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ABSTRACT

In this study, a novel simulation code to predict three-dimensional (3D) neurogenesis was developed
by using a multilayered cellular automaton (CA) method. Recently, the induced pluripotent stem cell
therapy treatments have rapidly grown up as an attractive repair and regeneration technologies for
damaged central nervous system (CNS). However, understanding the repair mechanism and develop-
ing a numerical analysis code to predict CNS neurogenesis process have ultimate difficulties because
more than hundreds of billions of neurons connect each other, and it is almost impossible to analyze the
neurogenesis evolution process. Especially, the axonal extension to generate the neural network system
is extremely difficult. In this study, based on the phase contrast microscopy (PCM) and the multipho-
ton microscope (MPM) observations of two-dimensional (2D) and 3D nerve cell network generation
of the pheochromocytoma cells (PC12), a novel simulation code to predict the CNS morphogenesis
was developed. At first, time-lapse PCM observations have been executed to understand the nerve
cell axonal extension and branching. Secondly, 3D representative volume elements (RVEs) of cortex
were derived by using Nissl-stained cerebral cortex images. Finally, a 3D CA simulation code for
neurogenesis was developed based on multilayered CA algorithms, such as the dendrites outgrowth, an
axon selection from dendrites, the extension enhancement induced by the nerve growth factor (NGF),
and the branching caused by microtubule collapse under the effect of Netrin-1. Our newly developed
CA simulation code was confirmed as a comprehensive code to predict neurogenesis processes through
comparison with PCM and MPM observation results.

Keywords: cellular automaton, central nervous system, nerve axonal extension, neurogenesis, represen-
tative volume element, 3D simulation.

1 INTRODUCTION

In this study, a novel simulation code to predict the morphogenesis of the central nervous
system (CNS) using a multilayered cellular automaton (CA) method is newly developed.

The neurogenesis process consists of the dendrites outgrowth, the axonal extension,
branching and connection with the targeted dendrite of cell body [1-3]. If this neurogenesis
process can be predicted by a numerical simulation code, it will not only elucidate the neural
network generation, but also contribute to the regeneration technology development of
injured CNS. The axonal extension could be predicted by the stochastic analysis technique,
such as the phase field theory, Monte-Carlo method and CA method [4-6]. CA is considered
superior, because it utilizes the simple local neighborhood rule and transition rule. With the
using of the CA method, it is possible to express phenomena without finding the governing
equations, so the synthesis and migration of proteins involved in neuronal axon formation
and extension within cells are introduced into CA algorithm easily. Furthermore, the neuro-
genesis process can be simulated by using stacking rules based on the interaction between
cells. Using the multilayered CA method, the influences of intra- and extracellular matrices
(ICM and ECM) on the axonal extension and neurogenesis process, such as the densities of
shooting 1, the nerve growth factor (NGF) and Netrin-1 and the stress field, are predicted
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rationally [7]. Two-dimensional (2D) and three-dimensional (3D) CA models are formulated
based on the experimental observation results of the phase contrast microscope (PCM) and
the multiphoton microscope (MPM).

However, these numerical codes were not verified through comparison with in-vivo obser-
vations. Furthermore, it is difficult to conduct a large-scale simulation taking into consideration
the large number of neurons contained in the whole brain region. Therefore, in this study, a
representative volume element (RVE) of cerebral cortex is derived, and the neurogenesis
process simulations using a multilayered CA method is carried out.

Main issues in this study are as follows:

1. Experimental observations of nerve axonal extension process.
2. Formulation of multilayered CA model.
3. Neurogenesis process simulations in 2D and 3D.

2 EXPERIMENTS

At first, time-lapse microscopic observations of the pheochromocytoma cells (PC12) through
the PCM (Olympus Co. IX73) were carried out in order to analyze nerve axonal extension
processes in 2D region and the axon morphologies in the 3D region. PC12 were supplied by
the System Life Science Laboratory at the Department of Medical Life System at Doshisha
University. The cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% horse serum, 5% fetal bovine serum and 0.05% antibiotic in each collagen-coated
35 mm dish in a 5% CO, incubator at 37°C with an addition of NGF (50 ng/ml), at 0 days.
The PC12 suspension density is 625 cells/cm?.

Figure 1 shows the axonal extension process of PC12 captured by the time-lapse PCM
observation. Images of the neurogenesis process were captured every 1 min for 24 h after the
addition of NGF. At the early stage of cultivation, a PC12 has a number of short dendrites.
Thereafter, a certain dendrite becomes an axon, and the nerve cell is polarized. The experi-
mental observation indicated that the average number of dendrites was 3.6, and the dendrites
appeared randomly on the outer periphery of a cell body. Furthermore, the average extension
rate of the nerve axon was 20.4 um/h, which is similar to the result for a single cell (21.9 um/h)
in the experiments by Nakamachi er al. [8].

Toriyama and Shimada identified a protein shootinl, which increases at the nerve cell
polarity stage, concentrates at the tip of dendrites, and works to enhance the nerve axonal
extension in the upstream region of signal molecules that enhance the dendrite extension. The
shootinl localized in a “wave’ structure after it was synthesized in the nerve cell body and
was transported from the nerve cell body to the tip of the nerve axon with the wave [9-11].
Both the transportation amount of shootinl and the period of the wave occurrence are com-
pletely random. The diffusion speed in a short dendrite is considered to be faster than that in
a long dendrite, because the concentration gradient of short dendrites is larger than that of
long dendrites. Consequently, longer dendrites maintain a higher concentration of shootinl
and hence promote the selected nerve axon’s extension more remarkably [12, 13]. In the
axonal extension process, there occurred the branching under the Netrin-1 stimulation
[14, 15]. It was also reported that the enhancement of axonal extension was promoted by the
NGEF density gradient depending on the distance from the target nerve cell [16—18].

Figure 2 shows 3D and top view of PC12 morphology by using MPM (Leica, TCS SP8
MP). PC12 cell bodies, dendrites and axons were observed. The axonal extension, connection
and network generation were featured in such a way that the extension is affected by the
distance between the cell body and its targeted cell body.
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Figure 1: Photos of cultivated PC12 after the addition of NGF (Bar: 10 mm);
(a) 3h, (b) 6h, (c) 12h and (d) 24h.
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Figure 2: MPM images of PC12 cell bodies, dendrites, and axons. (a) 3D image of 500
pum cube region and (b) top view of cell bodies and axons.

3 CA ALGORITHM
A multilayered CA method to predict pc12 morphogenesis by introducing the dendrite and
axonal extension is developed based on the experimentally observed results. Without solving
the governing equation of the simulative objects, CA can predict the complex dynamic morpho-
genesis of a nerve cell by adopting the simple local neighborhood rules and transition rules. In
a CA method, the simulation region is divided into the cell (unit cell of CA model), such as the
quadrate, 2d, and the cube, 3d. Each cell has an arbitrarily selected condition and changes its
condition according to the neighborhood cells’ condition. The change of state parameter is
decided based on local rules. The change of cell condition occurs for all cells simultaneously.



204 E. Nakamachi, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 7, No. 3 (2019)

Primary layer: Neuron
~ PC12 cell body,
dendrites and axon

Interaction
between CA cells - Sub layer 1:

Branching

5
X
W0

i,
A

()
on
OO0
0

GO0
o
X

rrrrr Sub layer 2:

Extracellular environment
NGF diffusion

Netrin 1 diffusion

og‘
&
X
@
’0

Q)
()

9.
OO0
X
&

%

Interaction
between layers

<

>
<

i

Figure 3: Schematic view of a multilayered CA model, cells and interactions.

The condition at a given cell and time is determined depending on the self-determined condition
and neighborhood cells’ condition. Moore’s CA model is adopted in our CA calculations [5-6].

A multilayered CA method to consider the interactions between nerve axon and various
extracellular environmental stimulations and the cell constituents is formulated and imple-
mented in CA code. Figure 3 shows a schematic view of a multilayered CA model, which
consists of a primary layer of dendrites and axonal extensions, a ‘sub-layer 1’ of axon branch-
ing and a ‘sub-layer 2’ of ngf and netrin-1 diffusions. In these layers, there occurs the
interaction between cells and layers as shown in Fig. 3.

3.1 Nerve cell’s axonal extension and NGF diffusion models in the primary layer and the
Sub-layer 2

The dendrites outgrowth and the selection of axon are formulated in the primary layer as
shown in Fig. 3. The primary layer has feature that the nerve dendrite extension is depends
on the its length: the longer the length of dendrites once occurs, the faster the extension speed
and finally only one dendrite will be selected as the axon as shown in Fig. 4.

In the following, we formulated a CA simulation model for nerve axonal extension consid-
ering the time-lapse observation results. The extension of dendrites is enhanced depending on
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Figure 4: Schematic view of axon morphology model: (a) characteristic values of PC12
nerve cell determined based on experimental observation; a the diameter of
the cell body, b the width of the axon, L the length of branch, 6 deviation angle
of the branch from the axon. (b) An example of axon extension with branch.
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the concentration of shootinl around an axon tip. Shootinl moves randomly inside a nerve
cell, and a dendrite that stores more shootinl extends more rapidly. Consequently, an axon
that extends ahead of other dendrites tends to grow more remarkably because longer axon has
higher concentrations of shootinl [9-11].

In order to represent these phenomena in the CA simulation, a dendrite that grows in the
next time step was decided according to a probability function depending on the dendrite
length. The outgrowth probability function P of n, dendrite is defined by

alll

- (1)
Dk

k=1

P =

n

where m is the total number of dendrites, /, denotes the length of dendrite k scaled by the
length of the computational cell side, and a is a random parameter, which was set to 1.08 in
the present simulation considering the experimental results.

After the decision to extend a dendrite in the next step, the direction of its extension was
stochastically chosen at each time step from three candidates, as shown in Fig. 5(a) and (b),
in the cases of 2D and 3D regions, according to a normal random number with an average of
0 and a variance of 1 by using the normal distribution probability function. These selection
processes of the dendrite and the decision of the extension direction were repeated in prede-
termined time steps.

NGF released from arbitrary cells was assumed to follow the diffusion equation as given by

(@)
Standard Dendrite extension direction
Gaussian distribution
(b) Dendrite extension direction

Standard Gaussian distribution

Figure 5: Dendrite extension direction determination algorithm using the normal
distribution probability function in cases of 2D and 3D regions: (a) 2D and
(b) 3D.
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Here, c is the concentration, 7 the time, D the diffusion coefficient and (x, y, z) the coordinate
of an arbitrary point. In our CA model, we adopted the value of D as 78 um?s. The total
amount of NGF contained in the cells changes over time, and the NGF concentration c(x,
v, z) at time ¢ at an arbitrary point (x, y, z), where N cells exist in the simulation region, is
given by

N ()f—x‘)z+(Vv—y‘)2+(z—z‘)2

x V. 2,1 zg( — ) 4Dt 3)

where the central coordinate of the i-th cell body is (x°, y°, z’) and the NGF concentration at
the center is C, (¥).

In accordance with the physiological characteristics obtained by eqns. (1)—(3) for the neu-
rons, we modeled the process by which cells extend the nerve axons and search for target
dendrites. First, each cell body contains four dendrites in each PC12 cell body in the case of
2D model and six dendrites in 3D model. The nerve axons detect the NGF concentration at
the terminal and extend in the direction of higher concentration. The NGF concentration that
the nerve axon can detect is 133 ng/ml or more, and when it exceeds 995 ng/ml, receptor
down-regulation occurs, so NGF does not affect the extension of nerve axon no more. When
the nerve axon and target dendrite are combined, the concentration of NGF in the somatic cell
body on the axon side increased, and, on the other hand, decreased in the dendritic side.
Binding was judged as the case where the neuronal axons and the cells at the tip of the den-
drites were adjacent.

3.2 Netrin-1 diffusion model and branch model in sub-layer 2 and 1

In the ‘Sub-layer 2’ as shown in Fig. 3, Netrin-1 released from arbitrary cells was assumed to
follow the same diffusion equation as discussed in the case of NGF diffusion process simula-
tion. We adopted the value of diffusion coefficient D as 40 mm?s [19]. Furthermore,
introducing the interaction with ‘Sub-layer 2,” the branching process is formulated in CA
model in ‘Sub-layer 1.’

When the nerve cell is excited, the impulse signal moves on to the nerve axon. The signal
stimulates synaptic vesicles in the synaptic terminal button via the presynaptic terminal, and
the neurotransmitter in the vesicle is released into the synaptic cleft, triggering the excitation
and suppression of the sub-synaptic membrane. At this time, Netrin-1 is released from the
underlying synaptic membrane and its periphery, which is absorbed at the presynaptic termi-
nal and passes through the nerve axon and is retrograde transported into the excitable cell.
The speed of retrograde transport is as fast as 200400 mm/day for the extension rate of the
nerve axon at 20.7 um/h [8].

In order to represent Netrin-1 enhances axonal extension, a nerve axonal tip cell extends
two separated cells under the condition defined by Netrin 1 cells around the targeted cell in
CA model. Furthermore, when Netrin-1 concentration around the tip of dendrites is above the
threshold level that we set, microtubule collapse to present Netrin-1 promotes axonal branch
formation. The concentration of Netrin-1 is calculated by
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where C, is a Netrin-1 concentration around tip of dendrite and a, is the state variable of each
cell. Other rules remain unchanged from the nerve axon extensional model. Fig. 6 shows the
diffusion process simulation result of Netrin-1 and axon and dendrites. It shows that the axon
is extended with one branch against the high density area of Netrin-1.
Finally, we constructed a multilayered CA model that consists of a nerve axonal extension
model (main layer), microtubule elongation and branching model (Sub-layer 1) and NGF
diffusion model (Sub-layer 2) as shown in Fig. 3.

4 RESULTS AND DISCUSSION

Figure 7(a-1), (b-1), (c-1) and (d-1) shows the results of simple nerve axonal extension simu-
lation in indicated CA calculation steps. In this simulation, extracellular environmental factor,
such as Netrin-1, and microtubule as discussed in Section 3.2 were not considered. We success-
fully represent the phenomenon that four dendrites are generated from cell body and only one
dendrite extends as a nerve axon. We conducted the simulation multiple times and confirmed
that selection of axonal extension direction was non-deterministic. Fig. 8 shows comparison
with CA calculation results and PCM observation results in both four cases of single PC12 cell
bodies and axonal extensions. It shows good agreement of axonal extension morphologies.

As discussed in Section 3.2, Netrin-1 enhanced the dendrites extension and promoted the
selection of axon. Simultaneously, branches were formed in dendrites and nerve axons due to
microtubule collapse in the Sub-layer 2. Furthermore, Netrin 1 promoted the catastrophe of
the microtubule, so the nerve axon on the Netrin-1-rich side has more branches. Fig. 7 (a-2),
(b-2), (c-2) and (d-2) shows the results of multilayered CA simulation of nerve axonal exten-
sion considering effects of microtubule collapse caused by Netrin-1.

Next, 3D RVEs of cortex were derived by using Nissl-stained cerebral cortex images of the
mouse living brain obtained from Allen Brain Atlas shown in Fig. 9. Binarization of Nissl
stained image using image processing software ImagelJ, center coordinates of nerve cells, and
cell density in each layer were obtained. Layer II/III, Layer IV/V and Layer VI were selected
to characterize the cerebral cortex at the micro scale as shown in Fig. 9. For neurogenesis
processes analyses using our multilayered CA models, three RVEs were determined by using
the least residual sum of square search to find minimum size of RVE as shown in Fig. 10(a)-
(c). The objective function was the error of nerve cell density between the population of
whole region and the RVE candidate region in three layers. As a result, the sizes of RVEs
were all equal to 30 um. The number of nerve cells contained in each RVE was calculated as
13, 11 and 16, respectively.
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Figure 7: Simulation results of the axonal extension in the arbitrary time steps of
without the branch; (a-1) 0 step, (b-1) 40°10* step, (c-1) 80°10* step and
(d-1) 100°10* step, and with the branch; (a-2) 0 step, (b-2) 40°10* step,
(c-2) 80°10* step and (d-2) 100°10* step.
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Figure 8: Nerve axonal extensions without branch: CA calculation results (a) Ist
(b) 2nd (c) 3rd and (d) 4th results, (e) Experimental results.
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Figure 9: Nissl-stained cerebral cortex images of the mouse living brain obtained from Allen
Brain Atlas (http://www.brain-map.org/) (a) scanned images and (b) layers
structure.
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Figure 10: RVEs of nerve cells: (a) layer II/III (b) layer IV/V and (c) layer VI.
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Figure 11: Simulation results of neurogenesis of (a) layer II/II1, (b) layer IV/V and
(c) layer VI: (al) 50, (a2) 150, (b1) 50, (b2) 186, (c1)50, (c2) 184 (step

number).

Figure 11 shows early and final stages of neurogenesis processes in three layered RVEs.
Each layered morphologies show the different distributions of cell bodies and orientations of
nerve axons. Especially, the network orientation is strongly related to the signal transmission,
such as more inward orientation in the inside layers IV/V and VI, and more in-surface plane

orientation in the outside layer II/III.

CA simulation results characterized the network orientation in three layers of mouse cere-

bral cortex, which relates to the electric signal transmission.

5 CONCLUSION

A multilayered CA calculation code was developed to predict the neurogenesis processes in
2D and 3D regions based on experimental observation results by using PCM and MPM. The
present model can include intra- and extra-cellular environmental factors such as NGF,
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microtubule and Netrin-1 by adopting the local rules between layers. Accordingly, we suc-
cessfully restaged nerve axonal extension and branch process considering diffusions of NGF
and Netrin-1. Moreover, it is easy to consider additional factors affecting the nerve axonal
extension in our newly proposed CA code.
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