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1. Modélisation des propriétés passives de la
membrane: Circuit électrique équivalent

2. Modélisation des proprietes actives de la
membrane |: Formalisme de Hodgkin-Huxley

3. Modélisation des propriétés actives de la
membrane |l: Propriétés neuronales intrinseques

4. Modélisation des intéeractions synaptiques

5. Applications: Oscillations dans les circuits de
neurones du thalamus




Potentiel de Membrane

Intracellular
racording




Distribution de charges

Neutral

[+

Neutral Membrane

Neutral




Potentiel de Membrane

Principe biophysique:
La sélectivité ionique




Potentiel de Membrane
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Potentiel d’Equilibre (reversal potential)

I:}qua,tiﬂn de Nernst:

ol
K], = concentration extracellulaire en K™
|K]; = concentration intracellulaire en K™




The neuronal membrane acts as a RC circuit

Intracellular

et

Mambrana

)

L
Extracellular

Intracellular
2O0000CO000000000C
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Extracellular




Conductances

Lol d’Ohm:

Ig = gK (V et Eﬁ:)

ou:

lion = courant tonique (potassium)

g = conductance du courant K™

Ex = potentiel d’équilibre ou potentiel dinversion du K™




Circuit Equivalent

dVv
Con—r = - V—-E
7 gr ( L)

gr. = gnNa t+ 9K

_ gNaEne + 9x Ex
dNa T 9K

Eyp




Passive properties

A

Membrane potential

L "/

Injected current

B

Membrane potential

Injected current
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Voltage dependence




The Hodgkin-Huxley model

Dépolarisation

Ouverture de Entrée
canauy Ma+ de Na+
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Equivalent electrical circuit of the membrane




The Hodgkin-Huxley model
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Time {ms)

C'm%! = =g1 (V = BL) = gna(V) (V = Ena) = gg(V) (V = Bg)

From: Hodgkin & Huxley
J. Physiol., 1952




Voltage-clamp

Current monitor

( t el
_ILCU S Voltage
clamp

=3

v
Axon Current electrode




Voltage-clamp




Voltage-clamp characterization of ionic currents

1. Voltage-clamp protocol




Voltage-clamp characterization of ionic currents

1. Voltage-clamp protocol 2. Voltage dependence of steady-state
activation and time constant
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Origin of voltage-dependence

Closed




Origin of voltage-dependence

(V)
closed —= open
BV}

Activated
complex

?
T
LE
[1E]
i

AGy, : free energy barrier for the transition closed = open
AGp : free energy barrier for the transition open = closed

&V} = v exp [_&T;EV)I B(V) = vexp [_&T;EV)}




Origin of voltage-dependence

Voltage-dependence of rate constants

Low field limit;

V Ve
AG(V) = AGy — — My —

B, + ..
d 22 kT

M, . dipole moment
B, : distortion polarizability

At first order: simple exponential:

(QI;JV)}

a(V) = Exp[—




Origin of voltage-dependence




Action potentials

Modele cinétique le plus simple:

(V)
Cf — C:’I

Hm(V)

on
C'y: canal fermé

v

e canal ouvert

Si m est défini comimne la fraction de canaux en configuration ouverte

(oA
[Cy] +[Ca]

m =

on obtient:

. = "’-"*‘-’m[V) [:] - m) - .ﬁ'm-”f:' UL




Origin of voltage-dependence

(V)
closed —= open
B(V)

[t m is defined as the fraction of gates in the open state:

[open]
m =
g lopen] + [closed)’

the evolution of the system is given by the Kinetic equation:

a(V) (1—m) — B(V)m
I

— (Moo — M)
Ti"ﬂ

If ot(V) and B(V) are
e [ime constant: 'Em(lr’} = I/ [{L(V) ol ﬁ(V)] first-order exponentials;

’ I
o Steady-state activation: m.(V) =o(V)/[a(V)+ B(V)] Mea(V) =

[ (v =¥,
| +exp —‘l—ﬁ_“l




Origin of voltage-dependence

Is this model sufficient to
generate action potentials ?




Origin of voltage-dependence




Voltage-clamp

non-inactivating

inactivating




Voltage-clamp

(A) Na CONDUCTANCE (B) K CONDUCTANCE

20
M
0 N
N‘:—D

N—

&Wﬂ

Conductance (mS/cm?)

Time after start of test pulse (ms)




The Hodgkin-Huxley model

Open probability

Sodium channel

Potassium channel




The Hodgkin-Huxley model




The Hodgkin-Huxley model

The Hodgkin-Huxley model:

v |
ﬂmﬁ — =KL {:V '_Ef) _‘,_'L'Nrt(vj (V'_EM:} Hqﬂh(v) (V '_“-'I:h)

gna(V) = @ya m* (V) h(V)
gr(V) =gk n'(V)
State variables:

dm

E = Il,"[:'l—’f} (I _”i'} — Bm{vl i

= (V) (1 =h)=Pu(V) h

From: Hodgkin & Huxley = (V) (1 =n)=Pu(V) n
J. Physiol., 1952




The Hodgkin-Huxley model

)
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@
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8
E
]
=

Time {ms)

C'm%! = =g1 (V = BL) = gna(V) (V = Ena) = gg(V) (V = Bg)

From: Hodgkin & Huxley
J. Physiol., 1952




Threshold and repetitive firing




Refractory period




Strategy for biophysical models

Voltage-clamp experiments

o Time constant. T, (V)

o Steady-state activation:  me(V)

\ 4

Hodgkin-Huxley model

\ 4

Numerical simulation
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Intrinsic neuronal properties
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From H. Markram, Brain-Mind Institute, EPFL, Lausanne




Intrinsic neuronal properties
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In: Fundamental Neuroscience (Academic Press, 1999), Chap.6




Intrinsic properties of thalamic neurons
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Jahnsen & Llinas, J Physiol, 1984



Hodgkin-Huxley model of adaptation




Hodgkin-Huxley model of bursting

/

-85 mV, 0.2 nA




Repetitive bursting from Ica - IK[Ca] interaction




1. Modélisation des propriétés passives de la
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4. Modeélisation des interactions synaptiques

5. Applications: Oscillations dans les circuits de
neurones du thalamus




Different types of ion channels
PRESYNAPTIC

Ed

Voltage-gated
channels

Ca*t-mediated
transmitter
release

@ Transmitter- and

1 A S"f Yar-
G\ﬂt@ , Second messenger

gated channels

POSTSYNAPTIC




Ligand-dependent gating

e | & ] # B
Schéma cinétique:

il (L] (1 —m)

m. : fraction de canaux ouverts
L “ligand” — Calcium, neurotransmetteur, messager secondaire, ...




How to model synaptic interactions ?

Excitation Inhibition

Neurone présynaptique

Neurone postsynaptique

~—~._ EPSP




Synaptic currents

[

ant (pA)

T 1 0

P

Current (pA)

L Urr
i

oo oo oo

N = W bk =

|
i
=

l | ——————————

0 10 20 30 a0 bHO 60 70 0 10 20 30 40

Time (ims) Time (ms)

Colquhoun et al., J. Physiol. 1992




Pulse-based model of synaptic currents

[T]

l. transmitter (1) 1s
produced as a pulse

2. T binds to receptors  (closed) + T == .. == (open)

3. Postsynaptic current
is evaluated from the Lsyn = gsyn 1] (V-Egyp)
fraction of open receptors




Models of synaptic currents

(5L
closed + L —= open
b

oLl (1—m) — Bm

m . fraction of gate 1n the open state
Tm = 1/ (a[L]+ ) : time constant
M« = Ot|L]/ (t|L] 4 ) : steady-state activation

If expressed as a function of C = log([L]) :
1

{.ﬂ - {- 1"-: ]
k.‘”

Mo —




Models of synaptic currents

Glutamate AMPA receptors GABA(A) receptors
- "

‘H:llilph

10 ms




Voltage-dependent gating
(Hodgkin-Huxley)

Calcium-dependent gating

Transmitter gating

Second-messenger gating

Different types of ion channels

C+nCaj — O
&)

L

C+nT —e O
fi]
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Connectivity of thalamic cell types

t Ascending
- Projections
- to Cortex

Elixcimtury ’ [nhibitory :
Collaterals t Feedback,

t , Alferents




Intrinsic properties of thalamic neurons
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Intrinsic properties of thalamic neurons
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Voltage-clamp characterization of the T-current

INACTIVATION
NOUYAILLDY

COMMAND POTENTIAL (m\V)

Huguenard & McCormick, J Neurophysiol, 1992




Hodgkin-Huxley model of the T-current

(V)
Mf == My

.fjm “rj

ap (V)
hi —— h,

(V)

gr(V) = gr m*(V) h(V)

Equations cinétiques:

i—T — (V) (1= m) — B (V) m

dh

E == ﬂ:ﬂ(V) (1 — h) — @}g(V} h




Hodgkin-Huxley model of the T-current

/l/l/l/b | 40 mv
P

-80mV, 0.2 nA =60 mV, 0.2 nA

- § |4ﬂm"u" L _\

-

-80mV. 0.1 nA ~70mV 02 nA

"“\_ J
-60mV, =0.1 nA _ -85 mV, 0.2 nA




Voltage-clamp characterization of the H-current

10k

0-8 b
* 06}

o A

0:2 b

00

=110 =100 -90 -80 -70 -60 -50 -40
Membrane potential {(mV)

McCormick & Pape, J Physiol, 1990




Voltage-clamp characterization of the H-current

& AEtivation De-activation

-

‘[I-E AA

McCormick & Pape, J Physiol, 1990




Hodgkin-Huxley model of the H-current

as(V)
Sf — Sﬁ

As(V)

(V)
Ff — Fﬁ
Ar(V)

gh(vj = Gh SLI(V) F(V)

Fquations cinétiques:

D as(V) (1-8) = Bs(V) S

dF

= ap(V) (1= F) = Bu(V) F




Activation

Hodgkin-Huxley model of the H-current

B Deactivation

- |

—

] 6
Time i%)

Z
Time (5|

C

Time constant (s)

120

|
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10
Tunaz ()

L D00
_ pflerme

] A
T (5]

4]

£

100 #i
Wiembsrane patantial (mby)

Destexhe et al., Biophys J., 1993



Oscillations from IT - |h interaction




Calcium regulation of the H-current
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Hagiwara & Irisawa, J Physiol, 1989




Calcium regulation of the H-current

Nat/ K*

/)

i

I}, Activation

-1 20 -1} -5}

Membrane potential (mV)




Oscillations from IT - |h - Calcium interaction

Na*/7 K*

Hesting (-68 mV/)

A

Waxing-
Waning

Destexhe et al., J Neurophysiol, 1996
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Firucuhrsmanauoed natwork oacillation Corrart pulssganduced csalation

E F
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I, _
n|JL|J |-\' if

Bal et al., Neuron, 1996




ADP - model

Upregulated |}, Control

il MM

Destexhe et al., J Neurophysiol, 1996



Thalamic reticular neurons




Repetitive bursting properties

Bal & McCormick, J Physiol, 1993



Characterization of IT in RE cells

108
HOLDING POTENTIAL ImV)

COMRAND FOIENTAL (PH)

Huguenard & Prince, J Neurosci, 1992




Calcium-dependent potassium currents (K[Ca])

Epy
mys+n Ua; — my
,"-Iiﬂ'l

gxca(V) = gujog (V)

uquations cinéfiques:

. — {1?3‘5 ‘{:?{E'E]h {] - Tﬂj — .'E"'?T?i Tl.‘-lt'




Calcium-dependent cation currents (CAN)

.} Cegn
me+n U, — 1,
2]
e

VY L A 401/
goantV) = goan m-(V)

Hquations cinétiques:

dm - ,
dt = ap [Ca" (1 =m) = B, m




Repetitive bursting from IT, IK[Ca], ICAN interaction

Destexhe et al., Biophys. J.,



Thalamic oscillations in vitro

A

Ahernyperpolarization o

EI‘IFH-L‘.E“LI‘IEF E riracslular

LGNd-A1 ' LGMNd-A, ”H'I“l"'“” |
Intracelular
r;lgiy”géll ' PGN cell Ul A M
. SV TN B

1 5

W

Jﬂllﬂli

|H‘\..l

—

100 ms

MVA

EPSPs " EPSPs .
. L5

E}’ Ca“* spike

E J 25 ms
EPSPs

e

IPSPs g4 mv — . .
1g VonKrosigk et al., Science, 1993




Model of thalamic oscillations

GABA
TC cells: IT, Ih, . RE cells: IT, IK[Ca],
Calcium regulation TC ICAN, Calcium

GLUTAMATE

Synapses:

Glutamate AMPA receptors GABA(A) receptors
~ "

‘ml:lp.ﬁ

10 ms




Model of thalamic oscillations

! I Fraction of calcium-bound |h channels

. 2| I il

GLUTAMATE Membrane potential

oo

GLUTAMATE

Destexhe et al., Biophys. J., 1993



Small circuits of thalamic neurons




Small circuits of thalamic neurons

Destexhe et al., J. Neurophysiol, 1996




Small circuits of thalamic neurons
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Bal et al., Neuron, 1996



Dynamic-clamp

Simulation de neurones et synapses en temps réel

Calculateur numérique o — Eoa— -
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Temps reel Equations Display
SOlgtl 18 Analysis
Storage
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- i Amplificateur
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i ;
W Vm (dynamic clamp)
|L‘"--_ p—

[\ OR Z’( -

i, a " Isyn = gsyn (r).(Vbiol-Esyn)

nREPGN \\\‘ﬂﬁ, / E —_—
- | TN
or N ) é,._
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madal neuran
M. Badoual, T. Bal




Dynamic-clamp

Real > Madel

nRYPGN .\ nRYPGN *’
i % Real TC

AL

Model TC —~JU TV Real TC wv_n__.l

Real
nRUYPGN

Le Masson et al., Nature, 2002




