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EMERGENCE OF COHERENT BEHAVIOUR

The phenomenon: 
Noisy incoherent firing turns into a global highly periodic burstingnothing new and it has been observed several times in neuronal cultures [22].

As we well see next, the behavior of the patterned cultures is completely different.
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Figure 6: Behavior of homogeneous cultures. Left: Examples of fluorescence signals
recorded in 5 regions of the culture, arbitrarily chosen. These cultures always show
an on/off behavior where the entire culture fires at unison (synchronized bursts of
activity) or remains silent. Right: Raster plot of all the 200 active neurons in the
culture illustrating the high synchrony of firing. For clarity, only the behavior in the
vicinity of a burst is shown.

5.3 Dynamics of patterned cultures: propagating pulses

The analysis of the dynamics of patterned cultures was carried out using the same
concept as in homogeneous cultures, i.e. by looking at the evolution of the fluorescence
signal in different ROIs. For patterned cultures, however, this is more tricky since one
has to identify the neurons in the PDMS valley.

In general we studied all the possible neurons (ROIs) that we could identify, but for
clarity we show here the dynamics of 5 of these regions. Fig.7 shows an example of the
original image obtained in the experiment with an overlap outlining the PDMS pattern
(black lines) and 5 ROIs (yellow boxes). Neurons, or groups of neurons, are clearly
identifiable as bright spots. The same figure also shows examples of fluorescence traces
in the selected regions. For clarity, we also provide an example of an original image
without the overlap of the pattern in Fig.8.

In general, to accurately analyze the dynamics, it is important to consider all the
active regions of the valleys of the PDMS. In this case, however, neurons are not
homogeneously distributed and there are 50% less neurons than in the homogeneous
case (as Fig.8 clearly shows). This is a difficulty that reduces the resolution of the
analysis.

Despite these difficulties, the most striking dynamical feature of patterned cultures
is the presence of a traveling pulse across the culture. This is clearly exemplified in
Fig.4(right) and Fig.7(right) that shows that one region fires after a neighboring one

12

CIDNET14,  Dresden                                                                                                                                                                            June 2014 



EMERGENCE OF COHERENT BEHAVIOUR

The phenomenon: 
Noisy incoherent firing turns into a global highly periodic burstingnothing new and it has been observed several times in neuronal cultures [22].

As we well see next, the behavior of the patterned cultures is completely different.

Time (s)

F
lu

or
es

ce
nc

e
si

gn
al

(a
.

u.
)

100 200 300

Time (s)

A
ct

iv
it
y

re
gi

on
s

5 10 15 20 25 30 35 40 45 50

20

40

60

80

100

120

140

160

180

200

Figure 6: Behavior of homogeneous cultures. Left: Examples of fluorescence signals
recorded in 5 regions of the culture, arbitrarily chosen. These cultures always show
an on/off behavior where the entire culture fires at unison (synchronized bursts of
activity) or remains silent. Right: Raster plot of all the 200 active neurons in the
culture illustrating the high synchrony of firing. For clarity, only the behavior in the
vicinity of a burst is shown.

5.3 Dynamics of patterned cultures: propagating pulses

The analysis of the dynamics of patterned cultures was carried out using the same
concept as in homogeneous cultures, i.e. by looking at the evolution of the fluorescence
signal in different ROIs. For patterned cultures, however, this is more tricky since one
has to identify the neurons in the PDMS valley.

In general we studied all the possible neurons (ROIs) that we could identify, but for
clarity we show here the dynamics of 5 of these regions. Fig.7 shows an example of the
original image obtained in the experiment with an overlap outlining the PDMS pattern
(black lines) and 5 ROIs (yellow boxes). Neurons, or groups of neurons, are clearly
identifiable as bright spots. The same figure also shows examples of fluorescence traces
in the selected regions. For clarity, we also provide an example of an original image
without the overlap of the pattern in Fig.8.

In general, to accurately analyze the dynamics, it is important to consider all the
active regions of the valleys of the PDMS. In this case, however, neurons are not
homogeneously distributed and there are 50% less neurons than in the homogeneous
case (as Fig.8 clearly shows). This is a difficulty that reduces the resolution of the
analysis.

Despite these difficulties, the most striking dynamical feature of patterned cultures
is the presence of a traveling pulse across the culture. This is clearly exemplified in
Fig.4(right) and Fig.7(right) that shows that one region fires after a neighboring one

12

CIDNET14,  Dresden                                                                                                                                                                            June 2014 



A FIRST BASIC QUESTION

What is the nature of this periodic pulsation?
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A FIRST BASIC QUESTION

Synchronization?     Wave propagation?

Are there pacemakers?

Are there leader neurons? 

Is it self-organized?   What mechanism? 

What is the nature of this periodic pulsation?
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RESOLVING A WAVE
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High-speed Calcium imaging allows to resolve waves 200 frames/s
4 μm/pixel
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WAVE INITIATION AND PROPAGATION
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LOCALIZATION OF WAVE NUCLEATION PROBABILITY
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The distribution of wave-initiation points is very sharply peaked, defining specific ‘nucleation sites’. 

The time sequence of nucleation events is completely random: the phenomenon is noise-driven !
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THE PUZZLE

Why are the nucleation sites so sharply selected out of a fairly 
homogeneous network?

How can it be periodic but initiated randomly from a set of spots?
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THE PUZZLE

Why are the nucleation sites so sharply selected out of a fairly 
homogeneous network?

How can it be periodic but initiated randomly from a set of spots?

The nucleation must be extremely fast, comparable to the 
spontaneous firing rate of an isolated neuron (0.1 - 1 Hz) !!

We need to explain highly inhomogeneous effective noise 
and fast nucleation, i.e. strong spatio-temporal localization:

NOISE FOCUSING
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THE MODEL IN SILICO

We place identical neurons randomly and mimic the axon growth to 
establish connections

The degree distribution is Gaussian

Constructing the network: 

There are metric correlations (high clustering) 
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THE MODEL IN SILICO

We place identical neurons randomly and mimic the axon growth to 
establish connections

The degree distribution is Gaussian

Constructing the network: 

There are metric correlations (high clustering) 

Modeling the dynamics: integrate-and-fire with internal shot noise 

Cv̇ = k(v � vr)(v � vt)� u + I

u̇ = a(b(v � vr)� u)

if v � vp )
v = c, u = u + d

at tm ) D = �DḊ =
1
⌧D

(1�D)

Is = gD(t0) exp

✓
� t� t0

⌧s

◆
✓(t� t0)

Canonical Model

Soma: 2 equations + reset Synapse: 2 equations + reset
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NOISY INTEGRATE-AND-FIRE DYNAMICS:   SUB-QUORUM FIRING

m inputs to fire
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NOISY INTEGRATE-AND-FIRE DYNAMICS:   SUB-QUORUM FIRING

Shot noise
Other neurons{m inputs to fire
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Shot noise
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NOISY INTEGRATE-AND-FIRE DYNAMICS:   SUB-QUORUM FIRING

Shot noise
Other neurons{

{ { {

m inputs to fire

Spontaneous firing

Induced firing
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BACKGROUND ACTIVITY

Simulation of  identical neurons reproduces all results 
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MECHANISMS OF NOISE AMPLIFICATION
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These mechanisms are strongly enhanced by metric connectivity correlations 
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These mechanisms are strongly enhanced by metric connectivity correlations 

Noise amplification and propagation introduces strong dynamical correlations:   AVALANCHES  
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CAUSAL LINKS BETWEEN FIRINGS: BACKGROUND AVALANCHES
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POWER-LAW SCALING OF BACKGROUND AVALANCHES
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POWER-LAW SCALING OF BACKGROUND AVALANCHES

‘Universal’ exponent -5/2: 
avalanches can be mapped to percolation clusters of a Cayley tree 
near criticality 
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“FUNCTIONAL” NETWORK

Time-averaging unveils a hidden functional network: hierarchically structured 
and inhomogeneous.  A dynamically generated scale-free network !

1 mm

10
0

10
1

10
2

10
ï�

10
ï�

10
ï�

10
ï�

10
0

Mean connectivity k
p
(k

)

IA

BA

Random

Original

CIDNET14,  Dresden                                                                                                                                                                            June 2014 



IGNITION AVALANCHES AND NUCLEATION RATE

Pperc ⇠ exp (�Nc!0�t)
(Nc!0�t)nc

nc!
Pperc ⇠ exp (�Nc!0�t)

(Nc!0�t)nc

nc!

Pperc ⇠ exp (�Nc!0�t)
(Nc!0�t)nc

nc!
Pperc ⇠ exp (�Nc!0�t)

(Nc!0�t)nc

nc!
Pperc ⇠ exp (�Nc!0�t)

(Nc!0�t)nc

nc!

Pperc ⇠ exp (�Nc!0�t) (Nc!0�t)nc

nc!
Nc

This defines an ‘Ignition Avalanche’ (IA)

Nucleation condition: simultaneous activation of the 
critical percolation fraction in a region of critical size (       neurons )   Nc
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N > NcRegion contributing to an IA:

Spontaneous firing rate of a single neuron:   

PIAProbability that a spontaneous firing generates an IA:   
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with   

The nucleation time scale is explained by the statistics of avalanches
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This defines an ‘Ignition Avalanche’ (IA)

Nucleation condition: simultaneous activation of the 
critical percolation fraction in a region of critical size (       neurons )   Nc

N > NcRegion contributing to an IA:
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STATISTICS AND STRUCTURE OF IGNITION AVALANCHES
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The Ignition functional network does not quite overlap with the 
nucleation map (yet) 

Spatio-temporal correlations still missing !
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NOISE FOCUSING
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AVERAGED NOISE FLOW AND SELECTION OF NUCLEATION SITES

Average noise flow of IAs What makes one region a 
nucleation site?
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AVERAGED NOISE FLOW AND SELECTION OF NUCLEATION SITES

Not a local statistical 
property of the network 

Not a local dynamical  
property of the network 

A non-local, collective 
phenomenon: 
being at the confluence of 
paths of high amplification  

Average noise flow of IAs What makes one region a 
nucleation site?

CIDNET14,  Dresden                                                                                                                                                                            June 2014 



AVERAGED NOISE FLOW AND SELECTION OF NUCLEATION SITES

Not a local statistical 
property of the network 

Not a local dynamical  
property of the network 

A non-local, collective 
phenomenon: 
being at the confluence of 
paths of high amplification  

Average noise flow of IAs What makes one region a 
nucleation site?

Nucleation sites are ‘sinks’ 
of the averaged flow of 
large avalanches  
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EXPERIMENTAL TEST OF NON-LOCALITY
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A PHENOMENOLOGICAL MODEL FOR NOISE FOCUSING

✏u̇ = f(u, v) + (1� v)
⇣
Dr2u� ~r · (u~V ) + ↵u

⌘
+ ⇠
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CONCLUSIONS

Coherent spontaneous activity in cultures is explained in terms of 
wave nucleation (no ‘leaders’ required).

Noise is structured in avalanches with self-similar statistics and 
endows the network with a non-trivial hierarchical structure.

Integrate-and-fire dynamics plus metric correlations leads to strong 
spatio-temporal localization of noise activity: noise focusing.

The strong sensitivity of noise amplification to network details defines 
a nontrivial pattern of noise flow,  an inherently collective and non-
local (emergent) phenomenon. 

Implications in ‘network reconstruction’ and other ‘integrate-and-fire 
networks’ (rumor propagation in social networks)
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