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Aim. Periodically emitted spiral waves of cAMP determine the directed movement of indi-
vidual amoebae of Dictyostelium discoideum towards the aggregation centers, which are the 
sources of these waves. Overall behavior of cell population that includes at this stage the 
thousands of independent organisms, could be reproduced and visualized through 2D simula-
tion modeling. Methods. Object-oriented Pharo programming language was applied to create 
the model. As the source of random numbers the explicit inversive congruential generator was 
used. The following processes were attributed to developing population of individual amoebae: 
appearance of randomly distributed initial cells/spores; the search of feeding substrate; mitosis; 
forming (depending on the local environment) of the active aggregation centers; periodical 
emittances of cAMP spiral waves from the aggregation centers; directed movement of the 
amoebae, which were captured by the cAMP wave, towards aggregation center. Results. In 
course of the simulation of the feeding and subsequent mitosis, small initial population of 
amoebae was multiplied and distributed in the borders of specified area. When reaching a finite 
population density, the appearance of few active aggregation centers took place. Spiral cAMP 
waves periodically propagated from these centers in 2D area of the model. The cells, which 
were “covered” by the wave, begun their movement to the corresponding aggregation center, 
intermitted with the periods of the rest. During migration the cells formed the characteristic 
“streams”. Conclusion. This model could provide additional important information in the 
study of the phases and underlying mechanisms of self-organizing cell populations.
K e y w o r d s: cAMP waves, cell aggregation, object-oriented programming language.

Introduction

Aggregation of the individual amoebae of 
Dictyostelium discoideum (Dictyos) into mul-
ticellular slugs (pseudoplasmodia) remains one 

of the most interesting and extensively used 
models of the cell population self-organization 
[1]. In fact, some basic questions of modern 
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biology and medicine (such as gene activation, 
receptor-signal transduction, cell-cell and cell-
matrix interactions, cell migration) are still 
investigated with applying this enigmatic or-
ganism. If formulate the most important issues 
under study concerning this stage of Dictyos 
living cycle, they could be listed as follows:

a) spontaneous appearance of the active 
centers of aggregation after the period of star-
vation;

b) periodical emittance and propagation of 
the spiral waves of 3’-5’- cyclic adenosine 
monophosphate (cAMP) from these centers 
through the population of individual amoebae;

c) reaction and coordinated directed move-
ment of the thousands of amoebae, which are 
“captured” by cAMP waves, to corresponding 
aggregation centers.

To investigate these processes, different 
laboratory technique, as well as the methods of 
mathematical modeling are used. As a result, a 
huge bulk of information on this phenomenon 
was obtained during past decades [2]. Special 
attention is paid to one of the central points of 
self-organization: emergence of the active cen-
ters of aggregation and cell inhomogeneity [3].

Nevertheless, the global behaviour of the 
whole cell population, comprising the hun-
dreds of thousands of individual amoebae, 
needs to be modeled using appropriate and 
(preferably) not excessively complex tools [4]. 
In this regard, the biologically oriented para-
digm of agent-based models seems to be very 
attractive and powerful computer-aided ap-
proach to resolve this problem [5]. According 
to the principle of agent-based modeling, the 
behaviour of every amoeba is governed by the 
set of simple rules, which determines the reac-
tion of the object to external stimuli. For this 

work we used pure object-oriented Pharo pro-
gramming language to create simulation mo del 
of cAMP wave-induced aggregation of Dictyos 
amoebae. This programming environment (as 
well as the corresponding tutorials) could be 
downloaded and installed from the site of de-
velopers (pharo.org) [6]. 

Methods
The latest stable 8.0 version of Pharo program-
ming language (64-bit) was used to create the 
simulation model. To produce pseudorandom 
numbers, the explicit inversive congruential 
generator [7] was realized in Pharo and intro-
duced into the model as a separate class. This 
generator was applied for random initial dis-
tribution of spores and undirected foraging 
movement (with random rotation angle) of 
individual amoebae during the growth phase 
of Dictyos. At each time-step the changed 
position of each moving amoeba was deter-
mined by using the direction cosine for the 
calculation of vector coordinates.

To provide visualization of the process un-
der study, the main objects of the model (in-
dividual amoebae, wasted areas of substrate, 
active centers of aggregation, and the spiral 
waves of cAMP) were represented by Morphs, 
which are special visual objects. To differenti-
ate the amoebae (moving, mitotic, aggregating 
and resting ones) they were attributed with 
different colours. In order to reduce the com-
putational load, the number of these objects 
was limited to a few hundreds. 

The aggregation centers appeared as a result 
of the fulfillment of two conditions: 

a) increasing of the total number of amoe-
bae, and 

b) formation of small cell clusters. 
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To reveal the cell cluster formation at this 
pre-aggregation stage, the distances (in pixels) 
between all the amoebae were analyzed.

Spiral wave propagation from the aggregation 
center (during the phase of aggregation) was 
based on polar equation of logarithmic spiral 

where r – radius vector, a and b – parameters 
of spiral, and e – Euler’s number.

At each step, the next vertex was added to 
developing spiral. To determine if the amoeba 
is already inside this wave, the radius vector 
of the wave was compared with the length of 
the vector between the amoeba and the cor-
responding aggregation center, and the angle 
between these two vectors was calculated. 
When the amoeba was “captured” by the wave, 
it began to move towards the corresponding 
aggregation center.

The initial source code of this simulation 
model (with additional commentaries) was 
hosted on SmalltalkHub repository.

Results and Discussion
The main three phases of the unfolding simu-
lation model are presented in Fig. 1. 

Initialization and growth phase. As the ge-
neral frame for the simulation, there was the 
class DictyosteliumSimulation. When the in-
stance of this class was created, it invoked and 
sequentially started (during the time-steps) all 
necessary objects, including the random num-
ber generator, collections, counters, virtual 
amoebae, and so on. This governing object 
determined the beginning and the end of the 
simulation process. 

A small initial number (about 15) of indi-
vidual amoebae was placed in the central part 

of designated area of the plane. Thereafter they 
started the foraging movements (16 pixels per 
step). If the amoeba took its position in a new 
“clean” place, this small region of food sub-
strate was marked (and coloured) as “waste”, 
so feeding is no longer possible here for the 
next amoeba, randomly attending this place. 
In the case if the amoeba reached the outer 
boundary, it returned to simulation area. After 
few successful foraging steps (usually 3) the 
cell entered the process of mitosis, and two 
new amoebae appeared instead of parent one 
(Fig. 2A).

Pre-aggregation phase. When the number 
of moving amoebae exceeded some threshold 
(we used the number of 300 amoebae to reach 
the necessary population density), the main part 
of the growth substrate was already converted 
into “waste land” (simulation of starvation), 
and the intensity of mitosis in the population 
essentially decreased. Then the active centers 
of aggregation appeared. Till now, this phe-
nomenon is enigmatic, but probably, as it was 
mentioned above, is related to the cell inhomo-
geneity [3]. For modeling this process we used 
the finding of lattice “gems”, described earlier 
for cultured human fibroblasts in the real (non-
virtual) experiment [8]. So, the second condi-
tion (besides abovementioned starvation) of 
emerged active centers was the formation of 
the compact cell clusters (containing 4 amoe-
bae) located in close proximity (less than 
16 pixels) to each other (Fig. 2B). The quan-
tity of active centers was limited to 3, and the 
distance between them was at least 200 pi xels.

Aggregation phase. The propagation of 
cAMP spiral wave during Dictyos aggregation 
was studied and modeled extensively [9, 10]. 
Consistently applying the paradigm of object-



344

K. A. Nizheradze

oriented modeling, we created the cAMP spiral 
waves as separate developing objects, periodi-
cally emitted from the aggregation centers. If 
the amoeba was “captured” by the wave, this 
cell became committed to corresponding ag-
gregation center that is the source of this wave. 
This cell commitment to its “own” center was 
preserved for the next waves. A committed 
amoeba turned around and started its movement 
towards the centers, but after few steps (4 steps) 
the period of rest took place – until the next 
wave initiated the motion (Fig. 2C). The char-

acteristic feature of the aggregation was the 
formation of cell “streams”, that reproduced 
the picture of Dictyos aggregation in reality 
(Fig. 2D). The process stopped when the vast 
majority of individual amoebae transited to 
their places of gathering.

Conclusion
This computer model is a comprehensive sim-
plification of real Dictyos aggregation. We 
have not input the available data concerning 
the chemical messengers, produced by the 

Fig. 1. The main processes inside the simulation model of Dictyos aggregation.
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amoebae, such as the prestarvation factor 
(PSF) or the counting factor (CF). The pro-
cesses of cAMP spiral wave propagation and 
reaction of individual cells to this attractant 
were presented at the macro-level and did not 
engage underlying molecular mechanisms [11]. 
But even in such a simplified form, this mod-
el makes it possible to reproduce the main 
stages of this process. The use of object-ori-
ented programming allows us to set a number 
of explainable rules for each cell and evaluate 
the behavior of the entire population. For fu-
ture application, this model can be constantly 

updated and supplemented with new data on 
the mechanisms of intracellular signaling and 
intercellular interactions. Such an application 
is especially interesting and useful in the con-
text of investigating 3D-2D transition of cul-
tured mammalian cells [12], and the role of 
cellular rhythms [13, 14] in self-organization 
of homo-and heterotypic cell populations. 
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Fig. 2. Sequential phases of the simulation of Dictyos population growth and aggregation (typical realization of the 
model). A – foraging movements and growth, 70 time-steps. B – starvation and active centers appearance; white ar-
rows point to the active centers of aggregation, 173 time-steps. C – initial stage of aggregation, 255 time-steps. D – 
formation of cell “streams”, 305 time-steps. 
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Імітаційне моделювання цАМФ індукованої 
агрегації Dictyostelium за допомогою об’єктно-
орієнтованої мови програмування Pharo

К. О. Ніжерадзе 

Передумови. Періодично випромінювані спіральні 
хвилі цАМФ визначають спрямований рух окремих 
амеб Dictyostelium discoideum до центрів агрегації, які 
є джерелом цих хвиль. Загальна поведінка клітинної 
популяції, яка включає на цьому етапі тисячі неза-
лежних організмів, може бути відтворена та візуалізо-
вана за допомогою двовимірного імітаційного моде-
лювання. Методи. Для створення моделі було засто-
совано об’єктно-орієнтовану мову програмування 
Pharo. В якості джерела випадкових чисел використо-
вувався інверсний конгруентний генератор. З розви-
тком популяції окремих амеб були пов’язані такі про-
цеси: поява випадково розподілених початкових клі-
тин/спор; пошук поживного субстрату; мітоз; форму-
вання (залежно від локального середовища) активних 
центрів агрегації; періодичні випромінювання   центра-
ми агрегації спіральних хвиль цАМФ; спрямований 
рух амеб, захоплених хвилею цАМФ, до центру агре-
гації. Результати. В ході симуляції пошуку їжі та по-
дальших мітозів невелика початкова популяція амеб 
кількісно зростала та розподілялась у визначених 
межах. При досягненні кінцевої щільності популяції 
відбувалося утворення кількох активних центрів агре-
гації. Спіральні хвилі цАМФ періодично поширюва-
лись з цих центрів у 2D області моделі. Клітини, «за-
хоплені» хвилею, розпочинали рух до відповідного 
центру агрегації, цей рух чергувався із періодами 
спокою. У ході міграції амеби утворювали характерні 
«потоки» клітин. Висновок. Створена модель може 
надати додаткову важливу інформацію при вивченні 
фаз та основних механізмів процесу самоорганізації 
клітинних популяцій.

К л юч ов і  с л ов а: Хвилі цАМФ, агрегація клітин, 
об’єктно-орієнтована мова програмування.
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Имитационное моделирование цАМФ 
индуцированной агрегации Dictyostelium 
при помощи объектно-ориентированного языка 
программирования Pharo

К. А. Нижерадзе

Предпосылки. Периодически испускаемые спираль-
ные волны цАМФ определяют направленное движе-
ние отдельных амеб Dictyostelium discoideum к цен-
трам агрегации, которые являются источниками этих 
волн. Общее поведение популяции клеток, которая 
включает на данном этапе тысячи независимых орга-
низмов, можно воспроизвести и визуализировать с 
помощью имитационного 2D-моделирования. 
Методы. Для создания модели был применен объек-
тно-ориентированный язык программирования Pharo. 
В качестве источника случайных чисел использовал-
ся инверсный конгруэнтный генератор. С развитием 
популяции отдельных амеб были связаны следующие 
процессы: появление случайно распределенных ис-
ходных клеток/спор; поиск питательного субстрата; 
митоз; формирование (в зависимости от локального 
окружения) активных центров агрегации; периодиче-
ская генерация спиральных волн цАМФ из центров 

агрегации; направленное движение амеб, которые 
были захвачены волной цАМФ, к центру агрегации. 
Результаты. В ходе симуляции поиска пищевого суб-
страта и последующих митозов небольшая начальная 
популяция увеличивалась количественно и распреде-
лялась в границах указанной области. При достиже-
нии конечной плотности популяции амеб имело место 
появление нескольких активных центров агрегации. 
Спиральные волны цАМФ периодически распростра-
нялись от этих центров в 2D области модели. Клетки, 
«захваченные» волной, начинали движение к соответ-
ствующему центру агрегации, это движение чередо-
валось с периодами покоя. В ходе миграции амебы 
образовывали характерные «потоки» клеток. Вывод. 
Данная модель может предоставить дополнительную 
важную информацию при изучении фаз и основных 
механизмов процесса самоорганизации клеточных 
популяций.

К л юч е в ы е  с л ов а: Волны цАМФ, агрегация кле-
ток, объектно-ориентированный язык программиро-
вания.
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