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ABSTRACT

The definition of a stochastic model that refletts cell growth and the use of computer softwanddbe very
useful in modelling the cell behaviour due to tlegibility to introduce alterations in biology paneters to obtain
different growth patterns without the use of laliorg material. Human colon adenocarcinoma cells eveunltured
and a growth curve was made by daily count of thkk mumber. Pielou modelling was applied for statia
simulation of deterministic growth, making stoclatite cell division, the death rates and the titms time between
division and death, by using different probabititieA greater growth was produced when the cellsidii rate
increased, considering the density dependence amnsnh contrast, a lower growth was observed wiklensity
dependence increased, with a constant value ofizédlion rate. This type of modelling could befuk® simulate the
cell response under different environmental cooni
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INTRODUCTION continuous time, due to a discrete and punctual

observation of the cell culture. Along the time of
Tumour cells have a finite and predictablethe culture, from the lag phase to the plateau
proliferative potentiain vitro. This limited growth phase, coexist dividing cells, non dividing cells
is mainly due to nutrient exhaustion and theand death cells that play together an important role
limitation of space, which conduce to a graduallyin the whole system at each time interval.
increasing fraction of death cells (Rubelj et al.,Therefore, a better model is needed that reflects
2000). In addition, the proliferative rate of a cellthe cell growth characteristics in a continuous
line cultured in vitro decreases when themanner. The stochastic model is the simplest
population is closed to the plateau phase and thgodel that combines individual-level growth
cell number depends on the carrying capacity dfincluding division and death rates) with density
the system. The continuous sigmoidal functionslependence. These parameters are not considered
such as the empirical Gompertz equation aré deterministc models and depend on
generally used to obtain the kinetic parameterenvironmental conditions  (Dushoff,  2000).
specific growth rate and lag phase duration fronptochastic model reflects random factors that
growth curves (McKellar and Knight, 2000). Thisexplain the oscillations observed, due to changes
continuous observed growth does not reflect whdn the environment and adaptive processes, which
is really happening in the culture along a
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gradually conduce to a stable value along the time K-N
(Margalef, 1989). Ln
The definition of a stochastic model that reflects

the cell growth and the use of computer software

coulg be veryblIJsefuI in tea(cj:hing ceIII biology duewhere N = number of cells. t = time and ¢ =
to the possibility of introducing alterations in _ .

biology parameters to obtain different grovvthconStam’ Ln = Natural logarithm.
patterns without the use of laboratory material

Th% alurtn tohf .thls_tworlé was (;o apptlz 6} St?](:h"’ls'“cl'he Pielou modelling (Margalef, 1989) was applied
MOdeEl {o than Vitro observead growth of a human ., o «iqchastic simulation of tive vitro observed

colon .adenoca.rcmoma.\ cell 'Ilne_ to predict thegrowth. Stochastic cell division and cell deatresat
behaviour of this cell line taking into account all

Jo were considered by the definition of different
pﬁ‘rir?ﬁ ters Eha’;cogld alter tpewth, considering probabilities of cell surviving and thus cell dieis
alt ot them stochastic. or cell death, both density-dependent in the
population dynamics.

=c-rt

Stochastic modelling

MATERIALS AND METHODS The mathematical modelling applied was:
Cell culture dN

Human colon adenocarcinoma cells (HCA) ——=N(a, —bN)-N(a,+b,N)
(Morales et al., 1995) were cultured in Dulbecco’s d

modified Eagle’s medium nutrient mixture F12-where r=a-a
HAM (DME/F12-HAM) (with L-glutamine and T
hepes), supplemented with sodium bicarbonate 7and b, +b, = K’

% (28 ml/L), 10 % fetal calf serum and 1 %
antibiotic-antimycotic solution 100 X (PSF,
Gibco) at 37 °C in a 5 % Cyas phase. These
cells were subcultured with trypsin (0.05 %) an
EDTA (0.02 %) in Dulbecco’s phosphate-buffere
saline (PBS) (Hein et al., 1992).

where a= cell division rate; a= cell death rate and
dbl; b, = density dependences.

OIThe probability that the cell population was
incremented by one cell division was defined as

Growth curve )
Thein vitro growth curve was carried out by daily Pr(N - N,))= aN-bN

count of the cell number in 6-multiwell dishes. The ™ (3 +a,)N—(b —b,)N?
number of cells seeded in each well was 25000. The

cells count were performed under microscope lighinq in the same way probability was defined that the

by mean of a CCD video camera and automategy|| population was decreased in one cell (one cell
image analysis software (UTHSCSA Image TOO'death):

version 1.27) in 10 different microscope fields at
100 X magnifications (six replicates each day).

2
Pr(N - N)=— N*BNT
Deterministic modelling (&, +a,)N—=(b-b,)N
Carrying capacity (K) was calculated from the
experimental growth curve and specific growth ratehe transition time between events (cell division /
() was obtained by linear regression of the lagist cell death) was modelled in a stochastic way by the
deterministic model, definiton of a new probability factor and the
introduction of a random parameter:

dN _ rN 2

——=rN- 1

dt K t=——Ln(l-R)
Sn

and
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where: Sn=(a, +a,)N —(b, —b,)N? Multi-Document  Interface  (MDI)  capacity,
permitting multiple charts (2D, 3D, lines and bars)

R = random number and Sn = probability that

whatever events could be produced. RESULTS AND DISCUSSION

Developed software N .
The above-mentioned mathematical models wer&€ deterministic model showed an exponential
implemented by computer software. The softwardrowth similar to that obtained in the experimental
assigned name was SimCel 1.0 and was develop8fPWth curve, reaching the carrying capacity (K)
for Windows 9x/Me in Borland Delphi 3.0. It was without oscillations. The K'yalue obtained was
programmed with ActiveX components using the?-929,108 cells/ml. The specific growth rate (rswa
0.927 day3, being the correlation coefficient —0.98

(Fig. 1).
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Figure 1 - Growth curve, adjusted chart, deterministic modetl modeling parameters:
Experimental growth curve obtained for colon adamncionoma cellsB: The growth
curve was made lineal by the expression Ln((K-N)iN)calculate the specific
growth rate (r).C: Deterministic growth curve obtained by the appiaa of the
deterministic model. The deterministic model showsedontinuous cell growth
reaching the carrying capacity (K) without oscithass. D: Information about the
values of the parameters used in the deterministideling.

The stochastic model showed different growttshows different stochastic simulations with diffare
curves depending on the values assigned to the celllues of cell division rate maintaining the densit
division rate and the density dependence. Fig. @ependence constant. A higher growth was obtained
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when the cell division rate increased. K valuesxtinction, senescence, tumour control, apoptosis,
reached in less time and the oscillations around dtc.
were more. The stochastic simulations becam&he growth pattern of human colon adenocarcinoma
different when the cell division rate was maintdine cell line was estimated and modelled considering
constant, adopting the density dependence differeatterations in cell division rate and density
values. A lower growth was obtained when densitgependence compared to the reference growth
dependence increased. K value reached at a highmmves: thdan vitro observed growth curve and the
time and the oscillations around it were lowerdeterministic modelling. The different simulations
(Fig. 3). performed showed growth patterns similar to the
The stochastic simulation makes a better predictioreference models. All of them reached the carrying
of the behaviour of population dynamics. It takesapacity of the system at the K value obtaiired
into account a number of parameters that cawitro and stayed oscillating around it. The different
contribute to the model in a random mannewralues of cell division rate and density dependence
reflecting the real development of growth,caused alterations in the time of growth and in the
oscillation levels.

i SimCel: Cell growth modeling
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Figure 2 - Stochastic modeling obtained with different valu#scell division rate. In these
simulations, the cell division rate adopted différgalues maintaining the density
dependence constart. Cell division rate = 0.9273: Cell division rate = 0.99C:
Cell division rate = 1.9D: Cell division rate = 2.35. A greater growth wagaited
when the cell division rate increased. The growttCiand D was higher than the
growth in A and B. Carrying capacity (K) was reattta a lower time in C and D
and the oscillations around it were greater.
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Figure 3 - Stochastic modeling obtained with different valwésdensity dependence. In these
simulations, the density dependence adopted diffevalues maintaining the cell
division rate constanf: Density dependence = 0.000084;Density dependence =
0.0034;C: Density dependence = 0.00853; Density dependence = 0.04. A lower
growth was obtained when density dependence inededthe growth in C and D
was lower than the growth in A and B. Carrying @jya(K) was reached at a higher
time in C and D and the oscillations around it wiereer.

The dynamics of this model was influenced byto our results, they introduced a new parameter: th
environmental stochasticity and density dependencellular senescence, which we could not consider in
in the same manner as other biological systemeur model due to the tumoral characteristics of our
where an expected change in one parameter strongigll line. In addition, other authors have usedlaim
affected the dynamics of the population, leading to birth-and-death stochastic processes in the samye wa
non-linear increase in the carrying capacity and ias in this work, although applied in models for the
the expected mean population size (Saether et alefinition of tumour control probability (Zaider @n
2000). The environmental parameters couldinerbo, 2000).

represent the introduction of a drug dose, chemicdExisting models assume a homogeneous population
mutagens, radiation dose, growth factor, and changé cells. Thus, there is a need to develop discrete
in temperature, pH, osmolarity or simply theevent models that take into account the behavibur o
exhaustion of the nutrients. individual cells. MCKELLAR and KNIGHT (2000)
The results obtained were similar to that repoloed applied a discrete stochastic model to the indalidu
RUBELJ et al. (2000) in the study of the senescenceells ofListeria monocytogeneand combined with

of human cells in culture. These authors considereal deterministic population-level growth model. By
the accumulation of non-dividing cells and the celcombining the discrete adaptation step with a
loss in the culture during its proliferation. In costra continuous growth function it was possible to
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generate a model that accurately described th€endal, W. S. (1998), A closed-form description of

transition from lag to exponential phase being a tumour c_ontrol with f_ractio_nated radiotherapy and

useful tool for describing individual cell behaviou Mfrggﬁ’;'ago?igg é]).Ei(a)‘ldolg;'[:;iBBlgt‘gjlo ig?g%ega

Thus, it could be possible to design a stochast R _ ' L

model for each biological process that could b&icKellar, R. C. and Knight, K. (2000), A combined

. e discrete-continuous model describing the lag plofse

mfluence_d or altered by natural or artificial CaBS | isteria monocytogenesnt. J. Food Microbiol, 54,

The design of models that could show the behaviour;+1_gq.

Of d|ﬁerent Ce” I|neS When exposed to rad|at|0n 0M0ra|e5, J. A’ Ruiz_GémeZ, M. J, G“_Carmona, |_’

drugs (Kendal, 1998), apoptosis mechanism Souviron, A. and Martinez Morillo, M. (1995), He-Ne

(Fennell and Cotter, 2000), modelling of laser has no effect on cell cycle phases of human

angiogenesis or metastases invasion, response gafolon adenocarcinoma cell®ev. Esp. Physiol(J.

metabolic pathways and cellular damage and repairPhysiol. Biochen), 51, 43-8.

processes (Cotlet and Blue, 2000) could help in thidubelj, I.; Huzak, M. and Brdar, B. (2000), Sudden

investigation of these mechanisms. senescence syndrome plays a major role in celireult

The stochastic model makes a better prediction gprO“ferat'o_n'MeCh‘ Ageing Dey112 233-41.

the cell growth behaviour because it takes into aether, B.; Tufto, J.; Engen, S.; Jerstad, K.;sRat]
o ) O. W. and Skétan, J. E. (2000), Population dynamica

account the cell division rate, cell death rat@isity onsequences of climate change for a small temgperat

dependence, type of event (cell division or cell songhirdScience287, 854-6.

death) and transition time between them. Thegaider, M. and Minerbo, G. N. (2000), Tumour

introduced randomness could be considered a goodontrol probability: a formulation applicable toyan

approach in the explanation of the experimental temporal protocol of dose deliveriPhys. Med. Bio.

deviations. The stochastic simulations could be 45, 279-93.

applied in the prediction of the behaviour of tumou

cell lines exposed to antineoplastic agents and _

radiation, which is an useful tool to study thipey Rec‘;"éﬁgeﬁ?ﬁrggs{g;’22(?(?;;

of processes where the limitations of laboratory Accepted: January 18, 2006.

material, due to the high cost of them, is an

important handicap.
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