Tahmineh Azizi
SIMIODE EXPO 2024
International Online Conference



Cell body

Endoplasmic //

reticulum \&
Mitochondrion ‘\ \ Dendrite

/
/ \\g Dendritic branches

Telodendria 7,

—~_

| <N

Synaptic terminals

Anatomy of a Neuron

Cell Body (Soma): The cell body, or soma, is the central part of the neuron that contains the
nucleus and other organelles. It is responsible for the basic life processes of the cell.

Dendrites: Dendrites are branched extensions protruding from the cell body. They receive
signals from other neurons or sensory receptors and transmit these signals toward the cell
body.

Axon: The axon is a long, slender projection that extends from the cell body. It conducts
electrical impulses away from the cell body toward other neurons, muscles, or glands.

Axon Terminals (Axon Endings): The axon terminals are small branches at the end of the axon
that form synapses with other neurons, muscles, or glands. They release neurotransmitters to
transmit signals to the next cell.

Synapse: A synapse is a junction or connection between the axon terminals of one neuron
and the dendrites or cell body of another neuron. It is the site where information is
transferred from one neuron to another.

Neurotransmitters: Neurotransmitters are chemical messengers that transmit signals across
the synapse. They are released from vesicles in the axon terminals and bind to receptors on
the receiving neuron, initiating a response.
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 Neurons communicate with each other through a :
combination of electrical and chemical signals.

Electrical and Chemical
Transmission

* The transmission of signals within neurons is .
primarily electrical, while the communication .
between neurons occurs through chemical
transmission at synapses. .
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The combination of electrical and chemical signals allows for the transmission of information within neurons and between
neurons in complex neural networks, enabling various functions of the nervous system, including sensory processing, motor
control, and cognitive processes.



The Action Potential,
a Rapid Change in
Membrane Potential

The action potential is a
rapid and transient change
in the membrane potential
of a neuron, essential for
the transmission of
electrical signals along the
length of the neuron.

It is a key mechanism in the
communication within the
nervous system.
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[ As an action potential travels down the axon, there is a change in polarity across
the membrane.

W The Na+ and K+ gated ion channels open and close as the membrane reaches the threshold
potential, in response to a signal from another neuron.

 This creates a change in polarity between the outside of the cell and the inside.

A The impulse travels down the axon in one direction only, to the axon terminal where it
signals other neurons.
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Transforming Neural impulse from one neuron to another one

( At the beginning of the action
| potential, the Na+ channels

open and Na+ moves into the
axon, causing depolarization.
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Example of a propagating action
potential (high voltage in red,
low voltage in blue) in the
dendritic.




» Neurons communicate by generating
action potentials (potential difference
through their cell membranes), which
propagate along the axon towards the
synapses of other cells.

» There exist various models, based on
systems of ordinary differential equations,
describing the dynamics of action-
potential generation: The Hodgkin-Huxley
equations, the FitzZHugh-Nagumo
equations, the Morris-Lecar equations,
etc.




Dynamic Modeling in
Neuroscience



The Morris-Lecar
Model

* The Morris-Lecar model
combines the relative simplicity
of the FitzHugh-Nagumo Model
with the biological detail of the
Hodgkin-Huxley model.




» The Morris-Lecar model describes neurons
as circuits with Ca and K voltage gated ion
channels and a leak.

» Calcium and potassium channels were used
because Morris and Lecar found that the
barnacle muscle fiber's production of
oscillatory behavior depended on external
calcium concentration and potassium
conductance.

» In our body, neurons are in a salt solution,
so there are charged ions, in particular K
and Ca ions, that generate electrical
potentials and move in response to
potentials.

» When ions move through cell membranes,
currents are produced as a result. Thus, we
can think of neurons as circuits.
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» One of the simplest models for the production of action potentials is a model
proposed by Kathleen Morris and Harold Lecar.

»The model has three channels: a potassium channel, a leak, and a calcium channel.

CM% — Lapp — QL(V - EL) - QK'H'(V - EK) - gCa'?noo(V)(V - ECa) — Ia.-p - Iﬁ'on(vz n‘)a

I — ®(noe(V) = n)/a(V),

Moo(V) = %[1 + tanh((V — V1)/ V)],
t(V) = 1/ cosh((V — V3)/(2V4)),

toe(V) = S[1 + tanh((V = V3)/ Va)].




Biological Parameters of the M-L Model

Parameter | Definition
Cur membrane capacitance
Lopp external current applied to the neuron circuit
9cCa conductance of the calcium channel
Ecq potential generated by the calcium channel battery
5% potential generated by the potassium channel battery
Er potential generated by the leak battery
JK conductance of the potassium channel
qr. conductance of the leak
) temperature factor



v'As parameters are varied, there may be
qualitative changes in the dynamics of a model.

v'Fixed points can appear, disappear, or change
their stability as we change the parameter
values.

v"We call such qualitative changes in a model's
dynamics bifurcations.

v’ The special parameter values at which
bifurcations occur are called bifurcation points.

v'Saddle-node and Hopf bifurcations are very
common and can describe the single-spike
properties of the spike-generating mechanisms
of most neurons. ,
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v'There are many ionic mechanisms of spike generation, but only four generic bifurcations of
equilibria.

v This transition from a stable steady state to a stable limit cycle through variation of a parameter is
called a Hopf bifurcation.

v It is one way in which periodic motion can arise from a previously stationary system, or vice versa.

v Here for the Hopf case, the equilibrium point is a stable focus that has a pair of complex
conjugate eigenvalues with negative real part.

v" With increasing the injected current, the real part of the eigenvalues changes from negative to
zero and with further increasing, to positive.

v’ It means that the stable focus loses its stability and a limit cycle appears.

v With increasing the injected current, the amplitude of the limit cycle also increases.
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_:At the MorrisLecar model is excitable because at large enough perturbations in voltage, an action .
% potential is generated, while at small perturbations from rest, the voltage quickly decays back to the .
= resting state. .
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from resting to spiking (the stable constant : We haYe a continual series of aFt'O_n
= potentials. Thus, we have a periodic

:_ solution to the Morris-Lecar equations
= at Iy, = 100.
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solutions are corresponding to the resting
state and spiking state shows the existence of
periodic solutions.)




E a small perturbations in voltage, which is represented by the
= perturbation that lies to the ‘left' of the middle branch of the
= V -nullcline, will return to rest
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= while a big enough
= perturbation will
generate an action
= potential
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w. | label = H, x =(-25.270122 0.139673 93.857569)
First Lyapunov coeflicient = 5.220161e-04
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O The first Lyapunov coefficients for two Hopf points are positive. Thus, there should exist an unstable limit
cycle, bifurcating from the equilibrium and it indicates the appearance of SubCritical Hopf Bifurcation.




Continuation of Equilibrium points
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The curve above the fixea-point curve
represents the maximum voltages\Qn the
periodic orbits and the curve below the
fixed-point curve represents the minimum
voltages.
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Fractional-Order Neuron Model

explore different dynamical classes of the model

To find the fractional order Morris-Lecar model, we define the fractional differential operator
as the form
DTV(t) = f(L,V(t), V(o) ="V,
v € (k— 1,k
DTn(t) = g(t,n(t)), n(ty) =mng

where y > 0 is the order of derivative and DY denotes the fractional derivative and can be obtained
using: DTV(t) _ Ik'TDkV(t),
v € (k— 1,k
D7n(t) = J*="DFn(t)

J¥ is an integral operator which is called the Riemann-Liouville operator of order k and has the

following form . ;
Y0 = w1 [G (t— ) VY (t)dr, >0



Fractional-Order Neuron Model

explore different dynamical classes of the model

To descretize the model, we apply Griinwald-Letinkov approximation on our model equations
based on nonstandard finite difference method (NSFDM) or Micken’s scheme. Therefore, we have

D, V(t) = limy,_,oh=" T o(=1)(N)V(t —ih), T =[t]/h

D,r n (f) — limh—){] h=" ZLG ( -1 ) i (T) n (t — h) C?’ are the Griinwald-Letinkov coefficients

Next, we discretize the equation

C?’ are the Griunwald-Letinkov coefficients

i—1—v
1

Yo ClV (i) = f(te V(t)),
Cl = { ]c;‘”_l, Cl=H"" i=12,...

Yo Cln(te—i) = g(ten(te)),



Fractional-Order Neuron Model

explore different dynamical classes of the model

Fractional calculus as a new approach for modeling has been used widely to study the non-linear
behavior of physical and biological systems with some degrees of fractionality or fractality using
differential and integral operators with non-integer orders.

f k+1 ~7 _ ‘
CM i=0 C,‘ Vk-l—l—i — Iﬂpp‘ - Imn(vb”k); C? are the Griinwald-Letinkov coefficients

Z’E& Clipy1i = P(neo(Vi) — 1x) / T (Vi)

.

Lopp = Lion + Ic,, = I + Ig + INna + Ic; + Cpm Dy V DYV (t) = J*=7DkV (t)
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Current Study in multiscale
modeling of brain dynamics

25
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Multiscalﬂmdeling of brain dynamics

Novel advances in mathematical approaches and rigorous theories,
such as topological and computational methods for describing and
extracting macroscopic activity states of neural populations and
deriving principles of their emergence from underlying synaptic,
cellular and network dynamics.

There is also considerable promise in analyses and applications of
learning algorithms as multiscale dynamical systems.

There are two main approaches to analyze and modeling of
networks of neurons:

The details of action potentials or spikes are important and does
matter.

We need to pay attention to the firing rates of populations not

the timing of individual neurons when we model and analyze the

neural activities.




Current Study in multiscale modeling of brain dynamics
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- Basically, we have three main categories for components of a network:
||

3 1. The intrinsic properties of the cells within the neuronal networks.

. 2. The synaptic properties of the neuronal connections.

- 3.The topological properties of the network connections.
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The first and the second components of the network contain multi time scales and depend on the
parameters, however, the third component does not include multiple time scales and depends on the

parameters of network.
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1. The intrinsic properties of the cells within the neuronal networks.

* When we talk about the intrinsic properties of the neuronal cells, their channel gating
variables are crucial in determining the neuronal cells dynamics.

* These channels may be activate or inactivate on disparate time scales.

* We assume a general two dimensional neuronal model:
A —
dov

af = f(v,w),

dw
T eg(v,w).
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. including v as the membrane potential of the cell, w the channel gating variable which displays a
= channel state variable that either activates or inactivates on a slower time scale compare to other

= processes, and a small positive parameter € .
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2. The synaptic properties of the neuronal connections.

g

S v -

We follow the following three dimensional differential equations to model
a pair of mutually coupled neurons:

g

do;
d_tl = f(i,wi) = 8syn 8j (Vi = Vsyn),

dw;
- = eg(v;,w;),

:ﬂ(l_SI)Hm(E_VT)_ﬁSU 1,121,2, I%)




3. The topological properties of the network connections.

Finally, for studying the third components of the network, network architecture, we
may assume that the network has sparse or dense connectivity.

In this case, we assume that cells communicate with a small or large number of
cells. There are other types of network architecture such as local or global, random

or structured.
A —

= fi(vi,w;) — g;yn (E; Wij Sj) (0 — Ugyn)f

= €gi(vi,wi),

= (1 —_ Si)HDo (Ui - VT) — ﬁisi:
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