
HAL Id: hal-03556385
https://inria.hal.science/hal-03556385

Submitted on 4 Feb 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The non linear dynamics of retinal waves
Bruno Cessac

To cite this version:
Bruno Cessac. The non linear dynamics of retinal waves. Workshop on Mathematical Modeling and
Statistical Analysis in Neuroscience 2022, Jan 2022, Paris, France. �hal-03556385�

https://inria.hal.science/hal-03556385
https://hal.archives-ouvertes.fr


The non linear dynamics of 
retinal waves

B. Cessac, Biovision team, INRIA, and Neuromod Institute
Sophia Antipolis, France



Contributors

D. Karvouniari (PhD 2014-2018), Biovision team, INRIA, Sophia Antipolis
 L. Gil, INLN, Sophia Antipolis

O. Marre, Institut de la Vision, Paris
S. Picaud, Institut de la Vision, Paris

 B. Cessac, Biovision team, INRIA, Sophia Antipolis

Acknowledgement: M. Hennig, E. Sernagor.



3

Retinal waves

Recordings from the retina

Multi-electrode 
array
(MEA)

ΜΕΑ recording of the voltage from 
a mouse retina (courtesy E 
Sernagor). 

Spontaneous spatio-temporal waves 
during development
Disappear short  after birth when 

vision is functional



Variability within retinal waves
i) Across species
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What are the sources of these variabilities ?

Is there a unique, global, mechanism explaining them ?

What are the sources of these variabilities ?

Is there a unique, global, mechanism explaining them ?



66

Experiments for the emergence of retinal waves

Experiment for isolated neurons, 
Zheng et al., 2006, Nature

Retinal waves require three components:
i) Spontaneous bursting activity
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Experiment for isolated neurons, 
Zheng et al., 2006, Nature

Retinal waves require three components:
i) Spontaneous bursting activity
ii) Refractory mechanism (slow After HyperPolarisation- sAHP)

Experiments for the emergence of retinal waves
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Experiment for coupled and isolated 
neurons, Zheng et al., 2006, Nature

Retinal waves require three components:
i) Spontaneous bursting activity
ii) Refractory mechanism (slow After HyperPolarisation- sAHP)
iii)Coupling (through Acetylcholine neurotransmitter) 

Coupled neurons 
synchronize

Coupled neurons 
synchronize

Experiments for the emergence of retinal waves
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Experiment for coupled and isolated 
neurons, Zheng et al., 2006, Nature

Retinal waves require three components:
i) Spontaneous bursting activity
ii) Refractory mechanism (slow After HyperPolarisation- sAHP)
iii)Coupling (through Acetylcholine neurotransmitter) 

Coupled neurons 
synchronize

Isolated Neurons burst 
independently 

Coupled neurons 
synchronize

Experiments for the emergence of retinal waves
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Experiment for coupled and isolated 
neurons, Zheng et al., 2006, Nature

Retinal waves require three components:
i) Spontaneous bursting activity
ii) Refractory mechanism (slow After HyperPolarisation- sAHP)
iii)Coupling (through Acetylcholine neurotransmitter) 

Coupled neurons 
synchronize

Isolated Neurons burst 
independently 

Coupled neurons 
synchronize

Experiments for the emergence of retinal waves

Several models of stage II retinal waves have been already proposed:

• Feller et all Neuron, 1997.
• Eglen et al, J. Neuroscience 2000.
• Godfrey & Swindale. PLoS Comput Biol, 2007.
• Hennig et al, J. Neuroscience, 2009
• Lansdell et al, PLoS Computational Biology, 2014.

But none of them as studied simultaneously these 3 aspects: 

(i) realistic model of spontaneous bursting
(ii) sAHP biophysical modelling

(iii)  realistic Ach interaction.
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A network model for stage II retinal waves
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Membrane potential dynamics

A network model for stage II retinal waves

Morris-Lecar &
Fast K+ channels

Cm

¶V
¶t

=- gL
M
L V - VL( ) - gCa V( ) V - VCa( ) - gKN V - VK( )
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sAHP current
Refractory 
mechanism

A network model for stage II retinal waves

Morris-Lecar &
Fast K+ channels

Membrane potential dynamics

Cm

¶Vi
¶t

=- gL
M
L Vi - VL( ) - gCa Vi( ) Vi - VCa( ) - gKNi Vi - VK( ) - gsAHPRi

4 Vi - VK( ) - gj,Ach Aj( )
j

å Vi - VAch( )
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sAHP current
Refractory 
mechanism

Ach current
Network 

effect

A network model for stage II retinal waves

Morris-Lecar &
Fast K+ channels 

Membrane potential dynamics
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¶Vi
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Set of equations for sAHP current

R : Probability that one terminal of 
the channel is open

C : Intracellular Calcium 
concentration

S : Fraction of saturated calmodulin      
concentration   (CaM)t S

dS
dt

=- S+asC
4 1- S( )

tCa

dC
dt

=- aR
C
Hx

+Co+dCaICa V( )

t R

dR
dt

=aRS 1- R( ) - R



17

SACs Network

SACs realistic 
connections

SACs on a lattice SACs become points on 
a lattice

Model synaptic interactions 



• Molecular nicotinic receptors (nAchR)

• Two molecules of acetylcholine bind to 
open a nicotinic channel

• The nicotinic conductance depends on the 
second power of the acetylcholine 
neurotransmitter concentration A

18

Acetylcholine current

gAch =gAch
m A2

Kd
2 +A2
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sAHP current
Refractory 
mechanism

Ach current
Network 

effect

A network model for stage II retinal waves

Morris-Lecar &
Fast K+ channels 

Membrane potential dynamics
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A network model for stage II retinal waves



A network model for stage II retinal waves

N neurons, 6 N equations

~ 20 parameters per neuron 
(But neurons are assumed identical)



A network model for stage II retinal waves

N neurons, 6 N equations

~ 20 parameters per neuron 
(But neurons are assumed identical)

Time scale separation



Fast time scale

On the fastest time scale, the sAHP conductance 

and the Acetylcholine conductance

are, as slow  variables, essentially constant => 

control parameters of the fast dynamics. 
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Noise induced bursting
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Noise induced bursting





The sAHP cycle





Probability to trigger a burst
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Bursting cells produce Ach 
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Bursting cells produce Ach 



The mechanism of retinal waves 



The mechanism of retinal waves 



The mechanism of retinal waves 

Region D is tiny, but recurrent.Region D is tiny, but recurrent.



Variability within retinal waves

Zheng et al. 2004

ii) Development

Zheng et al. 2004

ii) Development



Non linear coupling and feedback 



Waves propagation

gA=0.03 nSgA=0.03 nS



Waves propagation

gA=0.04 nSgA=0.04 nS



Waves propagation

gA=0.045 nSgA=0.045 nS



Waves propagation

gA=0.08 nSgA=0.08 nS



Waves propagation

gA=0.1 nSgA=0.1 nS



Waves propagation

gA=0.2 nSgA=0.2 nS



Regimes
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iv) Spatial Variability

Zheng et al. 2004

ii) Development

https://www.youtube.com/
watch?v=shMR3NMCBDE

Simulations made by L. Gil
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1. The leading parameters are the Ach conductance GA and the sAHP 

conductance GS.

2. Waves history generates transient refractory zones of sAHP which 
constrain the forthcoming waves propagation.

3. This interaction generates a transient, history dependent random medium.

4. The structure of waves and their statistics (size, duration, correlation 
length) depend on parameters.

A transport theory of retinal waves



A transport theory of retinal waves

1. The leading parameters are the Ach conductance GA and the sAHP 

conductance GS.

2. Waves history generates transient refractory zones of sAHP which 
constrain the forthcoming waves propagation.

3. This interaction generates a transient, history dependent random medium.

4. The structure of waves and their statistics (size, duration, correlation 
length) depend on parameters.



Assume:
• Nearest neighbours interaction;

• Continuous space limit ;

• GS, GA are considered as spatio-temporal fields ;

• Mean-field approximation to Ach production
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A transport theory of retinal waves

1) Minimal gA value for wave propagation

2) Wave speed in the ballistic range

3) gA value to enter in regime III
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1) Minimal gA value for wave propagation

2) Wave speed in the ballistic range

3) gA value to enter in regime III



A transport theory of retinal waves

Links with :

Kardhar, Parisi, Zhang

Self-Organised criticality

Links with :

Kardhar, Parisi, Zhang

Self-Organised criticality



Thanks 
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