Bioinformatics ISSN 0233-7657

UDC 576.322

Biopolymers and Cell. 2020. Vol. 36. N 5. P 341-347
doi: http://dx.doi.org/10.7124/bc.000A36

Simulation modeling of cAMP induced Dictyostelium aggregation
using object-oriented Pharo programming language

K. A. Nizheradze

Bogomolets National Medical University
13, Shevchenko Blvd., Kyiv, Ukraine, 01601

konsnizher@gmail.com

Introduction

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.

Keywords: cAMP waves, cell aggregation, object-oriented programming language.

Aggregation of the individual amoebae of of the most interesting and extensively used
Dictyostelium discoideum (Dictyos) into mul- models of the cell population self-organization
ticellular slugs (pseudoplasmodia) remains one [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
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work we used pure object-oriented Pharo pro-
gramming language to create simulation model
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

r= aew
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 pixels.

Aggregation phase. The propagation of
cAMP spiral wave during Dictyos aggregation
was studied and modeled extensively [9, 10].
Consistently applying the paradigm of object-
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Initialization and Growth phase
* Model frame creation and distribution of the initial set of spores
* Undirected foraging movements of the amoebae
= Appearance of the waste areas, which will be not applicable for foraging
= Mitotic divisions and corresponding increase of the total amount of the amoebae

~~

* Increase in population density

of the active aggregation centers

Preaggregation phase
= Increment of the area of waste substrate

= Formation of the cell clusters and appearance

>

» Propagation of cAMP spiral waves

Aggregation phase
» Pulsatile emitting of cAMP waves by the active centers

* Commitment of the individual amoebae by cAMP waves
* Directed movement of committed amoebae towards their aggregation centers
= Formation of the “streams” of cells at the late stage of aggregation

Fig. 1. The main processes inside the simulation model of Dictyos aggregation.

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-
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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
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Fig. 2. Sequential phases of the simulation of Dictyos population growth and aggregation (typical realization of the
model). 4 — 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.

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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ImiTaniiine MmonemoBanus HAM® iHAyKOBaHOT
arperauii Dictyostelium 3a 10110MOro10 06’ €KTHO-
opieHTOBaHOI MOBM nporpamysaHHs Pharo

K. O. Hixepanze

IMepexymoBu. IlepionnyHO BHNPOMIHIOBaHI CHipaibHI
xBuI TAM® BH3HAUAIOTh CIIPSIMOBAHHIA PYX OKPEMHUX
ame0 Dictyostelium discoideum no neHTpiB arperarii, sKi
€ JDKEPEJIOM WX XBWJIb. 3arajibHa MOBEAiHKA KITITHHHOI
MOMYJIALT, sSIKa BKITIOYA€ HA I[LOMY €Talli TUCAYl He3a-
JISKHUX OpTraHi3MiB, MO)Ke OyTH BiITBOpPEHA Ta Bi3yasi30-
BaHa 3a JOMOMOTOI0 JBOBUMIPHOTO iMiTaIliftHOTO Moje-
moBanHst. Metomm. /[yt ctBopeHHsT Mozieni OyJo 3acTo-
COBaHO 00’€KTHO-OPiEHTOBAaHY MOBY IIPOTpaMyBaHHS
Pharo. B sikocTi mxepena BUMTAAKOBUX YUCE]T BUKOPUCTO-
BYBAaBCsS IHBEPCHUI KOHTPYCHTHHI T€HEpaTrop. 3 po3BU-
TKOM TTOMYJIAIIIT OKpeMIX ame0 Oyiu OB’ si3aHi Taki mpo-
[IECH: TI0SIBa BUTIAJIKOBO PO3IOMIJICHUX TIOYaTKOBUX KITi-
THH/CTIOP; TIOIIYK MOKUBHOTO CyOCTpary; MiTo3; Gopmy-
BaHHS (3QJICKHO BiJl JJOKATBHOTO CEPEOBHUIIA) aKTHUBHIX
[IEHTPIB arperaitii; IepioarnyHi BUTTPOMIHIOBAHHS IIEHTPa-
MU arperaiii cripaibHuX XBHIb TAM®; cripsMoBaHMiA
pyx aMe0, 3axorureHnx xBuieio TAM®, o neHTpy arpe-
ramii. Pe3yabraTu. B xomi cumymaii nonryky ixi Ta mo-
JTAJTBIIIAX MITO31B HEBEJIMKA TOYATKOBA TOMYJIAIlST amed
KUTBKICHO 3pOCTalia Ta PO3NOAULIIACH Y BU3HAYCHUX
Mexxax. [Ipu qocsrHeHH] KiHIEBOI IIUTBHOCTI OISl
BiI0yBaJIOCS YTBOPEHHS KUTBKOX aKTHBHHX LIEHTPIB arpe-
ramii. CripanbHi X TAM® TiepioquyHO MOIMpPIOBa-
JIUCH 3 IUX HeHTpiB y 2D obmacti monemni. Kimitian, «3a-
XOIUTCHI» XBUJICIO, PO3MOUMHAIMA PYX JIO BiAOBIIHOTO
IIEHTpY arperartii, e pyx depryBaBcs i3 mepiomamu
CIOKOIO0. Y X0l Mirpatii aMeOn yTBOPIOBAJIM XapaKTepHi
«TMOTOKW» KIITHH. BucHOBOK. CTBOpEHa MOJIETh MOXKE
HAaJaTH JOAATKOBY BAXIIUBY 1H(OPMAILIO MPH BUBYCHHI
(a3 Ta OCHOBHUX MEXaHI3MIB IPOIIECYy CaMOOpraHi3arii
KITITUHHUX TTOITYJISLIH.

KawuyoBi caosa: Xt nAM®, arperarist KIiTHH,
00’€KTHO-OPIEHTOBaHa MOBA MPOrPaMyBaHHS.



Simulation modeling of cAMP induced Dictyostelium aggregation using object-oriented Pharo programming language

HNmurtanuonHoe moaeaupoBaHiue nAM®
MHAYUUpoBaHHOM arperauuu Dictyostelium

NpH NOMOIIH 00bEKTHO-OPUEHTHPOBAHHOIO SA3bIKA
nporpammuposanus Pharo

K. A. Huxepanze

[pennocbuiku. [lepuoguuecku UCITycKkaeMble CIIUPATb-
Hble BOJIHBI TAM® onpenensitoT HallpaBIEHHOE JBUXKE-
HHUE OTHENBHBIX ame0 Dictyostelium discoideum k 1ieH-
TpaM arperauuu, KOTOpbI€ SBISIOTCS UCTOYHUKAMH STUX
BoyH. OO0Iee MoBeIeHNE TOITYIISAINH KIETOK, KOTopast
BKJIIOYACT Ha JaHHOM 3TallC ThICAYU HE3aBUCUMBIX Opra-
HHU3MOB, MO’KHO BOCIIPOM3BECTH U BU3YaJIM3UPOBATH C
TIOMOIIBI0 HMHTAIIUOHHOTO 2D-MomenmupoBaHUS.
Mertonbl. [[jis co3manusi MOEX ObUT TPUMEHEH 00BCK-
THO-OPHEHTHPOBAHHEIH A3bIK MporpaMmMuposanus Pharo.
B xauecTBe UCTOUHMKA CIIy4alHBIX YMCEI UCIIOIb30BaII-
Cs MHBEPCHBIM KOHTPY? HTHBIN reHeparop. C pa3BUTHEM
TTOITYJISIIIAY OTICITBFHBIX aMe0 OBLIH CBSI3aHBI CIICTY OIS
TIPOIIECCHI: MOSBIICHUE CIYYaifHO pacHpeiesIeHHBIX HC-
XOIIHBIX KJICTOK/CIIOp; MOKCK MHUTATEIBLHOIO CyOCcTpara;
MUTO3; (hOpMHUpPOBaHUE (B 3aBUCUMOCTH OT JIOKaJTHHOTO
OKpPY>KEHHSI) aKTUBHBIX IIEHTPOB arperamyy; eproInye-
CKasl TeHepalysl CUpaIbHbIX BOJTH HAM® U3 1IeHTpOB

arperanny;, HampaBJICHHOE JBIDKEHHE aMe0, KOTOpBIE
ObLTH 3aXBaueHBI BOMHOM NAM®, K IIEHTPY arperaruu.
Pe3ynbTarhl. B x0/1¢ CUMYISIMY TOKCKA MUIIIEBOTO CyO0-
CTpaTa ¥ MOCIIeIYIOIINX MUTO30B HEOOIbIIas HadaIbHAs
TIOTTYJISIHSL YBEIMYUBAJIACH KOJIMYECTBEHHO U pactipeie-
JITach B TPaHUIIAX yKa3aHHOU oOmactu. [Ipu moctmxke-
HUY KOHEYHO! IJIOTHOCTH TTOITYJISIIIAH aMe0 MMEJI0 MECTO
TTOSIBJICHHE HECKOJIbKMX aKTUBHBIX IIEHTPOB arperamum.
Cnupanbhblie BoHB TAM® nepuoiiuecku pacipocTpa-
HSUTHCH OT ATUX IEHTPoB B 2D obmactu moxenn. Kiretkwy,
«3aXBaYCHHBIC» BOJHOM, HAUMHAJIHN JIBHIKEHUE K COOTBET-
CTBYIOIIEMY LIEHTPY arperaiuu, 3TO JBHKEHUE Yepes1o-
BaJIOCh C TMEpPHOIAMH TIOKOs. B xome murpanuu ameObt
00pa3oBBIBAIM XapaKTEPHBIE «IIOTOKM» KJIETOK. BbiBo.
JlaHHast MOIeNTb MOXKET TIPEOCTABUTD JOTIOHUTEIBHYIO
BaXHYIO HH(POPMAIHIFO TP H3YICHUHU (Da3 M OCHOBHBIX
MEXaHU3MOB TMPOIIeCcCa CaMOOPTaHU3AINH KIIETOYHBIX
MO,

KnawueBbie cioBa: Bomast TAM®, arperarms Kire-
TOK, OOBCKTHO-OPUCHTHPOBAHHBIH SI3bIK MPOrPAMMHPO-
BaHUA.
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