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Figure 5.9: Snapshots describing center surround phenomenon. GrCs centered in a circle of
radius 1/10 receive constant external current from MFs. GoCs (not depicted here) receive
excitation from GrCs. Each GoC inhibits, in turn, all GrCs in a small rectangle having itself as
the center, the smaller edge is set to 1/4 while the bigger one has length as the whole domain.
Lateral inhibition by GoCs limited in space GrC excitation. An external current to GrCs in the
circle, located in the center of the domain, and to the 5% of others is injected for ¢ > 0, and it
continues until the simulation ends
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t=0.4

Figure 5.10: Frames at ¢t = 0.4 and ¢ = 1.3 taken from Figure are compared to snapshots
shown in [50], Figure 5. Tt is remarkable that a bounded GrC excitation in space, typical to the
center-surround phenomenon, is depicted in frames on the left, and that it is qualitative similar
to the benchmark dynamics on the right

128



to conclude that this delay equals to 0.1. The fixed delay in simulation involving
dimensional variables, e.g. in [50], is 1 ms. This leads to observe that, in all the
dynamics presented in this chapter, each time interval of about 0.1 translates into 1 ms
in a realistic framework. This estimation is consistent with the duration of about 15
ms of the time-window of activity observed in the granular layer. This time-window is
similar to the time of firing of granule cells (13 ms) in the realistic network [50] in Fig.
5B. Since we have determined a transformation law in time scales between our case
and that one in [50], we are able to compare the computational costs between them.
On the one hand, in [50, 47] the full model simulation of 25 ms of activity required
about 108 sec on a Intel computational cluster 72 cores (Intel Xeon CPU X5650 @
2.67GHz) for a network of 24336 granule cells and 504 Golgi cells. Since the NEURON
simulator is able to keep a linear scaling of simulation time with network size ([47]),
25 ms of activity of 338 granule cells and 7 Golgi cells are computed in 108 sec on
a single core CPU. Therefore, we should expect at simulation time of about 2500 sec
for a network composed by about 8000 granule cells. On the other hand, our network
consists in 7933 Granule and 94 Golgi cells. Considering an equivalent of 25 ms of
activity, our simulation required about 1000 sec. Therefore, our network simulator is
2.5 times faster than the NEURON simulator. This analysis quantitatively confirms the
reduced computational cost in considering our simplified model instead of a detailed
one, without losing information about fundamental activity in time and space as the
center-surround and the time windowing. Let us stress that improvements of our codes
will lead to further time simulation saving. The most significant one will consist in
translating our routines into a programming language that could be compiled rather
than interpreted, i.e. C rather than Matlab, and in restructuring our code in order to
take advantage of the multithreading or parallelization programming feature of the C

programming language.
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Conclusions

Based on the observation that neural populations present in brain areas have a specific
density, we described large networks involving different populations by taking advan-
tage of their density difference, often by several orders of magnitude. Thanks to this
feature, we were able to formalize what we call the multispecies model. Such a model
is very promising for the description of large neuronal networks, since it allows a sig-
nificant computation cost reduction. In particular, this saving is guaranteed by the
fact that the higher populations are described by only one PDEs system, while the
sparse ones necessitate an ODEs system for each cell. The principal conclusions and

accomplishments are:

e Starting from an idealized neuronal network with electrical-type coupling between
neurons, we carefully investigated the “passage to the limit” as the number of neu-
rons tends to infinity, while they remain confined in a fixed and bounded spatial
region. We identified two different methods of increasing the population of the
network so that a non-trivial continuum limit was obtained. The first assumes a
fixed topology of the network (nearest-neighbour connections) but makes the pro-
portionality in the diffusion coefficient depend upon the total number of neurons
according to a specific law; conversely, the second method keeps this coefficient
fixed but increases the number of connections per neuron. Both methods lead to
equivalent continuous models in which the action potential is the solution of a
reaction-diffusion partial differential equation (or a reaction-convection-diffusion
equation if connections are not symmetric, i.e., if rectifying electrical synapses are

allowed).

e Referring to a network whose neurons are linked through chemical synapses in-

stead of electrical ones, the “passage to the limit” was investigated. A continuous
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model was then formalized and the membrane potential became the solution of

an integro-differential system.

e The results collected in the previous steps led to the formalization of a continuum
model in which both kinds of synapses, the electrical and chemical ones, exist
among neurons. Referring to the complete model, the fundamental synchroniza-
tion phenomenon was displayed and studied by both qualitative and quantitative

perspectives.

e Finally, all the previous steps merged into presenting the multispecies model
through an interesting example involving the Golgi-Granular cell loop in the Cere-
bellum. The key aspect of such a model is that discrete and continuous systems
interact with each other, leading to noteworthy phenomena, such as synchroniza-

tion, travelling waves and center-surround which are present in the Cerebellum.

Throughout our work, the behaviour of each model is thoroughly investigated by means
of carefully designed numerical experiments; in particular, we aim at tracking the in-
fluence of the various parameters of the model on the membrane potential dynamics.
Specifically, our arguments apply in any spatial dimension, although we focused on
them essentially in 2D. Much of the work presented in this thesis is explorative and fur-
ther studies will be needed in order to highlight its novel insights and to fill in its gaps.
Indeed, despite our results provide compelling evidence for describing some behaviour
in a large neuronal network, a few limitations are worth noting. One of them concerns
the single cell modelling. As described in Chapter [II the FitzHugh-Nagumo model
extracts from the Hodgkin-Huxley one some fundamental features which allow to repli-
cate typical neural behavior. Throughout the whole work we exploited such a single cell
model and it unveiled suitable for our purposes. Even more, in Chapter Bl we were able
to exhibit the interesting center-surround and time-windowing phenomena. Although
the FitzHugh-Nagumo model is able to reproduce interesting network behaviour as the
center-surround and the time-windowing dynamics, i.e. activity control in space and
time, it prevents the reconstruction of firing rate modulation. Moreover, the ability to
modulate with continuity the generation of spikes would also allow the model to repli-
cate more complex dynamics typical of neurons in the Cerebellum. Among those, the
most interesting one is its ability to resonate to repeated stimuli showing a preference
to fire with higher precision and intensity when its input is represented with a frequency
within the Theta range (4 — 8 Hz), see [20]. A possible step forward in the single cell
model would be to afford its reconstruction based on Adaptive Exponential Integrate
and Fire models displayed in [10]. In principle also the Golgi cell model [48] 49] could
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be approximated using the same dynamics described in [9] and proved to replicate also
the resonant properties. This would allow our model to reproduce the entire set of
properties described as the key features of the cerebellar granular layer reconstructed
in computational models [20]: beyond the center surround and time-windowing mod-
elling, also resonance to repeated stimuli modelling can be achieved. Among the wide
variety of simplified models in literature, also the Izhikevich model presented in [30]
could improve our treatments by allowing a differentiation between cells belonging to
different populations. Moreover, future work should therefore include the plasticity in
communication strength among neurons, as well as the delay in synaptic transmissions
by means of delayed ordinary differential equations. A final remark should be made on
the computational structure of our model. The modularity of our approach is well suited
to translate our integration engine into a parallel code to run on computer clusters or
Graphics Processor Units (GPU). Therefore, one of the main targets of our future work

is to design a simulation engine capable of real-time performance.
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