Siileyman Demirel Universitesi
Fen Bilimleri Enstitiisii Dergisi
Cilt 23, Say1 1, 195-203, 2019

Siileyman Demirel University
Journal of Natural and Applied Sciences
Volume 23, Issue 1, 195-203, 2019

DOI: 10.19113/sdufenbed.471807

A Semi-stochastic Numerical Model of Adult Hippocampal Neurogenesis

Pmar Oz

Uskudar University, Faculty of Engineering and Natural Sciences, Department of Molecular Biology and Genetics,

34362,Istanbul, Turkey
(ORCID: https://orcid.org/0000-0001-6006-9921)

(Alinig / Received: 17.10.2018, Kabul / Accepted: 04.03.2019, Online Yayinlanma / Published Online: 26.04.2019)

Keywords

Adult neurogenesis,
Subgranular zone,
Computational model

Abstract: Adult neurogenesis in dentate gyrus (DG) is a prominent contributor in the
dynamics of hippocampal memory networks. This discrete model aims to estimate the
temporal changes in the neural progenitor cell (NPC) populations in DG, together with
the products of differentiation — immature neurons, astrocytes and oligodendrocytes. The
dynamics are described in an ideal environment, where there is no limit for the total volume
and all required chemical and physical cues that direct neurogenesis are continuously
available. The system works independently on three levels. Each level is defined as the
dynamics in a stage of neurogenesis with three types of NPCs: type I cell (radial glia),
type II cell (transiently amplifying cells) and type III cell (neuroblasts). Cell fate was
introduced as a semi-stochastic process (a choice) with a population limit for each cell
type. Although it is based on discrete processes and has a rather simplistic approach, the
simulations successfully provide a numerical template for adult neurogenesis, which can
be further modified and implemented in a hippocampal trisynaptic loop network.

Yetiskin Hipokampal Norogenezinin Yari-stokastik Niimerik Bir Modeli

Anahtar Kelimeler
Yetigkin norogenezi,
Subgraniiler zon,
Hesaplamali model

Ozet: Dentat girusta (DG) goriilen yetiskin nérogenezinin hipokampal bellek aglarindaki
isleve onemli bir katki sundugu kabul edilmektedir. Sunulan ayrik sayisal model DG’de
bulunan noral progenitor hiicre (NPH) popiilasyonlarinda ve bu siire¢lerin iirtinlerindeki
(immatiir ndron, astrosit ve oligodendrosit popiilasyonlar1) temporal degisimleri mod-
ellemeyi amaglamaktadir. Siirecler toplam hacimde bir limitin olmadig1 ve norogenezi
yonlendiren tiim kimyasal ve fiziksel diizenleyicilerin devamli ulagilabilir oldugu ideal bir
ortamda tammmlanmustir. Sistem ii¢ temel seviyede bagimsiz olarak caligsmaktadir. Her se-
viye ndrogenez siireglerindeki bir agsama olarak tanimlanmigtir ve popiilasyonlar ii¢ temel
hiicre tipinden olugmaktadir: Tip I (radyal glia), tip II (gecici ¢ogalan hiicre) ve tip III
(noroblast). Hiicre kaderi, her hiicre tipi igin bir popiilasyon limiti olan yari-stokastik bir
stire¢ (bir secim) olarak sisteme eklenmistir. Sunulan model, ayrik siireclere dayanmasina
ve basitlestirilmis bir yaklagim izlemesine ragmen, yetiskin norogenezinin sayisal bir
taslagini basarili sekilde tiretmektedir ve farklt modiilasyonlarla bir hipokampal trisinaptik
devre agina yerlestirilebilir.

1. Introduction

that only occassionally divide [7],[8]. However, when
triggered, these cells can proliferate through symmetric or

In the adult mammalian brain, neurogenesis continues
to occur in well-identified neurogenic niches, i.e. the
subventricular zone (SVZ) on the walls of lateral ventricle
and the subgranular zone (SGZ) of dentate gyrus (DG) in
hippocampus [1], [2],[3],[4],[5].

In SGZ, three main types of neural precursor cells (NPCs)
are identified. The radial-glia-like cells (Type I cells)
carry astrocytic properties, such as the expression of glial
fibrillary acidic protein (GFAP) [6]. In the adult brain,
Type I cells constitute a largely quiescent cell population
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asymmetric cell division [3],[9],[10]. It is suggested that
Type I cells can possess different morphologies and behav-
iors, and that it is possible for one Type I cell to generate
an astrocyte while another one can be on the track of neu-
rogenesis [6]. Eventhough the literature on this difference
is still not sufficient, recent data suggest that there are in-
deed distinct subclasses of Type I cells [6], [11], [12], [13].

Asymmetric cell division of a Type I cell is suggested
to produce the second type of NPCs in this region - the



P. Oz / The HANG model for adult SGZ neurogenesis

transiently amplifying cells (Type II) [1], [6], [14], [15].
Type II cells are transient in nature, due to the fact that
they can divide very rapidly, however, with much lower
self-renewal capacity compared to Type I cells. Through
these divisions they can either produce identical Type II
cells or differentiate into neuroblasts [1],[4],[5],[14],[15].

Type 11 cells typically consist of two subclasses, Type Ila
and Type IIb, which differ in the expression of biomarkers
and also in behavior [8],[16],[17]. Type Ila typically share
common glial properties with Type I cells and they are
highly proliferative. Type IIb is more lineage-determined
progeny of Type Ila. They,in turn, give rise to neuroblasts
(Type III cells) [3], which possess less self-renewal
capacity. Neuroblasts are unipotent, meaning a determined
cell fate towards producing new neurons [1],[5],[6].

Throughout these stages of neurogenesis, gliogenesis
follows also in parallel and both processes can stem from
adult NPCs [18]. The interplay between neurogenesis and
gliogenesis is known to be affected by various factors,
such as bone morphogenic protein (BMP), fibroblast
growth factor (FGF), epidermal growth factor (EGF) and
sonic hedgehog (Shh) [19],[20],[21],[22]. Astrocytes and
oligodendrocytes are the two main types of glia that have a
strong connection with the processes of neurogenesis and
also with the maturation of newborn neurons. Astrocytes
can be produced from NPCs via asymmetric cell division
and can also be directed toward neurogenesis by forced
expression of transcription factors, such as Pax6, or when
inducing factors such as brain-derived neurotrophic factor
(BDNF) are supplied [23],[24],[25],[26]. Interestingly, the
NPCs in SVZ can be triggered to produce either neurons
or oligodendrocytes, where the choice seems to depend on
the platelet-derived growth factor-o¢ (PDGFa) receptor
signaling [27]. It is not entirely known whether glial cells
can be generated from adult NPCs in vivo, however, the
information on the interplay between neurogenesis and
gliogenesis strongly suggest that they can be observed
at least as side-products of neurogenesis in neurogenic
niches.

The hippocampal adult neurogenesis (HANG) model aims
to provide a rather numerical tool that can be implemented
in the trisynaptic loop network models of hippocampus.
Developing a theoretical framework for the HANG can be
used to predict the neurogenic processes and the outcomes
of its regulation. Then, the framework can be implemented
in a larger network model to provide information on the
newborn neuron numbers and how their addition regulates
the network activity. In this study, a framework, that in-
cludes a semi-stochastic cell fate determining function, is
developed to analyze the critical rates of various neuro-
genic processes and its capacity to produce the population
growth patterns that can be compared to experimental data
in vivo and in vitro.

196

2. Material and Method

2.1. The Numerical Model for Subgranular Zone
Adult Neurogenesis

The HANG model was implemented in Matlab v.2016b
and consists of three main stages : Type I cell dynamics,
Type II cell dynamics and Type III cell (neuroblast)
dynamics. Newborn astrocytes are produced from Type I
and Type II cells, while oligodendrocytes and newborn
(immature) neurons are produced from the third stage only.
In all three stages, the choice of cell fate is randomized
and implemented with the function §. The model is
summarized in Figure 1 and explained in the following
sections.

2.1.1. Choice of Cell Fate

The molecular mechanisms in the cell that lead to either
proliferation, differentiation or apoptosis are implemented
in the model by a simple randomized cell fate function,
represented by & (Figure 1). When the cell matures,
the intracellular and extracellular cues will direct the
cell to either proliferate, differentiate or die. From a
simplistic approach, apoptosis is not included in the fate
choices, and a constant ratio of cells are assumed to die
in a given duration At. Environmental cues driving the
probability of differentiation (py) or proliferation (p,) at
three stages of HANG model are represented in § as the
ratio of population that are directed to that fate. When
0 is not implemented, it can be assumed that a constant
ratio of the cell population proliferates where the rest
differentiates. When & is implemented, however, this
process is randomized, with a boundary condition where
there is an average ratio of cells (p) that are expected to
follow a specific fate.

This process is represented with the function & as in
equations 1 and 2,

é(ﬁaN): ui<x7ﬁ) (1)
i=1
wtep)={] 327 @

where x is a random number between 0 and 1 representing
the combination of intracellular triggers and environmental
cues driving the cell to specified fate and N is the number
of cells in the population.

2.1.2. Type I cell dynamics

Type I cells of HANG model are assumed to either pro-
liferate or differentiate. Type I cell proliferation can be
through symmetric cell division, producing two Type I
cells, or asymmetric cell division, producing an astrocyte
and a Type I cell. It is assumed that :
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Figure 1. The general outline of HANG model. Details of the model design, processes and rates are given in the text.
r: Type I cell, c: Type II cell, D:differentiating Type II cell, N: neuroblast, A: astrocyte, O:oligodendrocyte.

1. Newborn Type I cells are required to mature before
either proliferation or differentiation.

2. Proliferation occurs either through symmetric or
asymmetric cell division. Mature cell can produce a
daughter cell through symmetric cell division with the
probability 0, or it can produce an astrocyte through
asymmetric cell division with the probability 1- 6.

3. Once divided the Type I cell can then proliferate once
more or differentiate into a Type II cell. The choice
is decided via & with the average ratio of cell popu-
lation that choose to proliferate (ﬁ;7 =w). If acell
chooses to proliferate, it will go through the process
as described before.

4. A cell is assumed to die after its second proliferation.

The described dynamics of Type I cell population (R) at
time ¢ is then formulated over three generations of Type I
cells (r) as below.

rtze(rt—1+6(a7rt—2)) 3)
4

The number of astrocytes that are produced from Type I
cells (A;) at a time point ¢ is

A= (1-0)(ri—1 +6(at,r1-2)), @)

and the number of differentiated Type I cells (¢;) at z is

(6)

Crg =1t—2— o(a,ri—2).
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2.1.3. Type II cell dynamics

Type II cells, or transiently amplifying cells, are a
transition stage from progenitor radial glia to neuroblasts;
they quickly proliferate or differentiate, however, for a
short duration of time and under heavy stress of cell death
[11,[21,[8],[28]. A portion of the newborn Type II cells are
differentiated from Type I cells (c.;), however, differentiat-
ing astrocytes (cq,) and proliferating mature Type II cells
can also produce newborn Type II cells. It is assumed that :

1. Only a portion of newborn Type II cells
(T1.c;—1)survive and proliferate.

A portion of once divided Type II cells (7yc;—5) dif-
ferentiate, while a portion of the rest proliferate again
(11(1-1)cs—2). The remaining portion of the popula-
tion dies.

3. A portion of twice-divided Type II cells (7r¢;—3) dif-
ferentiate and the rest dies.

Therefore, the number of newborn Type II cells (c;) an the
total number of cells in the Type II cell population (C;) at
a given time ¢ can be expressed as below.

Cat = ﬁlAtfl @)
Ct = Crg +Cay +T1C1—1 +T12(1 —T)ci—2 ®)
CG=c¢+Tc-1+ 1712(1 —T)c—2 9

Type II cells that are ready to differentiate can produce
either Type III neuroblasts(N), astrocytes (A), or oligoden-
drocytes (O). The number of differentiating Type II cells
at a given time ¢ can be expressed as below.

D =111+ T2 (10)
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2.1.4. Neuroblast dynamics

Type III cells, or neuroblasts, can be differentiated from
Type II cells and can be produced via proliferation from
mature neuroblasts.

Ny :Hth—1+5(Yn;Dt) (11)

The mature neuroblasts that do not proliferate at a given
time ¢ can differentiate into young neurons ((1-u;)uoN:—1)
and the remaining population is assumed to die. The
newborn neurons migrate to the stratum granulosum and
get integrated into existing neural network [1],[2],[8]. At
this stage, it is critical that the young neuron receives
adequate glutamatergic and GABAergic inputs. The

neurons that are not innervated adequately will not survive.

The HANG model does not include the migration process
of the young neuron and ends with obtaining the number
of newborn neurons in the system.

2.1.5. Glia Populations

Astrocytes can be produced from Type I cells via
asymmetrical cell division (A,,) or from differentiating
Type II with an average ratio 7y, of Type II cells that did
not differentiate into neuroblasts.

Ap; = Ya (Dt — 8 (Y, Dy))

The mature astrocytes proliferate to form newborn
astrocytes with a rate of §; and differentiate into Type II
cells with a rate of 3,. The death rate for astrocytes are
introduced as ¢,. Then, the total number of astrocytes in
the system can be expressed as below.

12)

Ar=Apy +Ap+ (B — B — 9)Ar-1

The differentiating group of Type II cells, that did
not produce neuroblasts or astrocytes, are assumed to
differentiate into oligodendrocytes.

13)

Or = (1= Ya)(D: — 6(V, Dr)) (14)

2.2. Implementation of Aging

The impact of age on the proliferation and differentiation
rates (x) were implemented on «,0 and 71, such that the
rates start to exponentially decline as

At

Xy = Xxp€ (15)

when Type I cell population reaches to a critical value
(Fmayx) and continues to decline with the same rate until the
organism is 90 days old. After this age, the rate declines
with the rate A, where A, < A;/2. For all simulations,
Fax= 1.5x103ry for o, rme = 103ry for 0 and rye =
2x103ry for 7;. The rates A; and A, were determined over
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previously reported immunohistochemistry data from
mice and rats [29], [30],[31].

2.3. Parametric Analysis

For parametric analysis, At was 1 day and the simulation
was run for 30-days over 20 repetitions. The default
values for the parameters were =0.6, 0 = 0.8, | =
0.5, B, =02, 11 = 0.7, » = 0.5, %, = 0.7, 1, = 0.8,
Uy = 0.2, up=0.3. The population mean and standard
deviation for each day were estimated over repetitions.
The impact of parameters such as a, B, ¥, Tiand T,
were analyzed by varying the values in the ranges as
given in Results. The number of cells at 30" day were
plotted for each value in the range. The plots displaying
the number of cells on 30" day vs the varying parameter
were fit with the functions given in Results, using
robust fitting with bisquare weights. Adjusted R-square
(ARS) values are given as the means for goodness of the fit.

3. Results
3.1. Default Model

The HANG model was first initiated with the default
parameters and the population growth was recorded
over 50 repetitions for 60 days(Figure 2). First type II
cells emerge after 5 days, whereas it takes at least 10
days for the differentiation of the first neuroblast. As
astrocytes can be generated from all three stages, the
first astrocyte emerges during the first three day of the
simulation. Oligodendrocytes emerge around 20'h day, as
the generation of oligodendrocytes occur only at the third
stage. Around 20'h day, first immature neurons appear
in the system as well and each day the number of new
immature neurons increase, which correlates with the
increasing number of neuroblasts. On 60" day, the ratio
of Type I cells in the resulting cell population was 43.7%
+ 6.9, Type II cells 36.7% = 5.8, neuroblasts 11.4% =+
1.8, astrocytes 4.4% =+ 0.7, oligodendrocytes 1.8% =+ 0.3
and new neurons 1.9% =+ 0.3 (Figure 3).

Type | population
Type Il population

cyte population

Oligodendrocyte population

Astro

1

L4 y
1 20 3 4 50 60
Days

Days Days

Figure 2. Cell populations with default parameters.
The gray lines represent the population growth for each
repetition. Black lines represent the average population
growth.
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Figure 3. Ratio of cell types in the general population
on 60" day. The number of each cell type on 60" day
was normalized with the total number of cells in the

system.

3.2. Parametric Analysis of HANG model

The critical rates of the model (&, 8, Tjand 7,) were modi-
fied in a range from O to 1 to see the impact on the resulting
populations of HANG model. The population ratios af-
ter day 30 remained almost constant for all cells of the
defult model, therefore the impact of each parameter was
analyzed over the number of cells on day 30 for each pop-
ulation. The initial number of Type I cells (ry) was 10 for
all trials.

3.2.1. The impact of ¢ on cell populations

Since o controls the ratio of Type I cells that choose to
proliferate and all the remaining cell populations depend
on Type I cells as the primary source, it was expected to
affect all of the resulting cell populations in the model,
making it the one of the most critical parameters in the
model. Figure 4 displays the result for the varied values
of & in the range 0 to 1. As expected, the number of Type
I cells on 30" day exponentially increase as ¢ increased.
For the Type I cells and astrocytes, the relation could be
fitted with the exponential equation (ARSg = 0.999, ARS4
=0.999).

y=aj %2

(16)

6000 1500

0
o
3
S
3
8

4000 1000

ol
@
8
8
3
8

N
5
3
8

500

Type Il cells on day 30
Type lll cells on day 30

)
o
&
o
)

Type I cells
SN
s 8
g8 28
8 8
8 8
o K

o
&
)

o)
S
8

©
8
3
8
o
2

2000

/
/

0 0.5 1

=]
8

S
3
8
o
2

Astrocytes on day 30

o

Immature Neurons on day 30
5
o 8

Oligodendrocytes on day 30

)

0.5

0 0.5 1

Figure 4. The impact of « on the population growth.
The number of cells on day 30 for & between 0 and 1
was displayed for all cell types. The cell number was av-
eraged over 100 trials, and error bars represent standard
errors. Lines represent the fitted curves and the details of
the fitting is explained in the text.

The relation between o and the number of cells on 30" day
were fitted for the Type II cells with the equation 17(ARS¢
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=0.999), whereas number of cells for neuroblasts and im-
mature neurons were fitted with the equation 18 (ARSr;y;
=0.943, ARSy;, = 0.944). The number of oligodendrocytes
vs. o was best fitted with the equation 19 (ARSp = 0.983).

y= a1e<7(x2;2>2> +a4e<7<%)2>

(a7
x—ay \2
= anel () (1)

For the type II cells, the number of cells on 30" day did
not significantly change for o < 0.3, increased between 0.3
and 0.8, and decreased for ¢ > 0.8. A similar pattern could
be observed for neuroblasts : The number of cells on 307"
day did not significantly change for o < 0.2, increased
between 0.2 and 0.8, and decreased for a > 0.8. For both
populations, a directly proportional increase in population
size could only be observed for o > 0.8. When a=1,
both populations were exterminated. A similar pattern
was also observed for oligodendrocyte population (Figure
4). Astrocyte population displayed a similar pattern of
population growth with Type I cell population.

3.2.2. The impact of 6 on cell populations

For all populations except neuroblasts, the population
diminished until day 30 if 6 < 0.5. (Figure 5). When 6
> 0.5, the number of cells increased exponentially by
increasing 6 until reaching to a plateu at 6 = 0.9 For all
cell types except astrocytes, the relation between cell
number and 6 could be represented with the equation 17
for 6 > 0.5. (ARSTI = 0.999,ARST11 = 0.999, ARST”[ =
0.999, ARSp = 0.999, ARSy = 0.999).

Astrocyte number - 6 relation were fitted with the equation
20 (ARS=0.999).

V) el C))

3.2.3. The impact of 7; and 7, on cell populations

yzale(_mz (20)

The increase in 71 (Figure6) and1, (Figure 7) did not affect
the Type I cell population. The sizes of other populations
responded to the increase in 7} if 7; > 0.8. The increase in
T, did not affect the astrocyte population. The amount of
Type II cells decreased with increasing 7, until reaching
to a plateau around 7, = 0.6. The number of neuroblasts,
oligodendrocytes and immature neurons increased until 7,
< 0.4, and reached to a limiting number after this value.

The population size response to 7| and 7, for populations
except Type I cells could be represented with the equation
19 (ARS7ir = 0.999, ARS7r = 0.999, ARS,4 = 0.999,
ARSp = 0.999, ARSy =0.999).
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Figure 5. The impact of 6 on the population growth.
The number of cells on day 30 for 8 between 0 and 1
was displayed for all cell types. The cell number was av-
eraged over 100 trials, and error bars represent standard
errors. Lines represent the fitted curves and the details of
the fitting is explained in the text.
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Figure 6. The impact of 7; on the population growth.
The number of cells on day 30 for 7; between 0 and 1
was displayed for all cell types. The cell number was av-
eraged over 100 trials, and error bars represent standard
errors. Lines represent the fitted curves and the details of
the fitting is explained in the text.

3.3. Simulation of Age-related Decrease in Prolifera-
tion Rates

The decrease in rates o,0 and 7; was implemented as
described in Section 2.2, with ry = 2500, A; = 0.01 and
A2 = 0.001. Critical age was 90 days. The change in the
population sizes for all cell types by age during a 7 month
period was as shown in Figure 8. The peak population size
was observed on 39" day for Type I cells, on 51* day for
Type II cells, on 55" day for Type III cells, on 46" day
for astrocytes and on 65 day for oligodendrocytes. The
highest number of new immature neurons produced in this
system was on 56" day. After the peaks, the population
size decreased exponentially.

4. Discussion and Conclusion

The HANG model was designed to provide a numerical
tool, to be later implemented in the trisynaptic loop
network models of hippocampus. The focus was to
develope a theoretical framework for the prediction of the
neurogenic processes in adult mammalian hippocampus
and the outcomes of its regulation. The HANG model
differs from previous deterministic models [32],[33],
[34],[35] by the types of cell populations included in the
model, the implementation of maturation for NPCs and
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Figure 7. The impact of 7, on the population growth.
The number of cells on day 30 for 7, between 0 and 1
was displayed for all cell types. The cell number was av-
eraged over 100 trials, and error bars represent standard
errors. Lines represent the fitted curves and the details of
the fitting is explained in the text.

--=-Oligodendrocyte
+_New Immature Neuron

Cell Number

Days
Figure 8. The impact of age-related decline in prolif-
eration rates on the population growth. ry = 2500, 4,

=0.01, A, = 0.001, critical age = 90 days

by the implementation of a semi-stochastic choice of
fate function that acts as a simplified rule to mimic the
non-deterministic cellular and environmental factors that
drives the cell fate.

The molecular mechanisms that lead to either proliferation,
differentiation or apoptosis of the cell was implemented as
a semi-stochastic choice of fate function in HANG model,
which produced a dynamic effect in these processes and
in the resulting population sizes mimicing what could be
observed under physiological conditions. Eventhough
this function presents an extremely simplified rule, it
was enough to produce the variations in population
sizes that could represent the deviations in experimental
measurements from trial to trial. In this setting, no
physical limitations, such as limited space or nutrients,
were introduced. Therefore, the logarithmic growth
observed in the results could be expected under these
conditions.

Parametric analyses explored the effect of critical rates
such as «, 6, 7; and 7, on resulting population sizes.
Among these, the variations in o was expected to affect
all populations, as it directly manipulates the size and the
fate of Type I cell population, which acts as the primary
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source for the production of other cell types. Type II cells
and neuroblasts depend on the number of Type I cells
that choose to differentiate. Therefore, increasing the
ratio of proliferating cells can be expected to decrease
their numbers. It should be noted, however, that due to
increased number of Type I cells, there are still plenty
of cells that differentiate, which continues to feed the
populations of Type II and Type III, and the effect of
choice towards proliferation showed itself only after
o=0.8. When a=1, none of the cells differentiate into
Type II and Type III, which leads to the extermination of
both cell populations. Astrocytes are generated from Type
I and Type 11, therefore an increase in the cell number of
any of these populations can be expected to increase the

number of astrocytes, when 6 and 7, are kept constant.

The result (Figure4) indicates a stronger impact of Type I
cell proliferation on the number of astrocytes on day 30
compared to neuroblasts, which could also be expected
as there is more than 10-fold Type I cells compared to
neuroblasts. Oligodendrocytes are only generated from
neuroblasts, therefore it was expected that their relation
with o follows neuroblast pattern. As shown in Figure 4,
the pattern was the same with neuroblasts. The number of
new immature neurons generated on day 30 also followed
the pattern of neuroblasts, as these cells could only be
differentiated from them.

The rate 0 determines the ratio of symmetrically dividing
Type I cells, and therefore, it directly controls the number
of Type I cells and astrocytes in the population. The
changes in 8 were expected to affect all type of cells
in the population, with a greater impact on Type I cell
and astrocyte populations. Similar to «, this range of

effect makes 0 also one of the most critical parameters.

For all cell types except neuroblasts, the population
diminished until day 30 if 8 < 0.5, meaning that the
model requires at least half of the Type I cell population
to divide symetrically for populations to survive for
30 days (Figure 5). When all Type I cells divided
symetrically, the number of astrocytes continued to
exponentially increase as they are generated also from
Type II cells and they can proliferate to renew their
population. However, this increase reached to a plateu at 6
=0.9, as Type I contribution almost completely disappears.

The rate 7; determines the ratio of Type II cells that
proliferate to produce new Type II cells. The Type II cells
that divided twice were assumed to either differentiate
or die. Increase in 7; had a direct impact on the growth
of all cell populations except Type I as expected. This
effect was only observed for astrocyte population and was
more pronounced for the other populations when 7; >
0.8. The rate 1», on the other hand, controls the ratio of
differentiating Type II cells. The cells that did not divide at

least once were assumed to lack the ability to differentiate.

The amount of Type II cells decreased with increasing 7,

as the number of cell choosing to proliferate decreased.

This decrease slowed and reached to a plateau around 7, =
0.6. It can be suggested that high 7, prevent replenishing
the Type II cell pool, and creates a limit for the population
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growth for the cell types except Type I cells, which are not
affected by the changes in Type II cell population.

The default HANG model assumes that the neurogenic
processes are not affected by aging. However, several
studies reported the decrease in neurogenic capacity,
especially in hippocampus, by aging [36], [37] due to a
combined effect of several factors on neurogenic processes
such as telomere shortening [38]. The impact of aging on
adult hippocampal neurogenesis was recently addressed
in a study that utilized a different framework of cell
populations and neurogenic processes [35]. The HANG
model produces similar age-implemented growth patterns
of NSCs with this model and further proposes a pattern of
growth for all cell types of HANG model. However, the
HANG model should be developed further to include a
realistic measure of environmental changes by age, not
just predefined age borders to guide the system. The most
active period of HANG and the rate of decline might
change among species, which is yet another factor that
should be taken into account.

The presented numerical model of SGZ-ANG with the im-
plementation of choice of fate was successful to represent
the in vivo decline pattern of BrdU+ (proliferating) cells -
which would include Type I, Type II and Type III cells of
the model - by age [29] . Even though the model should be
expanded to account for experimental data more accurately,
it still presents an efficient and simple method to estimate
the population size of neurogenic niche cells, together with
the characterization of critical rates that could be expanded
via including the effect of chemical and physical factors
regulating SGZ-ANG. With or without these expansions,
the numerical model can be implemented in a hippocampal
network model to mimic the time-dependent production of
newborn neurons at the dentate gyrus.
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