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Abstract— We describe a computational model of the
thalamus and the cortex able to reproduce some essential
epileptiform features commonly observed in the Landau-
Kleffner syndrome. Investigation with this realistic model
leads us to the formulation of a cellular mechanism that
could be responsible for the epileptic discharges occuring
with this severe syndrome. Understanding this mechanism
is of prime importance for developing new therapeutical
strategies.

I. INTRODUCTION

Epilepsies are one of the most common neurologic

disorders, with a prevalence of about 1% of the world’s

population, that manifests in diverse ways (Laidlow

et al., 1993). There are numerous seizure types and

numerous mechanisms by which the brain generates

seizures. The two hallmarks of seizure generation are

hyperexcitability of neurons and hypersynchrony of

neural circuits (Stafstrom, 2006).

Among them, Landau-Kleffner syndrome (LKS) is a

rare but severe disease, affecting children between 3 and

10 years of age, characterized by deterioration of one

or more cognitive functions, behavioral disturbances,

spike and spike-wave EEG discharges which increase

during slow wave sleep, and epileptic seizures (Maquet

et al., 1995).

LKS is a form of non-lesional age-related focal

epilepsy which was first described over 50 years ago

by Landau & Kleffner, using clinical and EEG criteria,

where aphasia represents the main neuropsychological

deficit (Landau & Kleffner, 1957). Most often, the

symptoms consist of difficulties in comprehension

due to an auditory agnosia, with rapid reduction of

spontaneous oral language. Aphasia is usually associated
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with behavioral abnormalities such as attention deficit

and hyperactivity. The waking EEG shows focal,

multifocal or bilateral spike-wave discharges, the

topography of which fluctuates with time (Maquet

et al., 1995). These spike-wave discharges increase

during slow-wave sleep and may become continuous.

Occasional epileptic seizures (partial or generalized)

occur in 70% of patients (Beaumanoir, 1992).

LKS involves deterioration of cognitive functions

that were previously normally acquired, and may

partially regress before the end of adolescence

(Mantovani & Landau, 1980). The epileptic seizures

observed are partial motor seizures, atypical absences,

and generalized tonic-clonic seizures. The EEG

abnormalities consist of spike-and-wave discharges

with fluctuating topography, the frequency of which is

significantly increased during slow-wave sleep.

Although the clinical and EEG features of this

syndrome are documented, understanding of the

aetiology and pathogenesis of this affection still

remains fragmentary. Likewise, the interaction between

epileptiform abnormalities and cognitive dysfunction

is not fully understood. In this paper, we describe

the development of a realistic model and the use

of computer simulations of layers thalamocortical

circuits with the aim of simulating some aspects of the

epileptiform behavior of this pathology. Without leading

to definitive conclusions, our results could however

shed new light on some interesting pathophysiological

mechanisms with this in computo approach, giving

the right direction of future research for this serious

affection.

II. METHODS

A thalamocortical network composed of a total of

3,600 cells was simulated. The cells were distributed

into four different layers: the nuclei of the thalamus

were composed of one layer for the thalamocortical

relay (TC) neurons and one layer for the thalamic

reticular (nRT) neurons. The two last layers were to

describe pyramidal excitatory (PY) neurons (layer

V) and inhibitory interneurons (IN), respectively.

The ratio between PY and IN were 4:1, even if

the exact proportions seem not relevant for the

results. Each neuron has afferences and efferences
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through biologically plausible stochastic distributions.

Heterogenity in a same layer was achieved though a

random distribution of parameters.

A. Model neurons

Given computational limitations, large realistic net-

works are not praticable with detailed morphologically

reconstructed neurons. Because simulation of such a

network typically requires a model cell with a minimal

number of compartments, we used for all of our model

cells somatic and dendritic compartments (Pinsky &

Rinzel, 1994). Even if these models are not as accurate

as the real cells in simulating the integration of synaptic

inputs in the dendritic compartments and the resulting

flow of current into the soma, they have been proven to

be sufficient to capture the relevant electrophysiological

aspects.

Each class of neurons has the currents INa and IK,dr,

responsible for the generation of action potentials, lo-

cated in the soma, as well as a leak current Il . Thala-

mocortical relay (TC) cells have in addition IT , low-

threshold Ca-current, IL, high-threshold Ca-current, a

Ca2+-dependent K+-current IK[Ca], a non-inactivating

Na+-current INa,p, and Ih, hyperpolarization-activated

non-specific current. Thalamic reticular (nRT) cells

have IT s, same as IT but with a slower dynamics,

IL, IK[Ca], ICAN , and INa,p. Cortical pyramidal (PY)

cells have in their soma a fast K+ A-current IA,

a non-inactivating slow K+-current IKs, and a Na+-

dependent K+-current IK[Na]. PY dendrites contain a

high-threshold Ca2+-current ICa, a Ca2+-dependent K+-

current IK[Ca], a non-inactivating Na+-current INa,p,

and an hyperpolarization-activated inward rectifier K+-

current IAR (non-inactivating). Cortical interneurons (IN)

were modeled with the spiking currents INa and IK , into

a single compartment, as well as the leak current Il

(Shepherd, 2001).

Each compartment i composing the cell model was

described by a nonlinear differential equation accounting

for the dynamics of their voltage Vi,

CmAiV̇i = −gl(Vi −El)−Ai ∑
j

Iint
ji −∑

k

I
syn
ki , (1)

where Cm = 1F/cm2 is the specific membrane capac-

itance, Ai is the compartment area, gl is the leakage

conductance, and El is the leakage reversal potential. In

the case of more than a single compartment, Eq. (1) has

a new right term accounting for the electrical coupling

between compartments i and k, i.e., −gik(Vi −Vk). In-

trinsic currents followed Hodgkin-Huxley-like kinetics,

Iint
ji = ḡ jm

M
j hN

j (Vi −E j),

where the current is expressed as the product of the

maximal specific conductance ḡ j, activation m j and

inactivation h j variables, and the difference between the

membrane potential Vi, and the reversal potential E j.

Activation and inactivation gates follow the single two-

state kinetic scheme (Destexhe & Sejnowski, 2001).

Expanding Eq. 1 with the exact ionic currents, we obtain

for PY cells,

CmASV̇S = −AS

(

Il + INa + IK + IA + IKs + IK[Na]

)

−Isyn,S −gsd(VS −Vd),

CmAdV̇d = −Ad

(

ICa + IK[Ca] + INa,p + IAR

)

−Isyn,d −gsd(Vd −VS);

for IN cells,

CmA = −A(Il + INa + IK)− Isyn;

for TC cells,

CmASV̇S = −AS (Il + INa + IK + IT + IL + Ih)

−Isyn,S −gsd(VS −Vd),

CmAdV̇d = −Ad

(

IK[Ca] + INa,p

)

−Isyn,d −gsd(Vd −VS);

and for nRT cells,

CmASV̇S = −AS (Il + INa + IK + ITs + IL)

−Isyn,S −gsd(VS −Vd),

CmAdV̇d = −Ad

(

IK[Ca] + INa,p + ICAN

)

−Isyn,d −gsd(Vd −VS).

B. Model ion channels

All ion channels are modeled following the Hodgkin-

Huxley formalism (Hodgkin & Huxley, 1952), with

gating variables x governed by the first-order kinetics

equation,

ẋ = Φ [αx(V )(1− x)−βx(V )x]

=
Φ

τx(V )
(x∞(V )− x) ,

Φ being the temperature factor. Accurate description of

the current parameters were taken from the literature

(Wang, 1998; Shepherd, 2001).

C. Model synapses and connectivity

Both excitatory (AMPA and NMDA) and inhibitory

(GABAA and GABAB) synapses were modeled. The

synaptic currents followed

I
syn

ki = ḡkimki(Vi −Eki),

where subscript ki indicates the synaptic contact from

neuron k to neuron i, ḡki is the maximal conductance,

and Eki is the reversal potential of the postsynaptic

current. The fraction of open receptors mki for fast

postsynaptic currents (AMPA, GABAA) was modeled

by a two-state kinetic scheme (Destexhe et al., 1994),

whereas slow postsynaptic currents NMDA and GABAB

receptors had a more complex activation scheme based

on the kinetics of G-proteins (Destexhe & Sejnowski,
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1995).

The corticothalamic feedback loop was modeled. In-

trathalamic and intracortical connections are local and

topographically organized, following a stochastic distri-

bution. Neurons can make multiple contacts onto the

same target. The probability that they are connected

in each direction is decided by a normal Gaussian

probability distribution,

P(x) =
exp

(

−
x2

2σ 2

)

√

2πσ2
,

taken at discrete points with x = ndx values, where n is

the discrete index to the target neuron with respect to the

efferent neuron and dx is the separation distance between

neurons. For inhibitory connections, a normal Gaussian

probability distribution is also used with a small standard

deviation. Fig. 1 illustrates the 4-layer model and the

various synaptic interconnections.

Fig. 1. Schematic view of the model. Neurons are divided into 4
different layers, each corresponding to a given class of neuron. Each
neuron receives afferences and efferences through various synaptic
processes.

Extracellular field potentials were calculated from net-

work activity, according to the following model (Nunez,

1981),

Vext =
Re

4π ∑
ik

I
syn
k,i

ri

,

where Vext is the electrical potential at a given

extracellular site, Re = 230Ω · cm is the extracellular

resistivity, Isyn are the scalar postsynaptic currents and

ri is the distance between each cell and the extracellular

site. For pratical reasons in the context of large network

model, we did not take account of the particular cell

geometry.

All simulations were implemented in a Visual-C++

code, using 4th-order Runge-Kutta integration method

with a variable time step, on a Pentium IV dual-

processor, 3 GHz.

III. RESULTS

A. Imbalance between excitatory and inhibitory synap-

tic connections reveals focal epileptiform patterns simi-

lar to continuous spike-and-wave discharges

In normal conditions, without altering the network

topology nor the synaptic strengths. Our model accounts

correctly for mimicking non-pathological rhythms such

as sleep spindles (8-12 Hz) and slow waves (< 1 Hz),

as confirmed by several other independent modeling

studies (Wallenstein, 1994 ; Destexhe et al., 1993 ;

Compte et al., 2003). Fig. 2 shows an example of

local field potentials generated in conditions simulating

wakefulness.

Fig. 2. Simulated extracellular field potentials mimicking heathly
EEG recordings. (Calibration bar: 1s, 150mV)

By creating local anarchic connections as well as an

imbalance of excitatory/inhibitory synaptic connections,

our model shows local spike-and-wave discharges (cf.

Fig. 3). The epileptic focus is induced by heterogeneity

of parameter and local increase of glutamatergic (ex-

citatory AMPA) synapses versus inhibitory (GABA).

Keeping a normal ratio of GABA/AMPA elsewhere

prevents these local discharges from propagating and

generalizing during wakefulness. We can obtain these

results with the presence of one or more foci with

abnormal parameters values. However, synchronization

properties are different in the case of multiple foci,

whereas with the presence of only one focus, the number

of abnormal cells seems to be critical in observing

spatial propagation. Investigation of these various obser-

vations will be devoted as a perspective of the model.

B. Transition to the slow-wave sleep state exacerbates

and generalizes epileptiform acitivities

We simulated the transition from the waking to

the slow-wave sleep state. It is well established that

2732 PROCEEDINGS OF THE IEEE, VOL. 29, NO. 1, AUGUST 2007



Fig. 3. Simulated extracellular field potentials mimicking EEG
recordings during wakefulness. Graphs 5 and 6 show local spike-and-
wave seizures. No evidence of propagation. (Calibration: 1s, 150mV)

the transition from wakefulness to sleep depends crit-

ically on the inactivation of ascendent activating sys-

tems (cholinergic, noradrenergic, and serotoninergic),

notably a decreased cholinergic input to the cerebral

cortex (McCormick, 1992). We focused on manipula-

tions that have been linked to neuromodulatory action by

acethylcholine: increase of passive, activity- and voltage-

dependent K+ conductances, and reduced excitatory

transmission.

We clearly show that the local spike-and-wave dis-

charges are exacerbated and tend to generalize to the

entire cortical network (see Fig. 4). This global syn-

chrony is achieved as the membrane is hyperpolarized

through an increase of K+ conductances. As the K+

conductances were significantly reduced, the network

showed spatiotemporal coherence. We readily obtain

the reverse (initial) behavior when coming back to the

waking state.

IV. DISCUSSION

One of the main symptom in LKS are aphasia and

auditory agnosia. However, the relationship between

EEG discharges and cognitive deficits are still unknown.

The hypothesis of a causal link between epileptiform

activity and these cognitive dysfunctions of language

areas is still debated. The hyperactivity of glutamatergic

neurons, as used in this model, may or may not be

realistic. However, it would explain the suppression of

the normal activity of associative cortices related to

language.

A large majority of authors agree on the fact that the

main EEG characteristic in LKS is consituted by high-

amplitude spike-waves, organized in various foci, with a

predominence over temporal and parieto-occipital areas

(Beaumanoir, 1992; Maquet et al., 1995).

It has been observed experimentally that drowsiness

Fig. 4. Simulated extracellular field potentials mimicking EEG
recordings during conditions simulating slow-wave sleep. All graphs
show major spike-and-wave seizures, generalized from the initial
focus. Generalized spike-and-wave discharges are observed in all
cortical ”areas”. (Calibration: 1s, 150mV)

and sleep activate abnormalities with a large diffusion

of spike-wave, especially during slow-wave sleep, which

is a unique feature of LKS (Hirsch et al., 1990; Beau-

manoir, 1992). From our model, we show that a local

cerebral dysfunction generated using a non-common

anatomical connectivity and an increase of synaptic

inhibition relative to excitation lead to a focal non

propagating epileptic activity, during wakefulness, which

persists irrespective of the activity of the rest of the

cortex. This focal cerebral dysfunction can be induced

anywhere, and in multiple sites wherever anarchic con-

nectivity and synpatic imbalance are present.

After keeping a persistent local focus of epilepti-

form activity where cortical glutamatergic neurons are

hyperexcited and hypersynchronized, we then observed

a spread and a cortical generalization of these focal

discharges once the transition to deep sleep was initiated.

During these phases of slow-wave sleep, extracellular

field potentials are characterized by a generalization of

epileptiform activity without any specific driving focus

(foci).

The generalization of slow-wave discharges is re-

lated to synchronous firing in large thalamocortical

populations. This firing activity uses a well described

oscillatory machinery deployed during sleep (Bonjean,

2006 ; Destexhe & Sejnowski, 2001). This explains

to a certain extent the alternation between focal and

secondary generalized epilepsies in the LKS and points

to some basic cellular mechanisms accounting for sleep-

related activation of epileptiform activity. However, the

specific causes for an unbalance between synaptic drives

are beyond the scope of this investigation.

Since LKS has been observed only in children aged

between 3 and 10, it has been suggested that this
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syndrome occurs only when the brain is immature,

during the considerable overproduction of synapses and

collaterals during the early stages of childhood (Maquet

et al., 1995).

Moreover, cortical volume reduction was observed

with MRI analysis in children affected by LKS, whereas

they showed normal cognitive abilities before the onset

of the syndrome (Takeoka et al., 2004). With this ex-

perimental observation, we think that permanent seizure

activities could progressively affect the cellular popula-

tion, yielding in some circumstances to neuronal death.

One hypothesis is that sustained seizures can induce

neuronal degeneration in the seizure focus and elsewhere

within seizure pathways. If an excitotoxic mechanism

underlies important components of the neuropathology

of experimental seizures, it is possible that brain damage

in human epilepsy may in part have a similar basis, by an

early necrosis or apoptosis processes (Collins & Olney,

1982).

V. CONCLUSIONS AND PERSPECTIVE

A. Conclusions

This paper proposed a realistic thalamocortical model

for investigating the LKS using computational and math-

ematical approaches. From this model, we were able

to reproduce correctly two essential characteristics of

classical LKS EEG recordings, namely (1) the presence

of a focus of permanent epileptic discarges during

wakefulness and (2) their generalization throughout the

cortex at the transition from the awake state to sleep

state. From this model, we deduced a plausible cellular

mechanism to account for the epileptiform activity ob-

served experimentally by classical EEG recordings. This

mechanism pointed out to the presence of a focus of

permanent epileptic discharges, which generalized and

spread throughout the cortex due to the transition from

wakefulness to deep sleep.

B. Perspective

We hypothetized that a functional imbalance between

excitatory and inhibitory drives could be responsible

for the loss of cognitive abilities and paroxysmal EEG

activities, although several processes, other than the ones

proposed here could equally account for these phe-

nomena. We also hypothesized that permanent epileptic

seizures could be responsible for the loss of cognitive

abilities and could ultimately lead to neuronal death

through various processes that need to be further in-

vestigated. Simulation of neurosurgery procedures or

pharmacological agents (such as the effects of benzo-

diazepines or other anticonvulsant drugs) are currently

investigated, and would hopefully give the right ori-

entation to theurapeutical strategies. Other interesting

perspectives are related to the study of synchronization

and propagation properties between multiple pathologi-

cal foci.

We hope our present results and working hypotheses

combined with future research will lead to a better

understanding of this disorder.
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