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Abstract In this paper a modular model of the GnRH neu-
ron is presented. For the aim of simplicity, the currents cor-
responding to fast time scales and action potential genera-
tion are described by an impulsive system, while the slower
currents and calcium dynamics are described by usual ordi-
nary differential equations (ODEs). The model is able to re-
produce the depolarizing afterpotentials, afterhyperpolariza-
tion, periodic bursting behavior and the corresponding cal-
cium transients observed in the case of GnRH neurons.
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1 Introduction

Gonadotropin-releasing hormone (GnRH) is a fundamental
central element in the regulation of the reproductive sys-
tem in vertebrates. GnRH is secreted by GnRH neurons,
hypothalamic neuroendocrine cells, the activity of which is
controlled by a neuronal pulse generator possibly located
in the arcuate nucleus (Navarro et al., 2009; Lehman et al.,
2010). The pulsatile release of GnRH, which is closely asso-
ciated with concurrent increases in multiunit electrical activ-
ity in the mediobasal hypothalamus (Knobil, 1980; Conn &
Freeman, 2000), is driven by the activity of GnRH neurons,
characterized by bursts and prolonged episodes of repetitive
action potentials (APs). The correlation of action potential
bursts with oscillatory increases in intracellular Ca2+ has
been shown in the case of GT1 cells (hypothalamic GnRH
neurons immortalized by genetically targeted tumorigene-
sis) (Constantin & Charles, 1999) as well as in the case
of green fluorescent protein (GFP) tagged GnRH neurons
(Spergel et al., 1999) from hypothalamic slices (Lee et al.,
2010).

Several in vitro experiments have shown, that the secre-
tory activity of GnRH cells is determined by changes in cy-
tosolic Ca2+ concentration (Stojilkovic et al., 1994), which
plays a central role in the signal transduction processes that
lead to exocytosis. GnRH secretion from perifused GT1 and
hypothalamic cells is reduced by L-type Ca2+ channel in-
hibitors and augmented by activation of voltage-gated Ca2+

channels (Krsmanovic et al., 1992).
A couple of models have been constructed so far to de-

scribe the ionic currents and short term (considering scales
of milliseconds) general electrophysiological (Csercsiket
al., 2010), and dendritic properties (Roberts et al., 2006;
Roberts, Hemond, & Suter, 2008; Roberts et al., 2009) of
GnRH neurons based on measurements performed on cells
from hypothalamic slices. Other mathematical models (LeBeau
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et al., 2000; Van Goor et al., 2000; Fletcher & Li, 2009)
have been proposed to explain experimental data obtained
on GT1 cells. These models focus mainly on the autocrine
regulation by GnRH through adenylyl cyclase and calcium
coupled pathways.

Bursting behavior of GnRH neurons (Kuehl-Kovarik et
al., 2005), which is likely connected to cytosolic Ca2+ tran-
sients and changes when endocrine status is altered, has been
in the focus of interest in the past years. The model described
in (Fletcher & Li, 2009), which is based on data originat-
ing from GT1 cell lines, incorporates an apamin sensitive
channel, which is able to terminate bursting behavior during
IP3 gated Ca2+ transients. This model also assumes a "store
operated" calcium current. The mechanism of apamin sen-
sitive hyperpolarization has been verified also in the case of
hypothalamic cells (Lee et al., 2010). However the bursting
patterns, and the corresponding Ca2+ transients are signif-
icantly different in the case of hypothalamic neurons (as it
is described in (Lee et al., 2010), in most of the time - be-
tween bursts - neither calcium transients, nor action currents
corresponding to APs appear).

A recently published paper (Lee et al., 2010), which is
based on simultaneous loose-patch recordings and calcium
imaging, aims the description of bursting behavior via Ca2+

dependent potassium currents. The bifurcation analysis of
the model can be found in (Duan et al., 2011). The loose-
patch recording measurement method can be considered as
the one influencing the cell’s interior Ca2+ dynamics at least.
In addition the authors form a mathematical model to demon-
strate that Ca2+ dependent potassium currents may control
the bursting behavior. The aims of our present work are to
simplify this model and also to simultaneously incorporate
one active and one passive dendritic compartment (to make
it able to describe dendritic AP generation (Roberts, Hemond,
& Suter, 2008) in bipolar GnRH neurons), and a current
corresponding to a possible mechanism which has not been
taken into account in the original model (Lee et al., 2010).
This mechanism is the assumedCa2+ dependent regulation
of sodium channels which, as we will show later, makes the
model able to explain depolarizing afterpotentials (DAPs or
afterdepolarizations ADPs). DAPs are considered an impor-
tant characteristic feature of the electrophysiological behav-
ior of GnRH neurons (Chu & Moenter, 2006), which con-
tribute to bursting behavior (Kuehl-Kovarik et al., 2005).
The simplification of the model framework takes place via
the application of the ’simple model’ described in (Izhikevich,
2005). This approach has the benefit, that it can describe
subthreshold behavior and the depolarizing phase of AP gen-
eration with only an amplifying and a resonant variable,
which is the minimal model of excitability. In addition, the
number of parameters is significantly lower compared to the
case of a detailed conventional Hodgkin-Huxley type model
(Csercsik et al., 2010). The tradeoff is that we are not able to

handle the appearing voltage gated currents separately (ex-
cept for the calcium current, as we will see, which has a
leading role in the model).

1.1 Characteristic features to be described by the model

The above mentioned experimental observations indicate im-
portant characteristic features of GnRH neurons, which should
be reproduced by the model. In particular, these are as fol-
lows.

1. The model should be able to approximately reproduce
the shape of action potentials (APs), and excitability prop-
erties observed in GnRH neurons originating from hy-
pothalamic slices (Sim et al., 2001; Chu & Moenter, 2006;
DeFazio & Moenter, 2002; Csercsik et al., 2010). Fur-
thermore, the model should be able to reproduce den-
dritic AP generation (Roberts, Campbell, et al., 2008).

2. The model should be able to describe DAPs (Kuehl-
Kovarik et al., 2005; Chu & Moenter, 2006), because we
suppose that DAPs significantly contribute to bursting
behavior (Kuehl-Kovarik et al., 2005).

3. The model should reproduce long lasting hyperpolariz-
ing currents and afterhyperpolarization (AHP), regulat-
ing interburst intervals (Lee et al., 2010).

4. The model should be able to reproduce typical bursts
observed in GnRH neurons (Kuehl-Kovarik et al., 2005;
Lee et al., 2010), and the corresponding calcium tran-
sients (Lee et al., 2010).

If we consider that APs appear on the scale of millisec-
onds, while DAPs and periodic bursting behavior can be ob-
served in the scale of seconds and tens of seconds, we have
to note that the above requirements imply that the model
should perform acceptable on different time scales. In addi-
tion, the mathematical implementation has to be as simple as
possible for the model to remain computationally feasible.

2 Electrophysiology

In the following subsections the electrophysiological method-
ology and measurements are described.

2.1 Animals

Adult, male GnRH-green-fluorescent protein (GnRH-GFP) transgenic
mice (kind gift of Dr. Suzanne Moenter) bred on a C57Bl/6J genetic
background were used for the electrophysiological experiments. In this
animal model, a GnRH promoter segment drives selective GFP expres-
sion in the majority of GnRH neurons (Suter et al., 2000). Theanimals
were housed in light (12:12 light-dark cycle, lights on at 07:00h)- and
temperature (22± 2oC) controlled environment, with free access to
standard food and tap water. All studies were carried out with the per-
missions of the Animal Welfare Committee of the Institute ofExper-
imental Medicine Hungarian Academy of Sciences (No.: A5769-01)
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and were in accordance with legal requirements of the European Com-
munity (Decree 86/609/EEC).

2.2 Brain slice preparation and recording

Brain slices were prepared as described earlier (Farkas et al., 2010).
Briefly, mice were killed by cervical dislocation. The brainwas re-
moved rapidly and immersed in ice cold artificial cerebrospinal fluid
(aCSF; in mM: NaCl 135, KCl 3.5, NaHCO3 26, MgSO4 1.2, NaH2PO4
1.25, CaCl2 2.5, glucose 10) which had been bubbled with a mixture
of 95% O2 and 5% CO2. Hypothalamic blocks were dissected and 300
µm (for whole cell patch clamp) or 450µm (for loose-patch record-
ings) thick coronal slices were prepared at the level of the medial sep-
tum/preoptic area with a vibratome in ice-cold oxygenated aCSF. The
slices containing the preoptic area were bisected along themidline and
equilibrated in aCSF saturated with O2/CO2 at room temperature for 1
h. During recording, the brain slices were oxygenated by bubbling the
aCSF with O2/CO2 gas at 33oC. Axopatch 200B patch-clamp ampli-
fier, Digidata-1322A data acquisition system, and pCLAMP 9.2 soft-
ware (Molecular Devices Co., USA) were used for recording. GnRH-
GFP neurons were identified by brief illumination at 470 nm using an
epifluorescent filter set, based on their green fluorescence (Suter et al.,
2000).

2.2.1 Morphology of GnRH neurons

As described in (Campbell et al., 2005), biocytin filling experiments in
GnRH neurons revealed that majority (about 65%) of GnRH neurons
exhibit a bipolar morphology. Regarding our measurements,while the
typical bipolar morphology of GnRH-GFP neurons was also obvious
in most of our recorded cells, in other cases it was not possible to de-
termine cell morphology in the absence of biocytin filling.

2.3 Whole-cell recording of GnRH neurons

Slices were transferred to the recording chamber, held submerged, and
continuously superfused with oxygenized aCSF. All recordings were
made at 33◦C.

GnRH-GFP neurons were identified in the acute brain slices by
their green fluorescence.

The electrodes were filled with intracellular solution (in mM): 140
KCl, 10 HEPES, 5 EGTA, 0.1 CaCl2, 4 MgATP, 0.4 NaATP, pH 7.3
with NaOH. Resistance of patch electrodes was 2-3 MΩ . Holding po-
tential was -70 mV, near the average resting potential of theGnRH
cells. Pipette offset potential, series resistance and capacitance were
compensated before recording.

2.3.1 Recording of action potentials

Current clamp measurements were performed on 5 cells with depolar-
izing current steps of various amplitudes. The holding current was 0
pA. The injected current (30 pA, 200 ms) was appropriate to evoke
APs in most of the cells. The 30 pA traces of the cells are depicted in
Fig. 1.

2.3.2 Recording of spontaneous postsynaptic currents
(sPSCs)

The cells were voltage-clamped at a holding potential of -70mV. The
recorded postsynaptic current traces are depicted in Fig. 1.

As it is described in (Farkas et al., 2010), the postsynapticcurrents
measured in this configuration correspond to GABAa receptoractiva-
tion, which, although there are some controversial results(Han et al.,
2002, 2004), is assumed to affect adult GnRH neurons in an excitatory
way (DeFazio et al., 2002; Moenter & DeFazio, 2005; Watanabeet
al., 2009; Yin et al., 2008). Although there are other types of (mainly
glutamate mediated) synaptic inputs to GnRH neurons (Suter, 2004;
Kuehl-Kovarik et al., 2002), measurements of postsynapticcurrents in
this configuration usually fail to detect these glutamatergic excitatory
currents. Partly, this can be related to the technical issue, that gluta-
matergic input is often received by distal dendrites, whichmay exert
lower effect on the recordings from cell bodies.

2.4 Loose-patch-clamp experiments

In loose-patch method, the recording pipette is attached loosely to the
extracellular surface of the cell membrane and thus the composition
of the pipette solution is similar to that of the extracellular solution.
We were interested in the spontaneous firing of the cell, therefore, the
pipette potential was set to 0 mV the potential of the extracellular so-
lution. Using loose-patch method, electrical discharges called action
currents were recorded. Action current is the membrane current asso-
ciated with action potential firing.

Recording of action current firing of GnRH neurons was carried
out as described earlier (Farkas et al., 2010). Briefly, recordings were
carried out in aCSF bubbled with O2/CO2 gas at 33oC. Pipette potential
was 0 mV, pipette resistance 1-2 MΩ , resistance of loose-patch seal
7-40 MΩ . Composition of the pipette solution was the following (in
mM): NaCl 150, KCl 3.5, CaCl2 2.5, MgCl2 1.3, HEPES 10, glucose
10 (pH=7.3 with NaOH). The recorded action current traces, on which
the burst firing patterns can be clearly seen, are shown in Fig. 1.

Analysis of burst firing revealed a mean burst duration of 2.5±0.9
s, mean spikes-per-burst of 6±3, mean interburst interval of 16.4±7
s, mean interspike interval of 519±182 ms, and a mean number of
1.3±1.26 single (not belonging to any bursts) spikes. During theanaly-
sis, neighboring spikes were considered to belonging to thesame burst
if they were less then 1.5s apart from one another. These values are in
good agreement with the statistical data published in (Lee et al., 2010)
regarding loose-patch experiments.

3 Model description

In the following subsections the modelling assumptions and
the implied model equations are described. The model pa-
rameters can be found in the appendix.

3.1 Membrane voltage sub-model

Considering earlier results that underline the importanceof
dendritic mechanisms in the case of GnRH neurons (Campbell
et al., 2009; Roberts et al., 2006; Roberts, Hemond, & Suter,
2008) which may contribute to the description of AP gener-
ation (Roberts, Campbell, et al., 2008), bursting (Izhikevich,
2005) and DAPs (Roberts et al., 2009), we take into account
an active dendritic compartment. Furthermore, because the
majority of our measurement data originates from bipolar
GnRH neurons, a second, passive dendritic compartment is
also incorporated in the model. This will allow us to study
the somato-dendritic interactions in the model, without the
needs for more complex spatial models and morphological
considerations (see eg. (Roberts et al., 2009)). In contrast
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Fig. 1 Electrophysiological measurement resultsa) The 30 pA current
clamp (CC) traces of 5 different cells. The resting potential values of
the cells were: -71, -69.2, -73, -79, and -53 mV, from top to bottom.
The mean number of APs was 2.8.b) GABA mediated postsynaptic
currents of 8 different cells measured at a holding potential of -70 mV.
c) Traces of action currents from 7 GnRH-GFP neurons revealingburst
firing in loose-patch configuration.

to the models described earlier (Csercsik et al., 2010; Lee
et al., 2010; Roberts et al., 2009), we do not describe the
voltage dependent ionic currents separately via the modu-

lar Hodgkin-Huxley framework, but we use an integrated
approach. Based on (Izhikevich, 2005), to describe action
potential generation, we use the following impulsive system
(Bainov & Simeonov, 1989) for the characterization of the
membrane potential and voltage gated inactivation currents
for the somatic compartment

Cv̇ = k(v− vr)(v− vt)+ cs(v
d − v)+

+cps(v
pd − v)−u+(1− (rd + rpd))∑ I + Is

in j

u̇ = a(b(v− vr)−u) (1)

i f v≥ vpeak, then v ← c, u ← u+d

For the active and passive dendritic compartments, the equa-
tions are:

Cd v̇d = kd(vd − vd
r )(v

d − vd
t )+ cd(v− vd)−ud + rd ∑ I + Id

in j

u̇d = ad(bd(vd − vd
r )−ud) (2)

i f vd ≥ vd
peak, then vd ← cd , ud ← ud +dd

Cpd v̇pd = cpd(v− vd)+ rpd ∑ I + Ipd
in j

where C is the capacitance [pF],v [mV] denotes the (so-
matic) membrane potential,u [pA] is used for the notation
of voltage-gated inactivation currents.vr [mV] and vt [mV]
denote the resting and threshold potentials, respectively. In
addition tovr andvt , the parametersk > 0, a > 0 andb > 0
[pA/mV] correspond to the geometry of nullclines in the
neighborhoodof the resting state (as described in (Izhikevich,
2005)). The upper indexd in general refers to the same quan-
tities in the case of the active dendritic compartment. The
voltage and capacitance of the passive dendritic compart-
ment are denoted with the upper indexpd. cs > 0 andcd > 0
[pa/mV] correspond to the coupling between the somatic
and the active dendritic compartment, andcps > 0 andcpd >
0 describe the coupling between the soma and the passive
dendrite.c [mV], and d > 0 [pA] are the parameters of the
voltage triggered impulsive effect (voltage reset).∑ I cor-
responds to the sum of calcium dependent currents (which
are described later). As it is described in the review article
(Verkhratsky, 2005), the endoplasmic reticulum (ER), which
significantly contributes to Ca2+ transients, extends from
the nucleus and the soma to the dendritic arborization and,
through the axon, even to presynaptic terminals. According
to this, we will assume that a fraction of 0< (rd + rpd)< 1
of Ca2+-dependent currents appear in the dendritic compart-
ments, whereas the rest(1− (rd + rpd)) flows in the soma.
Additional currents injected to the somatic or to the dendritic
compartment are described byIs

in j, Id
in j, I pd

in j.

3.2 Voltage dependent calcium currents

As stated before, we do not take into account all of the differ-
ent voltage dependent currents separately. However, voltage
dependent Ca2+ currents have significant importance in the
model, because they basically contribute to the intracellular
Ca2+ dynamics. It is known that many subtypes of voltage
dependent Ca2+ channels can be found in GnRH neurons
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(see eg. (Kato et al., 2003; Herbison et al., 2001; Watan-
abe et al., 2004; Krsmanovic et al., 1992; Nunemaker et al.,
2003)). Although these channels exhibit different dynami-
cal features, to keep the model as simple as possible, we try
to describe their overall contribution with single Hodgkin-
Huxley type ion channel model.

We will assume, that the effect of voltage dependent cur-
rents on the membrane potential is included in eq. 1, which
means that we will not take them into account separately in
the equations corresponding to the membrane voltage sub-
model. They will describe how the voltage submodel affects
the calcium submodel. For the aim of simplicity, we will
take into account voltage dependent Ca2+ currents only in
the somatic compartment. If we wanted to take into account
Ca2+ currents also in the dendritic compartments, Ca2+ con-
centrations, and the corresponding dynamics of ER and IP3
signaling would have to be modelled in the dendrites also,
which would mean several further state variables, and pa-
rameters. The equations describing the dynamics of the volt-
age dependent Ca2+ currents are the following

ICa = gCam2
Cah2

Ca(v−ECa)

ṁCa =
m∞

Ca−mCa

τm
Ca

ḣCa =
h∞

Ca−hCa

τh
Ca

(3)

where the steady-state values (mCa∞ and hCa∞) and volt-
age dependent time constants (τm

Ca andτh
Ca) are described by

Boltzmann and Gauss type functions, as usual.

m∞
Ca =

1

1+ e
V1/2mCa

−v

KmCa

h∞
Ca =

1

1+ e
V1/2hCa

−v

KhCa

τm
Ca = Cm Ca

base +CmCa
amp exp

(

−(Vmax m Ca− v)2

σ 2
mCa

)

τh
Ca = Ch Ca

base +ChCa
amp exp

(

−(Vmax h Ca− v)2

σ 2
hCa

)

(4)

As we can see, the voltage dependent transmembrane Ca2+

currents depend on the membrane potential of the soma.
The reversal potential of Ca2+ is described via the Nernst

equation
ECa = 31log10(cext/c)

wherecext is the external Ca2+ concentration, which is as-
sumed to be constant, andc is the concentration of Ca2+ in
the cytosol.

3.3 Calcium sub-model

GnRH neurons display Ca2+ transients, driven primarily by
their burst firing (Jasoni et al., 2010).

If the calcium, which enters the cell via voltage depen-
dent Ca2+ currents, exceeds a certain concentration thresh-
old, it may trigger an inositol-triphosphate (IP3) dependent
Ca2+ transient (Finch et al., 1991), which is related to the
IP3 gated efflux of Ca2+ from the endoplasmic reticulum
(ER) to the cytosol. This means that the Ca2+ submodel
of the system is also excitable. To model the mechanisms

which ensure this important property, we take two Ca2+ com-
partments into account, one corresponding to the cytosol,
and one corresponding to the ER as proposed earlier (Lee et
al., 2010).

We assume that the calcium dynamics are influenced by
the Ca2+ currents of the somatic compartment (as described
in 3.2, the voltage dependent Ca2+ currents are taken into
account only in this compartment). The assumed calcium
fluxes between the cytosol, the endoplasmic reticulum (ER),
and the extracellular space are summarized in Fig. 2. Con-
sidering the calcium submodel, we mainly rely on the model
described in (Lee et al., 2010).

Endoplasmic 
Reticulum

Cytosol

JSERCA

JIP3R

Ca2+

Ca2+

JIN

JPM

Fig. 2 Calcium fluxes of the model.

According to the Ca2+ fluxes defined in Fig. 2, the differ-
ential equations describing the Ca2+ concentration in the cy-
tosol (c [µM]) and in the endoplasmic reticulum (ce [µM])
will take the form

ċ = JIP3R− JSERCA +ρ(JIN − JPM) ċe = γ(JSERCA− JIP3R) (5)

whereρ andγ correspond to the volume ratio of the various
compartments. The fluxes are the following:

– JIP3R [µM ms−1] denotes the Ca2+ flux from the endo-
plasmic reticulum (ER) to the cytosol via inositol 1,4,5-
triphosphate (IP3) gated Ca2+ channels. In addition to
the intracellular messenger IP3, the functioning of these
channels is regulated also by cytosolic calcium. We sup-
pose that each functional unit of the homotetramer IP3
receptor (IP3R) on the membrane of the ER is composed
of an IP3-binding activation domain, a Ca2+-binding ac-
tivation domain, and Ca2+-binding inactivation domain.
It is assumed that for the opening of the channel, at least
three of the four such units have to be in the activated
state. This will cause Ca2+ to enhance the IP3R gated
channel opening at lower concentrations, and inhibit it
at high concentrations (Bezprozvanny et al., 1991; Finch
et al., 1991; Parker & Ivorra, 1990). According to these
assumptions, and considering the model described in (Li
& Rinzel, 2010),JIP3R takes the following form:

JIP3R = (K f

((

IP3
IP3+Ki

)(

c
c+Ka

)

y

)3

+ Jer)(ce− c) (6)

whereK f > 0 [ms−1] is the maximal conductance of the
IP3 coupled current,IP3 is the IP3 concentration [µM],
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Ki > 0 [µM] is the dissociation constant correspond-
ing to IP3 and the IP3-binding activation-domain of the
IP3R.Ka [µM] is the dissociation constant correspond-
ing to Ca2+ and the Ca2+-binding activation-domain of
the IP3R.y is the ratio of the free (unbound)Ca2+-binding
inactivation domains of IP3R, described by the differen-
tial equation: ˙y= A(Kd(1−y)−cy), whereKd > 0 [µM]
is the dissociation constant corresponding to Ca2+ and
the Ca2+-binding inactivation-domain of the IP3R and
A > 0 [µM−1 ms−1] is constant. At this initial state of
model development, we suppose the IP3 concentration
to be constant. Later the model can be extended with
the description of phospholipase-C dependent signaling
mechanisms (for eg. GnRH autoregulation), which influ-
ence this value.

– JSERCA [µM ms−1] denotes the calcium flux related to
the sarco/endoplasmic reticulum Ca2+-ATPase, which
pumps the Ca2+ from the cytosol to the ER, opposite to
the driving force of the concentration gradient (physio-
logical [Ca2+] in the cytosol is about 0.05-0.2µM, a few
hundredµM in the ER, and few mM in the extracellular
medium).

JSERCA = Prate
c−a1ce

a2+a3c+a4ce +a5cce
(7)

where the positive parametersPrate, a1 (which are di-
mensionless) anda2,a3,a4 [ms] anda5 [ms/µM]describe
the dependence of pumping efficiency on cytosolic and
ER [Ca2+].

– JIN [µM ms−1] denotes the Ca2+ flux from outside to
inside of the cell.JIN = −αICa where the constantα
[µM ms−1 pA−1] corresponds to the cell volume, and
describes how much the cytosolic calcium concentration
is influenced by the transmembrane current.ICa [pA] de-
notes the voltage dependent Ca2+ current described by
the equation 3.

– JPM [µM ms−1] denotes the active Ca2+ transport (op-
posite to the driving force of the concentration gradient)
through the plasma membrane. It consists of two terms,
one corresponding to the Ca2+ ATPase, and the other
corresponding tho the Na+-Ca2+ exchanger

JPM =VP
c2

c2+K2
P

+VNaCa
c4

c4+K4
NaCa

(8)

whereVP [µM ms−1], KP [µM], VNaCa [µM ms−1] and
KNaCa [µM] are the positive parameters of this flux.

3.4 Calcium dependent currents

As it was foreshadowed, the term∑ I in equation 1 stands
for the Ca2+ dependent currents. In addition to the voltage
dependent calcium currentICa, these currents mean the con-
nection between the voltage and the calcium submodel. The
Ca2+ dependent currents are as follows.

3.4.1 ISK

ISK denotes the fast activating, apamin-sensitive potassium
current, which mediates medium and long duration AHPs.
Based on (Lee et al., 2010), the equation of this current is

ISK = gSK
c3

c3+K3
SK

(v−EK) (9)

wheregSK [nS] is the maximum conductance,KSK [µM] de-
scribes the Ca2+ dependence, andEK [mV] is the constant
equilibrium potential of potassium. As we can see, this cur-
rent owns no dynamical variables, its value can be explicitly
expressed from the actual cytosolic Ca2+ level.

3.4.2 IUCL

IUCL denotes the UCL2077-sensitive slow activating potas-
sium current, responsible for long duration AHP-s. The equa-
tion taken from (Lee et al., 2010) is

IUCL = gUCL(OUCL +O∗UCL)(v−EK) (10)

whereOUCL and O∗UCL (corresponding to open states of the
channel) are governed by the kinetic equations of the system
depicted in (Lee et al., 2010).

dSUCL

dt
= −c k+1 SUCL + k−1 OUCL + k+3 O∗UCL

dOUCL

dt
= c k+1 SUCL− k−1 OUCL− k+2 OUCL

dO∗UCL

dt
= k+2 OUCL− k+3 O∗UCL

3.4.3 IDAP

It has been shown (Chu & Moenter, 2006) that DAPs, which
contribute to bursting (Kuehl-Kovarik et al., 2005), observed
in the case of GnRH neurons are TTX dependent. Further-
more, in (Chu & Moenter, 2006) it has been shown, that the
broadspectrum calcium channel blocker cadmium reduced
the amplitude of DAP by 60%, although it has not reduced
the amplitude of the corresponding currentIDAP. The authors
raise the possibility that this influence of DAP amplitude is
caused through the modulation of calcium activated potas-
sium currents. However, it can be speculated that the block-
ade of calcium channels would result in the disappearance of
calcium activated potassium currents, which wouldincrease
the amplitude of the DAP.

In addition, there are literature results, which point out
that DAPs in other neurons have turned out to be calcium-
dependent (Friedmana et al., 1992; Mayer, 1984; Morita &
Barret, 1989; Caeser et al., 2006; Ghamari-Langroudi& Bourque,
1998; Teruyama & Armstrong, 2007). Some of these results
describe especially sodiumand calcium dependent DAPs
(Friedmana et al., 1992) (as we also assume), and results,
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which describe calcium dependent DAPs in neuroendocrine
cells (Ghamari-Langroudi & Bourque, 1998; Teruyama &
Armstrong, 2007) can also be found.

Altogether the results described in the above articles sup-
port the hypothesis, that calcium dependent mechanisms can
stand behind the DAP.

In this paper we will assume that the regulation of Na+

channels takes place trough Ca2+ dependent mechanisms.
As it is described in (Cantrell & Catterall, 2001), theα sub-
units of sodium channels are exceptionally good substrates
for phosphorylationby cAMP-dependent protein kinase (PKA).
It can be assumed that through Ca2+ sensitive cyclases, this
process is Ca2+ dependent. In contrast, the activation of the
Ca2+ dependent phosphatase calcineurin causes dephospho-
rylation of the channels (Cantrell & Catterall, 2001). Fur-
thermore in GT-1 cells, cyclic nucleotide gated non-selective
cation channels have been described (Vitalis et al., 2000;
Charles et al., 2001), which may also be related to Ca2+

dependent currents.
According to these mechanisms, we will assume a sodium

current, the activation and inactivation of which are both
Ca2+ dependent. Such a current would explain DAPs, and
would contribute to bursting behavior. In addition, we will
assume that the time constants of the activation and inactiva-
tion processes are different, and we will describe these pro-
cesses with a formalism similar to Hodgkin-Huxley equa-
tions. The equation reads

IDAP = gDAPmDAPhDAP(v−ENa) (11)

wheregDAP [nS] is the maximal conductance,mDAP and
hDAP are the activation/inactivation variables of the current,
and ENa is the reversal potential of sodium, which is as-
sumed to be constant. The activation and inactivation vari-
able is described by

ṁDAP =
m∞

DAP−mDAP

τm
DAP

ḣDAP =
h∞

DAP−hDAP

τh
DAP

(12)

m∞
DAP =

cnDAP m

cnDAP m +KnDAP m
DAP m

(13)

h∞
DAP = ADAP hexp(−c/sDAPh ) (14)

τm
DAP andτh

DAP are assumed to be constant.

3.5 Model structure

We can summarize the connections of the various sub-models,
as depicted in Fig 3.

It has to be noted that the modular structure ensures the
benefit, that certain modules (sub-models) may be substi-
tuted by different or more detailed elements in the future.

Membrane voltage sub-model

Somatic 
compartment

v, u

Somatic input

Voltage 
Dependent Ca2+ 

currents (ICa)

Calcium sub-model
c, ce, y

c
Submodel of 

Calcium dependent currents
SUCL, OUCL, O*UCL 

mDAP, hDAP

Calcium Dependent  
currents (ISK,IUCL,IDAP)

Active
dendritic 

compartment
vd, ud

Passive
dendritic 

compartment
vpd

Dendritic input to 
passive dendrite

Dendritic input to 
active dendrite

Fig. 3 The modular structure of the model, with the state variables,
and the currents connecting their dynamics.

4 Results and Discussion

4.1 Membrane voltage sub-model and somato-dendritic
interactions

The firing patterns measured in whole cell configuration served
as a basis for the determination of the parameters of the
membrane voltage sub-model. Furthermore, the results pub-
lished in (Roberts, Campbell, et al., 2008) were taken into
account, mainly corresponding to somato-dendritic and dendro-
somatic interplay.

The measured firing pattern of a representative cell (cell
1), and the simulated APs of the model in response to 30 pA
can be seen in Fig. 4.

According to the simplicity of the voltage submodel,
which describes AP generation and hyperpolarization, one
can not expect the model to perfectly describe the shape of
APs, and interspike patterns. However the width of APs (ap-
proximately 1.5 ms at -30 mV), which is acceptably matched,
is critical from the point of view of voltage dependent cal-
cium currents (see the section 3.2), which are fundamen-
tal in the determination of intracellular Ca2+ dynamics. Re-
garding the excitability properties, as it can be seen in Fig.
4, the model produces 4 APs in response to a 200 ms long
30 pA current step, which is not far from the average AP
number observed in experimental data (2.8) corresponding
to this current injection protocol. Furthermore the character-
istic sub-baseline hyperpolarization is also reproduced.

As it is described in (Roberts, Campbell, et al., 2008),
GnRH neurons are capable of dendritic AP generation (in
fact, during the measurements described in this article allen-
dogenous APs were detected first at the dendritic site), and
somatic and dendritic APs initiate each other in a bilateral
way.

In Fig. 4 simulation results can be seen that demonstrate
the somato-dendritic interactions. First, as depicted in Fig.
4b, a dendritic AP is generated with a 5 ms 45 pA pulse of
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dendritic injected current, which initiates a somatic AP. Sec-
ond (4 c), a protocol similar to the one described in (Roberts,
Campbell, et al., 2008) (see Fig. 2) is used to evoke somatic
APs, which initiate dendritic firing. According to the model
simulations, the both the latency from the active dendriticto
the somatic compartment is about 1 ms, while the average
latency from the soma to the dendrite is about 0.8 ms, which
values are in good agreement with the results regarding the
time range of these values (0.37 ms and 0.45 ms) in the case
of 250 µm distance between the soma and the dendrite in
(Roberts, Campbell, et al., 2008).

4.1.1 Voltage dependent calcium current

As mentioned in section 3.2, the voltage dependent Ca2+

current acts as a critical input to the submodel describing
Ca2+ dynamics. The determination of the parameters of this
current was based on literature data to obtain realistic dy-
namical properties of this current.

The parameters of the Hodgkin-Huxley channel describ-
ing the voltage gated Ca2+ currents were determined to qual-
itatively match the voltage clamp results published in (Kato
et al., 2003). The parameters of the model were adjusted
to approximate the voltage dependence of the peak current
corresponding to the results of the voltage step protocol de-
scribed in (Kato et al., 2003). The peak currents of model
simulation are compared to experimental data (Kato et al.,
2003) in Fig. 5a. According to the simplifying assumption
of one channel, the match can be considered acceptable.

4.2 Calcium dependent potassium currents and AHP

The parameters of the calcium dynamics and the calcium
dependent potassium currents were determined to approxi-
mately reproduce the results corresponding to these currents
in (Lee et al., 2010), based mainly on the model published
in this article. To analyze these currents, the same voltage
clamp protocol was used on the model as described in the
above article: from -60 mV holding potential a single volt-
age step to 40 mV was applied for 600 ms. The results are
depicted in Fig 5c. Comparing Fig 5 to Fig. 5a and c in (Lee
et al., 2010), it can be said that the time courses of these
currents show good agreement with experimental data.

To analyze the afterhyperpolarization due to calcium de-
pendent potassium currents, similar to the protocol described
in (Lee et al., 2010), four action potentials were evoked by
somatic current injections (3ms wide pulses of 200 pA, and
40 ms between pulses), as depicted in Fig 6. This simulation
of the current clamp experiment was performed with nor-
mal parameters, and then with the blocking ofISK andIUCL

which correspond to the effect of apamin and UCL2077 re-
spectively. It can be said that the qualitative effect of the

50 mV

-59 mV

-70 mV

a

-100 mV

0 mV

0 mV

-100 mV

0 mV

-100 mV

45 pA

v

vd

vpd

Iinj
s=0

iinj
d

b

-100 mV

0 mV

0 mV

-100 mV

0 mV

-100 mV

30 pA

v

vd

vpd

iinj
s

iinj
d=0

c

Fig. 4 a)Firing pattern of the model (somatic membrane potential) and
of a representative cell (firing frequency, depolarizationand hyperpo-
larization amplitudes close to average) recorded in whole cell config-
uration, in response to 30 pA somatic current injection.b) Simulation
results of dendritic AP generation in the active dendrite and propaga-
tion to the soma: Top: somatic membrane potential (v) and injected
current (isin j), down: membrane potential and injected current of the ac-

tive dendritic compartment (vd andidin j), and membrane potential of the

passive dendritic compartment (vpd ). c) Simulation results of somatic
AP generation and propagation to dendrite - notations as above. b) -
c) APs generated in the dendrite via dendritic current injection initiate
somatic APs, and vice versa.

hyperpolarizing currents is in good agreement with the ex-
perimental results described in (Lee et al., 2010). As it can
be seen in Fig 6a,ISK has significant effect on the depolar-
ization in the early stages, whileIUCL has a more sustained
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Fig. 5 a) Simulated voltage clamp traces and peak values of voltage
gated Ca2+ currents. Peak values are depicted as function of step po-
tential. Experimental data and model simulation.b) Simulated traces
of Ca2+ dependent currents after 600 ms depolarizing voltage step.

effect. According to model simulations,IUCL showed a sig-
nificant level of activity at rest, and its blockade also raises
the resting potential (from about -61 mV to approximately
-58 mV).

In addition, it has to be noted that in the case of these
simulations of the afterhyperpolarizationphenomena (corre-
sponding to Fig 6a) the Ca2+ dependent depolarizing current

IDAP has been also blocked. The reason for this modification
was that without the regulating effect of hyperpolarizing cur-
rents,IDAP was shown to be able to evoke additional APs.
These APs would modify the calcium dynamics and so via
the modifications of hyperpolarizing currents, this results in
incomparable voltage traces.

4.3 Calcium dependent sodium currents and DAP

To study the DAP caused by the calcium dependent sodium
current of the model, the protocol described in (Chu & Moen-
ter, 2006) was used: 1-4 APs were evoked via somatic cur-
rent injection pulses, and the DAP was analyzed. Apart from
the depolarizing current pulses, which initiate the APs, a
constant hyperpolarizing current was used to keep the mem-
brane potential around -70 mV to render the results compa-
rable to (Chu & Moenter, 2006). Fig. 6 depicts the DAPs,
the underlying changes in cytosolic Ca2+ concentration and
IDAP corresponding to various numbers of the preceding APs.

As we can see, the amplitude of the DAP increases with
the number of the preceding APs, as described in (Chu &
Moenter, 2006). The quantitative value of the DAP ampli-
tudes in the case of 1,2 and 4 APs (1.54, 2.56 and 3.05 mV
respectively) shows also good agreement with experimental
data published in (Chu & Moenter, 2006).

Furthermore, the latency between the last AP and the
peak amplitude (about 200 ms) also matches the results de-
scribed in (Chu & Moenter, 2006).

4.4 Effect of calcium dependent currents on short term
firing pattern

To further analyze the effect of the Ca2+ dependent cur-
rents on the firing pattern, an additional protocol described
in (Lee et al., 2010) was applied to the model. Repetitive
spiking was evoked by a 2s long current step, and the ef-
fect of blocking the apamin-sensitive(ISK), UCL-sensitive
(IUCL), andIDAP current to the number of spikes was ana-
lyzed.

As the second and the third traces of Fig. 7 show, block-
ing ISK andIUCL increased the number of APs, which is in
good agreement with the results described in (Lee et al.,
2010). The model also predicts, that the currentIDAP strongly
contributes to repetitive firing, and blocking it reduces the
number of APs. However, if we suppose that this current
can be related to the regulation of sodium channels via phos-
phorylation mechanisms, the selective blockade could be a
difficult pharmacological task (if we do not want to block all
sodium currents with TTX, to sustain the cell’s excitability).
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a

4 AP

2 AP

1 AP

b

Fig. 6 a)Simulated voltage traces during AHP when blocking various
Ca2+ dependent hyperpolarizing currents.b) Simulated DAPs, the un-
derlying Ca2+ transients and the depolarizing Ca2+ dependent sodium
currentIDAP.

4.5 Long term simulation results and bursting

As described in 2.3.2, the postsynaptic currents measured
in the described configuration correspond to GABA depen-
dent transmission. However, as described in (Kuehl-Kovarik
et al., 2002; Suter, 2004), GnRH neurons receive important
inputs via AMPA and NMDA type receptors. We will as-
sume that the input to the model is composed of GABA and
glutamate derived currents for all compartments:

Icomp
in j = Icomp

GABA + Icomp
GLU , comp ∈ {s,d, pd}

100 mV

Control

Apamin

UCL2077

Blocking of IDAP

Fig. 7 Simulated firing patterns in the case of blocking various Ca2+

dependent currents.

The measured GABA PSC traces were considered as over-
all GABA dependent contribution, and in the following we
assume that GABA currents are distributed equally among
somatic, dendritic and passive dendritic compartments. This
will not be true for glutamate (GLU) currents, for which in-
dependent artificial traces were generated separately for the
three compartments (see later in 4.5.2).

4.5.1 Intrinsic bursting

First, we show that the model is capable of intrinsic burst-
ing. If we apply no GABAergic and glutamatergic synaptic
input to the model, the firing pattern shows organized bursts
of 10-15 APs, separated by 50-70 s long interburst inter-
vals (IBIs), as depicted in Fig. 8. The average IBI value of
model simulations is in good agreement with the results de-
scribed in (Farkas et al., 2010), regarding the simultaneous
application of kynurenic acid (Kyn) and bicuculline (Bic),
the blockers of ionotropic glutamate receptors, and GABAa
receptors respectively.

The correlation between bursts, and Ca2+ transients can
be seen clearly in Fig. 8. Furthermore, Fig. 8 shows that
while ISK , which, according to the modelling assumptions,
exhibits an explicit algebraic dependence of the cytosolic
calcium level, plays role in the control and termination of
bursting.IUCL in contrast, which is described by its own state
variables and dynamics, and thus a slower onset and decay,
is triggered by the calcium transient, and causes attenuating
hyperpolarization between the bursts.IDAP plays a signifi-
cant role in the initation and maintaining of the bursts.

4.5.2 Bursting due to realistic synaptic inputs

To analyze the realistic long term behavior of the model
and the manner in which synaptic inputs modulate bursting,
some of the measured GABA postsynaptic current traces de-
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Fig. 8 Intrinsic periodic bursting behavior of the model in the case of
blocking all GABA and glutamate synaptic inputs.

picted in Fig. 1 were applied to the model (distributed evenly
among compartments).

In order to describe glutamate mediated currents, for which
no measurement traces were available, artificial glutamate
current traces were generated for each compartment, accord-
ing to (Suter, 2004). The glutamate current was incorpo-
rated into the model via the basic synaptic equation:IGLU =

gGLU(vc−EGLU), wheregGLU is the time dependent synap-
tic conductance,vc is the membrane potential of the actual
compartment, andEGLU is the reversal potential for the cur-
rent (set to 0 mv). According to (Suter, 2004), we also as-
sumed that in GnRH neurons AMPA-type appears to be the
dominant form of glutamatergic receptors, and we gener-
ated AMPA-like (Spergel et al., 1999) pulses of glutamate
conductance, described bygGLU(t) = gmax/(τ2/τ1)[e−t/τ2−

e−t/τ2], whereτ1 = 0.8 ms andτ2 = 2 ms (see (Suter, 2004)).
gmax was chosen from a probability distribution to approxi-
mate the glutamatergic PSC amplitudes described in (Suter,
2004). The time distribution of glutamatergic pulses was
also derived by probabilistic means, to reproduce the aver-
age pulse frequency described in (Suter, 2004) (about 0.35
pulse/sec).

Fig. 9a depicts one representative simulation result (re-
sponse to the first 80s of the third trace of Fig. 1b. At about 6,
30, 44 and 60 s, typical bursts can be seen, which are accom-
panied by distinct calcium transients. The bursts are initiated
and maintained by the positive feedback mechanism of the
calcium dependent DAP, further APs, and further calcium
inflow, causing further depolarization, as long asIDAP is not
inactivated. The bursts in this simulation are dominantly ini-
tiated by GABA currents.

The calcium transient, which is enhanced by the IP3
gated Ca2+ currents later results in AHP (due toISK and

5 mV

-62 mV

DAP

AHP

Fig. 9 a) Long term model behavior in the case of realistic somato-
dendritic inputs. The second figure depicts the enlarged version of the
rectangle to visualize DAP and AHP.b) The first burst in the case of
IDAP decreased by 50%: The number of APs in the burst is reduced,
intraburst frequency and the calcium transient are attenuated.

IUCL), which terminates firing and hyperpolarizes the mem-
brane, causing the further inputs implying only subthreshold
responses. Due to the dynamics ofIUCL the (negative) peak
of the hyperpolarization follows the calcium transient with
a delay.
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As the hyperpolarization is attenuated, the cell becomes
excitable again, and the GABA inputs initiate a second burst
at 30 s (as we will show later glutamate inputs are also ca-
pable of initiating bursting).

After the fourth burst and the following hyperpolariza-
tion in Fig. 9a, in response to increased inputs, more scat-
tered APs can be seen, which are unable to generate large
intracellular calcium transients, typical bursts and hyperpo-
larization.

In general it can be said that loose patch recordings cor-
responding to GnRH neurons showing typical bursting be-
havior lack (or show only very few) single APs. In such
recordings (in (Lee et al., 2010) or in our own measure-
ments) APs dominantly appear in well distinguished bursts,
in which the maximum delay between two APs is about 1 s.
However the assumption that a single AP always initiates a
burst, which would be suggested by the loose-patch record-
ings is in contradiction with the whole cell results regarding
the cited AHP and DAP measurement results, on which im-
portant model parameters are based. That means single APs
appearing in the model simulation are acceptable output of
the model, however model parameters based on whole cell
recordings may be reconsidered in the future. It can be as-
sumed that whole cell patch clamp recordings severely influ-
ence the cell’s internal medium, and so calcium dynamics,
calcium dependent currents and excitability. Altogether,it
can be said that in the resulting firing pattern in response
to realistic input, the elements of periodic bursting behavior
can be unambiguously identified.

The simulation results show thatIDAP has a critical role
in initiating and maintaining the burst as well as in the medi-
ation of intraburst frequency, as depicted in Fig. 9. AsIDAP

is decreased by 50%, the number of APs within bursts, as
well as intraburst frequency decreases (as suggested by Fig.
7). This results in more realistic AP/burst number and intra-
burst frequency (compared to the values described in 2.4),
but in general also raises the possibility of the appearanceof
single spikes. In this case further synaptic inputs are needed
during the time of DAP to generate more APs in the burst.
Finally, as depicted in Fig. 9b, through the attenuation of the
Ca2+ transient (fewer spikes→ lower Ca2+ inflow), IDAP

also mediates the amplitude and duration of the AHP.
Figure 10 illustrates that in the case of low GABA ac-

tivity (the first trace of Fig. 1b is applied), glutamate inputs
are also capable of initiating a burst. This figure also illus-
trates that for the maintenance of the burst, intensive clus-
tered synaptic inputs are not always necessary, the intrinsic
properties may ensure repetitive firing via calcium transients
and DAP.

According to the overviewed literature results, which are
in major part confirmed by model simulations it can be as-
sumed that the complex interplay of currents responsible for
DAP and AHP together with the synaptic inputs determine

Fig. 10 Demonstration of burst initiation by dendritic glutamate input:
The first burst is initiated by a dendritic glutamate spike during low
GABA activity. the second burst is triggered by GABA inputs.

the firing pattern of GnRH neurons. The provided model
framework (after possible further tuning of parameters) seems
to be appropriate for analyzing how a certain change in a
particular current may influence the resulting pattern.

Regarding model simulations, it can be stated that mul-
tiple factors determine whether an AP is able to trigger a
large calcium transient or not. The resulting synaptical input
and the somato-dendritic interplay affects the exact shape
of the AP, which determines the inflow of calcium via volt-
age dependent Ca2+ currents. Furthermore, appearance of a
large, IP3 amplified Ca2+ transient also depends on the in-
ternal state variabley of the Ca2+ subsystem (the ratio of
free Ca2+-binding inactivation domains), and on the actual
cytosolic and ER Ca2+ concentrations.

4.6 Background ofIDAP

As we have shown in the previous subsection, the submodel
describing the Ca2+ dynamics combined with the Ca2+ de-
pendent currents and the simplified membrane voltage sub-
model is able to describe several experimental results corre-
sponding to DAP and AHP. It can be said that whileIDAP,
which underlies the DAP, in the current model is basically
assumed to correspond to the Ca2+ ↑  Ca2+-dependent
cyclase cAMP PKA gNa ↓ and the Ca2+ ↑ cal-
cineurin gNa ↑ pathways, but in general, the describing
mathematical formalism may also be interpreted as corre-
sponding to any other Ca2+-dependent mechanism, which
influences the TTX dependent sodium conductances. The
only critical property of this current in the model is the Ca2+

dependence, which is confirmed by Cd2+ related measure-
ments in (Chu & Moenter, 2006).
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4.7 Significance of the proposed model

First of all, it has to be noted that the model described in
this article is entirely based on measurement results originat-
ing from hypothalamic slices, in contrast to several previous
models (LeBeau et al., 2000; Van Goor et al., 2000; Fletcher
& Li, 2009). The main aim of the model development pro-
cedure was to reproduce the characteristic features of the
bursting behavior shown by GnRH neurons in loose patch
recordings. This aim was fulfilled with the application of a
simplified model for the description of AP generation, which
reduced the model complexity compared to previous results
(Lee et al., 2010; Duan et al., 2011) regarding the mod-
els of GnRH neuronal bursting. In addition, the proposed
model is capable of the description of depolarizing afterpo-
tentials, simple somato-dendritic interactions (see (Roberts
et al., 2006; Roberts, Hemond, & Suter, 2008; Roberts et
al., 2009)), and approximated reproduction of the shape of
single APs. Furthermore, during model development, the pa-
rameters of the voltage dependent calcium current were de-
termined according to (Kato et al., 2003). Lastly, for the sim-
ulation of the model, real recorded GABA PSC traces were
used to reproduce realistic inputs.

4.8 Additional considerations

In addition to the assumed Ca2+ dependentIDAP, the Ca2+

dependence of AHP is also critical in the determination of
the firing pattern. This points out that Ca2+, and Ca2+ de-
pendent currents are fundamental central regulatory elements
in GnRH electrophysiology. Ca2+ dynamics on the other
hand are influenced in GnRH neurons by various endocrine
ligands and mechanisms. Regarding the autocrine mecha-
nisms, GnRH affects Ca2+ levels through cAMP (Fletcher
& Li, 2009), while estrogens can influence GnRH neuronal
functions via direct (Chu et al., 2009) and indirect mech-
anisms (Petersen et al., 2003; Wintermantel et al., 2006;
Heldring et al., 2007), both of which can involve altered
Ca2+ signaling, in which CREB and PKA may play a central
role (Ábrahám et al., 2003).

Kisspeptins, which play a critically important role in in-
direct estrogen signaling mechanisms, stimulate GnRH neu-
rons via a G-protein couple receptor (GPR54), which in-
volves the activation of phospholipase-C, with a subsequent
mobilization of intracellular Ca2+. Kisspeptin neurons are
not only implicated heavily in puberty onset (de Roux et al.,
2003; Seminara et al., 2003; Semple et al., 2005), but also
play crucial roles in mediating positive (Herbison, 2008) and
negative (Rance et al., 2010) estrogen feedback signals to
the GnRH neuronal system. Furthermore, kisspeptin neu-
rons in the ARC also seem to represent the long-thought-
after pulse generator that governs the episodic secretion of
GnRH (Lehman et al., 2010; Maeda et al., 2010).

A better characterization of estrogen effects on these Ca2+

signaling pathways and their effect on electrophysiological
properties will contribute to a better understanding of molec-
ular mechanisms whereby cyclic changes in ovarian hor-
mones regulate the secretory activity of GnRH neurons dur-
ing the estrous cycle.

5 Conclusions

5.1 Conclusions

In this paper, a modular model of GnRH neuronal electro-
physiology is described. The voltage sub-model is described
by an impulsive system, while the calcium sub-model is de-
scribed by a system of normal ODEs. Both sub-models are
excitable, which means the action potential in the case of
the voltage sub-model, and the calcium transient in the case
of the calcium sub-model. The two systems are coupled to
each other, via voltage dependent calcium fluxes and cal-
cium dependent currents. Compared to experimental results
the model is able to reproduce both the DAP and AHP phe-
nomena, which are thought to underlie the regulation of burst-
ing.

Applying realistic input to the model, originating from
the recording of post-synaptic currents, the resulting dynam-
ics gives rise to a firing pattern in which the elements of pe-
riodic bursting behavior can be unambiguously identified.
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6 Appendix: Model Parameters

Table 1 Parameters of the membrane voltage submodel

parameter value parameter value
C 10 pF Cd 6 pF

Cpd 4 pF
vr -55 mV vd

r -55 mV
vt -50 mV vd

t -53 mV
k 0.15 kd 0.08
a 0.15ms−1 ad 0.1ms−1

b -0.4 pAmV−1 bd -0.9 pAmV−1

c -80 cd -60
d 500 dd 150

vpeak 50 mV vd
peak 40 mV

cs 3 pAmV−1 cd 2 pAmV−1

cps 0.3 pAmV−1 cpd 1 pAmV−1

rd 1/4 rpd 1/4

Table 2 Parameters of the voltage dependent Ca2+ current

parameter value parameter value
gCa 11.5 nS

V1/2mCa
-13 mV V1/2hCa

-28 mV
KmCa 2.6 KhCa 5.2
Cm Ca

base 10.2 ms Ch Ca
base 17 ms

CmCa
amp -6.0 ms ChCa

amp 45 ms
Vmax m Ca 17 mV Vmax h Ca -63 mV

σmCa 34 σhCa 55

Table 3 Parameters of the calcium submodel

parameter value
ρ 0.02
γ 27

IP3 0.4 µM
K f 1.4·10−4 ms−1

Ki 0.4 µM
Ka 0.35µM
Jer 4 ·10−7 ms−1

A 1.5·10−4 µM−1ms−1

Kd 0.45µM
Prate 1
a1 0.2 ·10−4

a2 35 ms
a3 600 ms
a4 4 ms
a5 35 msµM−1

VP 2.5 ·10−3 µMms−1

KP 1.425µM
VNaCa 3.5 ·10−4 µMms−1

KNaCa 0.17µM
α 5·10−3 µMms−1pA−1
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Table 4 Parameters of the calcium dependent currents

parameter value
gSK 0.75 nS
KSK 0.4 µM
EK -90 mV

gUCL 1581 nS
k+1 7.5 ·10−7 µM−1ms−1

k−1 1.2ms−1

k+2 0.5ms−1

k+3 8.5 ·10−5 ms−1

gDAP 0.462 nS
ENa 70 mV
τm

DAP 87 ms
τh

DAP 860 ms
nDAP m 2
KDAP m 0.09µM
ADAP h 3.2
sDAPh 0.025µM
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