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a b s t r a c t

Because of a dense loop pattern the thalamus receives and sends connections to cortical areas. In a
recent experimental study it has been shown that injuries to the cerebral cortex can cause changes to the
excitability of a set of neurons which reside in the thalamus. In this paper, using a computational
approach, it is investigated how the interaction between thalamus and cortex compartments is involved
in seizure expression. The numerical simulations of a realistic model of cortico–thalamo–cortical
network show that seizure-like behaviour is an emergent property of the whole network. It is shown
that pathological network states, as seizure-like dynamics, can be controlled by manipulating different
model parameters determining the coupling between the thalamus components and the cortex. To be
more specific it is established that a (partial or complete) reduction in the cortical seizure activity can be
brought about silencing the neuron spiking activity in the thalamo-cortical module by adjusting
(i) amplitudes and (ii) decay time constants of synaptic currents. These numerical results could be of
interest for epilepsy treatment, since they allow to shed light on the mechanisms involved in generation
and control of this pathological condition.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

About 50 million people worldwide have epilepsy, and they are
usually controlled, but not cured, with medication. The most
important mechanisms, relevant for a deep understanding of the
seizure dynamics, are those driving the generation and termina-
tion of the ictal events. Although many studies have been carried
out on seizures, the mechanisms of generation and termination
still remain poorly understood (see for a complete review [1,2]).
Recently a new vision of the epileptic seizures has been suggested
[3]. Contrary to the traditional view, suggesting hypersynchronous
neuronal activity during the ictal activity, a highly heterogeneous
neuronal spiking activity has been observed. In particular, seizure
termination can be described as a quasi-homogenous phenom-
enon leading to an almost complete cessation of the spiking
activity [3]. In addition it has been found that the spike waveforms
does not change at the seizure termination, an indication that
depolarisation block is not the principal factor responsible for the
cessation of the spiking activity [3]. In a recent computational
study it has been shown that the dynamics of (intra-extra) cellular

ionic concentrations could be the primary factor for the seizure
termination [4], but this result does not seem to be in agreement
with the experimental data of Truccolo et al. [3]. Therefore, among
the possible mechanisms of generation and termination of seizure,
thalamic inputs might play an important role. In fact the cortex is
intimately connected with thalamus, and the cortico-thalamo-
cortical excitatory loop can mediate network oscillations under-
lying epilepsies [5]. In particular, experimental studies [6] have
shown that thalamic injection of GABAb antagonist decreases the
seizure in a dose-dependent manner. Based on these findings,
Steriade [7] has hypothesised that decreasing or abolishing the
inhibitory effects of reticular thalamic neurons upon thalamocor-
tical cells would affect the seizure-like behaviour (Steriade's
hypothesis). Moreover, a recent experimental work shows that
thalamocortical neuronal activity is required for post-stroke epi-
lepsy; in addition a reduction of the activity of thalamocortical
cells is sufficient to stop seizures [8]. Concerning the problem of
seizure termination, it is worth remarking that in [9] it was shown
that a clear connection exists between extinction and spatial
synchronisation of populations. In particular, this general result
could be useful to justify the possibility that the termination of
seizures can arise from an emergent property of the network itself.
In this paper, motivated by the above discussion, the effects of
the synaptic connectivity of the cortico-thalamo-cortical network
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on the dynamics of seizure generation and termination will be
investigated computationally.

2. Methods

2.1. Model description

The artificial network is composed by NPY pyramidal neurons,
NFS FS interneurons, NRE reticular neurons and NTC thalamocortical
neurons. A schematic representation of the network connectivity
is reported in Fig. 1. The pyramidal neuron models are coupled by
excitatory synapses and receive inhibitory inputs from the net-
work of FS interneurons. For either the pyramidal neuron or the
interneuron, a single compartment biophysical model is employed
to describe its spiking activity. In particular, the adopted pyramidal
and interneuron biophysical models were those proposed in [10].
The mathematical model of the jth pyramidal neuron reads:

C
dVP

j

dt
¼ IP;j� INa� IK � IM� IL

þ IPP;jþ IIP;jþ ITP;jþηPξP;jðtÞ: ð1Þ

The biophysical mathematical model of the jth FS interneuron
reads:

C
dVF

j

dt
¼ IF;j� INa� IK� IL

þ IFF;jþ JFF;jþ IPF;jþ ITF ;jþηFξF ;jðtÞ: ð2Þ

The current IPP;j arises from the excitatory coupling of the jth
pyramidal neuron with the other cells, IIP;j describes the inhibitory
current due to the coupling with the network of interneurons and
ITP;j represents the excitatory inputs from TC cells. The current IFF;j
arises from the inhibitory coupling of the jth FS interneuron with
the other cells, while JFF;j describes the current due to the electrical
coupling (gap-junction) among interneurons; IPF;j describes the
excitatory current due to the coupling with the network of
pyramidal neurons, and ITF ;j represents the excitatory current from
the TC pool. These currents will be defined in the next section.

The single compartment models of RE and TC cells were
adopted from [11]. The mathematical model of the jth reticular
neuron reads:

C
dVR

j

dt
¼ � ICa�T � ILR� IAHP

þ IRRA;jþ IRRB;jþ ITR;jþ IPR;jþηRξR;jðtÞ: ð3Þ

The mathematical model of the jth thalamocortical neuron
reads:

C
dVT

j

dt
¼ � ICa�T � ILT � Isag

þ IRTA;jþ IRTB;jþ IPT ;jþηTξT ;jðtÞ: ð4Þ

The currents IRRA;j, IRRB;j represent inhibitory coupling among RE
cells, ITR;j and IPR;j describe respectively excitatory inputs from TC
and pyramidal neurons. The currents IRTA;j, IRTB;j represent inhibi-
tory inputs due to the coupling with the network of RE neurons ,
IPT ;j describes excitatory inputs from pyramidal neurons to TC cells.

The intrinsic ionic currents depend by activation and inactiva-
tion variables. These generic variables evolve in time according to
the equations

dxj
dt

¼ αx;jð1�xjÞ�βx;jxj; ð5Þ

dyj
dt

¼ yj;1�yj
τj;y

; ð6Þ

The equations and the parameter of the model are given in
Appendices A and B.

To reproduce the membrane potential fluctuations each jth cell
type c¼ ðFS; PY ;RE; TCÞ model is injected with the noisy current
ηcξc;jðtÞ, ξc;j being an uncorrelated Gaussian random variable of zero
mean and unit standard deviation 〈ξc;i; ξc;j〉¼ δij; ia j¼ 1;2;3; ;Nc .
The adopted value of the parameter ηc was chosen to get realistic
amplitude of the fluctuations of membrane potential.

The reason of using a single compartment model of each cell is
motivated by computational constraints. The simulation will be
performed by using up to 180 coupled neuron models, and this
requires a high computational cost. Therefore, for the aim of the
present work, the choice of using a single compartment biophy-
sical model of each cell is a good compromise between two
requirements: computational advantages and realistic network of
coupled neurons.

2.2. Synaptic coupling

The synaptic couplings among cells type c; c0 ¼ FS; PY ;RE; TC are
assumed to be all-to-all.

The synaptic currents are of types α¼ ðAMPA;GABAa;GABAbÞ.
A generic current Iα acting on the jth cell type c is defined by

Iαcc0 ;j ¼ � 1
Nα

c
∑
Nα

c

k ¼ 1
gαcc0scc0 ;kðtÞðVj�Vcc0 Þ ð7Þ

where gαcc0 represents the maximal amplitude of the coupling, the
function scc0 ;kðtÞ describes the time evolution of the postsynaptic
current, Vcc0 is the corresponding reversal potential and Nα

c is the
normalisation factor determined by the number of neurons
involved in the synaptic coupling of α-type. The generic time
evolution of scc0 ;kðtÞ is described by

dscc0 ;kðtÞ
dt

¼ γð1�scc0 ;kÞ�δscc0 ;k ð8Þ

The equations and the parameter of the model are given in
Appendix C.

'The electrical coupling among FS interneurons is all-to-all and
the corresponding current on the jth cell is defined as

JFF ;j ¼
1

NFS�1
∑
ka j

gelðVj�VkÞ ð9Þ

where gel is the coupling amplitude. The parameters values for the
coupling of FS neurons and PY interneurons are those adopted in
[10] . The parameter values describing the amplitude of the synaptic
current among neurons of the thalamus are those reported in [11].

Fig. 1. Schematic representation of the neural networks connectivity. Pyramidal
neurons (PY) receive excitatory inputs from thalamocortical cells (TC) and inhibi-
tory inputs from FS interneurons. Thalamic reticular neurons (RE) receive excitatory
inputs from pyramidal and TC neurons, and inhibit TC cells. FS interneurons are
coupled by electrical synapses, inhibit PY neurons and receive excitatory inputs
from PY on TC neurons.
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