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Abstract

In the early fifties, Hodgkin and Huxley developed a model of the electrical activity of the neuron.
Based on a simple RC circuit with non-linear conductances, they reproduced very well the electrical
behavior of a squid neuron. Over the last fifty years, thanks to the increase of experimental data and
knowledge in neuroscience, scientists have extended the Hodgkin and Huxley’s model to more complex
neurons. But they have often increased the complexity which makes their models less robust.

This thesis focuses on thalamic neurons. The thalamus is the relay-station for the sensory inputs trav-
elling to the cortex. Depending on the state, the thalamic neurons exhibit two different firing patterns.
During sleep, the neurons are bursting, which stops the information processing. During wakefulness, the
neurons are spiking and the thalamus processes the inputs. In order to study diseases such as absence
seizures in children, or to describe more precisely the thalamic behavior, a robust model of neuron activity
switch is necessary. This robustness has to be maintained when the study is performed at the network
level.

Recent evidences have highlighted the critical role of the slow dynamics of neuronal calcium currents
in the switch from spiking to bursting. Inspired by this line of work, this thesis gathers conductance-based
models of thalamic neuron in the literature. The major difference between them is the presence of the
slow kinetics of the calcium current. The first contribution is their robustness comparison at the cellular
level. Models which lack this slow dynamic are fragile when they are subjected to perturbation.

The second contribution is to show that this slow dynamic is necessary to reproduce the correct rhyth-
micity of the thalamus at the network level.

The conductance-based models are powerful tools to simulate a neuron with a great biophysical realism.
However, they consist in high-dimensional non-linear differential equations that lead to time-consuming
simulations. Therefore, the second part of this thesis investigates simple, qualitative modeling of neuron
and network activity. This type of model, called hybrid model, is more mathematical; it captures the
subthreshold dynamics of the neuron through differential equations and adds a reset rule to mimic the
all-or-none nature of the spike. A hybrid model of a thalamic neuron has to be able to switch from spiking
to bursting. Its robustness at the cellular level relies on its ability to mimic the slow dynamics of the
calcium current without mathematical manipulation.

The third contribution of the thesis is to confirm this discussion with a network level analysis. It
shows that previously available simple models of thalamocortical neurons such as the well-known Izhike-
vich models lack the slow dynamics, hence they generate pathological behaviors while connected within
a circuit.

The key message is the comparison between two classes of thalamic neuron models. The first class
integrates the slow dynamics of the calcium current while the second class assumes that this dynamics is
fast. This work shows that the first class provides better results in terms of robustness. This demonstration
is led at the cellular and network levels, for conductance-based models or reduced models. Therefore, the
models belonging to this class are suitable for studies concerning the neuromodulation or the synaptic
plasticity.
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Résumé

Au début des années cinquante, Hodgkin et Huxley ont développé un modele de D'activité électrique
neuronale. Basé sur un simple circuit RC caractérisé par des conductances non-linéaires, ils ont réussi a
reproduire de maniere précise le comportement électrique d’un neurone de calamar. Durant ces dernieres
années, 'augmentation du nombre de données expérimentales disponibles, ainsi qu'une amélioration des
connaissances dans le domaine de la neuroscience, ont permis aux scientifiques d’étendre le modele de
Hodgkin et Huxley au cas de neurones plus complexes. Cependant, ces modeles augmentent également
en complexité mathématique, ce qui les rend moins robustes.

Cette these se concentre uniquement sur les neurones du thalamus. Cette partie du cerveau est le
centre-relais des informations sensorielles voyageant vers le cortex. En fonction de leur état, les neurones
du thalamus sont caractérisés par deux motifs de décharge. Durant le sommeil, les neurones ”burstent”,
ce qui bloque le traitement de l'information. Durant la phase d’éveil, les neurones présentent un en-
chainement régulier de pics qui permettent au thalamus de traiter 'information et de ’envoyer au cortex.
Un model robuste décrivant ce changement d’activité est primordial afin de mieux comprendre certaines
maladies telles que I'absence d’épilepsie ou de décrire plus précisément le comportement du thalamus.

De récentes études ont mis en évidence le role critique de la dynamique lente des courants calciques
présents dans les neurones dans la transition entre les deux modes de décharge. Inspirée par ces recherches,
cette these rassemble des modeles a conductances des neurones du thalamus présents dans la littérature.
La différence majeure entre ces modeles réside dans I'intégration ou non de la cinétique lente des courants
calciques. La premiere contribution de ce travail est la comparaison de leur robustesse a 1’échelle cellulaire.
Les modeles qui omettent cette dynamique lente sont fragiles lorsqu’ils sont soumis & des perturbations.
La deuxieme contribution consiste a montrer que cette caractéristique des courants calciques est nécessaire
pour reproduire le rythme d’une population de neurones du thalamus.

Les modeles a conductances sont des outils puissants pour simuler un neurone avec une bonne in-
terprétation biophysique. Cependant, ils sont formés d’un grand nombre d’équations différentielles non-
linéaires menant a des simulations couteuses en temps. Par conséquent, la deuxieme partie de cette these
s’oriente vers une modélisation plus simple et plus qualitative des neurones et de leur activité en réseau.
Ce type de modele, appelé modele hybride, est plus mathématique ; il capture la dynamique du signal
neuronal au travers une équation différentielle. Ensuite, une équation de remise a zéro, appelée la regle
du <« reset >, tient compte de la nature < tout ou rien > des pics présents dans le signal électrique. Un
modele hybride d’'un neurone du thalamus doit étre capable de reproduire la transition entre les deux
modes de décharges. Sa robustesse a 1’échelle cellulaire repose sur son aptitude a imiter la dynamique
lente des courants calciques sans manipulation mathématique.

La troisieme contribution de cette these est de confirmer cette hypothese avec une analyse a 1’échelle
d’un réseau de neurones. Cette étude prouve que les modeles plus simples des neurones du thalamus
présents dans la littérature, tels que les modeles d’Izhikevich, n’integrent pas cette cinétique lente. Par
conséquent, ils ne sont pas capables de reproduire 'activité rythmique du thalamus.

Pour résumer, cette these a pour but de comparer deux classes de modeles de neurones du thalamus.
Une classe integre la dynamique lente des courants calciques en opposition a ’autre classe qui assume que
cette dynamique est rapide. Ce travail montre que la classe faisant 'hypothese d’'une dynamique lente
donne des résultats favorables en terme de robustesse. Cette démonstration est menée au niveau cellulaire
et a I’échelle d’un réseau de neurones, tant pour des modeles a conductances que des modeles réduits.
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Figure 1: Structure of the thesis. Part I - Background: elements of neurophysiology and neuronal mod-
eling, description of the thalamus and introduction of the discussed assumption. Part II - Conductance-
based modelling: state-of-art and robustness analyseg at the cellular and network levels. Part I1I - Reduced
modeling: state-of-art and robustness analyses. Part IV - Conclusion and Perspectives.
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Cellular robustness analysis: Alteration of the capacitance

Destexhe, Drion, HM Rush, Wang RushCa
Cm \J\/J\
RiaYave
5 M

HIB not affected No more able to switch HIB not affected
v

Creation of a modified version of Rush:
The steady-state activation mg,r is changed by a slow activation

Figure 2: Robustness analysis at the cellular level. The capacitance of the model is altered from
its initial value. The models (Destexhe, Drion, Huguenard and McCormick - HM) that consider the slow
activation of the calcium current (blue frame) are robust. They still mimic the hyperpolarisation-induced
bursting (HIB). By contrast, the models (Rush and Wang models) which consider the fast activation (gray
frame) are not able to switch from tonic to burst mode. By replacing the fast activation in Rush model
by a slow activation, a new model called RushCa is created. This model is now robust.
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Figure 3: Robustness analysis at the network level for conductance-based models. Evolution
of the percentage of rhythmic networks (networks that switch and burst synchronously) as a function of
the relative intrinsic variability for the different conductance-based models computed with the nominal
values of the intrinsic parameters.



STATE-OF-ART

without the slow dynamics of the
calcium current

Fold hybrid model

0 = v2—w+I ifv>uwvy, then
w = elav—w) v<cw<d
w |

:
|
|
|
|
|
|
|
:
g R
! =1
! |
|
:

with the slow dynamics of the
calcium current

Transcritical hybrid model

v = vP-—w+1 if v > vy, then
w = €laV —w @) vVé—cw—d
density of calcium channels
w w

Low density

High density

I<0 v I>0

HYBRID MODELING OF THALAMIC NEURONS

Izhikevich model

= 0.0402+ 50+ 140 — v, + I if v > 30, then
— a(bv—vs) v(_c’vs<_vs+d
| U f-—————- r——-
|
|
I fr—
| >
I A
o ! >
= |
i N
w gl
: Cronic[— - O
v
Ctonic Churst ’Ulth v t [mS]
123 4
gl 1234

Ctonic Churst U, v

t [ms]
Switch from tonic to burst

= change the value of ¢

= alteration of the reset rule

HYB model

b = (V= Vshife)? — 22+ bV — Vghife)Ts @s
—GusTus + Istatic + Iapp
i‘Cs — Es(as(v — vshift) — xs)
[ Tys = Eus(aus(v - vshift) - xus) ]

if v —Vsnife > ven
V4 C,Tg  dg, Tys & Toys + dys

L Ultra-slow variable to mimic the de-
inactivation of the T-type calcium current

Slow feedback gain
= density of the calcium channels

9,<0 = low density —— tonic mode
gs>0 = high density — bursting mode

Switch from tonic to burst
= change the value of g,
= change the density of calcium channels

Figure 4: Hybrid models of thalamic neuron. Izhikevich model is based on the reduction of the
Hodgkin and Huxley model. It does not integrate the slow dynamics of the calcium current. It can
reproduce an hyperpolarisation-induced bursting by changing the reset rule. HYB model is based on
the phase portrait altered by the slow activation of the calcium current. The hyperpolarisation-induced
burstinf is achieved by changing the density of calcilm channels.




100

. 80
X,

D

wn

‘é 60

2 — %« HYB
2 % IZH
240

g

=

=y

9

O Il Il Il Il Il I
0 5 10 15 20 25 30

Relative intrinsic variability v [%]

Figure 5: Robustness analysis at the network level for hybrid models. Evolution of the percentage
of rhythmic networks (networks that switch and burst synchronously) as a function of the relative intrin-
sic variability for Izhikevich model and HYB model computed with the nominal values of the intrinsic
parameters.



