

















Fig. 3: 11x11x11 compartments environ- Fig. 4: Details of the diffusion geometry

ment where the proposed model will be that establishes the adyacent compart-

analyzed. ments for the compartment C;;, when
this is located inside the volume (a) and
when it is part of one of the faces (b) an
edge (c) or a corner of such volume (d).
(e) Compartments. grey colour, where
the concentration of NO profiles are stud-
ied for the different morphologies of NO
generation.

closely related to the geometry of diffusion and to the NO concentration level that
is established as sufficient, so the computing elements associated to a compartment
are considered as influenced, being much more accorded to the biological reality.

The proposed model constitutes a step forward in the developnient of the The-
oretical Framework (TF) belonging to the global study framework of NO diffusion
(GSFNO), for which we use elements of the experimental framework (EF). The
TF and EF observe mutually reliance with the Natural-Artificial-Natural (NAN)
methodology [7].

3 Model Analysis and Results

We perform the model analysis studying the dynamics of NO difussion, the for-
mation of diffuse neighbourhoods and the emerging of complex structures, in a
three-dimensional homogeneous, isotropic and non-isotropic environment. The used
data set for this analysis are based in results of biological experiements. The diffu-
sion coefficient value, in isotropic environment, is about 3.3 107> ¢m? s7! [10]. The
dynamics of generation of NO employed, punctual, step and trapezoidal, have been
deducted from the researches performed by Balbatun et al. in endothelial cells of
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Fig. 5: a) Step function for the gener- Fig. 6: Concentration profile in the

ation of NO. b) Trapezoidal function for compartments C; jx, Cito jx and Ciis jk,

the generation of NO. when the generation in the compartment
Ci jk- is instantaneous.

rats and rabbits [15]. Quantity of NO in ¢t = 0 s will be of 0.24 nmol crn™3, the time
since the induction of the generation of NO process until the detection of diffusion
was 400 + — 20 ms, the increasing rate has been 1.2 + — 0.05 nmol cm™3 s71, the
maximum tip of concentration reached the value of 4.30 + — 0.15 nmol cm™3 in a
time of 600 + — 20 ms and an average lifetime that varies between 0.5 s and 5 s.
The environment constitutes a volume of 110x110x110 um? , with a disposition of
11x11x11 compartments, Fig. 3, where Az = Ay = Az = 110 pym and 6; = 10 pm.
In this figure, we can see in black colour the different intermediate planes and com-
partments line, where it is going to be visualizated the dynamics of concentration
of NO.

In the analysis of the model, the generation of NO processes take place in the
central compartment of such volume. We will work with a diffusion geometry ac-
cording to which each compartment is related to its six next neighbours, except the
ones located in the faces, edges and corners of the volume, which will be with five,
four and three compartments respectively, Fig. 4.

In the first part of the study, it will be analyzed the behaviour of the NO diffusion
model as opposed to different dynamics of generation of NO and different values of
average lifetime of NO, in a homogeneous and isotropic environment.

The morphology of instantaneous generation of NO, is gathered in the system by
means of an initial condition in which we establish the value of the concentration
of NO for t = 0 s in the C; jx compartment. This is not biologically plausible, even
being the most used one in the studies of NO diffusion. Dynamics of generation
nearer to the biological reality have been defined using the experimental data cited in
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Fig. 7: Concentration profiles in the Fig. 8: Concentration profiles in the
compartments C; ; x, Cii2; and Ciys;k, compartments C;;k, Ciyzjk and Ciys jk,
when the generation is in a step form (ac- when the generation is in trapezoidal
cording to figure 6a) and takes place in form (according to figure 6b) and takes
the compartment C; ; k. place in the compartment C; ; k.

the above paragraphs, [15]. This dynamic is given by the function F;, see expression
(1), which basing on such data. have been defined as a step and trapezoidal function
Fig. 5.

The dynamics of NO diffusion when a generation proces with punctual morphology
takes places is the one shown in figure 6. In it, it is observed the concentration of NO
profile in the generation compartment C; ; ., Fig. 6a, as well as in the compartments
Cisajx Fig. 6b and Ciy5;, Fig. 6c. These compartments are shown in grey colour
in figure 4e.

The dynamics of concentration for compartments C;_ ;» and C;_s ;x begins in zero
and gradually increases to reach its corrresponding maximums in different times,
but in an almost instantaneous form in compartments near to the generation one,
(see figures 6b and 6¢). It is observed how the influence of the self-regulation process
becomes significant with the distance, becoming remarkable, in the studied case, in
compartments where the quantity of NO that spreads is not significant.

Figure 7 shows the dynamics of the NO diffusion process when the generation
corresponds to a started step in ¢t = 0.4 s and a duration of 0.2 s. In figure 7a we
can see the concentration of NO profile in the compartment where the generation
is produced, with the established diffusion geometry, the concentration increases to
converge asymptotically to the value of C; jx = (F; + 6DCv; jr))/(1 + 6D), where
Cyi.jk) 1s corresponded to the concentration in the neighbour compartments, D with
the diffusion coefficient and F; with the function of generation of NO in such com-
partment. The dynamics of concentration for the compartments Cj_s ;x and Cj_5 j x
present similar curves but of a much softer characterization where they reach their
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Fig. 9: Ciper/C8l% as function of the Fig. 10: Maximum concentration Cpg,
distance for the generation of one unique reaching time as function of the distance
compartment. for the generation of one unique compart-

ment.

corresponding concentration maximums at different times (see figures 7b and 7c),
being this already, in the compartment C;_s ;; despicable. Similary, it can be ob-
served that the influence of the self-regulation increases as we move away from the
compartment C; ;. this influence, as we will see for the trapezoidal generation, Fig.
8, presents more implication in the taken times in reaching such maximums than in
the reached maximums.

The more adjusted case to the biological reality will be that one where the ratio of
variation of substance concentration during the generation process increases grad-
ually during an arbitrary time interval, to remain constant during a considerable
interval of time and them decrease constantly until reaching its null value. Such
generation process displays certain similarity to the one defined by the step, but the
changes do not present abruptness on it. Figure 8 shows the concentration profiles
for the compartments number C;jk, Ci—2 s and C;_s5 ;. The behaviour of such
profiles, although similar to the one obtained by the step-type generation, displays
a soft behaviour in those points where the dynamics presented higher change and
where the maximums are reached before in time. This can be because of the ap-
pearance of more graduated generation of NO in time than the one presented by the
morphology in step.

Figures 9 and 10 show the maximum reached tips of concentration of NO in function
to the distance to the unique compartment , C; ; x, that generates NO in the envi-
roment and the time that takes to reach such maximums, respectively, for different
values of the self-regulation constant, corresponding to 1, = 0.5, 1, 2y 5s. The
morphology of generation of NO is the trapezoidal one. In figure 9, it is observed
how the maximum tip of concentration at 30 pum does not surpass the 5% of the

181




RESREE o)

»
Z
3
8
£
&
3
%

P TN ™

4 ¥ 8 A
N0 Lsoape, Forooeencon’

(c)

e “ » %
¥.

Fig. 11: (a,b,c) Sequence of snapshots taken from the plane z = i when we are in
an isotropic environment of a simple generation process of NO and the formation of
DNB. These snapshots are shown in false colour.

maximum NO generated concentration. Nevertheless, we can see the little influence
that the self-regulation of NO presents when the generation process is performed
in an unique compartment and the generated quantity of NO is low, as it has been
shown in the concentration profiles, Fig. 6, 7 and 8. Figure 10 shows the time that
takes to reach the maximum concentration of NO in each distance. In it, we can
see how there is no delay to reach this maximum value for a distance of 10 um
in relation to the generation process and how, as we increase the distance to the
generating compartment, the self-regulation takes a greater role, causing a delay in
reaching such maximum value.

The behaviour of the model shown in figures 9 and 10 allows to see the possibility
of obtaining not simmetric and not local DNBs, being able to define the DNB as
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Fig. 12: (a,b,c) Sequence of snapshots taken from the plane z = i when we are in a
non-isotropic environment of a simple generation process of NO and the formation
of DNB. These snapshots are shown in false colour.

a function of the spread concentration of NO considered as relevant and/or of the
time that takes to reach a defined concentration maximum. In the case at study, if
the significative concentration of NO is just the one over the 5% of the generated
one, the DNB will be made up just of the two nearer compartments to the generator
in each space direction.

We finish the analysis of the model presenting a sequence of results taken from
the plane z = 4, when a generation process with trapezoidal morphology occurs in
the central compartment of such plane in a homogeneous and isotropic environment
Fig. 11a,b,c and in a non-isotropic one Fig. 12a,b,c of 21x21x21 compartments. The
non-isotropy has been established by quandrants, being the diffusion coefficients of
the quadrants one and three equal, and at the same time, these ones different to the
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ones of quadrants two and four.

The snapshots have been taken by identical time intervals (f = 0.501 s, t = 0.601 s,
t =0.701 s). In figure 11a,b,c it can be perceived the total simmetry existing in the
diffusion neighbourhood that such process is generating, as well as its reach, while
in figure 12a,b,c it can be observed the no simmetry and the higher complexity of
the formed DNB and the reach of the diffusion process of the generated NO.
Finally, this model allows to observe the emergency and formation of complex struc-
tures when there exist simultaneous generation processes of NO in time.

4 Conclusions

This research, which is framed into the set of scientific works denominated as NO
and ANNs Series (7], constitutes a step forward in the development of the Theo-
retical Framework (TF) belonging to the global study framework of NO diffusion
(GSFNO). In it, it is proposed a new NO diffusion model in the diserete, which
allows to understand how NO works as a neural signalling molecule. It has been
introduced a theoretical abstraction for the development of the model from a molec-
ular level, the compartment which is a volume element where the generation of NO
and diffusion process takes place. The compartment can have its biological counter-
part in whatever neural level, from molecular to circuit level.

This model has been categorized as a generalized formal tool with high power to
study and determine the dynamics in the NO production and diffusion, in the brain
as well as in artificial neural systems, showing the capabilities of NO in cellular
signalling and learning and its influence in the anticipatory behaviour.

It allow to consider the own features and restrictions of the NO production and
diffusion and of the environment where it spreads. So it does not present limitations
in what relates to the possible morphology of the NO production dynamics, being
proposed in this work, according to the existent biological experiments, a dynamics
of production with trapezoidal morphology.This implies an important advance in
respect to previously proposed models where it is only possible to consider a mor-
phology of instant production. On the other hand, it gathers the real features of
the diffusion environment such as the no homogeneity and the no-isotropy. This has
made able the use of the model to study which are the implications presented by
such aspects in the creation of diffusse neighbourhoods and in the formation of com-
plex structures when there exist a multitude of active processes of generation in a
simultaneous way, being presented the results obtained in a tridimensional homoge-
neous isotropic and anisotropic environment in this work. The emerging structures
in non-isotropic environments are of higher complexity than the ones formed when
there is not isotropy present. Furthermore, it is presented a study in the forma-
tion of diffusse neighbourhoods where the non-isotropy generates asymmetries in
such neighbourhoods. We demonstrate, thus, the possibility of non local and non
simmetric diffusse neighbourhoods generation, aspects that are real but that the
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continuous models cannot gather.

We have also presented studies in the behaviour of NO diffusion concerning with the
self-regulation processes, showing its influence in the generation of no local DNB.
The self-regulation presents its higher effect in the distance where the maximum NO
concentration is reached, 25um from the compartment of NO generation.

Finally, we can say that our model represents an important tool for designing and
interpretation of biological experiments on NO behaviour and its effect on brain
structure and function.
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