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Abstract In this paper a modular model of the GnRH neu-1 Introduction
ron is presented. For the aim of simplicity, the currents cor
responding to fast time scales and action potential gener&onadotropin-releasing hormone (GnRH) is a fundamental
tion are described by an impulsive system, while the slowecentral element in the regulation of the reproductive sys-
currents and calcium dynamics are described by usual ordiem in vertebrates. GnRH is secreted by GnRH neurons,
nary differential equations (ODESs). The model is able to rehypothalamic neuroendocrine cells, the activity of whigh i
produce the depolarizing afterpotentials, afterhypempoh- controlled by a neuronal pulse generator possibly located
tion, periodic bursting behavior and the corresponding calin the arcuate nucleus (Navarro et al., 2009; Lehman et al.,
cium transients observed in the case of GnRH neurons. 2010). The pulsatile release of GnRH, which is closely asso-
ciated with concurrentincreases in multiunit electricziha
ity in the mediobasal hypothalamus (Knobil, 1980; Conn &
Freeman, 2000), is driven by the activity of GhRH neurons,
This work was supported by the National Science Foundatidtua- ~ characterized by bursts and prolonged episodes of refetiti
gary K69127, K67625, and T73002) and the Hungarian Health Reaction potentials (APs). The correlation of action potanti
search Council Fund (122/2009). The research leading settesults | o5 \vith oscillatory increases in intracellular’Ceahas
has received funding from the European Community’s Severame- . .
work Program (FP7/ 2007-2013) under Grant Agreement 24509 P€en shown in the case of GT1 cells (hypothalamic GnRH
authors would like to thank Katalin Hangos for her contribot 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 GhnRH cells is determined by changes in cy-
tosolic C&t concentration (Stojilkovic et al., 1994), which
plays a central role in the signal transduction processas th
lead to exocytosis. GhnRH secretion from perifused GT1 and
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hypothalamic cells is reduced by L-type €achannel in-
hibitors and augmented by activation of voltage-gateti'Ca
channels (Krsmanovic et al., 1992).

A couple of models have been constructed so far to de-
scribe the ionic currents and short term (considering scale
of milliseconds) general electrophysiological (Cserosik
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 (lzaBe
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et al., 2000; Van Goor et al., 2000; Fletcher & Li, 2009) handle the appearing voltage gated currents separately (ex
have been proposed to explain experimental data obtainegpt for the calcium current, as we will see, which has a
on GT1 cells. These models focus mainly on the autocrinéeading role in the model).

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®aran- e ahove mentioned experimental observations indicate im

sients and changes when endocrine status is altered, s beg, 1o nt characteristic features of GnRH neurons, whichisho
in the focus of interest in the past years. The model desxz!:rlbeOe reproduced by the model. In particular, these are as fol-
in (Fletcher & Li, 2009), which is based on data originat-loWS

ing from GT1 cell lines, incorporates an apamin sensitive )

channel, which is able to terminate bursting behavior dyrin 1- The model should be able to approximately reproduce
IP3 gated C&" transients. This model also assumes a "store  the shape of action potentials (APs), and excitability prop
operated" calcium current. The mechanism of apamin sen- €rties observed in GnRH neurons originating from hy-
sitive hyperpolarization has been verified also in the cése o Pothalamicslices (Sim etal., 2001; Chu & Moenter, 2006;
hypothalamic cells (Lee et al., 2010). However the bursting DeFazio & Moenter, 2002; Csercsik et al., 2010). Fur-
patterns, and the corresponding?Caransients are signif- thermore, the model should be able to reproduce den-

1.1 Characteristic features to be described by the model

icantly different in the case of hypothalamic neurons (as it dritic AP generation (Roberts, Campbell, et al., 2008).
is described in (Lee et al., 2010), in most of the time - be-2- The model should be able to describe DAPs (Kuehl-
tween bursts - neither calcium transients, nor action otsre Kovarik et al., 2005; Chu & Moenter, 2006), because we
corresponding to APs appear). suppose that DAPs S|gn|f|cantly contribute to bursting
A recently published paper (Lee et al., 2010), which is behavior (Kuehl-Kovarik et al., 2005).
” ' 3. The model should reproduce long lasting hyperpolariz-

based on simultaneous loose-patch recordings and calcium
imaging, aims the description of bursting behavior vi& Ca
dependent potassium currents. The bifurcation analysis o
the model can be found in (Duan et al., 2011). The loose-
patch re-cordmg-measurerrje.nt mlethod can bg considered as Lee et al., 2010), and the corresponding calcium tran-
the one influencing the cell’s interior €adynamics at least. sients (Lee et al., 2010)

In addition the authors form a mathematical model to demon- v '

strate that C& dependent potassium currents may control  If we consider that APs appear on the scale of millisec-
the bursting behavior. The aims of our present work are t®nds, while DAPs and periodic bursting behavior can be ob-
simplify this model and also to simultaneously incorporateserved in the scale of seconds and tens of seconds, we have
one active and one passive dendritic compartment (to make note that the above requirements imply that the model
it able to describe dendritic AP generation (Roberts, Hanonshould perform acceptable on different time scales. In-addi

& Suter, 2008) in bipolar GnRH neurons), and a currention, the mathematical implementation has to be as simple as
corresponding to a possible mechanism which has not bed¥ssible for the model to remain computationally feasible.
taken into account in the original model (Lee et al., 2010).

This mechanism is the assum@e’* dependent regulation
of sodium channels which, as we will show later, makes th
model able t.o e>_<p|ain depolarizing afterpote_ntials (DAPS °Inthe following subsections the electrophysiologicalinoet-
afterdepolarlzgtlpns ADPs). DAPs are consu.iereql an 'mporc')logy and measurements are described.
tant characteristic feature of the electrophysiologiedddy/-

ior of GnRH neurons (Chu & Moenter, 2006), which con-

tribute to bursting behavior (Kuehl-Kovarik et al., 2005). 2.1 Animals

The simplification of the model framework takes place via

the application of the 'simple model’ described in (Izhilay, Adult, male GnRH-green-fluorescent protein (GnRH-GFR)dgenic

. . . -ice (kind gift of Dr. Suzanne Moenter) bred on a C57BI/6Jajien
2005). This approach has the benefit, that it can descrlbbraackground were used for the electrophysiological expamis In this

subthreshold behavior and the depolarizing phase of AP geBpimal model, a GnRH promoter segment drives selective Gpfes-
eration with only an amplifying and a resonant variable sion in the majority of GnRH neurons (Suter et al., 2000). @hienals
which is the minimal model of excitability. In addition, the Wwere housed in light (12:12 light-dark cycle, lights on at(@h)- and

SRS emperature (22 2°C) controlled environment, with free access to
number of parameters is significantly lower compared to thétandard food and tap water. All studies were carried out thi¢ per-

case of a detailed conventional Hodgkin-Huxley type modelyissions of the Animal Welfare Committee of the InstituteEoger-
(Csercsik et al., 2010). The tradeoff is that we are not able timental Medicine Hungarian Academy of Sciences (No.: A5G

ing currents and afterhyperpolarization (AHP), regulat-

ing interburst intervals (Lee et al., 2010).

The model should be able to reproduce typical bursts
observed in GnRH neurons (Kuehl-Kovarik et al., 2005;

e2 Electrophysiology



O©CO~NOOOTA~AWNPE

and were in accordance with legal requirements of the Eamm@»m-
munity (Decree 86/609/EEC).

2.2 Brain slice preparation and recording

Brain slices were prepared as described earlier (Farkak, &040).
Briefly, mice were killed by cervical dislocation. The brawas re-
moved rapidly and immersed in ice cold artificial cerebroapifluid
(aCSF;in mM: NaCl 135, KCI 3.5, NaHG 26, MgSQ, 1.2, NakhPO,

As itis described in (Farkas et al., 2010), the postsynayptitents
measured in this configuration correspond to GABAa receattiva-
tion, which, although there are some controversial regtits et al.,
2002, 2004), is assumed to affect adult GnRH neurons in ate&sy
way (DeFazio et al., 2002; Moenter & DeFazio, 2005; Watanetbe
al., 2009; Yin et al., 2008). Although there are other typegmainly
glutamate mediated) synaptic inputs to GnRH neurons (SR04,
Kuehl-Kovarik et al., 2002), measurements of postsynaqpticents in
this configuration usually fail to detect these glutamateexcitatory
currents. Partly, this can be related to the technical jstha gluta-
matergic input is often received by distal dendrites, whitdy exert

125, CaCj 25, glUCOSe 10) which had been bubbled with a mixturelower effect on the recordings from cell bodies.

of 95% & and 5% CQ. Hypothalamic blocks were dissected and 300

um (for whole cell patch clamp) or 450m (for loose-patch record-
ings) thick coronal slices were prepared at the level of teelial sep-
tum/preoptic area with a vibratome in ice-cold oxygenat€$k The
slices containing the preoptic area were bisected alonmitiene and
equilibrated in aCSF saturated with /GO, at room temperature for 1
h. During recording, the brain slices were oxygenated bybog the
aCSF with Q/CO;, gas at 33C. Axopatch 200B patch-clamp ampli-
fier, Digidata-1322A data acquisition system, and pCLAMP $bft-
ware (Molecular Devices Co., USA) were used for recordingR8-
GFP neurons were identified by brief illumination at 470 nimgsn
epifluorescent filter set, based on their green fluoresceei( et al.,
2000).

2.2.1 Morphology of GnRH neurons

As described in (Campbell et al., 2005), biocytin filling exinents in
GnRH neurons revealed that majority (about 65%) of GnRH areur
exhibit a bipolar morphology. Regarding our measuremenitsle the
typical bipolar morphology of GhRH-GFP neurons was alsoi@is/
in most of our recorded cells, in other cases it was not plessibde-
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 stged, and
continuously superfused with oxygenized aCSF. All recuydiwere
made at 33C.

GnRH-GFP neurons were identified in the acute brain slices b

their green fluorescence.

The electrodes were filled with intracellular solution (iivin 140
KCI, 10 HEPES, 5 EGTA, 0.1 Cagl4 MgATP, 0.4 NaATP, pH 7.3
with NaOH. Resistance of patch electrodes was 2€3.Molding po-
tential was -70 mV, near the average resting potential ofGh&H
cells. Pipette offset potential, series resistance andaigmce were
compensated before recording.

2.3.1 Recording of action potentials

Current clamp measurements were performed on 5 cells witblde
izing current steps of various amplitudes. The holding entrmvas 0
pA. The injected current (30 pA, 200 ms) was appropriate tukev
APs in most of the cells. The 30 pA traces of the cells are degim
Fig. 1.

2.3.2 Recording of spontaneous postsynaptic currents
(sPCs)

The cells were voltage-clamped at a holding potential ofk0 The
recorded postsynaptic current traces are depicted in Fig. 1

2.4 Loose-patch-clamp experiments

In loose-patch method, the recording pipette is attachesely to the
extracellular surface of the cell membrane and thus the ositipn
of the pipette solution is similar to that of the extracedtusolution.
We were interested in the spontaneous firing of the celletbeg, the
pipette potential was set to 0 mV the potential of the exthaleg so-
lution. Using loose-patch method, electrical dischargated action
currents were recorded. Action current is the membranectasso-
ciated with action potential firing.

Recording of action current firing of GhnRH neurons was cdrrie
out as described earlier (Farkas et al., 2010). Briefly, méngs were
carried out in aCSF bubbled with,fLO, gas at 33C. Pipette potential
was 0 mV, pipette resistance 1-2(M resistance of loose-patch seal
7-40 MQ. Composition of the pipette solution was the following (in
mM): NaCl 150, KCI 3.5, CaGl 2.5, MgCh 1.3, HEPES 10, glucose
10 (pH=7.3 with NaOH). The recorded action current tracasybich
the burst firing patterns can be clearly seen, are shown irlFig

Analysis of burst firing revealed a mean burst duration oft2.®
s, mean spikes-per-burst oft8, mean interburst interval of 164
s, mean interspike interval of 53482 ms, and a mean number of
1.3+1.26 single (not belonging to any bursts) spikes. Duringattiedy-
sis, neighboring spikes were considered to belonging teahge burst
if they were less then 1.5s apart from one another. Thesevaite in
good agreement with the statistical data published in (Led £010)
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 importasfce
dendritic mechanisms in the case of GnRH neurons (Campbell
etal., 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 (Izhikky
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, withoet th
needs for more complex spatial models and morphological
considerations (see eg. (Roberts et al., 2009)). In cdntras
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Fig. 1 Electrophysiological measurement resalfJhe 30 pA current
clamp (CC) traces of 5 different cells. The resting poténtédues of
the cells were: -71, -69.2, -73, -79, and -53 mV, from top tttdra.
The mean number of APs was 2t8. GABA mediated postsynaptic
currents of 8 different cells measured at a holding poteafigZO mV.
¢) Traces of action currents from 7 GnRH-GFP neurons revealimst

firing in loose-patch configuration.
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to the models described earlier (Csercsik et al., " ) )
et al., 2010; Roberts et al., 2009), we do not describe th&&" dynamics. It is known that many subtypes of voltage
voltage dependent ionic currents separately via the moduwtependent Cd channels can be found in GnRH neurons

lar Hodgkin-Huxley framework, but we use an integrated
approach. Based on (Izhikevich, 2005), to describe action
potential generation, we use the following impulsive syste
(Bainov & Simeonov, 1989) for the characterization of the
membrane potential and voltage gated inactivation cusrent
for the somatic compartment
Cv = k(v—Vv;)(V—w)+cs(W —v) +
+Cps(VP! — V) — U+ (1~ (rg +rpa)) 3 1+
u=albv-v)—u) )
if V>Vpe, then v <—c, u + u+d

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

NV = K ) (F =) +ea(v—v) = 1 T T+

u = &l (b (v ) - ) @
if V> then v e ud 4 g

C”d\'/pd = de(vad) +'pd Z I + |i?]c;

where C is the capacitance [p®[mV] denotes the (so-
matic) membrane potential, [pA] is used for the notation

of voltage-gated inactivation currentg.[mV] and v; [mV]
denote the resting and threshold potentials, respectiirely
addition tov, andv;, the parameteris > 0,a > 0 andb > 0
[pA/mV] correspond to the geometry of nullclines in the
neighborhood of the resting state (as described in (Izlickev
2005)). The upper indékin 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 ind¥xcs > 0 andcg > 0
[pa/mV] correspond to the coupling between the somatic
and the active dendritic compartment, apgl> 0 andcpg >

0 describe the coupling between the soma and the passive
dendrite.c [mV], andd > O [pA] are the parameters of the
voltage triggered impulsive effect (voltage resét)l cor-
responds to the sum of calcium dependent currents (which
are described later). As it is described in the review aticl
(Verkhratsky, 2005), the endoplasmic reticulum (ER), vahic
significantly contributes to Ga 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<O(rq+rpq) < 1

of C&*-dependent currents appear in the dendritic compart-
ments, whereas the re@t — (rq +rpq)) flows in the soma.
Additional currents injected to the somatic or to the detieri

i d_|pd
compartment are described y,, 15, lin;-

3.2 Voltage dependent calcium currents

As stated before, we do not take into account all of the differ
ent voltage dependent currents separately. Howevergelta
dependent Ca currents have significant importance in the

2010 I_egmdel, because they basically contribute to the intratzellu
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(see eg. (Kato et al., 2003; Herbison et al., 2001; Watarwhich ensure this important property, we take twgCaom-

abe et al., 2004; Krsmanovic et al., 1992; Nunemaker et alpartments into account, one corresponding to the cytosol,

2003)). Although these channels exhibit different dynami-and one corresponding to the ER as proposed earlier (Lee et

cal features, to keep the model as simple as possible, we ta}., 2010).

to describe their overall contribution with single Hodgkin We assume that the calcium dynamics are influenced by

Huxley type ion channel model. the C&* currents of the somatic compartment (as described
We will assume, that the effect of voltage dependent curin 3.2, the voltage dependent €acurrents are taken into

rents on the membrane potential is included in eq. 1, whic ; : ;
means that we will not take them into account separately i ccount only in this compartment). The assumed calcium

the equations corresponding to the membrane voltage suBuxes between the cytosol, the endoplasmic reticulum (ER),
model. They will describe how the voltage submodel affect@ind the extracellular space are summarized in Fig. 2. Con-

the calcium submodel. For the aim of simplicity, we will sidering the calcium submodel, we mainly rely on the model
take into account voltage dependentCaurrents only in  gescribed in (Lee et al., 2010).

the somatic compartment. If we wanted to take into account
C&t currents also in the dendritic compartments? Ceon-
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 €a currents are the following
lca = gCan'éah%a(V— Eca)

fMca = w hea = w ©)
TCa rCa
where the steady-state valuescf. andhca.) and volt-

age dependent time constarurga(andrga) are described by
Boltzmann and Gauss type functions, as usual.

MCa = — Vo v hca = Vza "
1+e Knca 1+e Knca
—(V; —v)?
&, = CRS+Ca exp<7( e ) )
mCa
—(V; —v)?
i = ha(s:z:+cah§:n%e>(p< ( maxGhZCa ) )
hCa
As we can see, the voltage dependent transmembraiie Ca
currents depend on the membrane potential of the soma.

The reversal potential of Gais described via the Nernst
equation
Eca = 310010(Cext /C)
wherece is the external Ca& concentration, which is as-
sumed to be constant, aeds the concentration of G4 in
the cytosol.

3.3 Calcium sub-model

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

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

“) €= Jip3r — Jserca + P(JIN — Jpm)

Fig. 2 Calcium fluxes of the model.

According to the C&" fluxes defined in Fig. 2, the differ-

ential equations describing the €aconcentration in the cy-
tosol € [uM]) and in the endoplasmic reticulunag([ uM])
will take the form

Ce = Y(Js=rca — JipsR) (%)

wherep andy correspond to the volume ratio of the various
compartments. The fluxes are the following:

— Jipar [UM ms 1] denotes the C4 flux from the endo-

plasmic reticulum (ER) to the cytosol via inositol 1,4,5-
triphosphate (IP3) gated €a 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 €abinding ac-
tivation domain, and Ca -binding inactivation domain.
Itis 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 G4 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) Jp3r takes the following form:

Jipar = (Kt <<%> (C+CK3>Y>3+JH)(Ce*C) (6)

whereK; > 0 [ms 1] is the maximal conductance of the
IP3 coupled current,P3 is the IP3 concentratiopuM],
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Ki > 0 [uM] is the dissociation constant correspond-3.4.1 I«

ing to IP3 and the IP3-binding activation-domain of the o ) - )
IP3R. K, [M] is the dissociation constant correspond- < denotes the fast activating, apamin-sensitive potassium
. c&+ and the C&'-binding activation-domain of current, which mediates medium and long duration AHPs.
ing to C&™ _ 9 nain Based on (Lee et al., 2010), the equation of this current is
the IP3RYy s the ratio of the free (unbound) &abinding

inactivation domains of IP3R, described by the differen—ISK — g
tial equationy= A(Kq(1—y) — cy), whereKg > 0 [uM] S+ K&

is the dissociation constant corresponding té¢'Cand wheregs [nS] is the maximum conductandés [pM] de-

the C&*-binding inactivation-domain of the IP3R and scribes the C& dependence, anBk [mV] is the constant
—1 17 i initi '

A>0[uM™" ms ] is constant. At this initial state of ~eqyilibrium potential of potassium. As we can see, this cur-

model development, we suppose the IP3 concentratiopynt gwns no dynamical variables, its value can be explicitl
to be constant. Later the model can be extended W't}éxpressed from the actual cytosolicZCdevel.

the description of phospholipase-C dependent signaling
mechanisms (for eg. GnRH autoregulation), which inﬂu-3 42|
ence this value. e et

— Jserca [UM ms™] denotes the calcium flux related to |, . genotes the UCL2077-sensitive slow activating potas-
the sarco/endoplasmic reticulum LaATPase, which  sjum current, responsible for long duration AHP-s. The equa
pumps the C& from the cytosol to the ER, opposite to tion taken from (Lee et al., 2010) is
the driving force of the concentration gradient (physio-

(v—Ex) %)

logical [C&*] in the cytosol is about 0.05-0/2M, afew  luct = guct (Quet +OfeL) (v —Ex) (10)
hundreduM in the ER, and few mM in the extracellular )
medium). whereOycL and G, (corresponding to open states of the

channel) are governed by the kinetic equations of the system

B C—apCe . )
Jserea = Prmeaz+a30+a4ce+a5cce (7)  depicted in (Lee et al., 2010).
where the positive parametdfsge, a1 (Which are di-  dgyc. . _ .
mensionless) arab, as, a4 [ms] andas [ms/uM]describe a — ~CkaSuer+hg Ouet +ks O

the dependence of pumping efficiency on cytosolic and®Quct _ ki Suct — ki OucL — K Ouct
ER [C&']. dt
— Jn [UM ms~1] denotes the Cd flux from outside to dc:jL;CL = ki OycL — k§ O
inside of the cell.Jjy = —alca where the constand
[uUM ms1 pA—1] corresponds to the cell volume, and
describes how much the cytosolic calcium concentration
is influenced by the transmembrane curr&nt[pA] de- 3.4.3 Ipap

notes the voltage dependent®Cacurrent described by )
the equation 3. It has been shown (Chu & Moenter, 2006) that DAPs, which

— Joum [UM ms~1] denotes the active G4 transport (op- contribute to bursting (Kuehl-Kovarik et al., 2005), obast

posite to the driving force of the concentration gradient)in the case of GnRH neurons are TTX dependent. Further-
through the plasma membrane. It consists of two termsmore, in (Chu & Moenter, 2006) it has been shown, that the

one corresponding to the &aATPase, and the other proadspectrum calcium channel blocker cadmium reduced
corresponding tho the NaCa’* exchanger the amplitude of DAP by 60%, although it has not reduced
o the amplitude of the corresponding curriiip. The authors
K (8)  raise the possibility that this influence of DAP amplitude is
caused through the modulation of calcium activated potas-
whereVp [uM ms™1], Kp [UM], Vnaca [UM ms 1] and  sium currents. However, it can be speculated that the block-
Knaca [UM] are the positive parameters of this flux. ade of calcium channels would resultin the disappearance of
calcium activated potassium currents, which waalitease
the amplitude of the DAP.
3.4 Calcium dependent currents In addition, there are literature results, which point out
that DAPs in other neurons have turned out to be calcium-
As it was foreshadowed, the terpnl in equation 1 stands dependent (Friedmana et al., 1992; Mayer, 1984; Morita &
for the C&* dependent currents. In addition to the voltageBarret, 1989; Caeser et al., 2006; Ghamari-Langroudi & Boar
dependent calcium curreh,, these currents mean the con- 1998; Teruyama & Armstrong, 2007). Some of these results
nection between the voltage and the calcium submodel. Thidescribe especially sodiuand calcium dependent DAPs
C&t dependent currents are as follows. (Friedmana et al., 1992) (as we also assume), and results,

2
I =Vp—— + W
M PC2+K% NaCa
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which describe calcium dependent DAPs in neuroendocrine oot Somatic input D bt
cells (Ghamari-Langroudi & Bourque, 1998; Teruyama &

Membrane voltage sub-model

Armstrong, 2007) can also be found.
Altogether the results described in the above articles sup- —
. . . assive i
port the hypothesis, that calcium dependent mechanisms can dendric || Somatic A
stand behind the DAP compartment || compatment compartment
. IV v, u Vd‘ u
In this paper we will assume that the regulation of'Na peproiage I
channels takes place troughadependent mechanisms. , currents lcs
As it is described in (Cantrell & Catterall, 2001), thesub- coments (o heniomn)
units of sodium channels are exceptionally good substrates . _ Submodel of
. R . Calcium sub-model | ¢ _|Calcium dependent currents
for phosphorylation by cAMP-dependent protein kinase (PKA C, Ce Y Suet Oue, O'vet
Moap, Npap

It can be assumed that through®Caensitive cyclases, this

process is cH dependent. In contrast, the activation of theFig. 3 The modular structure of the model, with the state varigbles

C&* dependent phosphatase calcineurin causes dephospr%g| the currents connecting their dynamics.

rylation of the channels (Cantrell & Catterall, 2001). Fur-

thermore in GT-1 cells, cyclic nucleotide gated non-sélect _ _

cation channels have been described (Vitalis et al., 2006 Results and Discussion

Charles et al., 2001), which may also be related td"Ca

dependent currents. 4.1 Membrane voltage sub-model and somato-dendritic
According to these mechanisms, we will assume a sodidfferactions

current, the activation and inactivation of which are both

Cca&" dependent. Such a current would explain DAPs, and he firing patterns measured in whole cell configurationesrv

would contribute to bursting behavior. In addition, we will as a basis for the determination of the parameters of the
assume that the time constants of the activation and irsactiv

tion processes are different, and we will describe these prcfﬁembr_ane voltage sub-model. Furthermore, the results .pub-
cesses with a formalism similar to Hodgkin-Huxley equa-lished in (Roberts, Campbell, et al., 2008) were taken into
tions. The equation reads account, mainly corresponding to somato-dendritic andiden

somatic interplay.
The measured firing pattern of a representative cell (cell
1), and the simulated APs of the model in response to 30 pA

wheregpap [nS] is the maximal conductancapap and can be see_n inFig. 4. o
hpap are the activation/inactivation variables of the current, ~According to the simplicity of the voltage submodel,
and Ena is the reversal potential of sodium, which is as-which describes AP generation and hyperpolarization, one

Z‘élrge.g égs%?‘gggst}am' The activation and inactivation varigan not expect the model to perfectly describe the shape of
! ! y APs, and interspike patterns. However the width of APs (ap-
proximately 1.5 ms at -30 mV), which is acceptably matched,

Ipap = OpaPMpAPhDAP(V — Ena) (11)

. mMBap — M : hZap —h . o . .
Mpap = %DAP hpap = %DAP (12)  is critical from the point of view of voltage dependent cal-
;’;ipm DAP cium currents (see the section 3.2), which are fundamen-
Mpap = o m KD ® (13)  tal in the determination of intracellular €adynamics. Re-
DAP m ; il ; ; ; ;
- arding the excitability properties, as it can be seen in Fi
bap = Apap heXP(—C/SpaR, ) (14) g g Y Prop g

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 chtgac
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 artickerall
dogenous APs were detected first at the dendritic site), and
We can summarize the connections of the various sub-mode{smatic and dendritic APs initiate each other in a bilateral
as depicted in Fig 3. way.

It has to be noted that the modular structure ensures the In Fig. 4 simulation results can be seen that demonstrate
benefit, that certain modules (sub-models) may be substthe somato-dendritic interactions. First, as depictedign F
tuted by different or more detailed elements in the future. 4b, a dendritic AP is generated with a 5 ms 45 pA pulse of

m h
10Ap aNdT,p are assumed to be constant.

3.5 Model structure
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dendritic injected current, which initiates a somatic A&cS
ond (4 c), a protocol similar to the one described in (Roberts a|
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 dendidtic -59mv |
the somatic compartment is about 1 ms, while the average
latency from the soma to the dendrite is about 0.8 ms, which peverm : i

values are in good agreement with the results regarding the | ——-measured |1 R
time range of these values (0.37 ms and 0.45 ms) in the case T _ ‘}: i
of 250 um distance between the soma and the dendrite in 7O MY [~emnanid Al :\,’
(Roberts, Campbell, et al., 2008). :

0 50 100 150 200 250
time [ms]

4.1.1 Voltage dependent calcium current b
As mentioned in section 3.2, the voltage dependerit Ca om v
current acts as a critical input to the submodel describing 100 mv
C&+ dynamics. The determination of the parameters of this : :
current was based on literature data to obtain realistic dy- omvi ? ¥

______________________

-

namical properties of this current. 00 MV AN T T
The parameters of the Hodgkin-Huxley channel describ- L o — L
ing the voltage gated & currents were determined to qual- omv ' ]
itatively match the voltage clamp results published in (Kat 100mv : L
et al., 2003). The parameters of the model were adjusted 0 100 200 300
. time [ms]

to approximate the voltage dependence of the peak current
corresponding to the results of the voltage step protocol de C
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 200 Myl
of one channel, the match can be considered acceptable.

-100 mV

4.2 Calcium dependent potassium currents and AHP :

The parameters of the calcium dynamics and the calcium ;
dependent potassium currents were determined to approxi- 100time (] 200 300

mately reproduce the results corresponding to these dsrren

in (Lee et al., 2010), based mainly on the model publishedig- 4 a)Firing pattern of the model (somatic membrane potentia) an

in this article. To analyze these currents, the same voItaq‘g a representative cell (firing frequency, depolarizasm hyperpo-
’ ' arization amplitudes close to average) recorded in whelleconfig-

clamp perOCOI was used on the_ model as desc_ribed in th&ation, in response to 30 pA somatic current injectimnSimulation
above article: from -60 mV holding potential a single volt- results of dendritic AP generation in the active dendrité propaga-

age step to 40 mV was applied for 600 ms. The results aréon to the soma: Top: somatic membrane potentilapd injected

depicted in Fig 5¢c. Comparing Fig 5 to Fig. 5a and ¢ in (Leecurrent (isnj), down: membrane potential and injected current of the ac-
ive dendritic compartment4 andi?nj), and membrane potential of the

et al., 2010), it can be said that the time courses of thes® _

. . passive dendritic compartment’f). c¢) Simulation results of somatic
currents show good agreement with experimental data. AP generation and propagation to dendrite - notations aseabd -

To analyze the afterhyperpolarization due to calcium dec) APs generated in the dendrite via dendritic current inecinitiate
pendent potassium currents, similar to the protocol desdri somatic APs, and vice versa.

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 norhyperpolarizing currents is in good agreement with the ex-
mal parameters, and then with the blockinggf andlyc. ~ perimental results described in (Lee et al., 2010). As it can
which correspond to the effect of apamin and UCL2077 rebe seen in Fig 6dg¢ has significant effect on the depolar-
spectively. It can be said that the qualitative effect of thezation in the early stages, whilgc. has a more sustained
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Ipap has been also blocked. The reason for this modification
was that without the regulating effect of hyperpolarizing-c
rents,lpap 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 resirit
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-
rentinjection 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&aconcentration and
Ipap 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 €adependent cur-
rents on the firing pattern, an additional protocol desdribe
in (Lee et al., 2010) was applied to the model. Repetitive

spiking was evoked by a 2s long current step, and the ef-

Fig. 5 a) Simulated voltage clamp traces and peak values of voltagqect of blocking the apamin-sensitivef), UCL-sensitive
gated C&" currents. Peak values are depicted as function of step po ’

tential. Experimental data and model simulatibh.Simulated traces (lucv), andlpap current to the number of spikes was ana-
of Ca2* dependent currents after 600 ms depolarizing voltage step. lyzed.
As the second and the third traces of Fig. 7 show, block-
ing I« andlycL increased the number of APs, which is in
) ) ) ) good agreement with the results described in (Lee et al.,
effect. According to model simulationci. showed a sig-  2010). The model also predicts, that the curigas strongly
nificant level of activity at rest, and its blockade also €8is qntributes to repetitive firing, and blocking it reduces th
the resting potential (from about -61 mV to approximatelynmper of APs. However, if we suppose that this current
-58 mV). can be related to the regulation of sodium channels via phos-
In addition, it has to be noted that in the case of thes@horylation mechanisms, the selective blockade could be a
simulations of the afterhyperpolarization phenomenarézor difficult pharmacological task (if we do not want to block all
sponding to Fig 6a) the & dependent depolarizing current sodium currents with TTX, to sustain the cell’s excitalit
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Fig. 7 Simulated firing patterns in the case of blocking variou$'Ca
dependent currents.
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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. Th
will not be true for glutamate (GLU) currents, for which in-
dependent artificial traces were generated separateliidor t
three compartments (see later in 4.5.2).

membrane potential [mV]
i
O

1
(&)

200 400 600 800 1000
time [ms]

4.5.1 Intrinsic bursting

e e
o = N
"‘-»

vt ot T S First, we show that the model is capable of intrinsic burst-
] ing. If we apply no GABAergic and glutamatergic synaptic
v i; Qi | input to the model, the firing pattern shows organized bursts
4 AP 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 simultaseou
. : . : application of kynurenic acid (Kyn) and bicuculline (Bic),
0 200 400 600 800 1000 the blockers of ionotropic glutamate receptors, and GABAa
e (] receptors respectively.
Fi§2-+ Gda)Sinc]U'éitﬁd Vgrlt%?:rit;?:ei Sﬁgfmgsé';fuﬁ?sg gfg';i”t?] (\a/?lfrilous The correlation between bursts, ancPCaransients can
dcerlyingpg%etransyignts and thgdepolariiing%adependen{ sodium be .Seen Clea.rly in Fig. 8 Furthermore, !:Ig' 8 Show? that
currentipap. while I, which, according to the modelling assumptions,
exhibits an explicit algebraic dependence of the cytosolic
calcium level, plays role in the control and termination of
burstinglycy in contrast, which is described by its own state
variables and dynamics, and thus a slower onset and decay,

i%triggered by the calcium transient, and causes attergati

As described in 2.3.2, the postsynaptic currents measurei1 erpolarization between the bursts lavs a sianifi-
in the described configuration correspond to GABA depen- yperpoiarizat Ursisap pay 'gni

dent transmission. However, as described in (Kuehl-Kévari cant role in the initation and maintaining of the bursts.
et al., 2002; Suter, 2004), GnRH neurons receive important
inputs via AMPA and NMDA type receptors. We will as- 4,52 Bursting due to realistic synaptic inputs
sume that the input to the model is composed of GABA and

cytosolic [Ca®"] [ M]

Y
Teee L ey

|DAP
/

4.5 Long term simulation results and bursting

glutamate derived currents for all compartments: To analyze the realistic long term behavior of the model
and the manner in which synaptic inputs modulate bursting,
lini " = lgasa+ ety » compe {s,d,pd} some of the measured GABA postsynaptic current traces de-
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Fig. 8 Intrinsic periodic bursting behavior of the model in theea$
blocking all GABA and glutamate synaptic inputs.

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

In order to describe glutamate mediated currents, for whic
no measurement traces were available, artificial glutamate
currenttraces were generated for each compartment, accord
ing to (Suter, 2004). The glutamate current was incorpo- . 11 (11 ERRTERE R
rated into the model via the basic synaptic equatign; = 7 ®m »® @ a1 2 B M B %
doLu (V¢ — EaLy ), whereggLy is the time dependent synap- el
tic conductancey® is the membrane potential of the actual
compartment, ang y 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 g (t) = gmax/(T2/T1)[e /2 — P = :
eft/rg], wherer; = 0.8 ms andr, = 2 ms (see (Suter, 2004)). O TOURUOUE OO SO SOOI NOUPONN: SURUOOS SRR NN
Omax 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 0.3
pulse/sec).

Fig. 9a depicts one representative simulation result (reEig. 9_ _a) _Long term model be_havior in_the case of realistic somato-
spone to the firs 805 ofhe thid trace of Fig. 1. At about Siercle AU, Toe second faure depics e elargetomnt e
30, 44 and 60 s, typical bursts can be seen, which are accony,, decreased by 50%: The number of APs in the burst is reduced
panied by distinct calcium transients. The bursts aregit@itl  intraburst frequency and the calcium transient are attedua
and maintained by the positive feedback mechanism of the
calcium dependent DAP, further APs, and further calcium
inflow, causing further depolarization, as longgge is not |, ), which terminates firing and hyperpolarizes the mem-
inactivated. The bursts in this simulation are dominamly i brane, Causing the further inputs |mp|y|ng On|y subthrésgho
tiated by GABA currents. responses. Due to the dynamicdgé, the (negative) peak

The calcium transient, which is enhanced by the IP3f the hyperpolarization follows the calcium transienthwit
gated C&" currents later results in AHP (due tex and  adelay.

lai®
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As the hyperpolarization is attenuated, the cell become
excitable again, and the GABA inputs initiate a second burs 5 law : T T : o
at 30 s (as we will show later glutamate inputs are also ca low T T 5042 05 T T I O R
pable of initiating bursting). ez — : T ;

After the fourth burst and the following hyperpolariza- loga ety T ) fo ] o,
tion in Fig. 9a, in response to increased inputs, more sca ' :
tered APs can be seen, which are unable to generate lar
intracellular calcium transients, typical bursts and hppe : : :
larization. - A

In general it can be said that loose patch recordings col : B e -
responding to GnRH neurons showing typical bursting be ° : f : :
havior lack (or show only very few) single APs. In such sl W - —
recordings (in (Lee et al., 2010) or in our own measure- s E § : }
ments) APs dominantly appear in well distinguished bursts : 1i0 = = 235 -
in which the maximum delay between two APs is about 1 s tirme [s]

However the assumption that a single AP always initiates eig. 10 Demonstration of burst initiation by dendritic glutamateut:

_burst., V_VhiCh WOU!d _be su_ggested by the loose-patch rec_orq'he first burst is initiated by a dendritic glutamate spikeiry low
ings is in contradiction with the whole cell results regagli  GABA activity. the second burst is triggered by GABA inputs.

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 ghe firing pattern of GnRH neurons. The provided model

the model, however model parameters based on whole cgllamework (after possible further tuning of parameterejse

recordings may be reconsidered in the future. It can be agg pe appropriate for analyzing how a certain change in a

sumed that whole cell patch clamp recordings severely i”ﬂuparticular current may influence the resulting pattern.

ence the cell’'s internal medium, and so calcium dynamics, Regarding model simulations, it can be stated that mul-

calcium dependent currents and excitability. Altogetliter, (inje factors determine whether an AP is able to trigger a

can be said that in the resulting firing pattern in reSponsg,rye calcium transient or not. The resulting synapticalin

to realistic input, the elements of periodic bursting bédav  4nq the somato-dendritic interplay affects the exact shape

can be unambiguously identified. of the AP, which determines the inflow of calcium via volt-
The simulation results show thigap has a critical role  age dependent a currents. Furthermore, appearance of a

ininitiating and maintaining the burst as well as in the medi |3rge, IP3 amplified G4 transient also depends on the in-

ation of intraburst frequency, as depicted in Fig. 9.18%  ternal state variablg of the C#" subsystem (the ratio of

is decreased by 50%, the number of APs within bursts, agee C#*-binding inactivation domains), and on the actual

well as intraburst frequency decreases (as suggested by Fig/tosolic and ER C& concentrations.
7). This results in more realistic AP/burst number and intra

burst frequency (compared to the values described in 2.4),

butin general also raises the possibility of the appearahce 4 g Background ofppp

single spikes. In this case further synaptic inputs are eged

during the time of DAP to generate more APs in the burstas we have shown in the previous subsection, the submodel

Fina”y, as depicted in Flg gb, through the attenuatiomef t describing the C?aL dynamics combined with the éade-

Ce transient (fewer spikes» lower C&" inflow), Ipap  pendent currents and the simplified membrane voltage sub-

also mediates the amplitude and duration of the AHP. model is able to describe several experimental resultgeorr
Figure 10 illustrates that in the case of low GABA ac- sponding to DAP and AHP. It can be said that wHilgp,

tivity (the first trace of Fig. 1b is applied), glutamate inpu which underlies the DAP, in the current model is basically

are also capable of initiating a burst. This figure also illus assumed to correspond to the?Cat ~» C&*-dependent

trates that for the maintenance of the burst, intensive- clugyclase-» CAMP ~» PKA ~» gna | and the C&" 1 ~- cal-

tered synaptic inputs are not always necessary, the iitrinscineurin~ gna 1 pathways, but in general, the describing

properties may ensure repetitive firing via calcium tramisie - mathematical formalism may also be interpreted as corre-

and DAP. sponding to any other Ga-dependent mechanism, which
According to the overviewed literature results, which areinfluences the TTX dependent sodium conductances. The

in major part confirmed by model simulations it can be as-only critical property of this currentin the model is the’Ca

sumed that the complex interplay of currents responsibile fodependence, which is confirmed by delated measure-

DAP and AHP together with the synaptic inputs determinanents in (Chu & Moenter, 2006).
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4.7 Significance of the proposed model A better characterization of estrogen effects on thege Ca
signaling pathways and their effect on electrophysiolabgic

First of all, it has to be noted that the model described iproperties will contribute to a better understanding ofecel

this article is entirely based on measurementresultsratgi  ular mechanisms whereby cyclic changes in ovarian hor-

ing from hypothalamic slices, in contrast to several presio mones regulate the secretory activity of GnRH neurons dur-

models (LeBeau et al., 2000; Van Goor et al., 2000; Fletcheihg the estrous cycle.

& 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 5 Conclusions

simplified model for the description of AP generation, which )

reduced the model complexity compared to previous result3-1 Conclusions

(Lee et al., 2010; Duan et al., 2011) regarding the mod-

els of GNRH neuronal bursting. In addition, the proposedn this paper, a modular model of GnRH neuronal electro-

model is capable of the description of depolarizing afterpoPhysiology is described. The voltage sub-modelis desdribe

tentials, simple somato-dendritic interactions (see @rsb Y @n impulsive system, while the calcium sub-model is de-

et al., 2006: Roberts, Hemond, & Suter, 2008: Roberts gtcribed by a system of normal ODEs. Both sub-models are

al., 2009)), and approximated reproduction of the shape gxcitable, which means the action potential in the case of

single APs. Furthermore, during model development, the p&-he voltagg sub-model, and the calcium transient in the case

rameters of the voltage dependent calcium current were d&f the calcium sub-model. The two systems are coupled to

termined according to (Kato et al., 2003). Lastly, for the-si each other, via voltage dependent calcium fluxes and cal-

ulation of the model, real recorded GABA PSC traces wer&Um dependent currents. Compared to experimental results

used to reproduce realistic inputs. the model is able to reproduce both the DAP and AHP phe-
nomena, which are thought to underlie the regulation oftburs
ing.
4.8 Additional considerations Applying realistic input to the model, originating from
- . the recording of post-synaptic currents, the resultingagiyn
In addition to the assumed &adependentpap, the C& ics gives rise to a firing pattern in which the elements of pe-

dependence of AHP is also critical in the determination ofiogic bursting behavior can be unambiguously identified.
the firing pattern. This points out that €3 and C&" de-

pendent currents are fundamental central regulatory eitsne

in GnRH electrophysiology. ¢a dynamics on the other

hand are influenced in GnRH neurons by various endocrin@eferences

ligands and mechanisms. Regarding the autocrine mecha-

nisms, GnRH affects Ga levels through cAMP (Fletcher Bainov, D., & Simeonov, P. (Eds.). (1989Bystems with

& Li, 2009), while estrogens can influence GnRH neuronal impulse effect. Ellis Horwood Limited.

functions via direct (Chu et al., 2009) and indirect mech-Bezprozvanny, I., Watras, J., & Ehrlich, B. (1991). Bell-
anisms (Petersen et al., 2003; Wintermantel et al., 2006;  shaped calcium-response curves of Ins(1,4,5)-P3-and

Heldring et al., 2007), both of which can involve altered calcium gated channels from endoplasmic reticulum

Ca&* signaling, in which CREB and PKA may play a central of cerebellum Nature, 351, 751-754.

role (Abraham et al., 2003). Caeser, M., Brown, D., G ahwiler, B., & Kn opfel, T. (2006).
Kisspeptins, which play a critically important role in in- Characterization of a calcium-dependent current gen-

direct estrogen signaling mechanisms, stimulate GnRH neu- erating a slow afterdepolarization of CA3 pyramidal

rons via a G-protein couple receptor (GPR54), which in- cells in rat hippocampal slice culturesEuropean

volves the activation of phospholipase-C, with a subsequen Journal of Neuroscience, 5, 560-569.
mobilization of intracellular C& . Kisspeptin neurons are Campbell, R., Gaidamaka, G., Han, S., & Herbison,

not only implicated heavily in puberty onset (de Roux et al., A. (2009). Dendro-denritic bundling and shared
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Table 4 Parameters of the calcium dependent currents

parameter value
O 0.75nS
Kk 0.4uM
Ex -90 mV
ducL 1581 nS
ki 7.5-1077 uM~Ims1
kg 1.2mst
k3 0.5mst
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gpap 0.462 nS
Ena 70 mV
0hp 87 ms
hap 860 ms
NpAP m 2
KDAP m 0.0Q[JM
Apap h 3.2
SDAR, 0.025[,1'\/'




