bump current is an ion channel-induced current caused by opening of individual channels in
the patched membrane (Cornelisse, unpublished observation). Considering the positive sign
of the bump, it most likely consists of an outward K+ current. A decrease in the amplitude of
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the bump current would then reflect an inhibition of K+ current. This could explain the
delayed repolarisation of the action potential causing the longer lasting action potentials as
reflected by the wider action currents under sauvagine. Moreover, the inhibition of the K+
current could result in a more depolarized membrane potential causing the increase of action
potential firing by sauvagine. Several classes of K+ currents have been implemented in the
maintenance of the membrane potential. For example in rat corticotropes, inwardly rectifying
K+ currents are shown to be affected by CRH, leading to a subsequent membrane
depolarization (Kuryshev et al., 1997).
In conclusion, we show that sauvagine, besides affecting the frequency of Ca2+
oscillations in Xenopus melanotropes, can also affect the shape of the oscillations and
therefore the pattern of Ca2+ signaling. Moreover, we demonstrate that sauvagine acts on the
electrical activity in a similar way as it affects the Ca2+ oscillations. The mechanism involves
the cAMP pathway and presumably reduces K+ currents, thereby diminishing the
hyperpolarizing capacity of the cell upon a burst of action potentials. The physiological
consequences of these phenomena to melanotrope cell functioning with respect to secretion
and POMC gene expression are currently under investigation.
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Abstract
Melanotrope cells in the pars intermedia of the pituitary gland of the amphibian Xenopus
laevis are neuroendocrine cells that secrete the hormone α-melanophore-stimulating hormone
(αMSH), which controls skin color adaptation to substrate brightness. Using the patch-clamp
technique we have quantified sodium (INa) and potassium currents (IK) and investigated the
roles of these currents in the excitability of the melanotrope. Whole-cell voltage-clamp
current recordings of INa in the absence of IK and ICa showed the presence of a TTX-sensitive
component (INa,TTXS) (~80%) and a smaller TTX-resistant component (INa,TTXR) (~20%). The
TTX-sensitive component had a maximal conductance of ~20nS, half-maximal activation at –
40 mV and half-maximal inactivation at –62mV. Evidence was found for the presence of a
Ca2+-sensitive K+ current that determines ~50% of the total K+ current in these cells. The
remaining 50% of the total K+ current are voltage-gated K+ currents, which were analyzed in
voltage-clamp experiments in the absence of INa and ICa. The recordings revealed two
biophysically distinguishable components, a fast (IKf ) and slow (IKs) one. IKf had a maximal
conductance of 2.5nS and fast inactivation (τ~15ms), whereas IKs had a maximal conductance
of 7.5nS and slow (biphasic) inactivation (τ~150ms and ~1.5s). IKf is high-voltage activated
(V1/2=-22mV) and most likely low-voltage inactivated (V1/2=-82). On the other hand, IKs is
low-voltage activated (V1/2=-43mV) and most likely high-voltage inactivated (V1/2=-43mV),
yielding a stationary current around the resting membrane potential of ~-47mV of the cell.
Based on current-clamp experiments to investigate the contribution of the different current
components to excitability, we conclude that (1) IKs and a leak current set the resting
membrane potential around ~-38mV in K+ current-selective low-Ca2+ conditions and
contribute to the slow dynamics of the membrane potential, (2) INa together with IKf, IKs and
leak provide a rudimentary form of excitability, but (3) ICa and IKca are needed to induce full
action potential firing.
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Introduction
Excitability mechanisms are responsible for spontaneous electrical membrane bursting
activity in the melanotrope cells of the pituitary intermediate lobe of the South African
clawed toad Xenopus laevis (Scheenen et al., 1994a; Valentijn & Valentijn, 1997; Lieste et
al., 1998; Cornelisse et al., 2002). The bursting firing mode of action potentials evokes
intracellular Ca2+ oscillations in which each oscillation is built up of discrete Ca2+ steps
during the increase phase (Scheenen et al., 1994b, 1996; Koopman et al., 1997, 2001a,b;
Lieste et al., 1998). These Ca2+ oscillations regulate cellular processes like α-melanophorestimulating hormone (α-MSH) secretion and gene expression (Shibuya & Douglas, 1993;
Scheenen et al., 1994c; Dotman et al., 1998). Both α-MSH secretion and Ca2+ oscillations are
tightly regulated by numerous stimulatory and inhibitory neurotransmitters and neuropeptides that find their origin in the hypothalamus and other brain areas (Jenks et al., 1993;
Roubos et al., 2001; Lieste et al., 1996; Koopman et al., 1997; Cornelisse et al., 2002; Kolk
et al., 2002; Kramer et al., 2002). We recently showed that sauvagine, which activates the
CRH receptor and stimulates hormone secretion, increases both the frequency of the Ca2+
oscillations and the number of Ca2+ steps that appear during such an oscillation. This
stimulatory effect can be contributed to a stimulation of the electrical membrane activity
(Cornelisse et al., 2002).
Regulating the electrical membrane activity is a key control mechanism by which
neurotransmitters and neuro-peptides are able to control melanotrope cell activity. A good
description of the membrane processes that determine this excitability is crucial for a better
understanding of the quantitative translation of external signals into an intracellular Ca2+
signal and its functional consequences. In an initial, minimal mathematical model we
investigated the contribution of voltage-operated channels in the generation of electrical
membrane bursting of the Xenopus melanotrope (Cornelisse et al., 2001). However, in this
model we had to make quantitative assumptions about the kinetics of the different voltageoperated channels, which are not known for Xenopus melanotropes. Two types of Na+
channel have been pharmacologically characterized, namely TTX-sensitive and TTXinsensitive Na+ channels (Valentijn & Valentijn, 1997). In contrast, not much is known about
the K+ currents present in Xenopus melanotropes. Such currents have been extensively
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studied in melanotropes of Rana ridibunda and in these cells multiple K+ channel classes
have been found, ranging from the classical delayed rectifier, a fast-inactivating A-type
current, and Ca2+-activated K+ currents, to inward rectifier K+ currents (Louiset et al., 1988;
Mei et al., 1995, 1998).
In the present study we quantified the kinetics of voltage-operated Na+ and K+
channels in Xenopus laevis and examined their contribution to the resting membrane potential
and generation of action potentials, using the whole-cell patch-clamp technique. Our results
confirm the presence of the two classes of Na+ channels and show that, apart from a Ca2+activated K+ current, at least two classes of voltage-operated K+ channels are present,
characterized by their fast or slow inactivation kinetics. We demonstrate that a resting
membrane potential of ~–38mV can be achieved, with ICa and INa blocked, by an interplay
between a leak conductance and a not fully inactivating, depolarization-activated K+
conductance. Furthermore, comparison of voltage-clamp and current-clamp responses
indicates that both voltage-dependent activation and inactivation properties of K+ channels
play a role in the dynamics of action potential generation. Finally, we show that, apart from
K+ and Na+ ions, Ca2+ ions are a prerequisite to generate full action potentials with a typical
overshoot to +20mV.
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Materials and Methods
Melanotrope cell cultures
Young-adult Xenopus laevis, with an age of 6 months, bred in the Department of Cellular
Animal Physiology according to standard procedures, were adapted to a black background
under continuous illumination, at 22˚C, for three weeks prior to the experiments. They were
fed weekly with beef heart. All experiments were carried out under the guidelines of the
Dutch law concerning animal welfare and were approved by the Ethical Committee for
Animal Research of the University of Nijmegen. Animals were anaesthetized in water
containing 1% MS222 and 1.5g/l NaHCO3. To remove blood cells, animals were perfused
with Xenopus Ringer’s solution (112mM NaCl, 2mM KCl, 2mM CaCl2, 15mM HEPES,
0.001% ascorbic acid, 10mM D-glucose, pH=7.4 adjusted with NaOH) containing 1%
MS222. After decapitation, neurointermediate lobes of the pituitary gland were dissected and
rinsed four times in XL L15 culture medium consisting of 76% L15 medium (Life
Technologies Inc., Rockville, USA), 1% kanamycin solution (Life Technologies), 1%
antibiotic/antimyotic solution (Life Technologies), 2mM CaCl2, and 10mM glucose
(pH=7.4). After an incubation period of 45 min in Ringer’s solution without CaCl2 but with
0.25% trypsin (Life Technologies), lobes were dissociated by gentle trituration with a
siliconized Pasteur’s pipette. The resulting cell suspension was filtered and centrifuged for 10
min at 500 rpm. The pellet was resuspended in XL L15 culture medium (100µl/lobe
equivalent) and cells were plated at the center of a plastic petri dish (Nunc, Roskilde,
Denmark) coated with poly-L-lysine (Sigma, Mw>300kDa) at a density of about 10,000
cells/dish. After the cells had been allowed to attach for 1h, 2ml XL L15 culture medium
containing 10% fetal calf serum was added to each dish. The cells were cultured for 3 days at
22˚C in a humidified atmosphere before experimental use.

Patch-clamp experiments
For the recordings an EPC-9 patch-clamp amplifier (HEKA, Lambrecht/Pfaltz, Germany)
was used. The recordings were filtered by a Bessel filter set at 2.9kHz. Electrical activity was
monitored using a digital chart recorder (PowerLab/4sp, AD Instruments, Castle Hill,
Australia). Patch pipettes with a resistance between 2-5MΩ were pulled from Wiretrol II
glass capillaries (Drummond Scientific Company, Broomall PA, USA) using a Narishige PP95
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83 pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, Japan). The
extracellular solutions were applied by a small tube placed at a distance of 2-3mm from the
patched cells. In this way mechanical effects on the cells due to imposing fluid flow were
prevented.
All recordings of Na+ and K+ currents (INa and IK) were performed in the conventional
whole-cell configuration. The various voltage-clamp and current-clamp protocols are
described in the text or are indicated as insets in the figures. Recordings were corrected for
leak by the P/n protocol unless indicated otherwise. Series resistances were ~10MΩ,
compensated for 70%. Membrane capacitances were ~15pF. Extra- and intracellular solutions
for measuring the various currents are given in Tables 4.1 and 4.2. Seal resistances were 15GΩ. Measured quantities are expressed as means (M) ± standard error of the mean (SEM)
for n observations.
ECS: Extracellular Solutions (mM)
Standard (SECS)

0.1Ca/0K

0.1Ca

0.1Ca/NMDG

2Co

NaCl

112

114

112

-

112

NMDG-Cl

-

-

-

112

-

KCl

2

-

2

2

2

CaCl2

2

0.1

0.1

0.1

-

MgCl2

-

1.9

1.9

1.9

-

CoCl2

-

-

-

-

2

TTX

-

-

-

-

0.002

HEPES

15

15

15

15

15

glucose

10

10

10

10

10

pH

7.4 with NaOH

7.4 with NaOH

7.4 with NaOH

7.4 with HCl

7.4 with
NaOH

Table 4.1. Overview of the extracellular solutions used in this study.
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ICS: Intracellular Solutions (mM)
Standard (SICS)

10 EGTA/Cs

10 EGTA

NaCl

-

10

-

KCl

100

-

90

CsCl

-

90

-

CaCl2

1

2

2

MgCl2

2

1.8

1.8

MgATP

-

0.2

0.2

EGTA

1

10

10

HEPES

10

10

10

pH

7.4 with KOH

7.4 with

7.4 with KOH

CsOH

Table 4.2. Overview of the intracellular solutions used in this study.
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Results
Voltage-clamp properties of voltage-activated sodium currents
Several inward currents, both sodium (INa) and calcium (ICa), contribute to Xenopus
melanotrope cell excitability (Valentijn and Valentijn, 1997; Scheenen 1994a, 1994b), but
their relative importance is still unclear. In order to evaluate the possible role of INa in this
respect we first measured the voltage-clamp properties of INa in melanotrope cells and then
explored the ability of INa to produce excitability in the same cells in current-clamp under the
same experimental conditions, i.e., in the absence of ICa and IK but in the presence of the leak
conductance of the patched whole-cell. Since it is known that the Xenopus melanotrope cell
has a resting membrane potential Vm~-40mV and a high membrane resistance (Rm~5GΩ) in
the intact neurointermediate lobe of the pituitary gland kept in vitro (Borst et al., 1996), the
specific question of interest was whether the rate and voltage-dependence of activation and
inactivation of INa would allow excitability of such a high resistance and depolarized resting
membrane.
Fig. 4.1 shows the activation and inactivation properties of INa under voltage-clamp
conditions. Current responses of a typical cell to the activation protocol (inset) are shown in
Fig. 4.1A. Depolarizing test pulses of 10ms with 5mV increments from –55 to +40mV were
applied from a holding potential Vh= –100mV with 2.5s intervals between the test pulses. The
bath (0.1Ca/0K-ECS, see Table 4.1) and the pipette (10EGTA/Cs-ICS, see Table 4.2)
contained Na+-selective solutions (no K+ and strongly reduced (0.1mM) external Ca2+), in
order to remove IK and ICa. The recordings show that activation as well as inactivation
becomes faster at more depolarized potentials and that the whole activation/inactivation cycle
lasts shorter than 4 ms for most test potentials. In order to identify these inward currents
pharmacologically, we added 2µM TTX to the bathing solution and applied the same
activation VC-protocol as in Fig. 4.1A. It appeared that most (~80%) of the recorded current
was TTX-sensitive (INaTTXs) with the remaining (~20%) somewhat slower current probably
being TTX-resistent (INaTTXr) (Fig. 4.1B). This small component was not further studied
because of its noisy time course and its relatively small contribution to the total inward
current.
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Fig. 4.1. Characterization of Na+ currents in Xenopus melanotropes: (A) Currents evoked by an activation
protocol (inset) with 100ms pulses from a holding potential of –100mV to –55mV with increments of 5mV. (B)
Same experiment after addition of 2µM TTX to the bath solution. (C) IV-curve of the peak-currents obtained by
averaging data obtained from 4 cells by the activation protocol in A fitted with HH-kinetics with a reversal
potential of +62mV (see text). (D) Currents evoked by an inactivation protocol (inset) from a holding potential
of –100mV with increments of 5mV to a test potential of –20mV. (E) Activation curve m(V)3 obtained from IV
in C (see text) and inactivation curve h(V) obtained in 3 cells by the inactivation protocol in D fitted with a
Boltzmann function (solid line). (F) Time constants for activation τm and inactivation τh.
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The current-voltage (IV) plot of the peak values of the total Na+ currents recorded in 4
cells are shown in Fig. 4.1C. The rising leg of the IV-curve extrapolates to a reversal
potential of ~+45mV, somewhat below the calculated sodium equilibrium potential
ENa=+62mV, probably largely because of some nonlinear leak (for instance a chloride
current) that was not subtracted correctly with the P/n protocol. INa activation occurs at Vm>50mV and INa is maximal around -10mV.
The steady-state activation curve m(V) and the maximal conductance Gmax can be
obtained by fitting the IV curve according to Hodgkin-Huxley (Hodgkin & Huxley, 1952)
with the expression

I (V ) = Gmax m(V ) 3 (V − E rev ) .

(4.1)

Erev is the reversal potential for sodium, in this case calculated with the equation for the
Nernst-potential to be ENa=+62mV. The steady-state activation curve of a single m-gate is
described by a Boltzmann-equation,

m(V ) =

1

(V −V1 / 2 ) 

−
1 + e d 



,

(4.2)

with V1/2 the voltage for half-maximal activation, and d a parameter that determines the
steepness of the curve. For fitting, the data-points above 0 mV were ignored because of the
measuring artifact, probably due to a nonlinear leak-current as described above. The fitted
curve is given by the solid line in Fig. 4.1C. Fitted parameters are GNa,max=20nS, V1/2=-40mV
and d= 9mV. The parameter value for GNa,max must be a considerably underestimated value,
because of advanced inactivation at the time of peak current, and because of high frequency
filtering and the limited voltage-clamp speed. Steady state activation of all three m-gates
m(V)3 is obtained by dividing the curves of Fig. 4.1C by GNa,max and the driving force (VmENa), and is shown in Fig. 4.1E, right curves.
The inactivation properties of INa were measured as shown in Fig. 4.1D for the same
cell as in Fig. 4.1A. The cell was held at various potentials Vh of –100 to –15mV (5mV
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increments) for 3s and INa was evoked by a 10ms test potential of –20mV. The steady-state
inactivation curve h(V) is plotted in Fig. 4.1E as a function of the preceding Vh and is
obtained by dividing the peak currents by the maximal peak current at low holding voltages
(mean values from 3 cells). The curve is fitted by a single Boltzmann function (left solid line
in Fig. 4.1E) yielding V1/2=-62mV and d=-7mV. The current traces and the inactivation curve
show that INa is fully inactivated at Vm>–30mV, but leaving a small stationary current
(window current) around –45mV, some 5mV below the approximate resting potential of
melanotrope cells. This is consistent with the absence of clearly identifiable sustained
currents in the current traces of Fig. 4.1A. Analysis of these recordings shows that such
sustained currents, if present, are <50pA. Fig. 4.1E also shows that INa is fully available for
activation from ~-100mV. Because of the limitations of the used voltage-clamp conditions for
recording of fast and large currents, we did not further analyze the inactivation curve in terms
of different components (TTX-sensitive vs. TTX-resistant), but so far we did not notice the
presence of more than one component in the inactivation curves.
Estimations of time constants for activation and inactivation are given in Fig. 4.1F
(n=4). The time constant for activation τm is obtained by fitting the negative flank of the
recordings in Fig. 4.1A with the function
t

−
A 1 − e τ m




.



(4.3)

−2 t

Although the process of activation will reveal higher order components (~ e

τm

−3t

and ~ e τ m ) in

the case of m3 we used Eq. 4.3 as a first-order approximation to estimate τm. The time
constant for inactivation τh is obtained by fitting the positive flank of these current traces with
the function

B+Ce

−

t

τh

.

(4.4)
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These values are upper limit estimations of the real, faster time constants, again due to the
limitations of the used voltage-clamp conditions (high frequency filtering, limited voltage
clamp speed). In particular, τm values at > -20mV suffer from these limitations.

Sodium conductance behavior in current-clamp responses
Three out of the four cells studied above in voltage-clamp were also investigated under
current-clamp conditions for excitability properties due to the presence of INa. Negative and
positive current steps of 1s with increments of 10pA (n=1) or 20pA (n=2) were applied, with
an interval at 0pA of 1s (see inset Fig. 4.2A). The resting membrane potentials (Vm) of these
cells under zero current-clamp were -5±2mV (n=3), consistent with the absence of K+
currents and close to the expected zero reversal potential of the leak and seal conductance. INa
is fully inactivated at -5mV (see Fig. 4.1E) and is, therefore, not expected to contribute to Vm.
The membrane resistance Rm and time constant (RmCm) around this membrane potential near
Vm=-5mV were measured for positive current pulses (see Fig. 4.2A,D), because these
responses seemed to be merely passive (no active response components were recognized).
The measured values for our dissociated and cultured melanotropes were >0.65±0.09GΩ and
12.8±0.7ms (n=3), respectively, corresponding to a membrane capacitance Cm near 20pF.
Since INa is fully inactivated at Vm~-5mV, one may only expect to observe excitable
behavior of these cells upon depolarizing pulses after de-inactivating INa first by negative
current pulses to Vm values between -100 and -50mV (recovery from inactivation). This was
the case. Fig. 4.2C shows an example, where recovered excitability by hyperpolarizing
current pulses becomes apparent upon the current step back to 0pA, where action potentiallike depolarizing upstrokes are visible on top of the exponential transients towards the
stationary Vm~-5mV. These upstrokes, which are invisible in current responses from the
depolarized resting membrane potential (Fig. 4.2D), become faster and larger when they
return from more negative potentials evoked by more negative current pulses (Fig. 4.2C),
which is consistent with more advanced de-inactivation. Nevertheless, the upstroke coming
from –80mV does not reach high (peak below 0mV) and rises relatively slow for such a high
(~20nS) and fast (τm<1ms at Vm>-40mV) sodium conductance present in these cells.
Apparently, the slow depolarization towards threshold allows so much inactivation that
excitability by sodium channels becomes much reduced.
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Fig. 4.2. Current-clamp behavior of a cell conducting only Na+ and leak currents: (A) Membrane potential
responses to negative and positive current steps applied with 1s step duration and 1s interval, with increments of
20pA (inset). Enlargement of voltage response in A to negative current steps (B), stepping back to 0pA (C), and
positive current steps (D).

Similar reduced-excitability behavior was seen in two other cells. We therefore
conclude from these preliminary results that the subthreshold depolarizations in these cells
with only leak current and INa occur so slowly that advanced inactivation develops before the
firing threshold is reached. This strongly reduces the rate and extent of depolarization during
the upstroke of the action potential. Similar conditions may apply (even more) to normal
resting conditions of melanotrope cells, where sodium inactivation is almost complete at the
normal resting membrane potential and membrane resistance is also high.
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Potassium currents in high vs. low Ca2+
Depolarization-activated potassium currents are often considered to contribute in at least two
principal ways to cell excitability (Hille, 2001): first, by setting the resting membrane
potential and, consequently, the degree of inward current inactivation, and second, by causing
action potentials to repolarize to hyperpolarized membrane potentials, to allow quick
recovery of sodium (and calcium) channels from inactivation (de-inactivation). This recovery
serves to prepare the cell for repeated firing. However, depolarization-activated potassium
channels are often also subject to voltage-dependent inactivation processes (Mei et al., 1995).
This property causes these potassium channels to generate their own membrane potential
dynamics affecting membrane excitability. These dynamics may be complex if several
potassium conductances are present in the membrane, all with their own voltage-dependent
activation and inactivation properties. Here we aim to measure this basic membrane potential
dynamics and understand it in terms of the voltage-clamp properties of the depolarizationactivated potassium conductances (GK) present in the melanotrope plasma membrane.
Voltage-clamp characterization of depolarization-activated GK requires the removal of
other currents than IK, e.g. INa and ICa. Therefore, we tested first with SICS in the pipette
(containing 0mM Na+) whether the removal of most of the external Ca2+ (0.1Ca-ECS
containing 0.1mM Ca2+, see Table 4.1) from the standard extracellular solution (SECS with
2mM Ca2+) had an effect on the outward current, for example by removing calcium-activated
IK. For this purpose we applied 100ms voltage-clamp test pulses from -80mV to 10mV with
an interval of 10s, while exchanging SECS for 0.1Ca-ECS and back. The control total
outward current is predominantly a potassium current (IK) because it is fully removed by
intracellular 100mM CsCl (substituting for 100mM KCl) and extracellular 90mM
TEACl/0mM KCl (Cornelisse et al., 2002). When the solution with low Ca2+ was washed in,
the peak (maximal amplitude) of the outward component of the total current became reduced
by almost 50% (Fig. 4.3A), whereas the fast inward current (sodium) preceding the outward
current persisted. Returning to SECS resulted in a full recovery of the outward component.
Note that the current trace in low Ca2+ crosses the faster declining control current in SECS.
This may be due to absence of the inward component of a sustained calcium current, which is
present in the recording with normal Ca2+. The reduction of the peak outward current by low
Ca2+ is reproducible among different cells, as shown in Fig. 4.3B. Peak currents before,
during, and after the application of low Ca2+ ECS are shown, normalized to the peak under
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control conditions (3 cells). Under low Ca2+ the peak-current was reduced by 46±6%
(P<0.05) and it returned to 97±3% (P<0.01) after wash-out. The same type of experiment
(without recovery test) with the same pipette solution (SICS) was carried out while
exchanging SECS for the low calcium solution 0.1Ca/NMDG-ECS (see Table 4.1), which
contained NMDG instead of Na+ to make sure that all sodium currents were removed (Fig.
4.3C). Again, a reduction in IK of ~50% occurred (45±7%, P<0.05, n=3) (Fig 3D), but now
the fast inward (sodium) current also disappeared (Fig. 4.3C). Thus, a removal of most of the
external calcium and thereby most of the calcium inflow through calcium channels, removes
a significant fraction of the outward potassium current, whether inward sodium currents
occur or not.

Fig. 4.3. Effect of low Ca2+ (0.1mM) in extracellular solution on total current evoked by test pulses from –80mV
to 10mV with 100ms duration at 10s intervals. Traces are shown before, during and after application of (A) ECS
with low Ca2+, (C) ECS with NMDG and low Ca2+, and (E) ECS with Ca2+ channel blocker cobalt and 2µM
TTX. Statistical results for peak currents as evoked under voltage-clamp protocol (B) in A (n=3), (D) in C
(n=3), and (F) in E (n=3). *=P<0.05, **=P<0.01.
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The effect of a reduced Ca2+ inflow was confirmed by using CoCl2 as a Ca2+ channel
blocker (Fig. 4.3E). The pipette solution was again SICS and the extracellular solution used
was 2Co-ECS (see Table 4.1) containing also 2µM TTX to block Na2+ currents. Results are
similar as for low Ca2+: a strong reversible reduction of the peak-current after blocking Ca2+
inflow and again crossing of the current traces at ~80ms (Fig. 4.3E). Statistical results (n=3)
are given in Fig. 4.3F, showing a reduction of the peak-current with 44±1% (P<0.01) after
application of CoCl2 and TTX, and a recovery to 97±0.02% (P<0.01). In conclusion, removal
of ICa by removal of extracellular calcium or by using a general calcium channel blocker
removes ~50% of the potassium current. Below we have characterized the potassium current
remaining in low external calcium, in order to try to restrict the analysis to voltage-activated
calcium-insensitive potassium channels. The presence and activity of other types of
potassium channels (e.g. calcium-activated channels) would unnecessarily complicate the
analysis.

Voltage-clamp properties of voltage-gated potassium currents: activation.
The voltage-dependent activation and inactivation properties of the external Ca2+ independent
K+ current were investigated by applying various voltage-clamp protocols under K+ current
selective conditions, i.e., with 10EGTA-ICS in the pipette and with 0.1Ca/NMDG-ECS in the
bath (see Tables 4.1, 4.2). In the experiment of Fig. 4.4A an activation protocol (see inset)
was applied in which the voltage was stepped from a holding potential Vh=-80mV to -60mV
or higher, with increments of 10mV. The duration of the pulse was short enough (0.1s) to
resolve the time course of activation and to limit the progress of inactivation, while the pulse
interval was long enough (2s) to allow complete recovery between the pulses from partial
inactivation. The family of current traces in Fig. 4.4A shows typical properties of a
depolarization-activated IK, here recorded as a total current presumably consisting of more
than one component (see below): activation occurs at >-50mV and becomes faster with
increasing depolarizing steps, while slow inactivation follows activation at Vm> -20mV in
this set of recordings.
Fig. 4.4B shows a similar family of IK traces, consisting of current responses to longduration (4s) voltage steps (not corrected for leak) to display the time course of the
inactivation processes. The interval between the voltage steps was 10s, so between the pulses
a recovery of 6s was allowed. The recordings show a clear inactivation process with a time
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constant in the 100-200ms range. An additional, even slower inactivation process can be seen
with a time constant in the range of seconds. Remarkably, the overall amplitudes of the
currents are much smaller (~25%) than in Fig. 4.4A. Running a short activation protocol as in
Fig. 4.4A after the 4s activation protocol yielded approximately the same amplitudes as
before the 4s protocol, thereby excluding a possible run-down of K+-channels. Therefore, and
with regard to the slow inactivation time constants, we attribute the reduction of amplitudes
during the 4s protocol to an insufficient period of time between the pulses (6s) to recover
from inactivation induced during the 4s test pulses.
When the time resolution in Fig. 4.4B is increased to compare the first 100ms with
Fig. 4.4A, Fig. 4.4C is obtained. These current traces reveal an additional, but much faster
inactivation process with a time constant in the order of 10ms. Therefore, we interpret these
recordings based on their inactivation time courses as resulting from the presence of two
main types of IK, a slow one (IKs) and a fast one (IKf). IKs would activate (see Fig. 4.4A) at
Vm>–50mV, exhibit slow inactivation and a slow recovery from inactivation (deinactivation), and IKf (see Fig. 4.4C) would activate at Vm>-30mV, and show fast inactivation
and de-inactivation. Thus, the faster recovery from inactivation of IKf would reveal IKf as a
separate component on a still largely inactivated IKs, as in Fig. 4.4C.
We used this biophysical separation of IK components as a tool to estimate the relative
size and shape of these components. In this way, the activation and inactivation parameters
can be determined for a better understanding of the role of GK in the current-clamp behavior
of the melanotrope plasma membrane (see below) and for the reconstruction of this behavior
in a Hodgkin/Huxley type model (see next chapter). First, we subtracted the current traces of
Fig. 4.4C from those of Fig. 4.4A, to obtain Fig. 4.4D, representing the part of the total
current that was inactivated in the recordings in Fig. 4.4C. This part is presumably mainly IKs,
but the size of the contribution by IKs is presumably somewhat underestimated, because there
was some recovery of IKs in the experiment depicted in Fig. 4.4B,C. Assuming that the partly
recovered IKs components in Fig. 4.4B have the same shapes (but down-scaled amplitudes) as
those in Fig. 4.4A and assuming that the IKf component is completely inactivated in Figs.
4.4A,C after 100ms, we may scale up the individual recordings of Fig. 4.4D until the
endpoints of the corresponding traces at 100ms match (Fig. 4.4E). Subtraction of these
scaled-up recordings from the total IK recordings in Fig. 4.4A would provide the family of IKf
currents given in Fig. 4.4F. Furthermore, the scaled-up currents in Fig. 4.4E would represent
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the set of IKs currents present in the total IK recordings of Fig. 4.4A. Given the assumptions
and the variability of the current recordings, this biophysical separation of total IK in IKs and
IKf is the best possible subtyping of IK for the presently available whole-cell data and should
be seen as a first attempt to characterize a slow and fast component in the total IK. The
average IV curves of the peak values of IKf (lower curve) and IKs (upper curve) are given in
Fig. 4.4G (n=6), where it can be seen that IKf is smaller than IKs and activates at more
depolarized membrane potentials than IKs. The IV curves are fitted with Eq. 4.1, with Erev the
reversal potential for potassium calculated as EK=-97mV. The fitted curves are drawn as solid
lines in Fig. 4.4G and yielded a GKs of 7.5nS and a GKf of 2.5nS. Steady state-activation
m(V)3 for both components (Fig. 4.4H, n=6) is obtained by dividing the curves of Fig. 4.4G
by the respective maximal conductances and (V-EK). Parameter values obtained for the fitted
Boltzmann functions are V1/2=-43mV and d=19mV for IKs, and V1/2=-22mV and d=19mV for
IKf. Thus, both curves have the same shape but are shifted 21mV along the V-axis with
respect to each other.
The time-course of IK activation was approximated by fitting the activation recordings
after the capacitive transients of Figs 4E,F with the expression
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The fitted τ-values for activation are plotted as a function of membrane potential in Fig. 4.4I
(n=6), which shows that IKf and IKs activate with similar time courses.

Fig. 4.4. Characterization of activation properties of voltage gated K+ currents in Xenopus melanotropes: (A)
Currents evoked by an activation protocol (inset) with 100ms pulses from a holding of –80mV to –60mV with
increments of 10mV and pulse intervals of 2s. (B) Same experiment but with pulse duration of 4s and pulse
interval of 10s. (C) Enlargement of the first 100ms in B with clearly inactivated currents compared to A and
with the presence of a fast and slow component. (D) Subtraction of partly inactivated currents in C from the
currents in A yielding the part of the currents that is inactivated during the voltage-clamp protocol in C, being
mainly the slow component. (E) Scaling of the currents in D (partly inactivated slow component) to the currents
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in A (fast plus slow component) until the ends of the corresponding traces match. (F) Subtraction of scaled slow
component from the currents in A yielding an estimation of the fast component. (G) IV-plot of peak currents of
slow component in E (upper curve, n=6), and fast component in F (lower curve, n=6) fitted with HH-kinetics
(see text) with a calculated reversal potential of –97mV (solid lines). (H) Activation curves for slow component
and fast component obtained from fits in G, (I) time constants for activation for IKs and IKf (n=6).

109

Chapter 4

Voltage-clamp properties of voltage-gated potassium currents: inactivation.
Experiments as illustrated in Fig. 4.4 provide information on the dynamics of activation and
inactivation of IK, but understanding the stationary behavior of the membrane potential under
different resting conditions also requires knowledge about the steady-state properties of the
inactivation process. Fig. 4.5A shows the results of an experiment in which these properties
were determined. In the so-called steady-state inactivation protocol the voltage is kept at a
variable holding potential (in this case -110 to –10mV) for 10s, and then stepped to a fixed
test voltage of +20mV. Peak currents are determined and corrected for leak by subtracting the
fully inactivated current signal at the highest voltage (see Fig. 4.5A, lowest trace). Peak
currents were then normalized by the maximal (leak corrected) peak current. In Fig. 4.5B
normalized peak currents averaged for 8 cells are plotted as a function of the preceding Vh to
obtain an inactivation curve. It displays two components, which can be fitted with the sum of
two Boltzmann functions. The half-maximal values are –82mV and –43mV, for the low(LVI) and high-voltage-inactivated (HVI) component, respectively, with relative amplitudes
of 0.65 and 0.35, and a steepness d of –6mV and –8mV, respectively.
The experimental data shown in Fig. 4.5C finally show how stationary inactivation of
IK develops at a series of test potentials of 10s duration applied from a Vh=-80mV. The
interval between the voltage steps was 10s. The test voltage duration in this experiment was
sufficiently long to allow the establishment of almost-stationary inactivation. Although the
recovery time between the pulses was not yet sufficient to permit complete recovery, the
curves do reveal the various decay rates with which inactivation develops. The first sharp
peak reflects the initial fast inactivation process of IKf (~15ms) of which the time constants
were fitted by Eq. 4.5 for 6 cells (Fig. 4.5E). The subsequent decline shows medium-rate
inactivation (~150ms), and the final decline reveals the slowest inactivation process (~1.5s)
on the time scale measured (10s). The two slowest inactivation time courses were fitted to the
recordings after the peak by a sum of two exponents
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with τh,s1 and τh,s2 being the time constants plotted in Figs 4.5F,G as a function of V (n=6).
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Fig. 4.5. Characterization of inactivation properties of voltage-gated K+ currents in Xenopus melanotropes: (A)
Currents evoked by an inactivation protocol (inset) with 50ms pulses to 20mV from various holding potentials,
ranging from –110mV to -10mV with 10mV increments and of 10s duration. (B) Steady-state inactivation plot:
peak currents divided by maximal peak current evoked in 8 cells by the same type of protocol A plotted as a
function of the holding potential. The inactivation curve shows clearly a low-voltage inactivation (LVI) and
high-voltage inactivation component. Curve is fitted with the sum of two Boltzmann functions, both also drawn
separately. (C) Time course of inactivation. Currents are evoked by 10s pulses from a holding of -80mV to a
step potential of -40mV with 20mV increments (10s. pulse intervals). (D) Steady-state currents at 4s, obtained
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An IV-plot of the quasi-steady-state currents measured in 4s activation protocols as in Fig.
4.4B, is shown in Fig. 4.5D (n=6). It also includes the leak (or background) current flowing
through possible leak channels and through the seal conductance. This is a functionally
important plot, because it helps to determine whether stationary conditions permit voltageactivated inactivating K+ conductances to conduct stationary current for the generation of the
resting membrane potential. The IV-curve is slightly outwardly rectifying. The observation
that inactivation of IK is complete for voltages above –10mV (see Fig. 4.5B) provides
evidence that the increased stationary outward current is due to a separate, instantly
outwardly rectifying leak (or background) current of as yet unknown origin. Furthermore, the
IV-curve reverses sign at –31mV, which is close to the resting membrane potential of ~38mV (see below). This observation is consistent with an important role for K+ currents in
the resting membrane potential, because with leak conductance alone the membrane potential
is close to 0mV, as shown above in the experiments illustrated in Fig. 4.2.

Potassium conductance behavior in current-clamp responses

The roles of the voltage-dependent activation and inactivation properties of GK in the currentclamp behavior of the melanotrope plasma membrane were investigated by current-clamp
stimulation with hyperpolarizing as well as depolarizing currents under K+ current-selective
conditions (10EGTA-ICS in the pipette and 0.1Ca/NMDG-ECS in the bath; see Tables 4.1,
4.2). The inset of Fig. 4.6A shows the protocol and the current traces are examples of
responses. When no current was injected the resting membrane potential was –38 ± 3mV
(n=9). Thus, given the presence of the seal conductance GS and a certain leak conductance GL
associated with possible leak channels, the depolarization-activated K+ channels described
above are able to generate a resting Vm~-38mV in whole-cell zero-current clamp. This
indicates that at this potential not all K+ channels are inactivated and that the resting Vm
results from K+ currents and leak currents. One can predict that the melanotrope membrane
exhibits non-linear behavior upon current-clamp stimulation because of the voltage-activated
properties of the GK involved.
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Fig. 4.6. Current-clamp behavior of a cell conducting only K+ and leak currents: (A) Membrane potential
responses to negative and positive current steps applied with 1s step duration and 1s interval, with increments of
20pA (inset). (B) Enlargement of voltage response in A to negative current steps, (C) to steps back to 0pA, and
(D) to positive current steps.

Current injections evoked asymmetric responses for negative and positive pulses
(n=6) (Fig. 4.6A). Current injections with negative pulses (-20pA increments) caused
exponential-like transients to more negative voltages, and the voltage interval (∆V) between
successive steady-state values of the membrane potential slightly increased for stronger
stimulation (∆V0→-20pA=19±1mV, ∆V-20→-40pA=20±2mV, ∆V-40→-60pA=25±3mV, ∆V-60→80pA=27±2mV

(n=4)) (Fig. 4.6A, B). The fact that stationary ∆V responses occur to the

smallest hyperpolarizing current responses (20pA) implies an input resistance to the sealed
cell of 0.95GΩ, while that resistance is 1.35GΩ for ∆V-60→-80pA. The return of the Vm
transients back to the resting membrane potential, after the negative current pulse, takes place
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in two steps, an initial fast response (“clipping”) followed by a slow one (Fig. 4.6A,C). The
transition from the fast to the slow phase is more abrupt and at a lower level (around –55mV)
when Vm returns from levels below –100mV, and sometimes starts with a small overshoot (3
out of 6 cells). The subsequent positive current steps and in particular the larger ones, caused
an initially small overshoot, which is followed by a very slow transient to a slightly higher
resting membrane potential (Fig. 4.6A,D). The voltage intervals between the responses to the
successive positive current pulses are smaller than those to the corresponding negative
current pulses and become progressively smaller with an increase in current intensity. The
highest responses reach a ceiling (“clipping”) at a Vm=-9±5mV (n=6).
In conclusion, the current-clamp behavior of the melanotrope displays a double
clipping behavior due to the action of the voltage-activated K+ channels. Clipping just below
the resting membrane potential and the subsequent slow potential transient reveals one
mechanism for the generation of the resting membrane potential with voltage-activated K+
channels. Clipping around –9mV acts counteractive to depolarizing currents.

Roles of GK and GNa in melanotrope excitability in low-calcium solution

The combined presence of depolarization-activated sodium and potassium channels provides
a neuronal membrane with basic excitability properties (Hille, 2001). However, each type of
neuron may have its own specific spectrum of sodium and potassium channel expression to
endow the neuron with an excitability mechanism fitted to the specific function of that
neuron. Below we will address the question to which extent the sodium and potassium
channels we characterized contribute to the excitability mechanism of Xenopus melanotrope
cells under our experimental whole-cell conditions.
We studied the role of INa and IK in melanotrope excitability using a similar currentstimulation protocol as seen in Figs. 4.2 and 4.6. This time current increments of 10pA
(instead of 20pA) were appropriate. Fig. 4.7A-D shows the responses of the membrane
potential to the applied current steps in the case of extracellular solution with low Ca2+
(0.1Ca-ECS). The resting membrane potential under these conditions was –41±3mV (n=3),
which is approximately the same as in the absence of INa. Responses to negative current steps
were similar to those measured in the K+-selective extracellular solution of Fig. 4.6, although
the increase in voltage interval between successive steady-state values was only observed in
one out of the two cases (Fig. 4.7A,B). The membrane resistance for the –10pA step was
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1.9GΩ. The off-responses to the hyperpolarizing pulses show that the presence of INa has
introduced excitability to the membrane compared to the responses under IK-selective
conditions. At a threshold of ~-40mV (consistent with Fig. 4.1E), a single spike was induced
each time after recovery of the membrane potential from negative current pulses of –20pA or
more. In all three cells, spikes coming from lower voltages appeared later in time (Fig. 4.7C).

Fig. 4.7. Current-clamp behavior of a cell conducting only K+ and Na+ and leak currents (0.1Ca ECS): (A)
Membrane potential responses to negative and positive current steps applied with 1s step duration and 1s
interval, with increments of 10pA (inset). (B) Enlargement of voltage response in A to negative current steps,
(C) to steps back to 0pA, and (D) to positive current steps.

The spikes reached a peak height of 10±5mV, showed an afterhyperpolarization, had an
amplitude of 70±8mV (difference between peak height and maximal afterhyperpolarization),
and a half-height width of 8±3ms (n=3). Before the onset of excitation, the membrane
potential response can be seen to clip at ~-50mV, as under K+-selective conditions (cf. Fig.
4.6), due to IK activation (cf. Fig. 4.4G). The second (slow) part of the biphasic membrane
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depolarization can be inferred from the traces, but cannot directly be seen because the action
potential shape is superimposed on it. Positive current injections do not cause fully developed
action potentials compared to the off-responses to the negative current pulses. Instead, they
induce small amplitude (<30mV) oscillations at the higher stimulus currents, where the mean
depolarizations clip as under K+-selective conditions (cf. Fig. 4.6A,D). In conclusion, the
addition of INa to a membrane with IK in low-calcium solutions adds full excitability to the
melanotrope cell, but only if the membrane is first sufficiently hyperpolarized below its
resting membrane potential. Furthermore, the GK behavior can still be recognized in the
double-clipping current-clamp behavior of the cell.

Excitability in normal extracellular solutions

Testing the cells using the same current-clamp step-protocol with normal extracellular
solution in the bath, enabled us to determine changes in excitability due to the presence of
2mM extracellular Ca2+, which adds an additional K+ conductance to the membrane (cf. Fig.
4.3) and enables the flow of calcium currents through the melanotrope calcium channels.
Under these conditions part of the cells (2 out of 4) fired spontaneous action potentials (Fig.
4.8B). The others were silent (as in low Ca2+ solutions) at a resting membrane-potential of 47±1mV but could be stimulated to fire action potentials with depolarizing currents (Fig.
4.8A). The membrane resistance for ∆V-10→-20pA was ~0.5GΩ for the active cells and
~0.65GΩ for the silent cells.
The active cells (Fig. 4.8B,C) stopped firing upon hyperpolarization by currents of –
10 to –40pA, resumed firing upon returning to the resting membrane potential and increased
the firing frequency upon depolarizing currents of 10 to 40pA. The silent cells (Fig. 4.8A,C)
remained silent during hyperpolarization, showed sometimes (transient) firing as an offresponse to hyperpolarization and started firing at sufficient depolarization with frequencies
that increased with the intensity of the current (10-40pA). The frequency plots of both cells
are similar and just seem shifted along the current axis (Fig. 4.8C). The first
hyperpolarization off-response action potentials reached a maximum voltage of 22±4mV, had
a spike amplitude of 82±5mV and half-maximum width of 8±2ms (n=4). Thus, their
amplitudes were higher than under low-Ca2+ conditions. Depolarization-induced action
potentials of the 4 cells reached a maximum voltage of 19±2mV, had a spike amplitude of
69±2mV and half- maximum width of 11±2ms.
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Fig. 4.8. Current-clamp behavior in normal extracellular solution (standard ECS): Membrane potential responses
to negative and positive current steps applied with 1s step duration and 1s interval, with increments of 10pA
(inset) of (A) silent cell and (B) spontaneously active cell. (C) Firing frequency as a function of current stimulus
for silent cells (continuous line, n=2) and active cells (dashed line, n=2). For positive stimulations frequency
was determined in the time interval 2.4-3.0s, where firing was constant.

Under K+-selective conditions, the melanotrope membrane showed double-clipping
behavior in the membrane potential response to depolarizing currents steps, one as a
hyperpolarization-off response just below the resting membrane potential and one at ~-10 mV
in the depolarizing current responses. This reflection of K+ conductance behavior is no longer
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clearly visible in the normal-calcium responses in Fig. 4.8, where the up-going current-step
responses are rather clamped at the resting membrane potential, as if an additional K+
conductance has been added, activating around the resting membrane potential. A similar
behavior of Vm upon current steps was observed in frog melanotropes (Louiset et al., 1988).
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Discussion
The main results of the present study are that (1) depolarization-activated K+ channels
provide the melanotrope cell of Xenopus laevis with a mechanism for the generation and the
maintenance of a resting membrane potential (~-40mV) just above the activation potential of
these channels (~-50mV), (2) the addition of depolarization-activated (mainly TTX-sensitive)
Na+ channels to these K+ channels provides the cell only with (weak) excitability if the
plasma membrane is hyperpolarized, (3) this excitability is enforced to enable the generation
of high-amplitude spikes from the resting membrane potential in the presence of a normal
extracellular calcium concentration (2 mM), permitting inward current through voltage
activated calcium channels, and (4) both the activation and inactivation properties of the K+
channels are further conditioners of melanotrope excitability. How these mechanisms act, is
discussed below in some detail.

Sodium currents and excitability

We confirm here for melanotrope cells of Xenopus laevis the presence of a relatively large
(nA-range) TTX-sensitive Na+ current in the conventional whole-cell (WC) configuration,
previously observed by Valentijn & Valentijn (1997) in the perforated-patch whole-cell
(ppWC) configuration. Although there may be differences between the INa properties in WC
and those in the ppWC (see below), our experimental results on melanotrope cells with only
leak and sodium currents provide a useful set of data to assess the role of INa in melanotrope
excitability, namely by analyzing melanotrope current-clamp behavior in terms of voltageclamp properties of INa. Under these conditions the absence of excitability upon depolarizing
current pulses at zero resting membrane potential and the recovery of excitability upon
hyperpolarization to <-40mV follow directly from the measured inactivation curve. However,
excitability recovered by hyperpolarization

is only weak,

because the

evoked

(nonrepolarizing) spikes are small (do not reach 0mV), despite the fact that GNa largely
recovered during hyperpolarization, e.g. to >14nS in the experiment of Fig. 4.2, while the
leak conductance GL was only ~1nS. This implies that the current step-induced slow
depolarizations of the melanotrope membrane, revealing only leak and INa currents, are
relatively slow (membrane time constant of ~12ms) such that significant sodium inactivation
occurs before the threshold for excitation is reached.
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We did not observe a clear TTX-resistant current component with significantly slower
activation/inactivation kinetics. After adding 2µM TTX there was 20% of INa left and this
current had somewhat slower kinetics than the TTX-sensitive current. The possibility of
losing the TTX-resistant component in the whole-cell configuration through dialysis of the
cell was previously suggested by Valentijn & Valentijn (1997). Remarkably, a discrepancy
was found in the steady-state inactivation-curve for the TTX-sensitive component, which was
shifted to more negative potentials than reported by Valentijn & Valentijn (1997). A possible
explanation for this discrepancy is a washout in our study of intracellular components in the
whole cell that alters the kinetic properties of the current. From the viewpoint of excitability
this is an important difference because the resting membrane potential is around -40mV for
these cells and therefore, the sodium current is almost completely inactivated at these
potentials. Furthermore, the IV-curves for activation are also shifted towards values that are
more negative than the data of Valentijn & Valentijn (1997), but not as pronounced as the
steady-state inactivation. This kind of difference between studies under different
experimental conditions makes it necessary to do voltage- and current-clamp experiments on
one and the same cell under exactly the same conditions, when one wants to explain
excitability from the voltage-clamp properties of the conductances involved. We fulfilled this
requirement here, which allowed us to draw the general conclusion that under our conditions
the high resistance and depolarized resting membrane potential of the Xenopus melanotrope
cell do not allow INa to contribute substantially to excitability, unless the cell is
hyperpolarized by some external input or activated by a pacemaker mechanism causing
repetitive firing with action potentials separated by interspike intervals that have sufficiently
negative membrane potentials. A decrease in the resting membrane resistance by activation of
hyperpolarizing conductances will also contribute to sodium-dependent excitability, because
this will decrease the membrane time constant and, therefore, the time to threshold crossing.
This will, consequently, minimize sodium inactivation, but also require stronger depolarizing
action. However, the fact that melanotrope cells are usually active as calcium-dependent
bursting pacemaker cells under variable excitatory conditions, may imply that INa rather
serves to shape or initiate the spontaneous calcium action potentials than to produce rapid INa
driven action potentials.
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Potassium current types

Removal of most of the external calcium or removal of all inward calcium current by
applying cobalt ions as a general calcium channel blocker, removed ~50% of the outward K+
current. The same effect of cobalt ions was reported for frog melanotropes (Louiset et al.,
1988). The fact that blocking Ca2+ influx in two different ways leads to the same reduction of
the outward component, suggests that the blocked component is a Ca2+-sensitive K+ current
(KCa), as proposed by Louiset et al. (1988) for frog melanotropes. This current was predicted
in a theoretical study on the mechanism for spontaneous calcium oscillations coupled to
electrical bursting in Xenopus melanotropes (Cornelisse et al., 2001). Analysis of the
activation/inactivation kinetics of the Ca2+-independent K+ current revealed a fast and slow
component, IKf and IKs, respectively. IKf is an IA-type-like K+ current (Hille, 2001) while IKs is
a slowly inactivating, delayed rectifier type of K+ current. A similar subtyping of K+ currents
has also been found for frog melanotropes (Mei et al., 1995). Typical time scales for
activation of K+ currents in our Xenopus melanotropes were 1-3.5 ms for all three types of IK
Inactivation of IKs occurred in two phases. Inactivation time scales were 10-20ms for IKf and
100-200ms and 1000-2000ms for the two phases of inactivation of IKs. IKf activated around –
30mV (high-voltage activated, HVA) whereas IKs activated at –50mV (low-voltage activated,
LVA). The finding of at least two voltage-gated K+ currents in Xenopus melanotropes was
confirmed by the steady-state inactivation curve, showing a low-voltage inactivating (LVI)
component and a high-voltage inactivating (HVI) component. We relate the LVA curve (IKs)
to the HVI curve, and therefore, HVA (Ikf) to LVI, based on the resting and excitability
properties of the cell, as discussed below.

The role of IK in the melanotrope resting membrane potential

This study provides good evidence that in the Xenopus melanotrope, IK together with the Ileak
contributes to setting the resting membrane potential near –40mV. Zero current stimulation in
these cells under K+ current-selective conditions yields a resting membrane potential of 38mV. Voltage-clamp analysis shows that only a combination of the LVA curve and the HVI
curve of the two voltage-sensitive K+ current components identified can create a window
current around –40mV. This window current could provide the steady-state current necessary
to keep the resting membrane potential around this level. Other combinations of the IK
activation and inactivation curves do not generate such window currents. Therefore, we
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conclude that (1) IKs is responsible for setting the resting membrane potential because this
current is identified with the LVA curve and (2) the HVI curve belongs to IKs. In extracellular
solutions with normal (2mM) calcium the resting membrane potential tended to be more
negative. This is consistent with the presence of a calcium-dependent K+ conductance,
pulling the membrane potential further to the Nernst potential for the existing K+ gradient.
We found similar resting membrane potentials (~-40mV) in our cultured melanotropes as
reported for Xenopus melanotrope cells in intact intermediate lobes in vitro (Borst et al.,
1996), despite differences in conditions such as seal resistance, cell input resistance and
intracellular buffering. Since intracellular calcium buffering may be expected to affect the
resting membrane potential via calcium- activated K+ channels, it is not yet possible to make
definitive statements about physiologically occurring membrane potentials. Although the
observed resting membrane potentials are consistent with a window current of the identified
K+ currents, we cannot exclude a role for additional resting membrane potential-generating
channels in the melanotrope cell. Voltage-clamp experiments in this study revealed only a
very small overlap of the inactivation and activation curves of INa around the resting
membrane potential of ~-40mV. This is consistent with the absence of a significant effect of
INa on the resting membrane potential.
The role of INa and IK in melanotrope excitability

The tuning of the INa activation and inactivation curves on the V-axis is only suited for
contributing to melanotrope excitability around Vm=-40mV, if the membrane is first
hyperpolarized. Hyperpolarization of Vm to values below –40mV would allow the INa to
recover from inactivation, thereby becoming available for activation. Indeed, a spike could
only be induced after the application of a negative current pulse. Positive current injection
induced oscillatory behavior. Although the induced Na+/K+ spikes do not have the full
amplitude (~85%) compared to action potentials under normal conditions and do not occur
spontaneously, IK and INa can provide in principle a excitability mechanism contributing to
action potential firing in Xenopus melanotropes. However, comparison of excitability in lowcalcium and normal-calcium solutions (see below) indicates that the role of INa is rather
supportive for excitation through calcium channels instead of self-sufficient for action
potential firing.
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A striking observation in the K+ selective current-clamp experiments was the role of
IK in the clipping behavior of the cell. IKs activation is apparently responsible for clipping of
the potential at ~-50mV, just below the resting membrane potential. The slow inactivation of
IKs with a time constant of 100-200ms must be responsible for the slow drift to the resting
membrane potential. The clipping behavior around –10mV in the membrane response to
depolarizing currents indicates additional activation of IK around that potential with an even
larger time constant, because slow further depolarizations were not clearly observed in these
responses of 1s duration. Thus, a second IKs component, IKs2, with the observed slower
inactivation component (τs2=1-2s) may be responsible for the clipping behavior around –
10mV. This is investigated further with the model study in the next chapter, because the
phenomenon of clipping could be of great importance for the physiological function of the
cell. It might provide the cell with a mechanism to react to a broad range of depolarizing
currents, originating from receptor activation or KCa-deactivation, in the voltage range that is
optimal for action potential generation.
The conclusion above, that the LVA and HVI curves belong to IKs, implies that the
remaining HVA and LVI curves belong to IKf. Together with its relatively fast kinetics this
current might play a role during spiking, for instance in keeping the amplitude of spikes
within certain boundaries. Constant spike amplitudes might be important in the calcium
signaling mechanism where the encoding is in the form of the oscillations and not in that of
individual calcium steps that build up such an oscillation (Cornelisse et al., 2002). Stronger
depolarization means stronger afterhyperpolarization, which means more recovery from
inactivation for IKf, thereby inducing a stronger IKf during the next spike, which acts as a
negative feedback loop on the amplitude of action potentials.

Excitability in normal extracellular solutions

In the experiments with standard extracellular solution, multiple action potential firing could
be induced by a pre-hyperpolarizing current pulse, or action potential firing occurred
spontaneously. Positive current injections induced repetitive action potential firing with
frequencies almost linearly depending on stimulus amplitude. This shallow dependence might
be due to the counteractive activation of more K+ channels by the depolarizing current. This
clipping behavior is even more extreme in normal extracellular solutions, probably because
of the addition of an additional population of K+ channels being activated around the resting
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membrane potential. A large range of positive current pulses only induces changes in a small
voltage range where action potential firing can occur. In this way the cell is susceptible for a
broad range of depolarizing inputs without loosing the ability to translate these inputs into
firing patterns and, thus, into Ca2+ oscillations.
Standard ECS containing a normal extracellular calcium concentration may be
expected to add two types of currents to the system, IK,Ca and ICa, compared to the low Ca2+
conditions. In this study evidence was found for the presence of a Ca2+-activated K+ current,
although we did not characterize this current any further. We have mentioned above a role of
this current in the resting membrane potential. Another role for IK,Ca was previously
suggested by us in a model for electrical bursting and Ca2+ oscillations in the melanotrope
cell (Cornelisse et al., 2001). In this model IK,Ca is responsible for the coupling between the
internal Ca2+ concentration and electrical membrane activity, thereby inducing bursting
behavior. This behavior is observed in the cell-attached-patch mode and visible by calcium
imaging due to the oscillation patterns of the internal calcium concentration, but only
occasionally in the whole-cell configuration (Cornelisse et al., 2002). This indicates that the
whole-cell configuration disturbs the normal conditions for these cells to exert their typical
bursting behavior. A possible explanation could be the wash-out of intracellular constituents
(e.g. kinases, phosphatases) that affect activation and inactivation kinetics of channels or
clamping of the internal Ca2+ concentration by Ca2+ buffers in the pipette. In this respect, the
perforated patch measurement configuration would be a good alternative for the use of the
whole-cell configuration, because it prevents dialysis of the cytoplasm. Another possible
artifact in our study, is an additional depolarizing leak current through the seal, which can
disturb the delicate balance between all currents in the cell needed for burst activity.
Moreover, previous simulations in a minimal model for bursting electrical activity in
Xenopus melanotropes showed that subtle manipulations of a single current could bring a

bursting cell into a regular firing mode (Cornelisse et al., 2001).
Although the excitability mechanism in its rudimentary form is determined by IK and
INa, the role of ICa in Xenopus melanotropes is obvious. Opening of Ca2+ channels induces
influx of calcium that builds up the internal calcium signal, used in these cells as a signal
regulating hormone secretion (Lieste et al., 1998). However, the same calcium channels also
contribute to the excitability of the cell by shaping the action potentials and increasing the
cell’s excitability (Hille, 2001). We did not characterize ICa but it is known from ongoing
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studies in our department that a variety of calcium channels is present in these cells, including
N- (Scheenen et al., 1994a,b), L-, P/Q- and presumably R-type (H.Y. Zhang, unpublished
observations), as is also known for rat melanotropes (Mansvelder et al., 1996).
Characterization of these channels in other cell types showed that each channel type has
different activation and inactivation kinetics, which in general is slower than for Na+ channels
(Hille, 2001). Each of the channel types will respond in an as yet unknown way to the K+
conductance dynamics analyzed in this study.

Follow-up studies

To evaluate the roles of IK and INa in melanotrope excitability as explored in this study,
simulations with a mathematical model based on the Hodgkin-Huxley paradigm are useful
(see chapter 5). Using experimentally determined values for current and cell parameters
should make it possible to build a realistic model reproducing the voltage-clamp and currentclamp behavior described in this study. In this way the relative importance of the various
currents can be determined. A better characterization of the K+ currents using pharmacology
is necessary to obtain a more accurate description of activation and inactivation kinetics of
these currents. To further establish the role of INa in melanotrope excitability, it is necessary
to improve the voltage-clamp quality of the recordings and to determine the factors
influencing the exact location of the inactivation curve on the voltage axis. Moreover, more
experiments are needed to establish the roles other currents like chloride and the various
calcium currents play in melanotrope excitability. To study the contribution of ICa to the
spiking mechanism, the whole-cell excitability of cells in low-Na+ ECS may be tested.
Finally, other patch-clamp configurations than whole cell, such as perforated-patch wholecell, should be considered to capture the more natural electrical behavior (i.e. bursting) of the
melanotrope cell and to determine the roles of the various membrane currents in its typical
firing behavior.
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Partial reconstruction of excitability of melanotrope cells of
Xenopus laevis with a Hodgkin-Huxley type model including
Na+ and K+ currents
L.N. Cornelisse, W.J.J.M. Scheenen, E.W. Roubos, C.C.A.M. Gielen, D.L. Ypey.

Chapter 5

Abstract
Melanotrope cells in the pars intermedia of the pituitary gland of the amphibian Xenopus
laevis are neuroendocrine cells that secrete the hormone α-melanophore-stimulating hormone
(αMSH) which regulates skin color adaptation to substrate brightness. We have analyzed the
excitability mechanism controlling the release of αMSH from these cells by modeling
sodium (INa) and potassium currents (IK) involved in this mechanism, according to the
Hodgkin-Huxley (HH) formalism. The currents in the model were defined based on an
experimental study in which we found two voltage-gated IK components, a fast (IK,f) one and
a slow one. The latter component displayed two time courses for inactivation and was
therefore modeled consisting of two separate currents, an intermediate (IK,i) and a slow (IK,s)
one. In the same study we also demonstrated the presence of two INa components, a TTX
sensitive (INa,TTXS) and a TTX-resistant (INa,TTXR) one. INa,TTXS was used in the model because
this component was much larger than INa,TTXR. For the same reason we have characterized the
kinetics of INa,TTXS biophysically.
The HH parameters characterizing IKf, IK,i, IKs and INa,TTXS were fitted in order to
reconstruct the current-clamp behavior of melanotropes from the voltage-clamp behavior in
the absence of ICa. The results show qualitative agreement in several aspects of the
reconstructed current-clamp behavior. For example, the resting membrane potential around –
40mV was reconstructed from the window current of IK,s, and the ‘clipping’ of the membrane
voltage upon positive current stimulations was modeled by the action of IK,s. Induction of
Na+/K+ action potentials during recovery from negative current steps are described by the
model as well. Thus, the modeling results presented in this study emphasize the importance
of IK activation and inactivation kinetics in determining excitability and in controlling action
potential firing of melanotrope cells, with functional implications for the control of αMSH
secretion.
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Introduction
The melanotrope cell of Xenopus laevis is an established model to study cellular signaling
(Jenks & Van Zoest, 1990; Jenks et al., 1993; Roubos, 1992, 1997; Roubos et al., 1999,
2002; Kramer et al., 2001a; Kolk et al., 2002) in neural and endocrine cells. This
neuroendocrine cell is located in the pars intermedia of the pituitary gland and receives
neuronal inputs from different brain areas. Inhibitory inputs come from the suprachiasmatic
nucleus, which releases neuropeptide Y (NPY), dopamine, and γ-amino butyric acid (GABA)
(Verburg et al., 1986, 1987; Scheenen et al., 1995), while three other brain centers have
stimulatory actions: the raphe nucleus releasing serotonin, the locus ceruleus releasing
noradrenalin, and the magnocellular nucleus releasing corticotropin-releasing hormone
(CRH) and thyrotropin-releasing hormone (TRH) (for details see Tuinhof et al., 1994; Ubink
et al., 1998; Roubos et al., 2002). These diverse inputs are integrated by the melanotropes
and lead to secretion of the peptide α-melanophore-stimulating hormone (αMSH), which is
involved in background adaptation of the animal. The integration of inputs occurs at the
plasma membrane, where the first messenger signals are translated into internal second
messenger signals that consist of oscillations of the internal Ca2+ concentration (Refs). In
previous experiments it has been shown that these Ca2+ oscillations are induced by the
electrical activity of the cell (Lieste et al., 1998; Cornelisse et al., 2002; Chapter 3) and that
manipulation of the excitability of the cell can drastically affect the Ca2+ signal (Cornelisse et
al., 2002; Chapter 3). The generation of spontaneous Ca2+ oscillations coupled to electrical
membrane activity was modeled using the Hodgkin-Huxley formalism (Cornelisse et al.,
2001). In this model, manipulation of ion channel parameters changed the cell’s firing pattern
and thus the shape and frequency of the internal Ca2+ oscillations. However, this minimal
model was far from realistic in the sense that it used a rather limited description of all
currents present in the Xenopus melanotrope. In order to expand the model with more
realistic current descriptions we recently investigated the kinetics of Na+ and K+ currents and
their role in determining the excitability of the melanotrope (Chapter 4). Both currents are
thought to be important in maintaining and shaping the Ca2+ oscillations. For Na+ it has been
shown that pharmacologically blocking this current or removing Na+ from the extracellular
fluid prevents the cell from firing and blocks the Ca2+ oscillations (Lieste et al., 1998;
Valentijn & Valentijn, 1997). K+ currents are likely to be involved in the translation of first
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messenger signals into intracellular Ca2+ oscillations since various neurotransmitters like
TRH, dopamine and probably sauvagine (Cornelisse et al., 2002; Chapter 3), known to
modulate secretion and Ca2+ oscillations, bind to receptors that are coupled to K+ channels
(Lieste et al., 1996, 2002).
The purpose of this study is to reconstruct the electrical behavior of the Xenopus
laevis melanotrope cell under the experimental situation that either Na+ or K+ currents or both
currents are present, as measured in Chapter 4. The typical electrical behavior observed
experimentally in Chapter 4 was reproduced in a qualitative manner by using one Na+ current
(INa), three K+ currents (IKf, IKi, and IKs), an aspecific leak-current (IL) and a seal-current (leak
current through the seal of the pipette with the membrane). INa was modeled after INa,TTXS,
which is the main sodium component experimentally observed. IKf was modeled after IKf,
whereas the slow component of the measured IK, which had two time courses of inactivation
(τh,s1 and τh,s2) was modeled as two separate currents, viz. IKi with intermediate inactivation
(τh,s1) and IKs with slow inactivation (τh,s2). We used the Hodgkin-Huxley (HH) parameter
values, fitted from voltage-clamp recordings in Chapter 4, as initial parameter settings for the
simulations of both the voltage- and current-clamp experiments. However, we were aware of
the fact that limited experimental conditions (chapter 4) and the complication that we fitted
the kinetics of the different IK components from biophysically and not from
pharmacologically separated current traces, could make the estimated parameter values
sometimes imprecise. Therefore, we adapted the parameters, if necessary, under the
constraint that a good description with the model of the original voltage-clamp recordings
was maintained.
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Model
The model has been developed in order to reconstruct whole-cell current-clamp recordings
from whole-cell voltage-clamp properties of melanotrope cells. To evaluate the limitations of
the experimental conditions, it includes, besides the conventional HH description of the
whole-cell conductances, also a description of the patch-clamp configuration, i.e. of the
properties of the amplifier, and the pipette and its seal to the cell, because these properties are
known to affect the recordings. A schematic representation of the whole-cell configuration
and its equivalent circuit is given in Fig. 5.1A and Fig. 5.1B, respectively.

Fig. 5.1. Whole-cell patch-clamp configuration. (A) Cartoon of whole-cell configuration, including pipette and
seal properties, considering only Na+, K+ and leak currents present, with Vpc the clamped or measured voltage by
the patch-clamp amplifier, Ipc the current applied by the amplifier, Vpip the voltage at the tip of the pipette, Rpip
the pipette resistance, Racc the access resistance, Rseal the seal resistance, Iseal the current through the seal, Icell the
current through the cellmembrane consisting of the capacitive current IC and the current throught the ion
channels Ich, IL the leak current, INa the sodium current, IKs the slow potassium current, IKi the intermediate
potassium current, IKf the fast potassium current, Vm the membrane voltage and Cm the membrane capacitance.
(B) Equivalent electrical circuit of A as described in the model.
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Patch-clamp amplifier
The internal resistances of the patch-clamp amplifier and the connecting wires and AgAgClelectrodes are assumed to be negligible compared to the resistances of pipette and cell.
Therefore, we consider the voltage at the internal tip of the electrode to be the voltage (Vpc)
as measured or clamped by the patch-clamp amplifier. The current that enters the pipette is
the applied current by the patch clamp (Ipc). The current shown in the simulations is the
recorded current (Irec). In current-clamp Irec is equal to Ipc whereas in voltage-clamp Irec is
corrected for the slow capacitive transient, due to the charging of the cell, by subtracting a
cancellation current (Icanc) from Ipc. This cancellation current is described by

I canc =

C1 A

τ2

(V pc − Vcanc )

(5.1)

with time constant τ2=R2C2. The capacitors C1 and C2 are fixed, but resistor R2 and gain A
can be set to optimize the cancellation. Cancellation is optimal for R2=(Rpip+Racc)Cm/C2 and
A=Cm/C1, with Rpip the resistance of the pipette, Racc the access resistance from the pipette to
the cell and Cm the membrane capacitance. Vcanc is the cancellation voltage described as

(Vcanc − V pc )
dVcanc
=−
dt
τ2

(5.2)

(for more details see Sakmann & Neher (1995))

Pipette and seal
The pipette is modeled with a pipette resistance Rpip neglecting the pipette capacitance,
because the capacitive transient of the pipette is always canceled during the voltage-clamp
recordings and too fast to interfere with the kinetics of the voltage-gated currents in the cell.
Vpip is the voltage at the external tip of the pipette. The patch-clamp current (Ipc) can leave the
pipette both through the seal (Rseal) to the extracellular side (Iseal) and to the inside of the cell
(Icell) through an access resistance (Racc). According to Ohms law, the description of these
currents is
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I pc =

(V pc − V pip );
R pip

I seal =

V pip

;

Rseal

I cell =

(V pip − Vm ) ,
Racc

(5.3a-c)

with Vm the membrane voltage of the cell. Using Kirchoffs law
I pc = I seal + I cell

(5.4)

an expression for Ipc under voltage-clamp and for Vpc under current-clamp can be derived.

I pc =

V pc Vm 
1
−
R pip   R * Racc 

1 + * 
R 


R pip  V 
 
V pc = R *  I pc 1 + *  + m 
R  Racc 
 

( for clamped V pc )

( for clamped I pc )

(5.5a)

(5.5b)

with R* = RsealRacc /(Rseal+Racc).
Cell
The cell current (Icell) consists of two components
I cell = I ch + I c

(5.6)

where Ich is the sum of the currents trough the ion channels in the membrane and Ic is the
capacitive current of plasma membrane, which behaves like a capacitor. Therefore, Ic can be
described as

I c = Cm

dVm
dt

(5.7)

with Cm the capacitance of the membrane.
In this model four voltage-gated currents and a leak current contribute to Ich.
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I ch = I Na + I Kf + I Ki + I Ks + I L

(5.8)

with INa a sodium current, IKs and IKi potassium currents with respectively slow and
intermediate inactivation kinetics compared to the fast potassium current, IKf, and IL a leak
current. The currents are modeled according to the HH formalism (Hodgkin & Huxley, 1952)

I x = G x ,max m ix h xj (Vm − E x )

(5.9)

with Gmax,x the maximal conductance, mx the HH activation parameter, hx the HH inactivation
parameter, i the number of activation gates (in this model 3 for all voltage-gated currents), j
the number of inactivation gates (in this model 1 for all voltage-gated currents), and Ex the
reversal potential for the particular current. Activation and inactivation parameters are
voltage-dependent (except for IL where mL and hL are 1) with the following kinetics

dy ( y ∞ − y )
=
dt
τy

(5.10)

where y is mx or hx. Both parameters y∞ and τy are functions of voltage and can be directly
obtained from voltage-clamp experiments. Parameter y∞ is the steady-state value described
with a Boltzmann function,

1

y∞ =
1+ e

(V
−

m

−V1 / 2 )
d

(5.11)

where V1/2 is the value for Vm at which y∞ is half maximal and d a constant that determines
the steepness (or rather the shallowness) of the Boltzmann function.
An asymmetric bell-shaped expression is used to describe τy
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τ y = (V −V )

a

right

e

bright

+e

−

(V −V ) + τ bl

(5.12)

left

bleft

with parameter a determining the amplitude, bleft and bright the left and right slope respectively,
Vleft and Vright the position of the peak on the V-axis, and τbl a baseline value for τ.
Finally, by combining the above equations 4, 6 and 7 an expression can be derived for
the membrane-voltage equation

dVm
1
=
(I pc − I seal − I ch )
dt
Cm

(5.13)

Parameter values used in the simulations are given in Table 1 and 2, unless noted otherwise.
The set of ten coupled differential equations described in Eq. 2, 10 and 13 are solved
numerically with the variable step sixth-order Runge-Kutta method from numerical recipes
(Press, et al., 1992).
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INa

IK,f

IK,i

IK,s

IL

Iseal

Gmax (nS)

40

4

2.5

16

0.5

0.125

Erev (mV)

62

-97

-97

-97

0

0

V1/2 (mV)

-40

-22

-71

-19

-

-

d (mV)

4

19

52

8

-

-

a (ms)

0.0015

8

5.6

5.6

-

-

τbl (ms)

0.07

0

0

0

-

-

Vright (mV)

-160

-31

-22

-22

-

-

bright (mV)

-20

-31

-33

-33

-

-

Vleft (mV)

-1

-31

-22

-22

-

-

bleft (mV)

-4.819

-31

-33

-33

-

-

V1/2 (mV)

-62

-50

-25

-85

-

-

d (mV)

-4

-6

-38

-7

-

-

a (ms)

20.783

81

12

7294

-

-

τbl (ms)

0.15

0

234

512

-

-

Vright (mV)

-42

-67

-1285

-119

-

-

bright (mV)

-13902

-41

-327

-15

-

-

Vleft (mV)

-38

-67

-5

-64

-

-

bleft (mV)

-6.61

-41

-15

-45

-

-

Table 5.1. Hodgkin-Huxley parameters for ionic currents in the model.

Cm (pF)

12

Rpip (GΩ)

0.0028

Racc (GΩ)

0.0056

Table 5.2. Patch-clamp parameters. (Values for Rpip and Racc are after 30% series resistance compensation)
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Results
Passive membrane
Passive membrane properties of our model for the melanotrope cell of Xenopus laevis were
tested as illustrated in Fig. 5.2, since these are important in determining the current-clamp
behavior of excitable cells. In the simulation a cell was considered with a capacitance Cm of
12pF, containing only a leak-conductance GL of 0.5nS with a reversal potential VL=0mV and
a seal resistance Rseal of 8GΩ. The steady state IV-relation of this simple RC system is shown
in Fig. 5.2A. Corresponding membrane potential responses to negative and positive current
steps applied with 1s step duration and 1s interval, with increments of 20pA, are shown in
Fig. 5.2B.

Fig. 5.2. Current-clamp simulations of a cell containing only a leak-conductance. (A) Steady-state IV-relation
for the system. (B) Voltage responses to negative and positive current steps.
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This current-clamp step-protocol was used in the current-clamp experiments of Chapter 4 to
study the current-clamp behavior of Xenopus melanotropes. The resting membrane potential
Vrest is defined by the point of intersection of the steady-state IV curve with the zero-current
axis in Fig. 5.2A, yielding in this case a Vrest of 0mV. Stimulation with increasing negative
and positive current steps results in a relaxation of Vm to its steady state-values with time
constants of about 20ms as expected from the RC-time constant of the system
(CmRsealRL/(Rseal+RL), with RL=1/GL=2GΩ).

Sodium and leak
In Figs 4.1 and 4.2 of Chapter 4 we investigated the excitable properties of the Xenopus
melanotrope cell in the absence of IK and ICa in voltage-clamp and current-clamp,
respectively. Here, we reconstruct these experimental results by adding a sodium current to
the passive membrane model described above. The description of the steady-state activation
and inactivation curves (Eq. 5.11) of the sodium current was based on fitted parameter values
in Chapter 4 that were slightly adapted to obtain similar voltage-clamp behavior with the
model, including the measurement configuration (see Fig. 5.1). We had to increase the
steepness (1/d) for activation from 1/9 to 1/4 and for inactivation from –1/7 to –1/4, whereas
half-maximal activation (V1/2=-40) and inactivation (V1/2=-62) were not changed. Fig. 5.3A
shows steady-state activation m(V)∞3 and inactivation h(V)∞ as used in the model. The curves
show a negligible overlap, which implies the practical absence of window current. As pointed
out in Chapter 3, the fitted parameter value for GNa,max was considerably underestimated from
the IV curve in Fig. 5.1C, due to advanced inactivation and limited voltage-clamp speed.
Therefore, we had to increase this value from 20 nS to 40 nS in the model to obtain in the
voltage-clamp simulations amplitudes of similar magnitude as in the experiments. Fig. 5.3B
shows the steady state IV-curve for this system which is similar to the IV-curve of the passive
membrane apart from the very small stationary INa around the intersection of the activation
and inactivation curves in Fig. 5.3A. Voltage-dependence of time constants for activation τm
and inactivation τh were fitted by eye from the upper limit estimations in Fig. 4.1F of Chapter
4 using Eq. 5.12 (Fig. 5.3C,D). The curves were adapted in such a way that voltage-clamp
kinetics in the model (including the measurement configuration) were similar to those in the
experimental recordings. Since for voltages lower than –40mV no reliable data was available
because of the small amplitude of the evoked currents at these potentials, we tested two
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curves for τh with either small (τh,fast, a=3.783ms, τbl=0.25ms, Vright=-41mV, bright=-43mV,
Vleft=-33mV, bleft=-6.61mV) or large (τh,slow, parameters are given in Table 5.1 and used in
the rest of the simulations in this chapter) time constants for low voltages (Fig. 5.3D).

Fig. 5.3. Voltage-clamp simulations of a cell containing sodium and leak-current. (A) Steady-state activation en
inactivation curves for INa as used in the simulations. (B) Steady-state IV relation for the sytem with IL and INa.
(C) Time constants for activation τm: (line with errorbars) fitted time constants from voltage-clamp experiments
in Fig. 5.1F in Chapter 3 and (smooth line) voltage-dependence of τm as used in the model. (D) Time constants
for inactivation τh: (line with error bars) fitted time constants from voltage-clamp experiments in Fig. 5.1F in
Chapter 3 and (smooth lines) two voltage-dependences of τh (slow and fast) as used in the model.
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Voltage-clamp simulations with steps from a holding potential of –100mV to a step potential
of –55mV with increments of 5mV and duration of 10ms are shown in Fig. 5.3E,F. The
simulations shown in Fig. 5.3E for fast inactivation kinetics, give a good qualitative
description of the experimental recordings in Fig. 4.1A in Chapter 4, whereas the results with
slow inactivation kinetics in Fig. 5.3F yield a less good description of the experimental
recordings, in particular for the lower voltages. Due to slower inactivation, in the latter case
the current amplitudes are larger and the decay is slower.
Current-clamp simulations were performed, using the same current step protocol as in
the case of the passive membrane, for fast inactivation (τh,fast, Fig. 5.4A-D) and slow
inactivation (τh,slow, Fig. 5.4E-H). In both cases the steady-state membrane-voltages upon the
current-step stimulations were the same as for the passive membrane. This was expected from
the steady-state IV-relation in Fig. 5.3B, which is practically the same as the steady-state IVrelation for the passive membrane in Fig. 5.2A. However, the dynamic voltage responses of
the system display a different behavior for the hyperpolarizing off-responses compared to the
passive membrane. If the system is hyperpolarized (Fig. 5.4B,F) and depolarized (Fig.
5.4D,H) by current injections, the response is the same as for the passive membrane (Fig.
5.1C,E), but when the system relaxates from hyperpolarization (Fig. 5.4C,G) an active
component can be distinguished, indicating excitability due to activation of GNa. For fast
inactivation (Fig. 5.4C) this gives a small deviation of the passive relaxation response in Fig.
5.1D, whereas in the case of slow inactivation (Fig. 5.4G) the membrane-voltage response
displays an overshoot to positive levels (∼10 mV for the last two spikes), which is recognized
as a sodium spike. Coming from lower voltages gives a later onset of a later spike.

Fig. 5.4. Current-clamp simulations of a cell containing sodium and leak current. (A) Responses to negative and
positive current steps in the case of fast sodium inactivation. Enlargement of (B) exponential relaxation to
steady-state membrane potential at the onset of negative current steps, (C) relaxation to 0mV with an active
sodium component present at the offset of negative current-steps, and (D) exponential relaxation to steady-state
membrane potential at the onset of positive current steps. (E) Responses to negative and positive current steps in
the case of slow sodium inactivation. Enlargement of (F) exponential relaxation to steady state membrane
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potential at the onset of negative current steps, (G) relaxation to 0mV with an larger active sodium component
than in C present at the offset of negative current steps, and (H) exponential relaxation to steady state membrane
potential at the onset of positive current steps.
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Potassium and leak
In order to study the contribution of K+ currents to excitability and their role in setting the
resting membrane potential, voltage-clamp and current-clamp behavior were simulated for
three different voltage-gated K+ currents in accordance with the experimental findings in
Chapter 3. In this study a fast and slow component could be biophysically separated, of
which the latter showed two time constants for inactivation. Based on the inactivation
kinetics we therefore defined three K+ currents, a fast (IKf), an intermediate (IKi) and a slow
one (IKs). With the fitted parameters for activation and inactivation obtained in Chapter 4, it
was not possible to reconstruct the typical current-clamp behavior as observed under the K+
current-selective conditions and shown in Fig. 4.6 of Chapter 4. In particular, the clipping of
the membrane-voltage upon depolarizing current pulses (Fig. 4.6D, Chapter 4) turned out to
be a non-trivial response. Apparently, the voltage-clamp protocols used in Chapter 4 for the
biophysical separation could not discriminate sufficiently well to reveal all the kinetic and
steady-state properties that underlie the current-clamp behavior of the K-currents. Therefore,
we chose to adjust the steady-state curves for activation and inactivation in the model in order
to describe current clamp recordings in a realistic manner but in such a way that the simulated
voltage-clamp recordings were still a good description of the experimentally obtained ones.
Fig. 5.5A shows the curves for steady-state activation, m3∞(V) and for inactivation,
h∞(V), used in the simulations. IKi (broken heavy line) displays a large overlap of steady-state
activation and inactivation, and hence a strong window current, whereas for IKf (dotted thin
line) and IKs (solid thin line) no significant window current is present. The steady-state IV
relation for this system obtained from the sum of steady-state IV-curves of all three K+
currents and leak+seal current, is shown in Fig. 5.5B (heavy solid line). It deviates
significantly from the IV relation for the passive membrane (leak+seal, broken heavy line,
Fig. 5.5B) with the point of intersection with the zero current axis around –40 mV. Time
constants for activation are shown in Fig. 5.5C and for inactivation in Fig. 5.5D1-3.
Furthermore, a reconstruction is presented of the steady-state inactivation voltage-clamp stepprotocol used in Chapter 4 (Chapter 4, Fig. 4.5B) to characterize the inactivation properties of
the total voltage-gated K+ current (Fig. 5.5E). In the figure, inactivation-curves of Fig. 5.5A
are multiplied by their corresponding maximal conductances and a driving force of 117mV
(Vstep-VK) yielding the steady-state inactivation plots (thin lines). The thick line in Fig. 5.5E
is the sum of the steady-state inactivation plots and displays the contributions of the three K144
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currents, of which IK,i has the smallest amplitude, only recognizable in the right tail of the
curve.

Fig. 5.5. Three types of K+ currents. (A) Steady-state activation and inactivation curves for fast (IKf),
intermediate (IKi), and slow K+ current (IKs). (B) Steady-state IV-relation for a cell with leak current and the K+
current in A. (C) Time constants for activation, and (D) time constants for inactivation: (1) IKs,(2) IKi, and (3) IKf.
(E) Contribution of the three K+ currents to the total steady-state inactivation IV curve (heavy line).
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Simulation of voltage-clamp recordings of IKf, IKi, IKs and leak+seal current are shown
in Fig. 5.6. The figure shows in panel A a simulation of the voltage-clamp recordings in Fig.
4.4A in Chapter 4, evoked by an activation protocol in which the voltage was stepped from a
holding of –80mV to –60mV and higher, with increments of 10mV, and a pulse duration of
100ms, while step-intervals were 10s. The simulated current traces have qualitatively the
same shape, showing a fast and a slow component in the inactivation. Furthermore, the
amplitudes of the traces have for most test-voltages the approximate magnitude. In Fig. 5.6B
the voltage-clamp recordings of Fig. 4.4B in Chapter 4 are simulated. In this experiment the
same voltage steps are applied as in the previous experiment, but now the duration of the
pulses is 4s and the time interval in between successive pulses is 6s. In Fig. 5.6C the first
100ms of the current traces in Fig. 5.6B are displayed. Although the amplitudes of the
currents are clearly reduced in the simulation of the 4s activation protocol, it is not as much
as in the experimental recordings.
The individual contributions of IKf, IKi and IKs to the total K-current in Fig. 5.6A are
shown in Fig. 5.6D-F, respectively, and those to the total K-current in Fig. 5.6C are shown in
Fig.5.6G-I, respectively. From these figures it is clear that the reduction of total current in the
4s protocol in Fig. 5.6C compared to 100ms protocol in Fig. 5.6A is due to a reduction in
current amplitude of IKs and not of IKf or IKi. The reason for this reduction is that in the 100ms
protocol IKs displays little inactivation because its inactivation time-constant is between 2 and
4s at depolarizing voltages, whereas in the 4s protocol it inactivates substantially. Because
the inactivation time-constant of IKs at -80mV is in the order of 10s, the time interval of 6s in
between the 4s pulses will not be sufficient for complete de-inactivation. Therefore, each
subsequent response in the 4s protocol will start with a more inactivated IK,s component. The
other two currents, IKf and IKi, inactivate faster than IKs, but also recover faster allowing
ample recovery in the used pulse intervals.
Reconstruction of the current-clamp behavior of IKf, IKi, IKs and leak+seal current as
measured in Chapter 4 (Chapter 4, Fig. 4.6) is shown in Fig. 5.7. Simulation of the voltage
responses to the current-clamp protocol of Fig. 4.6 in Chapter 4 (negative and positive
current-injections with increments of 20pA and a duration of 1s) is shown in Fig. 5.7A, and
details are shown in Fig. 5.7B,C. The resting membrane potential is around –40mV, which
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Fig. 5.6. Voltage-clamp simulations of a cell containing potassium and leak current. (A) Current responses to a
100ms activation protocol. (B) Current responses to a 4s activation protocol. (C) Enlargement of the first 100ms
of the simulations in B. (D) Fast component of the total current response in A. (E) Intermediate component of
the total current response in A. (F) Slow component of the total current response in A. (G) Fast component of
the total current response in C. (H) Intermediate component of the total current response in C. (I) Slow
component of the total current response in C.
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was expected from the steady-state IV-curve in Fig. 5.5B that intersects the zero current axis
at –40 mV. Negative current-steps show a relaxation of the membrane-voltage to values that
correspond to the steady-state values for the respective negative current values in the steadystate IV-curve in Fig. 5.5B. Note that the voltage-intervals between successive voltage
responses increase for stronger current stimulation, as was found experimentally. The
simulated voltage responses for current injections of –60pA and –80pA converge to the
values in the passive membrane for these current stimuli, because the steady-state IV
becomes linear in this range, consisting only of the leak+seal component. Recovering from
negative current injection shows a biphasic voltage response for low voltages (Fig. 5.7A,C),
which was also observed in the experimental recordings. The biphasic response originates
from activation of IKi around –50 mV, because the other two K-currents are not or hardly
activated at this voltage. Initially, the membrane behaves like the passive membrane of Fig.
5.2 and relaxates to 0 mV with the RC-time constant of the passive membrane. However,
activation of IKi will change the membrane potential quickly to a value close to the resting
membrane potential. The second phase of relaxation reflects partial inactivation of IKi which
results in a slow transient of the membrane potential to its steady-state (resting) value.
Positive current steps induce strongly asymmetric voltage responses with respect to
the negative current steps, in a similar fashion as was observed experimentally in Fig. 4.6A,D
of Chapter 4. Current stimulation with 20pA gives a voltage response with similar amplitude
as for -20pA stimulation. However, stimulation with 60pA and 80pA gives a response to
almost the same voltage level as for the 40pA, after a short overshoot at the beginning of the
response. This clipping of the membrane voltage can be understood by the action of IKs (Fig.
5.7E,F). As can be seen in Fig. 5.5A, IKs is steeply activated above -20mV and inactivated
below -60mV. Thus, the steady-state activation and inactivation curves of IKs do not show an
overlap and, therefore, there is no contribution from IKs to the steady-state IV in Fig. 5.5B.
However, around -10mV the time-constant for inactivation of IKs is around 2s, which means
that IKs inactivation can contribute to the response if it is sufficiently de-inactivated. This is
the case if the preceding negative steps hyperpolarize the membrane to voltages <-90mV,
where steady-state de-inactivation is almost complete, resulting in a value between 0.1 to
0.2s-1 right-hand side of Eq. 4.10. During the subsequent 0pA stimulus, inactivation will

148

Modeling Na+/K+ excitability in Xenopus melanotropes

Fig. 5.7. Current-clamp simulations of a cell containing potassium and leak current. (A) Voltage responses to
negative and positive current steps. Enlargement of (B) exponential relaxation to steady-state membrane
potential at the onset of negative current steps. (C) Relaxation to the resting membrane-potential in a biphasic
fashion at the offset of negative current-steps. (D) Clipping of the membrane potential around –10mV, with an
initial small overshoot at the onset of positive current steps. (E) Clipping behavior in more detail with (F) the
corresponding membrane currents.
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occur at a slower rate leaving a considerable amount of channels de-inactivated, despite the
faster time-constants for inactivation at the corresponding voltage levels. If in this situation
the positive current-steps depolarize the membrane voltage beyond the activation point of IKs
(say –20mV), the slowly inactivating K-current is evoked. Because the conductance of IKs is
rather large and the steady-state activation curve is rather steep, the quasi-steady state IVcurve is very steep, meaning that large differences in current cause little shifts in voltage. In
other words, if more current is injected, this will cause a small increase in voltage but a large
increase in additional IKs. This is illustrated in Fig. 5.7F, where in all cases all the currents
add up to a total current that compensates for the injected current. The overshoot is caused by
an initial fast passive depolarization that is reversed upon activation of IKs. The inactivation
of IKi causes a slow depolarization of the membrane and therefore an increase in the driving
force for K+ and thus an increase in IKs (Fig. 5.7F). The contribution of IKf to the response is
relatively small.

Sodium, potassium and leak
In a final simulation presented in Fig. 5.8 we studied the excitability of the system with all
the previous currents included, i.e. INa, IKf, IKi, IKs, and leak+seal current. The steady-state
activation and inactivation-curves are depicted in Fig. 5.8E and the corresponding steadystate IV curve is shown in Fig. 5.8F (heavy line). The latter curve is similar to the steady-state
IV curve in the case of K+ and leak+seal because the contribution of Na+ is negligible as we
saw in Fig. 5.3B.
A current-clamp simulation, in which the same current-clamp protocol of negative
and positive current steps was used as described in the previous simulations, is shown in Fig.
5.8A, and in more detail in Fig. 5.8B-D. The response of the system to the negative and
positive current steps is the same as in the case of only K+ currents and leak+seal current.
However, an important difference is the generation of a spike when the system recovers from
the negative current steps. Except for the first spike, evoked after recovery from –20pA
injection, all spikes reach a peak between 3-5mV. This is slightly lower than the peaks
(~10mV) measured in the experiment (Fig. 4.7C, Chapter 4). Spikes coming from lower
membrane voltages appear with a later onset relative to spikes from more depolarized levels,
which was also the case for the spikes in the experiment.
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Fig. 5.8. Current-clamp simulations of a cell containing sodium, potassium and leak current. (A) Voltage
responses to negative and positive current steps. Enlargement of (B) exponential relaxation to steady-state
membrane potential at the onset of negative current-steps. (C) Induction of Na/K-spikes at the offset of negative
current-steps. (D) Clipping of the membrane potential around –10mV, with an initial small overshoot at the
onset of positive current steps. (E) Steady-state activation and inactivation curves. (F) Steady-state IV-relation
for all the currents in the model. (G) Detail of the induced spike at the offset of –80pA with (H) the
contributions of the various currents in the model to the spike dynamics.
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Figs 5.8G,H display the contribution of each current to the generation of a spike,
evoked by a current step from –80 to 0pA. At t=1020ms the leak+seal current depolarizes the
membrane slowly, while the window current of IKi has a small opposing effect. However, at
t=1025ms the membrane voltage reaches the onset point for activation of Na+ around –48mV.
Na+ now rapidly starts to activate and depolarizes the membrane. When at t=1030ms the
upstroke of the action potential is arising, IKs and IKf become activated and repolarize the
membrane again to its resting membrane potential. From Fig. 5.8H it becomes clear that IKf
plays a modest but clear role in shaping the action potential by contributing about ¼ of the
total hyperpolarizing K+ current at the peak, thereby decreasing amplitude and width of the
spike.
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Discussion
In this study we reconstructed the excitable behavior of melanotrope cells of Xenopus laevis
under the experimental conditions of only Na+, only K+, or both Na+ and K+ currents present,
as measured in Chapter 4. For this purpose, we developed a Hodgkin-Huxley type model that
included a description of the pipette, access resistance and capacitance cancellation in order
to model the voltage-clamp and current-clamp responses as realistically as possible and to be
able to account for the effect of our patch-clamp conditions. All the parameter settings used
were based on the measured parameters obtained in Chapter 4. Some of these could be
directly measured, like membrane capacitance (Cm), pipette resistance (Rpip) and access
resistance (Racc), whereas most of them had to be indirectly obtained from voltage-clamp
experiments, e.g. time constants for activation (τm) and inactivation (τh), steady-state
activation (m∞) and inactivation (h∞) curves, and maximal conductances (Gmax). As already
indicated in Chapter 4, it turned out to be difficult to obtain precise estimates from the fits of
the voltage-clamp recordings. In the case of Na+ currents this was due to the limited voltageclamp speed, whereas in the case of K+ the simultaneous action of three different currents
prevented us to obtain an accurate description of each individual K+ current. Therefore, we
adapted the fitted parameter values from Chapter 4 in such a way that both the voltage-clamp
and current-clamp recordings were described in a reasonable manner.

Passive membrane
Excitability of the cell can be understood to some extent by looking at the steady-state IV–
relation of an excitable membrane. For the passive membrane this is a straight line in the case
of a linear leak. Although from experiments in Chapter 4 we got the impression that a slightly
non-linear leak was present, for reasons of simplicity we choose for a linear leak with a
reversal potential at 0mV. The responses to current-clamp steps are passive exponential
relaxations to the steady-state values determined by the steady-state IV-curve and
symmetrical for negative and positive steps. Time constants for relaxation of Vm to the
steady-states are equal to the time-constants τ=CmRsealRL/(Rseal+RL). Adding voltage-sensitive
conductances to the system will change the relaxation process, and in the case of a window
current also the steady-state values. Both situations are illustrated below.
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Sodium and leak
Adding INa to the system does not significantly change the steady-state IV-curve, because
steady-state activation and inactivation do not overlap. Therefore, no window sodium current
exists. Indeed, the steady-state values for the membrane-voltage during current injections in
the presence of INa are the same as for the passive membrane. However, recovery from
negative current-injections reveals an active component in the relaxation to resting membrane
potential. We simulated this for two parameter settings for τh. Fast inactivation yielded both
voltage-clamp and current-clamp recordings that were qualitatively similar to the
experimental recordings. Note that the steady-state values reached in Fig. 5.4C are lower than
in the experimental recordings of Fig. 4.2C in Chapter 4, probably due to a lower membrane
resistance in the experiment. This can explain why in the experimental recording only
recovery from –60pA and –80pA shows an active component in the voltage response,
because for these current steps the membrane hyperpolarized deeply enough to get sufficient
de-inactivation of INa, while for the model this was already the case at –40pA.
Although model and experiment for the system with Na+ current and leak+seal
seemed to be in good agreement, the results introduced a conceptual problem with respect to
the amplitude of the evoked spikes that were observed in a system with K+ currents, Na+
current and leak+seal current in Fig. 4.7 of Chapter 4. These spikes reach peak values near
+10mV while in the case with only Na+ these levels are not reached. Introduction of K+
would even attenuate the peak. Therefore, only INa showing a clear overshoot to +10mV as
voltage-response during recovery from negative current injections will be able to induce
spikes to +10mV in the case when K+ currents are added. We simulated such a Na+ current by
using slow inactivation kinetics, for low voltages, thereby preventing inactivation to occur
too early and resulting in a higher and broader Na+ response. The corresponding simulated
voltage-clamp recordings do not look as realistic as in the previous case, although they are
still recognizable as Na+-currents. From the present experiments it is not clear whether the
difference in peak voltages between cells selective for INa or INa+IK is due to cell to cell
variability or that a mechanistic explanation should account for this. A good experiment to
investigate this, would be to record from cells first in Na+-selective ECS and than in Na++K+-selective medium, and to compare the peak levels reached in the off response.
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Potassium and leak
The incorporation of three K+ currents in the model was based on experimental findings in
the previous study in Chapter 4 on the role of K+ currents in the excitability of Xenopus
melanotropes. In accordance with their time-courses of inactivation, we defined a fast (IKf),
an intermediate (IKi), and a slow (IKs) K+-current component. The steady-state activation and
inactivation curves show a window current for the intermediate component but not for the
fast and slow current. This means that the steady-state IV of the system with only leak and K+
now strongly deviates from the linear IV of the passive membrane for voltages above –
70mV, with an intersection of the voltage-axis around –40mV. Voltage-clamp simulations
resemble to a large extent the experimental voltage-clamp recordings as reported in Chapter
4, both for the 100ms and the 4s activation protocol. However, inactivation of the total
current during the 4s activation protocol was less pronounced in the model than in the
experiment. Poor determination of inactivation time-constants at low voltage levels and a
lack of voltage-clamp data on pharmacologically isolated currents prevented us to come up
with a more accurate description. Nevertheless, simulation of the current-clamp experiment
provided a good description of all the qualitative features that were observed in the
experimental recordings. The resting membrane potential was –40mV, similar to the values in
the experiments and was determined by the intersection of the steady-state IV curve with the
voltage-axis. The voltage-steps that are evoked by negative current injections relax to values
that are determined by the steady-state IV curve as well. The hyperpolarization-off response
shows the biphasic time-course as observed experimentally. The fast phase in the offresponse is the passive relaxation of the membrane to a resting level of 0mV, similar to the
case of the passive membrane. The slow phase starts around the activation voltage of IKi at –
50mV and relaxates to the resting membrane potential with a slow time-constant that is
determined by the inactivation of IKi.
The model also simulates the typical clipping response in the experiment to positive
current injections of 40pA. In the simulations IKs is responsible for this behavior. The current
does not display a window current and therefore does not contribute to the steady-state IV
relation. However, inactivation is so slow that once the current is de-inactivated, during the
negative current step preceding the positive step, it will persist during the 1s positive current
pulses. Clipping occurs because activation of IKs counteracts the depolarization. The
activation of IKs curve is rather steep which implies small changes in voltage upon large
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changes in positive current stimulation. The small overshoot at the beginning of the voltage
response is due to the initial fast depolarizing passive response of the system after which IKs
gets activated with some delay, causing a small hyperpolarization. The subsequent slow
depolarization during the positive current step is mainly the result of further inactivation of
IKi whereas IKs remains rather constant. Hyperpolarizing current steps preceding the positive
ones are needed to de-inactivate the IKs channels in order to make enough channels available
for activation. We expect, therefore, that stepping to positive currents without negative
prepulses would yield a less pronounced clipping behavior of the cells. Another interesting
experiment would be to prolong the duration of the negative and/or positive current pulses.
Longer negative current pulses would imply more de-inactivation of IKs and therefore lower
clipping levels. Longer positive current pulses could result in inactivation of IKs and therefore
escape of the membrane voltage from the clipping level.
If the model is a correct description of the mechanism that underlies the current-clamp
behavior in K+ current-selective conditions, one can speculate on the physiological role that it
plays during the normal bursting activity of the cell. The resting membrane potential is set by
IKi around –40mV, most likely to create an optimal situation for excitability. In this voltage
range sodium is sensitive to small fluctuations of the membrane potential. Hyperpolarization
will de-inactivate, whereas depolarization will activate INa. A presumably Ca2+-activated K+current (IK,Ca) found in these cells (Chapter 4) could provide the outward current to generate
these membrane fluctuations as described in Chapter 1. This current would then be activated
by the accumulative inflow of Ca2+ through calcium channels during repetitive action
potential firing, building up hyperpolarization to temporarily terminate the action potential
firing. This mechanism would contribute to bursting firing. The function of clipping at –
10mV due to activation of IKs might be to keep the membrane in the excitable voltage range
upon stimulation with large amount of depolarizing currents, e.g. from synaptic input.
However, the model predicts that clipping only occurs if IKs is de-inactivated sufficiently at
hyperpolarized voltage levels. This might be the case in the intervals between bursts, which
can last for several seconds to a minute. Simultaneous perforated-patch recordings and
intracellular calcium measurements are therefore needed to analyze the roles of the various
ion currents in electrical bursting and to relate these to the intracellular calcium dynamics.
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IKf does not play a role in the current-clamp behavior observed in K+-current selective
conditions, but rather has a contribution of about 25% in repolarizing the membrane during
spiking.

Sodium, potassium and leak
Combining descriptions for INa, IKs, IKi, IKf, IL and Iseal resulted in an excitable system that
could reproduce the overall current-clamp behavior of the cell under K+- and Na+-selective
conditions. Due to the absence of a Na+ window current the resting membrane potential and
responses to negative current pulses were not changed compared to the K+-selective case,
which was in correspondence with the experiments. Offset responses from negative pulses
induced action potentials with maximal peak values of 3-5mV. The excitability comes from
sodium channels that are de-inactivated by the hyperpolarized potentials levels during the
negative current step. Stepping back to 0pA initially evokes the relaxation to the resting
membrane potential defined by IKi but around –50mV INa is activated and the membrane is
depolarized to 3-5mV. Inactivation of INa and activation of IKf give rise to the repolarization
of the membrane to its resting membrane potential around –40mV. Spikes coming from lower
voltages appear later in time because it takes more time for them to reach the threshold for
spiking. Positive current steps evoked the same clipping behavior as for the K+-selective case.
This was expected theoretically from the fact that INa is inactivated at the resting membrane
potential. Nevertheless, action potential like oscillations were observed experimentally. A
possible explanation might be the presence of a small residual Ca2+ component that activates
at more depolarized levels than INa. In these experiments seals of the pipette to the cell
membrane were established in normal extracellular solution to obtain fast and robust sealing.
After the seal was established, a low Ca2+ (0.1mM Ca2+) solution was washed in and the
progress of solution exchange was monitored through the Ca2+-dependent outward
component which did not give an absolute measure of the wash-out of Ca2+. The use of
specific Ca2+ blockers will exclude any ICa contribution to the excitability and would
therefore provide a good test for the origin of the oscillatory response to positive current
pulses.
In conclusion, some fundamental properties of Xenopus melanotrope excitability
related to Ca2+ signaling in these cells originate from Na+- and K+-current kinetics. The
resting membrane potential is set by IKi, clipping of the membrane voltage to positive current
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steps is due to the action of IKs, whereas a rudimentary form of excitability is brought about
by INa and IKf. The hypotheses that Ca2+ currents are needed to induce spontaneous firing of
full action potentials and to form a feedback-loop with IK,Ca to obtain bursting that underlies
the Ca2+ oscillations in Xenopus melanotropes needs to be tested in a expanded version of the
current model including realistic descriptions of these currents.
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Abstract
Normal rat kidney (NRK) fibroblasts change their excitability properties through the various
stages of cell proliferation. The present mathematical model was developed to explain
excitability of quiescent (serum-deprived) NRK cells. Based on results from patch-clamp
experiments the model has the following cell membrane components: an inwardly rectifying
potassium conductance (GKir), an L-type calcium conductance (GCaL), a leak conductance
(Gleak), an intracellular calcium-activated chloride conductance (GCl(Ca)) and a gap junctional
conductance (Ggj) coupling of neighboring cells in a hexagonal pattern. This membrane
model was extended with intracellular calcium dynamics resulting from calcium entry via
GCaL channels, intracellular buffering and calcium extrusion. It reproduces excitability of
single NRK-cells and cell clusters and intercellular action potential (AP) propagation in
NRK-cell monolayers. Excitation can be evoked by electrical stimulation, external
potassium-induced depolarization and hormone-induced intracellular calcium release.
Analysis showed the roles of the various ion channels in the ultra long (~30s) NRK-cell AP
and revealed the particular role of intracellular calcium dynamics in the AP. We suggest that
AP generation and propagation act together in an intercellular mechanism for the propagation
of intracellular calcium waves, thus contributing to fast intercellular calcium signaling. The
present model serves as a starting point to further analyze excitability changes during contact
inhibition and cell transformation.
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Introduction
Normal rat kidney (NRK) cells are derived from a fibroblastic cell line (clone 49F) that has
often been used for the in vitro study of fibroblast functions (De Roos et al., 1997a; Jinno et
al., 2001; Van Zoelen & Tertoolen, 1991; Van Zoelen et al., 1988). In previous studies we
have shown that these fibroblasts have excitable properties under certain growth conditions
and are able to generate spontaneous or evoked APs with a long-duration plateau (30-60s),
which are propagated by electrical conduction through gap junction channels between cells in
a confluent monolayer (De Roos et al., 1997a,c).
So far, channels of an L-type calcium conductance (GCaL) have been shown to be
responsible for the upstroke of the AP, and channels of a calcium-activated Cl- conductance
(GCl(Ca)) for the long-duration plateau. However, ion channels responsible for the generation
of the resting membrane potential had not yet been identified, which precluded exploration of
the mechanisms of NRK cell excitability by modeling. Recently, we demonstrated in voltageclamp experiments the existence of an inwardly rectifying potassium conductance (GKir) in
NRK fibroblasts (Harks et al., 2003a,b), consistent with previous experimental work showing
the importance of the transmembrane K+ concentration gradient in the generation of the
resting membrane potential of these cells (De Roos et al., 1997a). This allowed us to start an
analysis of NRK cell excitability by modeling the various conductances, including the GKir, to
explore whether these conductances suffice to produce excitability and to see how the
intracellular calcium dynamics affects AP generation and propagation between cells in a
monolayer. We have chosen to study and analyze excitability in quiescent NRK cells rather
than in density-arrested NRK cells, because the latter cells exhibit an additional
electrophysiological feature, namely spontaneous AP firing (pacemaking) (De Roos et al.,
1997c). This special feature may result from high complexity of the excitability mechanism.
Starting with the simplest possible model system seemed a logical approach and would also
allow us to answer the question whether simple adjustment of the parameters of the model
components could in principle result in spontaneous firing. This would also help to make
paradigms for the experimental testing of the electrophysiological membrane properties of
density-arrested NRK cells. Because the properties of the three active conductances involved
(GKir, GCaL, GCl(Ca)) were not yet fully quantified from voltage-clamp experiments on
quiescent NRK cells, we used common or simplified descriptions for these conductances
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from the literature, as far as available. GKir was defined as for skeletal muscle fibers
(Wallinga et al., 1999) and GCaL as for bullfrog cardiac pacemaker cells (Rasmusson et al.,
1990). GCl(Ca) was defined by assuming simple saturating binding kinetics of intracellular
calcium ions to the calcium-sensitive chloride channels. Maximal conductance values,
reversal potentials and stationary voltage-dependent properties of GKir and GCaL were derived
from our voltage-clamp experiments (Harks et al., 2003b). Intracellular calcium dynamics
were simply modeled as the balance between the influx of calcium ions through GCaL and the
extrusion by active pumping. A simple calcium buffering mechanism was also included.
Before applying the model to the excitability behavior of single and coupled cells, we
checked the validity of the assumed component properties by reconstructing the experimental
voltage-clamp recordings. The geometry of electrical intercellular coupling by gap junctional
conductances was, as a first approximation, made as in a honey-comb structure (for
hexagonal cells), because NRK cells in a monolayer were usually surrounded by six cells.
The values of the coupling conductances were derived from coupling conductance
estimations in NRK cells (Harks et al., 2001).
The resulting model reproduced the shapes of APs that could be evoked in quiescent
NRK single cells, cell clusters and monolayers, and propagation of APs across the
monolayer. It also allowed us to analyze the ionic mechanism of AP generation and to
estimate the role of intracellular calcium dynamics in this mechanism.
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Model
Single-cell model
Using standard Hodgkin-Huxley (HH) type equations, we consider the cell membrane as a
single isopotential compartment whose basic equation is given by the membrane-voltage
equation:

Cm

dVm
dt

= − ( I CaL + I Kir + I Cl ( Ca ) + I leak )

(6.1)

where Cm and Vm represent, respectively, the membrane capacitance and the membrane
potential of the cell. The left hand term of Eq. 6.1 represents a capacitive current, while the
terms appearing at the right-hand side represent three active ionic currents and a small
passive leak current which we consider to be involved in the membrane potential dynamics of
real NRK fibroblasts (see Harks et al., 2003b).

Fig. 6.1. NRK fibroblasts. A) Conceptual model of a single NRK cell with components 1-6 (see text for
explanation). B) Diagram illustrating hexagonal coupling of NRK cells in cell clusters and monolayers. Gap
junctional coupling between a central cell (cell 0), its 6 nearest neighbors (cell 1.1-1.6) and the next ring of 12
cells (cell 2.1-2.12) is symbolized. Intercellular spaces and membrane channels are not represented.
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Physiological activation of ICl(Ca) requires, besides calcium entry through calcium channels,
intracellular calcium regulation by buffering and removal processes upon calcium entry. For
this purpose we used simple calcium dynamics, assuming a simple calcium extrusion and
buffering mechanism. The conceptual model is represented in Fig. 6.1A. Current-clamp
simulations with the model cell were carried out by adding an additional constant term ICC to
the right-hand term (in parentheses) of Eq. 6.1, representing the applied current-clamp
stimulus current. Voltage-clamp stimulation was simulated by adding (instead of ICC) an
additional term IVC=Gser·(Vclamp-Vm) to Eq. 6.1 with Vclamp the applied (constant) voltage and
Gser the series conductance between the voltage clamp and the cell membrane (cf. Fig. 6.2).
Gser values were derived from experiments (Harks et al., 2003b). The description of each of
the six basic components of the cell model is as follows:

1. Leak current, Ileak. We included this current since it was usually observed in patch-clamp
experiments on single cells. The corresponding conductance, Gleak, was at least as large as
the seal conductance (< 1nS). Then, we consider

I leak

= G leak ⋅ (Vm − Vleak )

(6.2)

where, Gleak is the (linear) leak conductance. Voltage-clamp experiments reported in
Harks et al. (2003b) suggest to set Vleak to ~0mV.

2. Inward-rectifier potassium current, IKir. The presence of this current has been shown in
voltage-clamp experiments on isolated NRK fibroblasts (Harks et al., 2003a,b). An
adequate description of this current has been described

for skeletal muscle fibers

(Wallinga et al., 1999) and is here used as well:

I Kir

G Kir

= G Kir ⋅ Φ (Vm ) ⋅ (Vm − VK )

(6.3)

is the maximal inward-rectifier potassium conductance. IKir activates at

hyperpolarization around and below VK=-80mV. It contributes to both depolarization and
repolarization of the AP, and is essential for the maintenance of the resting membrane
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potential. The sigmoidal function Φ (Vm ) is defined in Table 6.3 as a simplified version of
this function for a constant external potassium concentration (Wallinga et al., 1999). The
parameters appearing in Φ (Vm ) were obtained from current-voltage curves derived from
voltage-clamp records from real NRK fibroblasts (Harks et al., 2003b).

3. L-type voltage-gated calcium current, ICaL. It is responsible for the fast depolarization of
the membrane at the initiation of an AP. It is expressed in terms of a voltage-dependent
conductance with one activation (m) and one inactivation variable (h) multiplied by the
HH driving force for calcium ions (Vm-VCa), which is:

I CaL

= GCaL ⋅ m ⋅ h ⋅ (Vm − VCa )

(6.4)

where G CaL is the maximal calcium conductance expressed in nS. The kinetics of the
dynamic variables appearing in the definition of ICaL has been taken from a model of the
bullfrog cardiac pacemaker cell (Rasmusson et al., 1990). The main difference between
Eq. 6.4 and the corresponding equation in the frog is that we are using a HH-driven force
instead of a Goldman-Hodgkin-Katz formalism. We have also lowered the time constants
for m and h by a factor of 100 to speed up the bullfrog heart ICaL kinetics to the level of
that of rat fibroblasts. The dynamics of each of the gating variables (here x=m,h), in
general, can be described by a regular Markov process,

dx
dt

= α x (1 − x ) − β x x

(6.5)

where αx and βx are functions of Vm and represent the rates for transition from closed to
open and from open to closed states, respectively. Here, we used the equivalent equation:

dx
dt

=

1

τx

⋅ ( x∞ − x )

(6.6)
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where x∞=αx/(αx+βx) and τx=1/(αx+βx) represent the steady-state and time constant,
respectively, for each one of the channel gates. The dependence of τx and x∞ on Vm is
further defined in Table 6.2. To simulate a U-shaped inactivation curve (Rasmusson et
al., 1990), the inactivation variable h also includes a second term, representing calciuminduced inactivation (Table 6.2) (Rasmusson et al., 1990). The existence of ICaL has been
proven in voltage-clamp experiments with real NRK fibroblasts (De Roos et al., 1997c;
Harks et al., 2003b).
4. Ca2+-dependent chloride current, ICl(Ca). The existence of the three above defined currents
is not sufficient to qualitatively reproduce the observed behavior of real NRK fibroblasts.
Experiments on monolayers of NRK fibroblasts suggested the presence of a cytosolic,
calcium-dependent chloride current (ICl(Ca)) in NRK fibroblasts, which is responsible for
the maintenance of a long-duration AP plateau near -20mV (De Roos et al., 1997b). In
recent voltage-clamp experiments on single, quiescent NRK cells and small NRK cell
clusters we have further defined ICl(Ca) (Harks et al., 2003b). Taking into account these
experimental findings, we have completed the model by including ICl(Ca) as follows:

I Cl ( Ca )



[Ca 2+ ]
= GCl ( Ca ) ⋅ 
 ⋅ (Vm − VCl )
2+
 [Ca ] + KCl ( Ca ) 

(6.7)

Here, [Ca2+] represents the cytosolic calcium concentration, GCl (Ca ) the maximal chloride
conductance, KCl(Ca) the half-maximal activation concentration, and VCl the chloride
equilibrium potential. The dependence of ICl(Ca) on [Ca2+] implies that, for relatively large
values of cytosolic calcium concentration, this current acts like a leak current that drives
the membrane-voltage towards VCl. For low levels of [Ca2+], the effect of ICl(Ca) is
significantly reduced.
5. Calcium extrusion. Above, we assumed that Ca2+ ions enter the cell through L-type
calcium channels. To maintain physiological cytosolic Ca2+concentrations, these ions
should be pumped out into the extracellular medium by calcium pumps. Therefore, we
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also included a calcium dynamics that represents this calcium extrusion mechanism
without the presence of intracellular buffer mechanisms:
d [Ca 2 + ]
dt

= −

1
max
I CaL − V pump
z CaVcell F

 [Ca 2 + ]
⋅ 
2+
 [Ca ] + K d





(6.8)

The negative sign for the ICaL term arises from the fact that inward calcium current has a
negative sign. The factor 1/zCaVcellF is a conversion factor that gives the increase in [Ca2+]
produced by calcium influx into the cell via L-type calcium channels. Here F is the
Faraday constant, zCa is the valence of the calcium ions and Vcell is the cell volume. In Eq.
6.8 we have considered a calcium pump system that requires energy in the form of one
ATP molecule for each Ca2+ion pumped out with an affinity of Kd and maximal pump
max
rate V pump
(Koch, 1999). Although the dynamics in Eq. 6.8 are rather simple, they are an

important component of the model, for example, for the termination of the long duration
plateau of the AP.

6. Calcium buffering. In many of the voltage and current-clamp experiments with real NRK
fibroblasts, we have used non-natural Ca2+buffers like EGTA and BAPTA (Harks et al.,
2003b). The buffer molecules bind to free Ca2+ with a rate kon forming a buffer-calcium
complex (BCa), which can dissociate also with the rate koff according to the reaction
equation:

B + Ca

2+

kon
→

←

koff

BCa

(6.9)

Then, to include the dynamics of this reaction in the cytosolic Ca2+dynamics, we extended
Eq. 6.8 as follows:
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1
[Ca 2+ ]
d [Ca 2+ ]
max 
I CaL − V pump
= koff [ BCa ] − kon (TB − [ BCa ])[Ca 2+ ] −
⋅ 
2+
dt
zCaVcell F
 [Ca ] + K d


 ;


d [ BCa ]
= kon (TB − [ BCa ])[Ca 2+ ] − koff [ BCa ]
dt

(6.10a,b)

where [B], and [BCa] denote the concentrations of the buffer and the buffer-calcium
complex, respectively, and TB denotes the total fixed concentration of buffer molecules, that
is TB=[B]+[BCa]. The same set of equations can also be used for natural intracellular
buffering.

Coupled-cell model
Many fibroblastic cell types in culture, including NRK cells, are electrically well coupled by
gap junctional channels (De Roos et al., 1996; Harks et al., 2001; Postma et al., 1998). These
intercellular aselective ion channels allow the passage of current between neighboring cells
when the cells develop a difference in membrane potential. Thus, NRK cells in a monolayer
form an electrical syncytium over which APs can propagate from cell to cell, as shown by De
Roos et al. (1997a). We have modeled this AP propagation in a monolayer by electrically
coupling individual cells with surrounding cells in a hexagonal pattern of a model monolayer
of definable size (cf. Fig. 6.1B). This network geometry approximates the packing of a
monolayer of real NRK fibroblasts. Thus, the effect of the coupling can be simulated by
adding an extra term at the right-hand side of Eq. 6.1, which is:

I gji

=

∑G

ij
gj

(Vmi − Vmj )

(6.11)

j nn i

Here, Ggji j is the gap junctional electrical conductance between two neighboring cells and the
sum extends over the 6 nearest neighbors (nn) of cell i.
The single-cell and coupled-cell model introduced above is schematized in Fig. 6.1. It
is a model of minimal complexity ("minimal model"), constructed to explore whether its
basic properties were sufficient to qualitatively reproduce single and coupled NRK cell
excitability. Below we show that this is the case. The values of maximal ionic conductances
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and reversal potentials for all the ionic currents (see Table 6.1-2) have been taken in
accordance with experiments (Harks et al., 2003b). Stationary activation and inactivation
parameters (Vm of half-maximal (in)activation and steepness factors) were in the range of
values found by Harks et al. (2003b) in real NRK fibroblasts. All information about model
details like transition rates and other functions or parameters of the model are summarized in
the Tables 6.1-3.

Vi (mV)

Gi (nS)

mi

hi

p

q

IKir

-80

2.2

Φ (Vm )

1

1

1

ICaL

50

0.5

m

h

1

1

1

1

1

1

1

1

Current

Ii

ICl(Ca)

-20

10

Ileak

0

0.05

[Ca 2 + ]
[Ca 2 + ] + K Cl (Ca )

1

Table 6.1: Generalized Hodgkin-Huxley like currents: I i = G i m i hi (V m − Vi ) .
p

q

173

Chapter 6

Gating variable x

m

h

x∞

τ x (sec)

1

m∞ ⋅ 0.01(1 − e − (Vm +10) / 5.9 )
0.035(Vm + 10)

1 + e − (Vm +10) / 6.24

1
1+ e

(Vm + 45.06 ) / 8.6

+

0.8
1+ e

0.05( 50−Vm )

0.01
2
0.02 + 0.0197e −[0.0337(Vm +10)]

Table 6.2: Gating variables of ICaL.

Φ (Vm ) = 0.0045 ⋅ exp( −1.489 ⋅ Vm ⋅ F / RT ) /{1 + 0.0045 ⋅ exp( −1.489 ⋅ Vm ⋅ F / RT )}
K d = 0.2 µM
max
V pump
= 1.27 × 10 − 3 mMs −1

K Cl ( Ca ) = 35µM
F = 96480 C / mol
Cm = 20 pF
F / RT = 0.0396( mV ) −1
zCa = +2
Vcell = 2.1 × 10 −12 l
Table 6.3: Model parameters.
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Results
Single-cell voltage-clamp properties
The model described by Eqs. 1-10 for a single NRK cell, is able to reproduce the main
features of voltage- and current-clamp experiments on real NRK fibroblasts. Fig. 6.2 shows a
set of illustrative voltage-clamp experiments on the cell model including buffering of
cytosolic calcium for different values of the total amount of buffer. The numerical experiment
simulates the effect of the EGTA buffer in the pipette solution in real voltage-clamp
experiments. The figure illustrates the characteristic properties of the total current when
clamping the membrane voltage with increasing voltage steps from -120 to +20mV. For
large, negative voltage steps the total current is mainly carried by an inward-rectifier
potassium

current

(constant

negative

current

records),

because

this

current

is

hyperpolarization-activated. For voltage steps above -40mV, ICaL becomes activated while IKir
becomes deactivated. The total current then shows the main features of ICaL, which is an
initial rapid increase in negative current (activation) followed by a slower decrease
(inactivation). This is best visible in the bottom-right current-record panel where ICaL is the
only time-dependent current around 0mV.
An important consequence of ICaL is an increase of the cytosolic calcium
concentration. For voltage steps higher than 0, this is reflected by the appearance of an
outward increasing current, ICl(Ca). This current is large if [Ca2+] is high and small for low
values of [Ca2+], as can be shown by varying the total amount of buffer TB. Thus, for
relatively small TB (~4µM) the cytosolic calcium was hardly buffered and therefore ICl(Ca)
was high (top left panel of Fig. 6.2). For relatively high TB (for example, TB=100µM) the
cytosolic calcium was almost fully buffered and then ICl(Ca) was zero (bottom-right currentrecord panel). For this situation, no time-dependent outward current is observed and only ICaL
appears for large positive voltage steps. After comparison with experimental recordings
presented in Harks et al. (2003b), one may conclude that the model behavior is quite similar
to that observed in voltage-clamp experiments on real NRK fibroblasts. Those experiments
were performed with EGTA in the pipette solution, which is widely used as a calcium buffer.
Due to the effect of EGTA, most of the current records presented in Harks et al. (2003b) do
not show a high outward ICl(Ca). By lowering the EGTA concentration in the pipette solution,
calcium buffering was decreased and a large outward ICl(Ca) was measured in single cells. In
175

Chapter 6

voltage-clamp experiments on clusters of cells, the small ICl(Ca) currents of the individuals
cells add up (see below) giving rise to larger outward currents. When, however, a strong
intracellular calcium buffer was added (BAPTA), these outward currents disappeared,
demonstrating that the outward current is a result of an intracellular calcium transient as in
the model. Thus, all these changes in intracellular buffering by EGTA and BAPTA can be
described, at least qualitatively, by choosing sets of buffer parameters in Eq. 6.10.

Fig. 6.2. Voltage-clamp experiments on a NRK fibroblast single-cell model including buffering for different
values of the total buffer amount TB=4, 16, 40, and 100µM respectively, and kon=320mM-1s-1 and koff=0.06s-1.
Other parameter values as defined in Table 6.1-3. Applied voltage step protocols shown in the bottom panels.
The holding potential -73mV has been taken equal to resting membrane potential of the cell. The initial sharp
spike in the records is the capacitive current transient due to the presence of the series conductance Gser=50nS.
The lowest current-records in the panels belong to -120mV and the highest to +20mV. Voltage increments
between the records were +20mV.
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Voltage-clamp properties of small cell clusters
Patch-clamp experiments on small cell clusters of NRK cells show similar current responses
to voltage-clamp steps as in single cell experiments (Harks et al., 2003b). The main
difference seems to be that the amplitude of the recorded currents is higher for the cell-cluster
than for the single cell, because currents are also being recorded from the cells coupled to the
patched cell. Since the currents from single NRK cells are very small, we have used in our
experimental studies voltage-clamp records from cell clusters to improve resolution.
However, slower capacitive transients due to the overall coupling with the neighboring cells
are visible in the records. This could imply worsened voltage-clamp conditions because of the
gap junctional resistance serving as an access resistance to the cells surrounding the patched
cell. We have used the present model to evaluate the voltage-clamp conditions in patch-clamp
experiments on small cell clusters. We considered a cluster of a single cell coupled to 6
neighbor cells in a hexagonal geometry with different gap junctional conductances Ggj and
included the effect of medium-strong buffering of calcium by EGTA (TB=20µM) in all cells.
Fig. 6.3 shows the main results. For Ggj=0nS the records look like those from a single NRK
cell experiment. The sharp needles at the up-and-down steps of the test voltage are the
capacitive transients with peaks and time constants determined by the series resistance (Rser)
and the RserCm values, respectively (Rser=20MΩ as a worst case, Cm=20pF). The voltageclamp conditions are good for the small currents measured, because the voltage drop over Rser
is <2mV (20MΩx100pA). For increasing Ggj, the currents increase because of the
contributions from the surrounding cells, but the capacitive current transients have become
wider, indicating the delayed charging of the coupled cells to the applied voltage. The worst
coupling (Ggj=1nS) has the slowest capacitive current transient and the best coupling
(Ggj=60nS) the fastest. For ideal voltage-clamp, one would expect seven times as large
currents on a 7-cell cluster compared to the current in a single cell. With Ggj=60nS, this
turned out to be the case for ICaL (2% error in the estimation of ICaL at -20mV). Ggj=60nS
corresponds to a total coupling conductance to the surrounding cell ring Gtgj=360nS
(Rtgj~3MΩ). In that case, Rser=20MΩ has become limiting in recording current from the
surrounding ring, giving an underestimation of the inward rectifier current at -120mV of
24%. Thus, although the reliable measurability of small currents (e.g. ICaL) in a small (7-cell)
NRK cell cluster may be much improved, the measurement of maximal values of the larger
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currents (IKir and sometimes ICl(Ca)) is less reliable than in single cells, depending on the sum
of Rser and Rtgj.

Fig. 6.3. Voltage-clamp experiments in a cluster of 7 NRK model cells for different degrees of gap junctional
coupling: Ggj=0, 1, 6, 60nS as indicated. Buffer parameters were TB=20µM; kon=320 mM-1s-1 and koff=0.06s-1.
Series conductance Gser=50nS (Rser=20MΩ). Other parameter values as defined in the Table 6.1-3. Applied
voltage step protocols are shown in the bottom panels.

Excitability of single cells
The model cell is able to generate APs similar to those appearing in real NRK fibroblasts.
Most of these experiments were performed with high EGTA concentrations (3.5mM) in the
pipette solution. We will take this into account by introducing the following buffer
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parameters in Eq. 6.10, TB=20µM, kon=320mM-1s-1 and koff=0.06s-1. As in real cells, Fig. 6.4
shows that upon stimulation with positive current pulses of sufficient strength the membrane
potential quickly changes from its resting value towards more positive values.

Fig. 6.4. Current-clamp experiments in an isolated NRK fibroblast model cell. A) Subthreshold responses and
APs generated upon different current steps of 1 to 6pA. B) The time courses of the currents involved (dotted and
dashed lines) in the NRK fibroblast cell-model to illustrate the relative importance of them during AP
generation by a 5pA pulse (solid line). C) The intracellular calcium transient during the AP. Buffer parameters
were TB=20µM; kon=320mM-1s-1 and koff=0.06s-1. Other parameter values as defined in Table 6.1-3.
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This depolarization is produced in the model mainly by a combination of an increasing
inward ICaL and a decreasing outward IKir, as illustrated in Fig. 6.4B where the individual
currents have been plotted during an AP. After activation, inactivation of ICaL contributes to
repolarization of the initial spike. ICaL generates a significant influx of calcium ions that
transiently increases the calcium concentration in the cytosol. The elevation of [Ca2+] in the
cytosol (see Fig. 6.4C) activates ICl(Ca) which contributes to the initial repolarization by
pulling the membrane voltage towards VCl=-20mV. The end of the calcium transient produces
a decreasing ICl(Ca), such that the membrane becomes subject to the repolarizing effect of IKir.
As a consequence, the membrane falls down from the voltage plateau at -20mV to the resting
potential near -70mV (cf. Fig. 6.4B and C). At this voltage IKir remains active and ICaL
recovers from inactivation for repeated generation of an AP. The effect of IKir is to maintain
the voltage near the resting membrane potential by opposing the depolarizing effect of Ileak at
low voltages. This is shown in Fig. 6.4B where Ileak and IKir are the most important currents
under resting conditions. In the absence of intracellular calcium buffering the single cell
model AP is much larger because of an extended intracellular calcium transient (cf. Fig. 6.11
top left frame). This is further illustrated below.

Potassium pulse induced single-cell APs
We have also studied the ability of the NRK single cell model to generate APs upon shorttime exposure to a high concentration of external potassium. In this way a propagating AP
with a long-duration plateau could be evoked in NRK monolayers under conditions that
external calcium ions were replaced by strontium ions (De Roos et al., 1997a; Harks et al.,
2003b). We simulated the effect of K+ pulses on the membrane by changing VK from -80 to
0mV for the duration of the pulse (~400ms). Fig. 6.5 shows our main results for two different
calcium buffering conditions. First, we observe that the NRK single cell model can generate
APs with the same properties upon current injections and potassium pulses (cf. Fig. 6.5A1
with previous figures). Second, removal of intracellular buffering from the model cell causes
a tremendous (~20 times) increase in the duration of the AP (Fig. 6.5B1). The figure also
illustrates one of the predictions of our model, that is the correlation between duration of the
AP plateau and that of the intracellular calcium transient (Fig. 6.5A2, B2). Note that the
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shape of the calcium transient in the absence of calcium buffering may not be completely
realistic due to the simple calcium dynamics we are considering.

Fig. 6.5. Excitation of the NRK fibroblast single-cell model by a short external potassium pulse (top panels) and
the corresponding variation produced on the intracellular [Ca2+] (bottom panels) for two buffering conditions (A
and B). This is simulated by changing the potassium equilibrium potential from -80mV to 0mV during 400ms at
two different buffer conditions. Buffer parameters were: Left panels (A1,2) TB=20µM; kon=320mM-1s-1 and
koff=0.06s-1 and right panels (B1,2) TB=0µM.

Cytosolic calcium pulse induced single-cell APs
Excitation of NRK-cell monolayers by certain hormones (e.g. bradykinin) is the consequence
of calcium release from intracellular stores evoked by those hormones (De Roos et al.,
1997a). The presumed mechanism of this excitation was membrane depolarization via the
calcium-activated chloride channels. We were, therefore, interested to know whether such a
depolarization by a rise in the internal [Ca2+] can also cause excitation of our NRK cell
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model. An increasing [Ca2+] will activate ICl(Ca), thereby depolarizing the membrane beyond
the threshold for ICaL and causing the generation of an AP. To test this, we applied
intracellular calcium pulses to the cell. The NRK single cell model was indeed able to
produce APs upon applying calcium pulses to the cytosol. We increased the [Ca2+] by adding
a positive constant term of 0.01mMs-1 in the right-hand side of the first equation of Eqs. 10.
Fig. 6.6 shows the AP generated in a NRK single cell model under two different calcium
buffering conditions (Fig. 6.6A,B). The results are similar to those with potassium pulses
except that there is no significant initial overshooting spike in the AP. One reason for this
difference must be that the effect of ICaL on Vm now acts against a background of ICl(Ca), which
is not the case during electrical stimulation.

Fig. 6.6. Excitation of the NRK fibroblast single-cell model by an intracellular calcium pulse for two buffering
conditions (A,B). This is simulated by increasing the intracellular calcium concentration with 0.01mMs-1 during
400ms at two different buffer conditions. Buffer parameters were: Left panel A) TB=20µM; kon=320mM-1s-1 and
koff=0.06s-1 and right panel B) TB=0µM.

Single cell excitability with strontium
Patch-clamp experiments on AP generation in NRK monolayers have been performed by
substituting the calcium ions in the extracellular medium by strontium ions to improve
excitability (Harks et al., 2003b). By this procedure, ICaL in our voltage-clamp experiments
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on living single cells was increased by a factor 2 and, moreover, strontium decelerated
inactivation of L-type calcium channels (Harks et al., 2003b). To take into account these two
effects of strontium on ICaL and to be able to generate APs in the NRK single cell model in
the presence of strontium, we changed in the model GCaL=0.5nS to GSrL=1nS. Furthermore,
we changed the second term in the equation for h (steady state inactivation, see Table 6.2) to
0 (no calcium-induced inactivation of the channel by strontium) and shifted the half
inactivation voltage from –45.0mV to -49.3mV, so that only voltage-induced inactivation
remained. Figs 6.7A,B and 6.8A,B show AP generation in an NRK single cell model by,
respectively, [K+] and [Ca2+] pulses in the presence of 2mM external strontium, for two
different buffering conditions.

Fig. 6.7. Excitation of the NRK fibroblast single-cell model by a potassium pulse with strontium in the external
medium for two buffering conditions (A,B). The pulse was simulated by changing the potassium equilibrium
potential from -80mV to 0mV during 400ms under two different buffering conditions. Buffer parameters were:
Left panel A) TB=20µM; kon=320mMs-1 and koff=0.06s-1 and right panel B) TB=0µM.

The results are essentially the same as with calcium, except that the initial AP spikes are
more pronounced now because of a stronger inward current by strontium. For simplicity, we
assumed here that the calcium channel properties were determined by the conducted
strontium ions and not by the intracellularly released calcium ions, and that the intracellular
buffer buffers strontium ions in the same way as it does calcium ions.
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Fig. 6.8. Excitation of the NRK fibroblast single-cell by an intracellular calcium pulse with strontium in the
external medium for two buffering conditions (A,B). The calcium pulse was simulated by increasing the
intracellular calcium concentration with 5µMs-1 during 400ms under two different buffering conditions. Buffer
parameters were: Left panel A) TB=20µM; kon=320mM-1s-1 and koff=0.06s-1 and right panel B) TB=0µM.

Excitability of small cell clusters
We have also performed several current-clamp simulation experiments in the presence of
external calcium on small cell clusters consisting of seven model cells, since small clusters of
real NRK fibroblasts are excitable (Harks et al., 2003b). The two-dimensional configuration
consisted of one cell in the center of the cluster and six surrounding cells, all coupled with
their neighbors via gap junctions with conductance Ggj. These simulations were also useful
as a preparation for the more time consuming simulations on large monolayers. Figs 6.9 and
6.10 show our main results. In Fig. 6.9 we applied increasing current steps in the cell in the
center of such a 7-cell cluster, while the electrical conductance between the cells was
Ggj=6nS. This resulted in a physiological coupling conductance between the center cell and
the surrounding ring of ~36nS (Harks et al., 2001). The figure shows that an AP was evoked
in the cluster for current steps above 32pA. In addition, we observed almost complete
synchrony between the membrane potential change in the center and that in the neighboring
cells due to the high electrical conductance of the gap junctions. As a consequence, to evoke
an AP it was necessary to apply much larger current steps in the cluster than in a single cell
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(cf. Fig. 6.4). In Fig. 6.10 we show the ability of the model to produce AP propagation in a
small cluster of model cells. Using the same current step in all experiments (Istep=32pA), we
observe that depending on the strength of the gap junctional electrical conductance, the AP
generated in the center of the cluster was able to propagate to the neighboring cells. A
relatively small Ggj (~0.3nS) was already sufficient for AP propagation in these high
resistance NRK cells (Rm>1GΩ). The figure also shows that the delay between AP firing in
the center cell and in a neighboring cell was smaller when Ggj was increased, consistent with
an increased propagation velocity of the AP for increased values of Ggj.

Fig. 6.9. Current-clamp experiments in a cluster of 7 NRK fibroblast model cells. Current steps of various
strengths have been applied to the center cell which is coupled with the surrounding 6 cells by gap junctions of
strength 6nS. Each panel represents two superimposed responses, one is recorded in the center cell of the cluster
(solid line) and the other is one of the surrounding cells (dashed line, hardly visible at this coupling strength).
The 4 different current steps are indicated in pA. Buffer parameters were: TB=20µM; kon=320mM-1s-1 and
koff=0.06s-1 for all cells in the cluster. Other parameter values as defined in Table 6.1-3.
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Fig. 6.10. Current-clamp experiments in a cluster of 7 NRK fibroblast model cells. A current step of 32pA and
400ms duration was applied to the center cell, which is coupled with the surrounding 6 cells by gap junctions.
Each panel represents the evoked AP recorded in both the center cell of the cluster (solid line) and in one of the
surrounding cells (dashed line), for 4 different values of the gap junctional strength indicated. Buffer parameters
were: TB=20µM; kon=320mM-1s-1 and koff=0.06s-1 for all cells in the cluster. Other parameters as defined in Table
6.1-3.

Excitability and wave propagation in a monolayer of NRK fibroblasts
Finally, we simulated AP generation in a quiescent NRK monolayer with strontium in the
extracellular medium. We used a 7 by 7 network with hexagonal geometry (see Fig. 6.1B),
and applied a potassium stimulus to a cluster of 19 cells in the center of the network, because
stimulations of smaller central areas did not work. As we explained before, this is equivalent
to changing the VK from -80mV to 0mV in all these 19 cells and leaving the rest of the cells
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in the network unchanged. Buffering was left out (TB=0) in order to look at the effect of
coupling in a monolayer for the most simple AP mechanism. Fig. 6.11 illustrates the main
results. It shows the electrical responses generated in two cells of the network, one in the
center of the network and therefore in the stimulation area, and the other at the border outside
the stimulation area. The figure shows AP generation and propagation through the network
for different gap junctional strengths.

Fig. 6.11. Excitability of the NRK fibroblast monolayer (of 7 by 7 cells) by a potassium pulse with strontium in
the external medium for increasing gap junctional coupling. The pulse was simulated by changing the potassium
equilibrium potential from -80mV to 0mV in the center region (consisting of 19 cells) of the monolayer during
800ms. Each panel represents the synchronization of the electrical responses between the cell in the center of the
monolayer (solid line) and the cell at the border of the monolayer (dashed line) for four different gap junctional
conductances indicated. Intracellular calcium buffering was absent (TB=0µM).
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Two main conclusions arise from the figure. First, the delay between the AP of the cell in the
center and that of a cell at the border decreases with increasing Ggj. At Ggj=0.5nS it is 220ms,
while it is 7 ms at Ggj=10nS. This means that the velocity of wave propagation from the
center to the borders of the networks also increases with Ggj. Secondly, the height of the
initial peak and the duration of the AP clearly depend on electrical coupling. AP peak and
duration decrease upon the establishment of coupling by Ggj=0.5nS, but subsequently
increase again upon a further increase in Ggj. The fact that AP peak and duration change in
the same direction indicates that AP duration changes are caused by changes in the size of the
inward calcium current. This leads to changes in duration of the intracellular calcium pulse
and associated GCl(Ca) activation. These effects can be interpreted in terms of coupling
dependent changes in loading of the central excited cells by the surrounding non-stimulated
cells. At weak coupling (0.5nS) the AP delays in subsequent cell excitations are relatively
long (~50ms) compared to the used time constant of inactivation (~250ms in the range of
activation) causing partial inactivation of the calcium conductance during the depolarization
phase of the AP. At stronger coupling loading and partial inactivation diminish again when
the APs become almost synchronized. Whatever the mechanism of the coupling dependent
AP peak amplitude and duration, these simulation results show how the excitability of a
larger ensemble of excitable cells such as an NRK-cell monolayer can depend on the strength
of electrical coupling between the cells.
From a direct comparison with similar kinds of experiments reported in Harks et al.
(2003b) we can see the good agreement of our simulated AP generation in a monolayer with
AP generation in real NRK monolayers in the quiescent state. The model is able to reproduce
both the shape of the AP and the size of the long-duration plateaus (about 30s in this
experiment). This could mean that intracellular calcium buffering in the cells of an NRK cell
monolayer is not strong, but another possibility is that intracellular calcium release, not
included here, lengthens the calcium transient in NRK cells. Finally, Fig. 6.12 shows a series
of snapshots reflecting the propagation of the AP over a network of 9 by 9 cells (with speed
v~1.5mm/s or equivalently ~90 cells/s) where black on the grayscale represents the lowest
voltage regions (~resting membrane potential) and white the highest voltage regions (AP
peak). The small size of the network and the particular network geometry produce some
border effects in this simulation. These effects could be avoided by increasing the network
size. Thus, with component properties in the physiological range, we could obtain excitability
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and AP propagation in a relatively small model monolayer. The speed of propagation was in
the order of mm/s, near that in NRK monolayer cultures (see Discussion).

Fig. 6.12. Consecutive snapshots (from left to right and from top to bottom) in a monolayer (of 9 by 9 cells)
stimulated as in Fig. 6.11 showing wave propagation from the center to the border of the monolayer after
stimulation with a potassium pulse in the center of the network. The time intervals between different snapshots
were variable and the pictures were taken on the time points indicated by the dots over the AP of the center cell
represented in the top panel. The gap junctional coupling among cells was Ggj=6nS. Buffer conditions were:
TB=9µM, kon=320mM-1s-1 and koff=0.06s-1. Other conditions the same as in Fig. 6.11. The black-to-white scale
goes from negative to positive membrane potential.
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Discussion
The NRK fibroblast cell model presented in this paper is the first one describing the main
features for AP generation and propagation in NRK fibroblasts. The model gives insight into
the mechanism of AP generation in single cells and AP propagation in small cell clusters and
monolayers of electrically coupled NRK cells. The model well reproduces the typical shape
of the NRK cell AP with its initial spike and long duration plateau, as well as the calcium
buffering effects on the shape of the AP. In short, GCaL is responsible for the initial spike and
GCl(Ca) for the plateau of the AP. GKir is important for the resting membrane potential. APs
could be evoked by electrical stimulation with positive current pulses, by external potassium
pulses and by intracellular calcium pulses, all acting by depolarization. In the first two cases
the intracellular calcium transient follows excitation, in the third case it causes the excitation,
as in in vitro experiments (De Roos et al., 1997a).
The presented model is a minimal model, but it contains all essential components to
produce the qualitative electrical behavior of quiescent NRK cells in isolation and in groups
of electrically coupled cells. Apparently, the components of the model and their estimated
properties are sufficient to reproduce that qualitative behavior. The model results (cf. Fig.
6.4B) illustrate that the role of the inward rectifier channels in NRK cells is multiple. First,
they serve to establish, together with a small leak conductance, a resting membrane potential
at a high membrane resistance (Rm>1 GΩ) so that the resting condition does not require much
energy expenditure. Secondly, GKir channels serve to contribute to excitability upon
depolarizing events by way of their depolarization induced deactivation. The collapse of GKir
may already occur below the potential of GCaL activation (cf. Fig. 6.4B) and, therefore, cause
a membrane potential threshold for excitation below the activation potential of GCaL. Thirdly,
the closure of GKir channels during the AP-plateau supports the maintenance of that plateau,
while at the same time causing minimal energy expenditure for maintaining the ion
concentration gradients across the fibroblast membrane. Finally, regenerative activation of
GKir channels upon repolarization (Fig. 6.4B) due to GCl(Ca) deactivation (following
intracellular calcium clearance) contributes to this AP repolarization. These important roles
of GKir channels justify future studies for a further characterization and molecular
identification of these channels and on regulation mechanisms of GKir channel modulation
and expression.
190

Modeling excitability in NRK fibroblasts

The role of the intracellular calcium dynamics for the control of the long AP duration
is unique in comparison with that in nerve and muscle excitability. The fibroblast AP
probably belongs to the longest-duration APs (~30s) among vertebrate excitable cells.
Without buffering, the AP duration in the model is very long (>30s) and only depends on
calcium extrusion. With very strong buffering a very short AP occurs (<2s) with minimal or
no contribution of ICl(Ca). Similar differences in AP duration with and without strong
buffering have been found in patch-clamp experiments on NRK cells (Harks et al., 2003b).
However, in real NRK cells calcium release from intracellular calcium stores may contribute
to intracellular calcium dynamics, as suggested by experiments of De Roos et al. (1997b).
Since this calcium release is absent in our model, our model results primarily serve to
illustrate the functional importance of intracellular calcium dynamics. Obviously, the relative
contribution of calcium buffering and extrusion to AP shaping may be different in real cells if
calcium release is present. The model already shows that this internal calcium release is able
to cause membrane excitation from within the cell (Figs 6.6 and 6.8).
Another simplification of intracellular calcium dynamics may be the absence of
intracellular compartmentalization. For example, the presence of a cytoplasmic shell just
beneath the plasma membrane separated by a diffusion barrier from the deeper cytoplasm
with calcium release stores would give a different calcium dynamics compared with that of
our model with instantaneous single compartment filling of the cytoplasmic space with
calcium entering only via L-type calcium channels. Such a compartmentalization would
affect the way calcium entry would feed back on L-type channels by calcium-induced
inactivation and on the time course of inducing calcium release from calcium release stores
deeper in the cell.
Considering the above issues, it is clear that a realistic modeling of fibroblastic
intracellular calcium dynamics requires a detailed experimental characterization of the
calcium in pathways (L-type channels with voltage and calcium-dependent inactivation, leak
of calcium through the membrane, contribution of store-operated calcium channels),
intracellular calcium buffering, intracellular calcium release and reuptake and calcium
extrusion from the cells. Modeling the translation of calcium dynamics to GCl(Ca) activation
would require the experimental characterization of the calcium-dependent chloride channels.
This would include possible voltage-dependent properties (Ho et al., 2001; Kidd & Thorn,
2001), which have been neglected in the present model.
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The model results suggest that the degree of gap junctional coupling between an NRK
cell and its surrounding cells, where Ggj>60nS (Harks et al., 2001) is much better than just
required for intercellular AP conduction (cf. Figs 6.10 and 6.11). On the other hand, coupling
seems too strong for AP generation in single cells or small areas of cells embedded in the
monolayer (Fig. 6.12). This indicates that fibroblast excitability in culture is a common
property of the cells and requires, in case of local stimulation, a sufficient fraction of the
whole cell culture to obtain a response of the culture as a whole. The same may hold for the
in vivo excitability of the fibroblast component of an organ, where paracrine mechanisms are
responsible for fibroblast activation in maintaining organ integrity, e.g. during wound healing
(Bennett & Schultz, 1993).
The model properties are also of interest for the question of the relative importance of
electrical conduction of excitation for the propagation of calcium waves in a tissue of cells
coupled by gap junctions. Local stimulation signals (e.g. by bradykinin) may cause local
intracellular calcium transients and APs in a monolayer of NRK cells, which are then
propagated over the monolayer (De Roos et al., 1997a,b). If the single or spontaneously
repeating calcium wave has an intracellular origin, calcium diffusion through gap junctions
causing calcium-induced calcium release in neighboring cells might be one mechanism for
calcium wave propagation (Hofer, 1999). However, calcium buffering and removal preclude
the action of calcium as a purely diffusive gap junctional messenger over many cells, and also
limit strongly the velocity of calcium wave propagation from cell to cell (Hofer et al., 2001).
In accordance with these theoretical predictions, intercellular calcium waves propagate at ~550µm/s in the rat liver and the blow salivary gland (Robb-Gaspers & Thomas, 1995;
Zimmermann & Walz, 1999), whereas in NRK fibroblasts locally-induced calcium APs
propagate throughout the monolayer at a velocity as high as ~6mm/s (De Roos et al., 1997a).
In the present study, we have shown that these much faster calcium waves can be achieved
according to a mechanism in which the calcium influx through L-type calcium channels in
one cell triggers an intracellular calcium rise in its neighboring cell. In our model, it is the
fast electrotonically propagating calcium AP that precedes the fast calcium wave propagation
in monolayers of these cells. The gap junctional conductances required for the fast
propagation of calcium APs in the model fall within the range of experimentally determined
values for these conductances in NRK fibroblasts. Although a propagating AP can be
simulated with the present model, it was not possible to obtain spontaneous, repetitive AP
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firing as observed in density-arrested NRK cells (De Roos et al., 1997c). So, the model
predicts that this spontaneous firing does not result from altered expression levels of ion
conducting channels in density-arrested NRK cultures but may involve more complex
intracellular calcium dynamics. The present model can easily be extended by introducing
more realistic assumptions in the calcium dynamics given in Eq. 6.10. For example, by
including calcium-induced calcium release from endoplasmic reticulum, calcium pumping
via smooth endoplasmic reticulum-ATPase (SERCA) pumps between cytosol and calcium
stores, leak of calcium through the cell membrane, and calcium extrusion via calcium releaseactivated calcium channels (CRAC) (Putney, 1986; Torres et al., 2001). Our current research
aims at resolving the possible role and interplay of intracellular calcium stores in providing
the cells a timing mechanism for spontaneous periodic electrical activity. In recent years it
has become clear that cells may possess different types of calcium stores, and that these
stores are able to interchange calcium ions in an oscillating manner (see for review e.g. Patel
et al., 2001). In addition to the classical IP3-sensitive calcium stores, cells may also contain
cADPR-(cyclic adenosine diphosphate ribose) and NAADP (nicotinic acid adenine
dinucleotide phosphate)-sensitive calcium stores (reviewed by Lee (2000)). Data that will
become available will be used to expand the present minimal model with an intracellular
calcium oscillator in order to simulate excitability of density-arrested NRK cultures. In this
way, we will be able to study the conditions for generation, synchronization and propagation
of calcium APs in cultured NRK monolayers. The coordination of APs in this system may
serve to further understand how periodic, stochastic and chaotic generation of APs in other
biological systems, such as in the heart and in the brain, is modulated in a communicating
network system.
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Two cell models for cellular signaling
In a multicellular organism the activity of different cells has to be coordinated in order to
generate efficient behavior that enables the organism to survive. This process of cellular
signaling is occurring between cells (intercellular signaling) involving first messengers like
neurotransmitters, hormones and growth factors, and at the subcellular level (intracellular
signaling) involving G-proteins, enzymes and signaling molecules (second messengers).
Translation of intercellular signals to intracellular signals occurs at the plasma membrane and
involves receptor activation by first messengers. Various biochemical processes can be
triggered upon receptor activation leading eventually to a changed internal signal. A notable
fact is that a multitude of first messengers exist whereas only a few second messengers are
present in the cell. Among these, Ca2+ is very important since it is involved in the regulation
of various cellular processes such as muscle contraction, secretion, metabolism, neuronal
excitability and cell proliferation. In many cell types Ca2+ signaling is in the form of
oscillations of the internal Ca2+ concentration ([Ca2+]i), often related to the electrical activity
of the plasma membrane (Berridge, 1996; Hille, 2001; Taylor, 2002; Stojilkovic & Catt,
1992; Stojilkovic et al., 1994; Shibuya & Douglas, 1993). Shape and frequency of the Ca2+
oscillations and corresponding electrical patterns are strongly dependent on the type of cell
(neurons: Gorbunova & Spitzer, 2002; McDonough et al., 2000; Numakawa et al., 2002;
astrocytes: Nett et al., 2002; Parri et al., 2001; Pasti et al., 2001; Tashiro et al., 2002;
endocrine cells: Charles et al., 1999; Deeney et al., 2001; Kaftan et al., 2000; Stojilkovic &
Catt, 1992).
In this thesis we studied the role of membrane excitability in Ca2+ signaling, in two
functionally different cell types. We compared a neuroendocrine cell (Xenopus melanotrope
cell) with a (normal rat kidney) fibroblast, to establish common properties and significant
differences between these cells with respect to this aspect of cell signaling. The melanotrope
cell of the amphibian Xenopus laevis plays a key role in the background adaptation process of
the animal and is a well-established model for neuronal signal transduction (Jenks & Van
Zoest, 1990; Jenks et al., 1993; Roubos, 1992, 1997; Roubos et al., 1999, 2002; Kramer et
al., 2001; Kolk et al., 2002). On the other hand, fibroblasts are traditionally considered as
non-excitable cells, mainly involved in the formation and structural integrity of the
connective tissue and serving as a model for growth regulation (Van Zoelen, 1991). We
focused on four important aspects of excitability related to Ca2+ signaling in these cells. First,
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it was studied how excitability can occur in these cells, given the currents that are present,
and secondly how this excitability generates and shapes the Ca2+ signal and vice versa. Next,
we investigated the role of excitability in the integration of extracellular signals and the
encoding of this information into a Ca2+ signal. Finally, we looked at possible mechanisms of
transferring the Ca2+ signal to neighboring cells, thereby synchronizing the intracellular Ca2+
signal in cells that together form a tissue.

Excitability
Xenopus melanotropes and normal rat kidney fibroblasts are excitable cells. However, the
shape and time scale of their action potentials are very different. Melanotrope cells fire action
potentials with a frequency of around 1Hz in a bursting manner, which are very similar in
shape and duration to those found in other brain areas and animals (Chapters 3,4). On the
other hand, fibroblasts display action potentials at a much lower frequency (~0.02-0.002Hz)
and reveal a typical shape with an initial peak, followed by a prolonged plateau that can last
for 50s (De Roos, et al., 1997a). In this thesis for both cell types the currents are discussed
that contribute to their excitability.
In melanotrope cells transmembrane currents through several types of ion channels
have been characterized (Fig. 7.1A) that determine their electrical properties. Inward ion
currents consist of two sodium components, i.e., a TTX-sensitive (TTXs) Na+ current and a
TTX-resistant (TTXr) Na+ current (Valentijn & Valentijn, 1997, Chapter 4). Presumably
there are four Ca2+ currents, i.e., an N (Scheenen et al., 1994a,b), L, P/Q and R/T type
(W.J.J.M. Scheenen, unpubl. res.). The outward current is generated by a potassium current
that consists of at least three, but likely four components as established by our biophysical
characterization (Chapter 4). Evidence was found for the presence of a Ca2+-sensitive K+
channel and probably three voltage-gated K+ currents, namely a fast (IKf), an intermediate
(IKi) and a slow one (IKs). Finally, a leak current was identified that might be a Cl- current.
Current-clamp experiments with single melanotrope cells with only potassiumcurrents and a leak current (other currents had been blocked) yielded a resting membrane
potential around -38mV, which is about 10mV above the value under normal conditions
(Chapter 4). This shows that a stationary potassium current (“window” current) in
combination with the leak current is responsible to a large extent for the resting membrane
potential of melanotrope cells. As to current stimulation, the membrane potential responded
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in a nonlinear fashion to negative and positive current steps. The change in membrane
potential to positive current steps was considerably smaller than for negative steps and did
not surpass the level of -10mV (“clipping”). Simulations of the current-clamp experiments
with the voltage-gated K+ currents described with Hodgkin-Huxley-kinetics fitted from the
experiments, attribute the resting membrane potential to the window current of IK,s, while the
clipping is obtained by activation of IK,s at depolarizing voltages (Chapter 5). The 10mV
additional hyperpolarization under normal conditions has likely to be contributed to a Ca2+sensitive K+ current appearing under these conditions (Chapter 4). Excitability occurs when
Na+ currents are added to the system. This is shown by current-clamp studies in Chapter 4,
showing that action potentials can be evoked in cells in an extracelllular solution with low
Ca2+ after initial hyperpolarization by negative current injection, which removes sodium
inactivation. However, the spikes did not reach the size of action potentials under normal
conditions. This was simulated in Chapter 5 with reasonably realistic descriptions of leak,
Na+ and K+ currents in the model. Ca2+ currents are necessary to get spontaneous action
potential firing (Chapter 4). In the presence of normal (calcium containing) extracellular
solution complete action potentials can be generated, reaching a higher peak and a stronger
afterhyperpolarization than seen for Na+-K+ spikes. The clipping property of the cell as
observed in K+-selective conditions, is not clearly visible, which is probably due to an
additional Ca2+-dependent K+ current and to the repetitive firing during positive current
stimulation. However, it is likely that the same mechanism (activation of IK,s at depolarized
levels, keeping the membrane potential in the voltage range of excitability) contributes to the
current-frequency relation of the cell (Chapter 4). This shows that the cell responds to a broad
range of depolarizing input currents with little change in firing frequency, making the cell
less sensitive to major changes in input current. The addition of this property to the minimal
model described in Chapter 2 could be a way to simulate more realistically the effect of a
high-potassium pulse during low extracellular Na+. In the simulation a small change in
extracellular K+ (from 2 to 5mM) at a low extracellular Na+ condition, gives a dramatic
increase in frequency, whereas in the physiological experiment this effect is much less
pronounced. With the presence of IK,s we expect the model to be less sensitive to depolarizing
membrane currents caused by changes in driving force as a result of changed extracellular ion
concentrations.
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A particular property of the melanotrope cell is that it fires action potentials in a
bursting manner. Although this property is not visible when electrical activity is measured in
the whole cell configuration (Chapters 3,4), probably due to washout of intracellular
components or to the introduction of an additional leak current through the seal, recordings in
the cell-attached patch configuration clearly reveal this specific firing pattern (Chapter 3). In
our minimal model described in Chapter 2, we assume a mechanism for this bursting
behavior based on the coupling of the firing activity and the [Ca2+]i through Ca2+ channels
and Ca2+-sensitive K+ channels (see below).

Fig. 7.1. Xenopus laevis melanotropes and normal rat kidney (NRK) fibroblasts. Overview of types of ion
channel in Xenopus melanotrope cells (A) and NRK fibroblasts (B). Scheme of intercellular communication by
synaptic and autoexcitatory inputs to Xenopus melanotropes (C), and by gap junctional coupling between NRK
cells constituting a fibroblast network (D).
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For a long time NRK fibroblasts have been considered to be non-excitable, until De
Roos et al. (1997a,b) discovered the ability of these cells to fire action potentials depending
on their growth stage. Spontaneous activity occurs in the density-arrested state, in which the
cells are firing with an interspike interval of approximately 30-600s. They express a limited
repertoire of four ion channel types (Fig. 7.1B) generating distinct membrane currents. These
have been identified and described by Harks et al. (2003b). Despite the relative small number
of current types, Chapter 6 shows that the currents are theoretically sufficient to provide
excitability of this cell type, necessary to generate action potentials of the observed typical
shape. L-type Ca2+ channels are responsible for the fast depolarization that initiates the action
potential. The activation of a Ca2+-dependent Cl- conductance induces a long duration action
potential with a plateau lasting about 50s and a peak near -20mV. Repolarization at the end of
the action potential is caused by the action of an inwardly rectifying K+ current, which is,
together with a leak current, also responsible for maintaining the resting membrane potential.
Model simulations (Chapter 6) with a Hodgkin-Huxley description of these currents
reproduce the induced spikes as observed in NRK fibroblasts in vitro. However, it was not
possible to obtain spontaneous activity in the model. Therefore, this spontaneous firing may
originate from an intracellular oscillatory mechanism (see below).

Coupling of electrical activity and calcium oscillations
In both melanotropes and NRK fibroblasts there is a direct relation between the electrical
activity and the oscillating internal Ca2+ concentration (Lieste et al., 1998; De Roos et al.,
1997a,b). This coupling occurs through similar mechanisms. The Ca2+ channels that are
present in both cell types are responsible for Ca2+ inflow during each action potential
(Scheenen et al., 1994c; De Roos et al., 1997a; Harks et al., 2003b). In this way the shape
and frequency of the action potentials strongly determine the dynamics of the [Ca2+]i. On the
other hand, changes in the [Ca2+]i will activate the Ca2+-activated K+ and Cl- channels in the
melanotrope and NRK cells, respectively, thereby affecting the cell’s excitability. The
coupling between excitability and the [Ca2+]i leaves three possibilities for generation of
spontaneous activity as observed in both cells: 1) an autonomous electrical oscillator at the
membrane induces electrical activity that generates a corresponding Ca2+ signal, 2) an
autonomous Ca2+ oscillator in the cell generates Ca2+ oscillations that induce corresponding
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electrical activity and 3) the very interplay between Ca2+ and cell excitability is a crucial part
in the mechanism that creates spontaneous activity.
Xenopus melanotropes display Ca2+ oscillations with specific features like steps in the
rise phase, a smooth exponential decline, an abrupt transition from decline to rise phase and
an upregulation of Ca2+ removal in between the steps (Scheenen et al., 1996; Koopman et al.,
1997; Lieste et al., 1998, Chapter 2). Simultaneous recordings of the electrical activity and
the internal Ca2+ concentration show that the Ca2+ oscillations are coupled to action potential
bursting, with each Ca2+ step directly correlated with an action potential in a burst (Lieste et
al., 1998). It is shown that blocking of the electrical activity also blocks the calcium signal,
thereby excluding possibility 2 of an autonomous Ca2+ oscillator as cause of the spontaneous
activity. The absence of an effect on the Ca2+ oscillations of blocking with thapsigargin
intracellular Ca2+ stores, which are thought to play an important role in the generation of
autonomous Ca2+ oscillations, supports this conclusion (Scheenen et al., 1994b,c; Koopman
et al., 1997). On the other hand, strong buffering of the [Ca2+]i has a strong effect on
electrical activity (W.J.H. Koopman, pers. comm.), which rules out possibility 1 of an
autonomous electrical membrane oscillator. Therefore, we conclude that possibility 3,
concerning the interplay between Ca2+ and cell excitability, is the most likely one. In Chapter
2 we present a minimal model that generates spontaneous electrical bursting with a
corresponding oscillating Ca2+ signal that displays the typical features of Xenopus
melanotropes. The model is minimal in the sense that the different types of voltage-dependent
Na+, Ca2+ and K+ currents are represented in the model with one Na+, one Ca2+ and one K+
current, respectively. These currents are called the ‘fast subsystem’ of the model and generate
spontaneous action potential firing. Bursting occurs through the introduction of a ‘slow
subsystem’ consisting of two Ca2+-dependent components: a Ca2+ pump and a Ca2+dependent K+ (KCa) channel. Increase of Ca2+ through the Ca2+ channel during spiking of the
fast subsystem activates the KCa current, which will hyperpolarize the membrane. In this way
action potential firing is blocked. Ca2+ will subsequently be pumped out by the Ca2+ pump,
allowing the KCa channel to deactivate and electrical activity to recover. The existence of this
KCa channel is an assumption in the model, but its presence in the melanotrope cell is
supported by experimental evidence (see Chapter 4).
NRK fibroblasts in the density-arrested stage display broad, intracellular Ca2+ waves that
appear simultaneously with Ca2+ action potentials and have the same duration (De Roos et
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al., 1997a). However, as described above, the spontaneous appearance of the Ca2+ action
potential cannot be reproduced with the current excitable NRK cell model (Chapter 6). Based
on the present study, we can rule out the existence in density-arrested NRK fibroblasts of an
autonomous, electrical membrane oscillator or of an interaction between Ca2+ and excitability
as a cause of spontaneous activity. This leaves the possibility of an autonomous Ca2+
oscillator underlying the spontaneous electrical activity and Ca2+ oscillations. It was recently
shown that prostaglandin F2α (PGF2α), which is known to mobilize intracellular Ca2+, can
induce Ca2+ oscillations in quiescent NRK cells (Harks, 2003). These oscillations originate
from the periodic release and uptake of Ca2+ into IP3-sensitive intracellular Ca2+ stores and
have a frequency in the same order of magnitude as spontaneous action potentials in densityarrested NRK cells. This suggests that the electrical activity might be very well driven by this
intrinsic Ca2+ oscillation mechanism. On the other hand, the observation that buffering of
intracellular Ca2+ with BAPTA-AM decreases the duration of the action potentials but does
not influence the firing frequency (De Roos et al., 1997a) seems to argue against this
possibility. This is not the case, however, if the internal Ca2+ stores in NRK cells are located
so closely to the plasma membrane that BAPTA-AM is unable to buffer intracellular calcium
changes (Harks, 2003). Therefore, we propose the existence of an autonomous Ca2+ oscillator
involving intracellular stores and Ca2+-dependent proteins located close to the membrane,
which induce electrical activity by activating Cl-Ca channels and thereby allow a Ca2+ increase
through L-type Ca2+ channels that in general will trigger an action potential. Nevertheless,
Ca2+ waves can also be evoked by propagating action potentials which might be important for
synchronization of the network (see below).

Encoding of information
Calcium is known to regulate several cellular processes like secretion, metabolism, neuronal
excitability and proliferation. Some of these intracellular processes need to respond to
extracellular signals in a precise manner. Therefore, this requires an encoding of the
information received from extracellular signals into the Ca2+ signal at the plasma membrane.
Xenopus melanotrope cells display a broad repertoire of oscillation patterns (Scheenen et al.,
1996; Koopman et al., 1997; Lieste et al., 1998) varying in frequency, amplitude and shape.
These properties may serve as parameters encoding information. The cell obtains input via
various neurotransmitters secreted by neurons situated in different brain areas (Jenks et al.,
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1993; Roubos, 1997; Kramer et al., 2001; Kolk et al., 2002). The first messenger molecules
activate receptors on the melanotrope cell membrane that are coupled to ion channels and can
modulate the gating properties of these channels. This will influence the excitability of the
cell and change its firing pattern, thereby changing the Ca2+ oscillation pattern. In Chapter 2
we predict on the basis of model simulations that manipulating channel parameters will
modulate the internal Ca2+ signal as to frequency, amplitude and shape. In Chapter 3 this
prediction is experimentally confirmed by showing the stimulatory effect of the
neurotransmitter sauvagine on both electrical activity and Ca2+ oscillations, most likely
through an indirect inhibitory effect on potassium channels. The stimulatory effect of TRH
(Lieste et al., 2002) and the inhibitory effect of dopamine (Lieste et al., 1996) on both Ca2+
oscillations and secretion might also be explained from the inhibitory and stimulatory effects
of TRH and dopamine, respectively, on the K+ currents.
Compared to Xenopus melanotropes, NRK fibroblasts show a relatively simple
intracellular Ca2+ oscillation pattern. The exact role of the Ca2+ signaling in relation to
different growth stages is not clear. However, in view of the fact that the Ca2+ waves do not
display a fine structure (e.g. steps) as in case of melanotropes, it is plausible that information
is mainly encoded in frequency and duration. How first messengers modulate the signal is not
known but in the case of the growth modulating factor prostaglandin F2α (PGF2α) activation
of the prostaglandin receptor mobilizes Ca2+ internal stores (Narumiya et al., 1999), thereby
having the possibility to interfere with the intracellular Ca2+ dynamics thought to be part of
the autonomous Ca2+ oscillator.

Synchronization
A strong morphological difference between Xenopus melanotropes and NRK fibroblasts is
the connectivity with neighboring cells. Up to now, no evidence has been found for electric
coupling between melanotrope cells. This may be understood from the extensive neural
regulation of these cells by higher brain centers (Fig. 7.1C) which may make direct coupling
between cells superfluous. Another reason may be that a slowly acting neuroendocrine
system as the melanotrope system does not require a precise timing of the action potentials
driving the α-MSH secretion. Nevertheless, melanotropes may influence (stimulate)
themselves and each other by the release of acetylcholine and brain-derived growth factor
(BDNF), for which they possess the appropriate autoreceptors (Van Strien et al., 1996;
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Kramer et al., 2002). This control may serve both synchronization of activity (acetylcholine)
and long-term regulation of melanotrope cell biosynthetic activity and/or plasticity (BDNF)
(Jenks et al., 2002).
In contrast, NRK fibroblasts form a compact cellular network and are electrically
coupled via gap junctions (Fig. 7.1D) (De Roos et al., 1996, 1997b; Harks et al., 2001,
2003a). Electrophysiology has revealed propagation of induced action potentials along the
fibroblast monolayer (De Roos et al., 1997b). This phenomenon indicates the possibility of
synchronization as an important aspect of signaling between these cells in the network.
Fibroblasts form a cellular network for maintaining the integrity of the organ and tissue
structure and the coordination of the growth stage of the individual cells in the network
would seem of considerable importance. In Chapter 6 we show that action potential
propagation can be reconstructed in a hexagonal model of cells coupled by gap junctions with
physiological conductance values. This may represent a mechanism to propagate the
corresponding Ca2+ signal to neighboring cells in away faster than Ca2+ diffusion. Moreover,
this propagation does not attenuate the signal and would ensure that a local stimulus causes a
global response of the total tissue or even organ.

Conclusions
The coupling of excitability to the [Ca2+]i is important in cell signaling in both Xenopus
melanotropes and NRK fibroblasts. Both cell types may display spontaneous action potential
firing that promotes an influx of Ca2+ through voltage-gated Ca2+ channels during the spike.
The changes in the [Ca2+]i are measured as Ca2+ oscillations and encode information from
extracellular first messenger signals. Coupling of excitability to the [Ca2+]i likely occurs in
both cell types via Ca2+-gated ion channels: the KCa channel (melanotropes) and ClCa-channel
(fibroblasts). In the melanotrope cell this coupling seems to be an important aspect of the
mechanism that underlies spontaneous electrical activity. This activity and the corresponding
Ca2+ signal can be regulated by first messengers that modulate ion channel activity. However,
in the case of NRK fibroblasts, spontaneous oscillations seem to be induced by an
autonomous intracellular Ca2+ oscillator. The coupling of the Ca2+ signal to electrical activity
enables the NRK fibroblast network to propagate the Ca2+ signal in an active way to from cell
to cell, via gap junctional coupling. This is possibly a mechanism to synchronize cell
activities within the network. Thus, both cell types have common properties with respect to
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excitability and Ca2+ signaling, but some important differences exist that are determined by
the different physiological functions these cells exert in the organism.
In this thesis research we followed an interactive approach of theory and experiment.
On the one hand, models were constructed to explain the phenomena observed in previous
experiments, while on the other hand these models revealed new experimental questions to be
answered in new experiments. In view of the promising but still immature status of our
models it seems of interest to continue this interactive approach and to add more complexity
by incorporating, for instance, intracellular Ca2+ stores, receptor activation, other second
messenger pathways and more detailed data about membrane currents. This will enable the
simulation and understanding of the highly nonlinear behavior of the signal transduction
systems and their constituting cellular and subcellular elements in more detail.
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For the functioning of an organism it is of importance that the activity of the cells and the
biochemical processes in the cells are properly coordinated. To this end, signals are
transferred continuously at the cellular level, referred to as cellular signaling. A distinction is
made between communication between cells (intercellular signaling) and the co-ordination of
processes within the cell (intracellular signaling). Cellular signaling occurs through the
exchange of signaling molecules. For intercellular signaling these are hormones, growth
factors and neurotransmitters (first messengers) and for intercellular signaling these are
among others cAMP, IP3, ATP and Ca2+ (second messengers). An important question is how
the intercellular signals from the first messengers are translated at the cell membrane into a
correct second messenger signal in the cell. In the case of Ca2+, a second messenger that is
involved in secretion, mitosis, muscle contraction and metabolism, excitability of the cell
membrane plays an important role and the electrical activity and the calcium signal are
coupled.
In this thesis the coupling between excitability and calcium signaling is investigated,
and the mechanisms that play a role in this coupling in two functional different cell types are
compared. The first model system is the melanotrope cell of the South African clawed toad
(Xenopus laevis), which secretes the hormone α-MSH. This hormone induces darkening of
the skin, which enables the animal to adapt the color of its skin to the light intensity of the
environment. The neuroendocrine MSH cells are located in the pituitary gland, and receive
neural input from brain centers that regulate the amount of hormone secretion. The second
model system is the ‘normal rat kidney (NRK) fibroblast’. These cells participate in a cellular
network that is part of the connective tissue. The various growth stages of the cells are
regulated by external signals, mainly growth factors. Under certain experimental conditions
both cell types show spontaneous electrical activity and thereto coupled spontaneous
oscillations of the intracellular Ca2+ concentration. By means of a combined experimental and
theoretical approach, in which it has been tried to simulate the experimental observations
with mathematical models, the mechanisms underlying the electrical activity and calcium
oscillations are investigated and compared with respect to similarities and differences.
In chapter 2 a mathematical model is presented that describes the spontaneous
electrical activity and the coupled Ca2+ oscillations in the Xenopus melanotrope cell,
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including all specific features. An important role is postulated for a Ca2+-dependent K+
current. In addition, the model shows how the electrical and the Ca2+ oscillation pattern can
be modulated by changing just one model parameter, for instance by the action of a first
messenger. An experimental study of the modulatory effect of a first messenger on the
excitability and the calcium signal is described in chapter 3. The neurotransmitter
secretagogue sauvagine increases the frequency and changes the shape of the calcium
oscillations and, in addition, increases the cell’s electrical activity, most likely by an
inhibiting effect on the K+ current. The role of Na+ and K+ currents in excitability is
investigated in chapter 4. Besides evidence for two Na+ currents and at least two different
biophysically characterized voltage-dependent K+ currents, there are strong indications for
the existence of the Ca2+-dependent K+ current postulated in chapter 3. In this chapter it is
also shown that voltage-dependent Na+ and K+ currents are sufficient for a rudimentary form
of excitability but that Ca2+ is required to get full and spontaneous excitability. In chapter 5
the parameter values for gating kinetics of the voltage-dependent Na+ and K+ currents, which
were determined in chapter 4, are used to reconstruct the excitability in the absence of Ca2+.
Simulations show that the various K+ currents determine the excitability of Xenopus
melanotrope cells to a large extent and that together with the Na+ current they yield a
rudimentary form of excitation. The coupling between excitability and the calcium
concentration in the NRK fibroblast is investigated in chapter 6. On the basis of the
experimentally determined ion channel parameters from previous studies, a model has been
developed that adequately simulates the strongly deviating shape of the action potential in
this cell type. In addition, the model shows that the spontaneous electrical activity of these
cells does not originate from the electrical properties of the cell membrane. These results
support the experimental indications that action potentials arise from the coupling of
excitability to an autonomous calcium oscillator. The strong coupling between neighboring
cells enables a fast propagation of the electrical and calcium signal.
In summary, this thesis shows that the coupling between excitability and calcium
signaling is important in two functional different cell types and that there exist both
similarities and differences between the underlying mechanisms. In the melanotrope cell the
coupling is important for the generation of spontaneous activity, while in NRK fibroblasts
coupling enables propagation of the calcium signal in a network. The combination of
experimental and modeling work has allowed for the quantitative testing of the postulated
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cellular mechanisms. For both cell types we now possess a basic mathematical model that
describes the coupling between electrical excitability and calcium signaling and that can be
expanded in the future to describe other aspects of cellular signaling.
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Voor het functioneren van een organisme is het van belang dat de activiteit van de cellen en
de biochemische processen in die cellen goed worden gecoördineerd. Hiertoe vindt er op
celniveau voortdurend signaaloverdracht plaats, ook wel ‘cellular signaling’ genoemd. We
onderscheiden hierbij communicatie tussen cellen (intercellular signaling) en de coördinatie
van processen in de cel zelf (intracellular signaling). Cellular signaling geschiedt via het
uitwisselen van signaalmoleculen. Bij intercellular signaling zijn dit hormonen, groeifactoren
en neurotransmitters (first messengers) en bij intracellulaire signaling zijn dit o.a. cAMP, IP3,
ATP en Ca2+ (second messengers). Een belangrijke vraag is hoe de intercellulaire signalen,
door de first messengers, op de celmembraan worden vertaald in een adequaat second
messenger signaal in de cel. In het geval van Ca2+, een second messenger die o.a. betrokken
is bij secretie, celdeling, spiercontractie en metabolisme, speelt electrische exciteerbaarheid
van het celmembraan vaak een belangrijke rol en zijn de electrische activiteit en het
calciumsignaal gekoppeld.
In dit proefschrift is de koppeling tussen exciteerbaarheid en calcium signaling
onderzocht en werden de mechanismen die hierbij een rol spelen in twee functioneel
verschillende celtypen vergeleken. Het eerste modelsysteem is de melanotrope cel van de
Zuidafrikaanse klauwpad (Xenopus laevis) die het hormoon α-MSH afgeeft. Dit hormoon
zorgt voor verkleuring van de huid waardoor het dier in staat is zijn huidstint aan te passen
aan de lichtintensiteit van de omgeving. De neuroendocriene MSH-cellen (‘melanotropes’)
liggen in de hypofyse en ontvangen neurale input vanuit hersengebieden die de mate van hun
hormoonafgifte reguleren. Het tweede modelsysteem is de ‘normal rat kidney (NRK)
fibroblast’. Deze cellen maken deel uit van een cellulair netwerk in het connectieve
bindweefsel. De verschillende groeistadia van deze cellen worden gereguleerd door externe
signalen, met name door groeifactoren. Beide celtypen vertonen onder bepaalde
experimentele omstandigheden spontane electrische activiteit en daaraan gekoppelde
spontane oscillaties van de intracellulaire Ca2+ concentratie. Door middel van een
gecombineerde experimentele en theoretische aanpak, waarin getracht is de experimentele
waarnemingen met mathematische modellen te simuleren, zijn de onderliggende
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mechanismen voor de electrische activiteit en calciumoscillaties onderzocht op
overeenkomsten en verschillen.
In hoofdstuk 2 wordt een mathematisch model gepresenteerd dat de spontane
electrische activiteit met de daaraan gekoppelde Ca2+ oscillaties in de melanotrope cel kan
beschrijven, inclusief alle specifieke kenmerken. Hierbij wordt een belangrijke rol
gepostuleerd voor een Ca2+-afhankelijke K+ stroom. Tevens laat het model zien hoe door de
verandering van één model-parameter, bijvoorbeeld de actie van een first messenger, het
electrische- en calciumoscillatie patroon kan worden gemoduleerd. Een experimentele studie
naar het modulerende effect van een first messenger op de exciteerbaarheid en het
calciumsignaal is beschreven in hoofdstuk 3. De secretie-stimulerende neurotransmitter
sauvagine verhoogt de frequentie en verandert de vorm van de calciumoscillaties en verhoogt
tevens de electrische activiteit, zeer waarschijnlijk door een inhiberend effect op de K+
stroom. De rol van Na+ en K+ stromen in de exciteerbaarheid is onderzocht in hoofdstuk 4.
Naast twee Na+ stromen en tenminste twee verschillende, biofysisch gekarakteriseerde,
voltage-afhankelijke K+ stromen zijn er sterke aanwijzingen voor het bestaan van de in
hoofdstuk 3 gepostuleerde Ca2+-afhankelijke K+ stroom. In dit hoofdstuk wordt tevens
aangetoond dat voltage-afhankelijke Na+ en K+ stromen voldoende zijn voor een rudimentaire
vorm van exciteerbaarheid maar dat Ca2+ nodig is om tot volledige en spontane
exciteerbaarheid te komen. In hoofdstuk 5 worden de in hoofdstuk 4 bepaalde parameterwaarden voor de gating-kinetiek van de voltage-afhankelijke Na+ en K+ stromen gebruikt om
in een mathematisch model de exciteerbaarheid in afwezigheid van Ca2+ te reconstrueren.
Simulaties laten zien dat de verschillende K+ stromen in belangrijke mate de exciteerbaarheid
van melanotrope cellen bepalen en dat deze samen met de Na+ stroom inderdaad een
rudimentaire vorm van exciteerbaarheid opleveren. De koppeling tussen exciteerbaarheid en
de calciumconcentratie in de NRK fibroblast is bestudeerd in hoofdstuk 6. Een model werd
ontwikkeld op basis van de experimentele ionenkanaal-parameters die reeds uit eerdere
studies bekend waren. De sterk afwijkende vorm van het actiepotentiaal in dit celtype kon
adequaat gesimuleerd worden. Tevens laat het model zien dat de spontane electrische
activiteit die in deze cellen optreedt niet het gevolg is van de electrische eigenschappen van
de celmembraan. Deze resultaten ondersteunen de experimentele aanwijzingen dat
actiepotentialen ontstaan doordat exciteerbaarheid gekoppeld wordt aan een autonome
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calciumoscillator. De sterke electrische koppeling tussen naburige cellen maakt een snelle
voortplanting van electrische en calciumsignalen mogelijk.
Kort samengevat laat dit proefschrift zien dat de koppeling tussen exciteerbaarheid en
calcium signaling belangrijk is in twee functioneel verschillende celtypen, en dat er
overeenkomsten maar ook verschillen zijn in de onderliggende mechanismen. Bij de
melanotrope cel is de koppeling belangrijk voor het genereren van spontane activiteit, terwijl
de koppeling bij NRK fibroblasten zorgt voor de voortplanting van het calcium signaal in een
netwerk. De combinatie van experimenteel en theorethisch (modelleer) werk heeft er voor
gezorgd dat de cellulaire mechanismen op een kwantitatieve manier konden worden getoetst.
Voor beide celtypen beschikken we nu over een mathematisch basismodel dat de koppeling
tussen electrische exciteerbaarheid en calcium signaling beschrijft en dat in de toekomst kan
worden uitgebreid om andere aspecten van cellulaire signaling te beschrijven.
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