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Unraveling spontaneous activity in neuronal cultures
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Brain rhythms, retinal waves, epileptic seizures,
Parkinson’s tremors and many other neurological pro-
cesses share a common feature: they are driven by the
spontaneous activity of neuronal networks. And yet, the
origins of this activity remain poorly understood.

In order to approach a quantitative understanding of
the common mechanisms that initiate and sustain spon-
taneous activity in neuronal networks we focus our atten-
tion on neuronal cultures1, which are assemblies of neu-
rons and glial cells grown in vitro. The neurons in a cul-
ture start as independent units, but they grow and form
connections with each other, creating a network that af-
ter a few days in vitro shows spontaneous activity2. This
activity first appears in only some neurons, and is un-
correlated with its neighbors; but when the neurons have
matured, the behaviour of the whole system changes and
all neurons appear to fire in what seems a synchronized
fashion, showing global bursts of activity. Until today,
there has been no agreement on the mechanisms that
originate and control this behaviour. There exists con-
tradictory experimental evidence, some showing synchro-
nized activity and some showing unsynchronized (and al-
so unlocalized) activity.

We have explored both theoretically and experimen-
tally how this spontaneous activity can appear and be
maintained. In our scenario we build a model system
where we first create a complex network that takes in-
to account all the metric properties in the real system.
By mimicking the way in which neurons grow and form
connections, we can obtain a complex network with the
appropriate correlations between its elements, which are
essential to explain the dynamics of the system. Then
we couple the network properties with the dynamics of
the neurons through an adaptive integrate and fire mod-
el, and also taking into account that the connection itself
is dynamic3 (a depressive synapse). Coupling these in-
gredients with a realistic noise source (the spontaneous
discharge of vesicles at the synapse) is enough to explain
and understand all the observed experimental behaviour.

In this scenario, the episodes of spontaneous activity
are initiated by a process that we call an activity cascade;
the activity cascade is initiated by the spontaneous firing
of a neuron, which transiently modifies the firing prob-
ability of its neighbors, and through a rapid succession
of these correlated events, the amount of active neurons
can reach a critical size that is enough to ignite the whole
system. This is a localized process that is heavily influ-
enced by network correlations (transitivity), which only
appear when the network is built under its metric space.

When the critical size is reached, and if all neurons are
excitatory, the activity can propagate through the sys-
tem as a spherical wave, as it would do in a continuous
excitable medium.

The emerging picture is that the spontaneous activity
of a neuronal culture must be understood as a nucleation
plus propagation process rather than a synchronization
phenomenon. The nontrivial topology of the underlying
neuronal network, inherited from the dynamical process
of neuronal growth in a metric space, makes the local
nucleation of waves a highly nontrivial process of noise
amplification. Regions of high clustering are typically
the candidates to nucleation points, but the detailed lo-
cal wiring of the network strongly affects the probability
of nucleation of a given region. The directed nature of
the network is essential since the statistics of feedback
and feedforward loops controls the effectiveness of the
nucleation process. Once the activity has built up to the
critical size the propagation proceeds to ignite the whole
system.

In the presence of inhibitory neurons, the propagation
of activity is much more complex and far from the spher-
ical wave picture; in this case there is a competition be-
tween excitation and inhibition that breaks the excitation
front into patches of activity that propagate following
complex paths.

To check these predictions we have developed an exper-
imental setup in which neurons grow in a patterned sub-
strate made of a topographical PDMS mould. Neurons
grow and connect only along the valleys of the mould fol-
lowing predefined paths. In this way we are able to guide
or restrict the connectivity of the network and mimic the
effect of inhibition in a controlled manner. The neurons
in these patterned networks also show spontaneous ac-
tivity, but its propagation speed is dramatically slowed
down, by about a factor of one hundred compared to
standard, non–patterned cultures. This slow velocity al-
lows the activity front to be resolved, showing that the
picture of heterogeneous nucleation and propagation in a
disordered medium is correct.
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