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Motivation

How do distant neurons synchronize they activity when there is
d alarge number of cells
d with complex interactions
d with heterogeneous conduction delays
d in a stochastic environment?
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Introduction: biological details required for modeling
interconnected neurons

d Neurons
d Synaptic connections
d Conduction delays
d Neuronal networks
Single neuron with recurrent connection & globally coupled neurons
- influence of coupling strength
- of delay time
- of noise
Summary, Conclusions & Future Work




33

Neurons

Core components of the brain, the
vertebrate spinal cord, the invertebrate
ventral nerve cord, and the peripheral
nerves

Types:

- sensory neurons (respond
to touch, sound, light, etc).
- motor neurons (receive
signals from the brain and
cause muscle contractions,
etc.)

-inter_-neurons (connect
neurons to other neurons)

Dendrite

Nucleo

Axon terminal



Single neuron model

The neuron is broken into many small
compartments, each of which

consists of a simple RC circuit. ‘ . ‘Ed & \E £
The resistances (called conductances) 2l D /E/ ,E /H/ /H/ S

are a consequence of ionic channels |
In the neuron membrane. v v v v s,

The current through one of these e —
channels is modeled as ohmic:

After Braun et al, IJBC 1998
[ =gmPhi(V — V)
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Chemical synapses: spike-mediated
communication

The spike travels down the axon which terminates
in a series of regions called synaptic terminals.

In the synaptic terminals the potential causes the
release of a neurotransmitter.

This transmitter causes channels to open up and
current to pass through the dendrites.

The current can be depolarizing (excitatory ) o
hyperpolarizing (inhibitory ).




Electrical synapses

An electrical synapse is a mechanical and
electrically conductive link between
two neurons that is formed at a narrow
gap between the pre - and postsynaptic
cells, also known as a gap junction .

At gap junctions, the neurons approach
within ~3.5 nm of each other (<< than
the 20 - 40 nm distance that separates
neurons at chemical synapses).

Gap junctions are connections between
cells which allow passage of small
molecules and electric current.

connexin monomer

Plasma membranes

Closed Open

Intercellular spaceg

2 SpACe Hydrophilic channel

Several structures in the  brain have
been shown to contain electrically
coupled neurons (the vestibular nucleus,
the nucleus of trigeminal nerve, the
inferior olivary nucleus, and the Ventral
Tegmental Area).
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Electrical synapses vs. chemical synapses

Compared to chemical synapses, electrical synapses conduct impulses faster , but
unlike chemical synapses they do not have gain (the signal in the post synaptic
neuron is always smaller than that of the originating neuron).

A characteristic of electrical synapses is that they are usually bidirectional .

Gap-junctions are expected to play a role in synchronizing neuronal activity, in
contrast to chemical synapses, that are the mechanism for forward
transmission of information.
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Axonal conduction delays

The longest axon of a human motor neuron can be over a meter long, reaching
from the base of the spine to the toes.

Sensory neurons have axons that run from the toes to the dorsal columns, over
1.5 meters in adults.

Action potentials travel along the axon at speeds of 1 -100 m/s.

= In synaptically -coupled neurons there can be non -neglegible delays due to
the distance travelled down the axon before the firing releases a neuro-

transmitter.
= In electrically -coupled neurons delays are expected to be shorter.
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Neuronal networks

Employed to describe space -time activity in real neural systems

Very different types of models have been proposed
Here we use a very simple model with two strong simplifications:

l)thepost-synapti ¢ neuron 0O0seesoO a

as in the presynaptic neuron that caused it. The sign and the
amplitude can be different.

2) The conduction delay is the same for all neurons.

pot e



Globally coupled neurons

dV N < .
E:_INa,i i =leai = lsri =1, +N;Vj (t-z) 1=1.N

Synchronized activity: V)=V,t) Vijt

- C%:_INaJ i =logi = lgri =1 +mVit=7)  1=1..N

To understand the synchronized activity of an ensemble of
delayed-coupled neurons, is important to understand the behavior
of a single neuron with a recurrent connection (delayed feedback).
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Hodgkin-Huxley model with delayed feedback

100

CV (1) = —gnamh(V — Vo) — gxn*(V — Vi) 50
— gV = V) —|uV(it — 7)|+ I,
m(t) = a,(V) (1 — m) ﬁm \m.
n(t) = a,(V)(1 — n) — B,(V
h(t) = ap(V)(1 — h) — Bp(V
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For inhibitory feedback and certain delay times, different
initial conditions result in different firing patterns

w Foss, Longtin, Mensour and Milton, PRL 1996

Foss and Milton, Neurophysiology 2000
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Influence of delayed feedback in a neuron model

displaying sub-threshold oscillations
Braun et al model, IJBC 1998

dVv —
CME:_INa_IK_Isd_Isr_II+77V(t_7)+ 2D§(t)
Deterministic model (D=0) : we chose parameters 20°C JM
such that the neuron displays, in the absence of
feedback (n=0), sub-threshold oscillations of 2500 M\/

period T,

30°C A
We find: feedback -induced spikes for m<0 and
certain delay values ( t=nT,), no spikes for N>0 === 350C MMM
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Firing rate
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Multi -stablility (deterministic model, n<0)

At certain delay values different patterns arise
from different  random initial conditions
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Interplay of noise and sub -threshold activity

Without recurrent connection  (n=0)
Nno noise with noise
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Braun et al, PRE 2000
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Interplay of noise and delayed feedback
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Spikes when there Is noise and feedback
n=0: noise-induced spikes

n=-0.001, =T,/2

n=-0.001, =T,

n=0.001, =T,/2

n=0.001, =T,



