
Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

Modeling of V1 through networks of
Hodgkin-Huxley equations

Mohamed Maama, Benjamin Ambrosio, M.A.Aziz-Alaoui

Laboratory of Applied Mathematics of Le Havre

M.MAAMA (University of Le Havre) 1 / 34



Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

Table of contents

1 Primary Visual Cortex V1

2 Physiology of Neurones & Synapses
Neurone
Synapse

3 Mathematical Tools
Poisson Neurons
Delta Function
Alpha Function

4 Applications
Model of Hodgkin-Huxley
Model description of V1
Numerical simulations

5 Perspectives

M.MAAMA (University of Le Havre) 2 / 34



Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

1 Primary Visual Cortex V1

2 Physiology of Neurones & Synapses
Neurone
Synapse

3 Mathematical Tools
Poisson Neurons
Delta Function
Alpha Function

4 Applications
Model of Hodgkin-Huxley
Model description of V1
Numerical simulations

5 Perspectives

M.MAAMA (University of Le Havre) 3 / 34



Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

An overview
The brain is an interesting and a complicated machine. Our joys, sorrows,
memories, and ambitions are no more than the electrical activity of a large
assembly of nerve cells.
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The visual �eld is the portion of space seen by an eye looking straight ahead,
motionless. When eye �xed point, it is able to detect in a limited space area,
lights, colors and shapes.
Visual input to the brain goes from eye to LGN and then to V1.
LGN (Lateral Geniculate Nucleus) receives information directly from the
retina and then sends projections in V1, it is composed of 6 layers, 3 receive
information from one eye and 3 from the other.
The primary visual cortex located at the back of the head and it has many
names : V1, area 17, and striate cortex.
V1 is primary because it processes the information coming from the LGN and
then passes its output to the other visual cortical areas which named V2,V3..

M.MAAMA (University of Le Havre) 5 / 34



Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

V1 is the best studied visual area in the brain, it is composed of a grid of
cortical columns (hypercolumns) means that cells arranged vertically from the
surface of the cortex and they consist of a large number of excitatory and
inhibitory neurons.
Neurons in primary visual cortex respond selectively to oriented stimuli such
as edges and lines. The long-range horizontal connections between them are
thought to facilitate contour integration.
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Neurone

Neurone

The term neuron was introduced into the medical vocabulary in 1881 by the
German anatomist Waldeyer-Hartz, neurons ensure the transmission of a
bio-electrical signal called nerve impulses, the total number of neurons in the
human brain is estimated from 86 to 100 billion.
Neurons have two physiological properties : the excitability, i.e., the ability to
respond to stimulations and convert them into nerve impulses, and the
conductivity, that means the ability to transmit impulses.
Neurons from the same individual are di�erentiated by changing their genetic.
But in the application, we assume that all them are identical.
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Neurone

A neuron consists of dendrites, a cell body, an axon, and synaptic terminals.
This structure re�ects its functional subdivision into receiving, integrating
and transmitting compartments.

Figure: Schematic of neuron
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Synapse

Synapse

A synapse (contact area) is a structure that permits a neuron to pass an electrical
or chemical signal to another neuron.

Figure: Schematic of synapse [PREMEDHQ (Medical School)]
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Synapse

Neurotransmitter

There are many di�erent types of neurotransmitter, and typically a neuron
releases only one type.
The neurotransmitter glutamate activates two di�erent kinds of receptors :
NMDA which is coupled to nonselective cation channel (permeable primarily
to Ca2+ , but also toNa+ and K + ). The ion channel has fast, voltage
dependent activation and slow deactivation. And AMPA which is coupled to
nonselective cation channel (permeable toNa+ and K + ). These channels
have fast activation and deactivation. Both of these receptors lead to
excitation of the membrane.
GABA is the principal inhibitory neurotransmitter in the cortex, it has two
main receptors. GABAA is ionotropic and is coupled to an ion channel
permeable to small anions (primarily Cl� ). The channel has fast activation
and deactivation. GABAB is metabotropic. Its associated ion channel is
permeable toK + and has fast activation and slow deactivation.
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Synapse

The di�erence between excitatory and inhibitory transmission is a
consequence of di�erences in the reversal potentialER of the ionic species
involved. Roughly speaking, the current generated by a receptor channel can
be written asIsyn = gsyn(V � ER), whereV is the membrane potential and
gsyn the synaptic conductance.If (V � ER) is negative, then the membrane is
depolarizing (the voltage increases), this means that it is easier for the cell to
have an action potential, i.e. it ismore excitable.If positive, then the
membrane is hyperpolarizing (the voltage decreases), this means that it is
harder for the cell to have an action potential, i.e. it islessexcitable.
Synaptic transmission is stochastic and believed to be an important source of
noise in the nervous system.
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Poisson Neurons

Motivation

In the cortex, the timing of successive action potentials is highly irregular.
This irregularity might arise from stochastic forces.
We assume that the generation of each spike depends only on an underlying
continuous driving signal,r (t ), that we will refer to as the instantaneous
�ring rate. It follows that the generation of each spike is independent of all
the other spikes, hence we refer to this as the independent spike hypothesis.
If the independent spike hypothesis were true, then the spike train would be
completely described a particular kind of random process called a Poisson
process.
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Poisson Neurons

Poisson process

Poisson processes are important in a variety of problems involving rare,
random events in time or space, for example, tra�c accidents and action
potentials.
Assume the average �ring rate of a cell is constant :r (t ) = r .
Every sequence ofn spikes over a �xed time interval has an equal probability.
Thus, the spike train with a probabilityP[t1; t2; :::; tn] can be expressed by a
probability function that considers only the number of spikesPT [n] within a
duration T.
The Poisson distribution is :P f n spikes during Tg = e� rT (rT )n

n! .
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Delta Function

Delta function

the Dirac delta function, or� function, is a generalized function, or
distribution, on the real number line that is zero everywhere except at zero,

with an integral of one over the entire real line.� (x) =
�

+ 1 ; x = 0
0; x 6= 0 and

R+ 1
�1 � (x) dx = 1

Some properties :� a(x) = lim
a! 0

1
a
p

2�
e

� x2

2a2 , and the convolution product by a
Dirac corresponds to a translation of the original function of a value ofa
f � � a(x) = f (x � a).
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Alpha Function

Alpha function

The alpha-function can be de�nes in various ways, for this particular model this
alpha-function is simply :

� (t ) =
�

0; for t < 0;
1
� e� t =� ; for t > 0

It is the impulse response function associated with the ode :

�
da(t )

dt
= � a(t ) + � (t � 0)

When the voltage in the presynaptic compartment exceeds a threshold V, the
alpha function is initiated.
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Model of Hodgkin-Huxley

Hodgkin and Huxley (HH) performed experiments on the giant axon of the
squid and found three di�erent types of ion current, sodium, potassium, and
a leak current that consists mainly ofCl� .
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Model of Hodgkin-Huxley

The HH model consists in a set of four nonlinear ordinary di�erential equations in
the four variables V, m, h, and n.
The corresponding equations are the following :

8
>>>>>>>><

>>>>>>>>:

C dV
dt = I � gNam3h (V � ENa) � gK n4 (V � EK ) � g l (V � El );

dm
dt = � m(V )(1 � m) � � m(V )m;

dh
dt = � h(V )(1 � h) � � h(V )h;

dn
dt = � n(V )(1 � n) � � n(V )n;

Where
� m(V ) = 0:1(V + 25)=(expV + 25

10 � 1) , � m(V ) = 4 exp( V
18 ),

� h(V ) = 0:07 exp(V =20) , � h(V ) = 1=(exp( V + 30
10 + 1),

� n(V ) = 0:01(V + 10)=(expV + 10
10 � 1) , � n(V ) = 0:125 exp( V

80 ).
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Model of Hodgkin-Huxley

Such spikes (action potential) are the main means of communication between
neurons, in general, neurons don’t �re on their own, they �re as a result of
incoming spikes from other neurons.

Figure: Schematic of action potential [Wikipedia]
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Model description of V1

Model of V1

Inhibitory neurons appear in
red
Excitatory neurons in green

Excitatory-Inhibitory network for a local population of neurons in V1
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Model description of V1

Figure: Schematic diagram for networks of Hodgkin-Huxley equations
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Model description of V1

The state-variableV of a typical neuronn evolves according to a set of ODEs
which can be described as follows :

C d
dt V (t ) = Iext � gNam3h (V � ENa) � gK n4 (V � EK ) � gL (V � EL)

� gE (t )(V � EE ) � gI (t )(V � EI ):

For a neuronn of type Q 2 f E; Ig, its conductances satisfy

� E
dgE

dt
= � gE + SQE

1X

i = 1

� (t � t syn;E
i ) + Sdr

1X

i = 1

� (t � t dr
i ):

And,

� I
dgI

dt
= � gI + SQI

1X

i = 1

� (t � t syn;I
i ):
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Numerical simulations

Network topology of a balanced random network. Populations consisting of
NE = 600 excitatory andNI = 75 inhibitory neurons.
For Iext = 0 :

(a) Membrane potential V (b) m(t) (c) h(t)

(d) n(t) (e) gE(t) (f) gI(t)
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Numerical simulations

For Iext = 10 :

(g) Membrane potential V (h) m(t) (i) h(t)

(j) n(t) (k) gE(t) (l) gI(t)
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Numerical simulations

For Iext = 120 :

(m) Membrane potential V (n) m(t) (o) h(t)

(p) n(t) (q) gE(t) (r) gI(t)
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Numerical simulations

For Iext = 1000 :

(s) Membrane potential V (t) m(t) (u) h(t)

(v) n(t) (w) gE(t) (x) gI(t)
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Numerical simulations

For Iext = � 10 we have :

(y) Membrane potential V (z) m(t) () h(t)

() n(t) () gE(t) () gI(t)
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Numerical simulations

For Iext = � 33:5 we have :

() Membrane potential V () m(t) () h(t)

() n(t) () gE(t) () gI(t)
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Perspectives

Making a numerical and theoretical study of the asymptotic dynamics within
the network.
We will focus particularly in the case of PDEs at di�erent patterns and the
local and global bifurcations occurring in the model.
Study numerically and theoretically the synchronization phenomena in this
network.

M.MAAMA (University of Le Havre) 32 / 34



Primary Visual Cortex V1 Physiology of Neurones & Synapses Mathematical Tools Applications Perspectives

Thank you for your
attention
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