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simulation, Boyden chamber A relatively simple and very intuitive sensor model is used
to reproduce several essential features of observed agiami
Abstract tion paths (see, e.g., (Maheshwari and Lauffenburger 1998;

Migration of vascular smooth muscle cells is a fundamentaflranquillo 1990)). The cell sensor apparatus is descrilyed b
process in the development of intimal hyperplasia, a precunwo parameters; sampling frequency and filter gain. A cell
sor to development of cardiovascular disease and a pdtentiaan change direction when it acquires a new sample, and it
response to injury of an arterial wall. Boyden chamber expermoves in a constant direction between sampling instants. Th
iments are used to quantify the motion of cell populations infilter gain amplifies the perceived gradient at the cell lmeat
response to a chemoattractant gradient (i.e., cell chedispta in effect boosting the gradient signal to noise ratio. Thie ce
We are developing a mathematical model of cell migrationalways moves in the direction of the perceived gradient.
within the Boyden chamber, while simultaneously conduct- New locations for individual cells are calculated at the sam
ing experiments to obtain parameter values for the migmatio pling instants. Cell positions in between sampling eveats c
process. In the future, the model and parameters will be usege easily determined by following the cell’s velocity vecto
as building blocks for a detailed model of the process thatrom its last computed position. The diffusion of the chetroa
causes intimal hyperplasia. The cell migration model pretractant is simulated in tandem with the discrete eventanigr
sented in this paper is based on the notion of a cell as a movion model using the approach described in (Nutaro, Kuru-
ing sensor that responds to an evolving chemoattractant grganti, and Shankar 2007). New concentrations are computed
dient. We compare the results of our three-dimensionalilybr as needed using a variable time step finite difference approx
model with results from a one-dimensional continuum modelimation of the diffusion process. Concentration and gnaidie
Some preliminary experimental data that is being used to reyalues at points not on the spatial finite difference grid are

fine the model is also presented. computed with an interpolating polynomial.
The motion model described in this paper shares two im-
1 INTRODUCTION portant features with the discrete cell migration model de-

This paper introduces an individual cell migration mOOIeIscribed in (Jabbarzadeh and Abrams 2005). The first is an

that is based on the notion of a cell as a moving sensor. ifyxplicit tendency for cells to persist in a particular diies

this model, each cell is assumed to move constantly at a fixe f motion. The secor(;q IS a gg“ﬂ tlhat imp“f'lfs the per;(:ved
speed. The cells live in a solution that contains a chemicafémoattractant gradient and helps the cell to stay onente

attractant, and cells tend to move towards stronger attradzVen when the gradientis very small.

tant concentrations. This is accomplished by sensing tra lo ~ Our Proposed model achieves the first effect by assuming
constant motion between sensor sampling instants. At each
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diffusion simulation. Because of this, the time that a stngl 3. The model can be easily extended to include dynamicin-
cell persists in one direction is not controlled directiatRer, teractions between the individual cells and the chemical
the memory parameter ensures a persistence time that is cor- environment in which they live.

rect on average, but may not reflect a valid cell behavior over The simplifications in the sensor model and relative deter-

sho:tlme mte;vatls. v identical in thei ¢ . minism of the cell motion model are aimed at producing a
The two models are hearly | _ent|ca n their use ot a gamsimple, functional model of the migration process. The need
parameter. However, _the gain 1 descr_|bed explicitly in OUor functional, as opposed to mechanistic or phenomenolog-
proposed model, and it can be linked dl’rectly to more f_undaically detailed, models for the study of biological systeisis
mental cellular features through the cell's chemotaciiein iscussed in (Hartwell, Hopfield, Leibler, and Murray 1999:
The signal gain described in (Jabbarzadeh and Abrams 200%ronk Polstra Pimer{tel and éreit 2067) our model de:-
02 the other hand, s §pecn‘:jed indirectly by a'\</:|omb|nat|orr]1 Oscribes cell migration behaviors in a minimalistic way vehil
chemoattract sensitivity and memory terms. Moreover,g €Spreserving two specific features of the system: 1) physical

model parameters are not linked explicitly to more fundamenviability of individual trajectories and 2) statistical r&g-

tal cellular processes. ment with continuum migration models. Specifically omit-

The majc_)r deviation of our proposed model fr_om the_oneted are observed variability in cell turning frequencies an
presented in (Jabbarzadeh and Abrams 2005) is the Smu'@beeds (see, e.g., (Alt 1980; Rivero, T, Tranquillo, Besttn
tion protocol. In that model, the description of the mignati 4 Lauffent’)urge’r 1989)). ’ Y '

process is closely intertwined with the time stepping numer o, hroposed migration model is described in Section 2.
cal scheme that is used to simulate the diffusing chemaattra,, gaction 3, our discrete cell migration model is related

tanF. The c_hem_oattractant diffusion process is SOIVengS_into a common diffusion-advection type continuum migration
an integration time steflconc The chance that a new posi- e Simulation experiments conducted with the model are
tion is computed for any cell at each integration time stepyegerined in Section 4. Section 5 discusses planned model
IS Alcong/ Alcell, WhereAtee is the average time between cell gyiensions and some initial experimental data that support
motl_on calculathns. When anew pogltlon IS calculgted, the; Section 6 concludes the paper with a discussion of sévera
cellis moved a distance that is determined by sampling a nor[5Ianned validation experiments and extensions to the model

mally distributed random variable. _ that may be required in that context.
This probabilistic approach to cell motion allows for non-

physical behaviors by individual cells. In particular, thés g DISCRETE CELL MIGRATION MODEL

no restriction on the instantaneous speed of a cell. A larg ) ) : N .
sample from the random variable that determines distante ca The model describes the migration of individual cells in the

catapult the cell through space. Similarly, it is possilied ~Presence of an evolving chemoattractant gradient. Tha-dist

cell to move very rapidly by taking a step in space at eadput_ionc(t,i) of the Chemoattractant in time and space is de-
simulation step in time. So, while the average speed of a celfcriPed by the diffusion process
and the average speed of the cell population, looks right, in oc

_ 2
dividual cell behaviors can be quite arbitrary. ot Dclc 1)

d_f?ur m/odgl so_lves this problem by fr?%d_edlmg the Co_rr'ﬂeCte‘fgith boundary conditions that represent a closed container
Iffusion/migration processes as a nybrid system. The Celsg)iq \jll tend to migrate up the chemoattractant gradiémt

mclz_tlon IIS S|mular1]ted as all. d|s_crete eve_lpr: S?ftfem’ W'tﬂ BVeNtS The cell trajectory model is built from three basic assump-
taking place at the sampling instants. The diffusing chdmoa i, ¢ First, a cell's gradient detection mechanism can be

tractant can be sample_d byac_ell at anyinst_ant_ Thisis a€CoMiyqdeled by a sensor with sampling frequerfcgnd signal
pllshed by encapsulating a swtable.numerlcal schemerwnh] ain G. The cell moves at a constant speed, and it changes
a discrete event process (see (Zeigler, Praehofer, and K"g\rection only when a change in its environment is detected.

2000_))' . , . That is, it can only alter its direction of travel at a ratéfl
This formulation of the model has three immediate advanggyyeen sensor samples, the cell moves in a constant direc-

tages (Nutaro, Kuruganti, and Shankar 2007); tion.

1. The description of cell behaviors is self-contained; in- The migration trajectory of each cell is described by

fluencing variables are modeled as input to the cell and Vo = GOc+ An (2)
observable cell properties as output from the cell, S Vo
Pni1= pn"'?—Hyn”z 3

2. The numerical algorithm used to simulate the diffusion
process is encapsulated; the process is sampled by indisherepy is the location of the cell at th&" sampling instant,
vidual cells as required, and cis the chemoattractant quantity at the sampling tikpgs a



randomly oriented unit vectasjs the cell speedsis the sen- s, with vy < sindicating random motion in thg andz direc-

sor gain, and is the sensor sampling frequency. Equation 2tions.

determines the cell’s direction of trawghs a function of the The continuum model’s chemotactic and random motility

amplified chemoattractant gradient and noise tarrkqua-  coefficients are related to the cell gain, sampling frequenc

tion 3 moves the cell in the selected direction with a speedpeed, and spatial dimensionalityof the continuum model

S. by (see (Rivero, T, Tranquillo, Buettner, and Lauffenburge
The parameters for this discrete cell model are summarizeti989; Maheshwari and Lauffenburger 1998; Alt 1980))

in Table 1.

1¢
Symbol Use H=—— (5)
S df
Chemoattractant diffusivity
Chemoattractant X =E[w] (6)

Position of the cell
Cell sampling frequency
Cell speed
Cell sensor gain

whereE[v] is the expected value @f.
It is apparent from Eqn. 4 thatis a function of the gain
G and the chemoattractant gradiéiay/ox. This observation
- — can be used to relatd and the cell chemotactic index(de-
Cgll Sensor noise direction noted Cl in some papers). The chemotactic index is related
i Sam_plmg instant for the cell,= n/f ) to E[v] ands by (see, e.g., (Rivero, T, Tranquillo, Buettner,
Tablel. Discrete migration model parameters and varlablesand Lauffenburger 1989; Farrell, Daniele, and Lauffenburg

1990; Maheshwari and Lauffenburger 1998))

s> 0O|o|+o|o|P

3 CONTINUUM MODELS Elw] = ¢s @

A three dimensional version of the discrete cell migra-
tion model can be related to a one dimensional, advectionP€notingE[vx] by Ex(G) to emphasize its dependence on the
diffusion type continuum migration model. The continuum Sensor gain and substituting this expression into Eqn. &sgiv
model describes cell concentratioim timet and space by

_E(©G)
u_ofou_ o ?==5
at — ax\Max XYax
) ) o Givensande, the gainG is a real, positive root of
Here,x is a the chemotactic coefficient apds the random
motility (i.e., cell diffusion) coefficient. In what follog; p Ex(G)
andy are taken to be constant about the valo@nddc/ox s ¢=0 8)

that are considered. . .
To obtain a one dimensional continuum model fromWwhich can be found numerically.
the discrete three dimensional model, we assume that the
chemoattractant gradient in tiyeandz directions is negligi- 4 NUMERICAL EXPERIMENTS
ble. Denoting vector components with subscripts, and gotin . . . . .
thatdc/dy — dc/dz— 0, we can write the cell velocityy in The relationship between the discrete and continuum mi-
thex direction as ' X gration models can be illustrated with a simple numerical ex
periment. For this experiment, the chemoattractant gradie
s Ga—C—H\ along thex axis is fixed atdc/ox = 1.0 x 10~" M/mm. The
ox @) individual cell parameters are taken to be

2
\/(6?4-)\)() +AZ+ 2 s=2.0x 10~2 mm/min
X
_ S _ f =3.3x 102 1/min,
Whe.rec is th_e concentration given by Eqgn. 1. Motion of the and usingp= 0.2 gives
cell in thex direction is then given by
G=3.0x10°

VX =

Pn+1=Pn+ %
These parameters are representative of a alveolar
Notice that the cell velocity in the direction will vary even  macrophage’s response to the chemoattractant C5a (see
though the cell is moving with constant speed in three dimen{Farrell, Daniele, and Lauffenburger 1990); the approténa
sions. The maximum speed of the cell in thelirection is  values from (Maheshwari and Lauffenburger 1998) are used



in this experiment). The continuum model parameters thathe continuum and discrete models as a function of time and
correspond to these values are space are shown in Fig. 2. In both figures, the cell densites a
normalized. Cell density for the discrete model is computed
W~ 1.2 % 10~* mn/min, and as the number of cells in aaband 005 mm in width; a total
X ~ 4.0 x 1074 mm?/min - M of 100,000 cells were used in the experiment.
The difference in the width of the discrete and continu-
Using these parameters, the discrete migration model wasus cell density profiles is due to the relatively small cell
exercised in a box with dimensions 7 mm7 mm x 7 mm.  population in the discrete migration model. In particutag
The corresponding continuum experiment took place on a linéargest distance traveled by any of the 1@@0 cells is about
7 mm in length. The cells were initially located about the 2.4 mm, corresponding to an end position of about 3.4 mm
1 mm mark. The chemoattractant concentration was fixed at 2880 minutes. However, if, 200, 000 cells are used, the
c(t,x) = 1.0x 10 'x. maximum distance traveled by any one cell is about 2.6 mm,
corresponding to an end position of 3.6 mm. Similarly, with
; : , only 10,000 cells, the distance traveled shrinks to about 2.2
To actually observe values near the theoretical maximum
travel distance of 5.76 mm would require a tremendous num-
ber of cells, which is infeasible without correspondingly
) tremendous computing resources. The continuum model,
however, with its assumption of a massive population, pre-
: dicts a density profile that includes measurable numbers of
the rare travel distances, and hence the apparent discyepan
in the density profiles.
Table 2 summarizes the difference in the cell density pro-
files calculated with the continuum and discrete models. As
. . . . . the number of cells increases, the difference between the tw
0 500 1000 1900 2000 2500 %% models shrinks. This supports our hypothesis that theetiscr
Figure 1. Trajectories produced by the discrete migratioandEI converges on the continuum model as the cell count
model for three cells. Each line traces the motion of a Sin_becomes large.
gle cell along thex axis.

2.2 T T

Number of cells| Total Difference| Average Difference
10° 4.68 0.0538

i . - , , , , 10° 4.87 0.0560
ﬂ Discrate - 720 minutes —— 104 539 00620

f i Continuum 720 minutes —--—
! Discrete - 2880 minutes -
; {", Continuurm 2880 minutes —— 103 7.87 0.0905
ke

08

3 | Table 2. Total and average difference between the discrete

J-; { and continuum models when computed with data points at
It \
1

06 - 0.05 mm intervals.

04 |

normalized cell density

i _ 5 CELL ATTACHMENT

It is our intention to validate the migration model with a
series of Boyden chamber experiments. The Boyden chamber
kY ; experiment requires placing a solution with suspended cell
4 0 1 2 3 4 5 6 7 above a disc of material through which they will migrate. The

%-positon (millimeters) chemoattractant diffuses from the bottom well, through the
Figure2. Comparison of cell densities produced by the con-disk, and into the cell solution. This sets up a concentnatio
tinuum and discrete migration models. gradient that motivates the cells to move through the barrie
The experimental setup is sketched in Fig. 3.

Figure 1 shows the position of several cells as a function A cell can not begin to migrate until it has attached itself to
of time when their trajectories are computed with the digcre the disc. Because the cells are initially suspended inisolut
migration model. The corresponding cell densities given byeach cell will require some time to settle and attach before

i
0z i
EH
i
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noted. This observation was repeated at 1, 1.5, 2, 3, 4, and
Cell solution 6 hours. The data shown come from two independent exper-
iments. Also shown is the best fit of this data to an S-Curve

I::J l:::l function in the form
- e at®
. 1+bte’
For the experiments using 0.1% BSA, the best-fit parameters,
Migration barrier as computed with Mathematica’s NonlinearFit algorithne, ar
a=256297,

Ch tt tant b=0.260103, and
s i c=4.43234.

1 I 0,
Figure 3. The basic elements of a Boyden chamber experi-FOr the experiments using 10% FBS, these parameters are

ment. a=183788,
b=0.186569, and
it begins to move of its own accord. This process is not ac- c=4.8316.

counted for in the model as described above, which assumes
instead that cells begin migrating immediately. The observThe data and the results of the above empirical model are
able effect of this deficiency on the model will be less cellshown in Fig. 4.

diffusivity and greater cell speed with respect to the eixper

mental data. 100 . . ——— — ;

We have begun to conduct a series of attachment experi- «
ments to quantify this effect. The experimental data will be
used to construct a function that models the cell attachmeng
time. Individual cells will use this function to select it
cally valid attachment times.

Figure 4 shows the mean of the results obtained in twog
replicates of attachment experiments conducted for rat aorg 4ot |
tic smooth muscle cells. These experiments were carried ouf
using subcultures of rat aortic smooth muscle cells (RASMC) &

80

60 -

cells attacHetl

. . - 20 | %
derived from a male rat donor and obtained from Dominion Experimental 10% FBS ~ +
. . / Experimental 0.1% BSA  x
Pharmakine, S.L. (Spain). Model 10% BSA
. [ ) ) M9del 0.1% B§A
The cells were cultured in 2 T-75 érulture plates (Corn- 5 N 5 3 . 5 .
ing, Inc.; Corning, NY) in DMEM (Gibco, Invitrogen Corp.; time (hours)

Carlsbad, CA) supplemented with 10% fetal bovine serunFigure 4. Attachment percentage as a function of time for
(FBS), 10pg/ml gentamicin, and 0.2fg/ml amphotericin  rat aortic smooth muscle cells using two different media-con
B, (Cascade Biologics, Inc; Portland, OR), and incubated agitions.

37°C in 5% CQ. After cells reached confluency, one flask

was changed to DMEM media with 0.1% bovine serum al-

bumin (BSA) while the other flask remained in DMEM me- g CONCLUSIONS

dia with 10% FBS. Both sets of cells were incubated for In this paper, we have introduced a model that describes

v lifted with f "y 0.050 /ethe migration of individual cells in the presence of a chetmoa
gu5e3nt3,</l ! eHE\EAgtS a(lglttr)eatmer:jt 0 t;y%sm EDTA.( ) ?I/o | tractant gradient. Our model is distinct from earlier, indu-
~omivein , Gibco) and seeded into a six-well cu "ally based cell migration models in three important ways (se

ture plate (9.4 crhper well) (Sarstedt, Inc.; Newton, NC) for e Jabbarzadeh and Abrams 2005 Chaplain. McDoudall
a total of 3 wells with DMEM+10% FBS and 3 wells with aﬁgd,éndersoﬁ 2006)): ’ pain, ugatl

DMEM+0.1%BSA. The plate was incubated at°87in 5%

CGs. 1. The proposed model admits only feasible migration
At 30 minutes the plate was observed under a microscope paths for individual cells. This is apparent in the explicit

and the percentage of cells attached to the plate surface was limit on cell speed, and the absence of long migration



trajectories for the small population simulation in Sec- Hartwell, L. H., J. J. Hopfield, S. Leibler, and A. W. Mur-
tion 4. This contrasts sharply with the model described ray (1999, December). From Molecular to Modular
in (Jabbarzadeh and Abrams 2005), where the simula- Cell Biology. Nature 402 C47—C52.

tion protocol acts to control just the average speed of & j5pparzadeh. E. and C. F. Abrams (2005, July). Chemo-
cell, but places no limit on its instantaneous speed. taxis and Random Motility in Unsteady Chemoattrac-

) tant Fields: A Computational Studyournal of Theo-
2. The model parameters are directly related to measurable retical Biology 23%2), 221-232.

cell attributes. The cell signal gain parameter in partic-
ular can be calculated if the cell speed and chemotactic
index are known.

Maheshwari, G. and D. A. Lauffenburger (1998, Decem-
ber). Deconstructing (and Reconstructing) Cell Migra-
tion. Microscopy Research and Techniqug®)3358—

3. The simulation can be readily implemented using avail- 368.
able hybrid system simulation techniques. This per- Nutaro, J., T. Kuruganti, and M. Shankar (2007, March).

mits the cell migration model and numerical algorithm Seamless Simulation of Hybrid Systems with Discrete
used to simulate continuous sub-processes to be de- Event Software Packages. Rroceedings of the 40th
scribed separately. In contrast to this, these two aspects Annual Simulation SymposiymNorfolk, Virginia, pp.
are closely connected in the models described by (Jab- 81-87.

barzadeh and Abrams 2005; Chaplain, McDougall, and  pyonk 1. E., S. Polstra, A. D. Pimentel, and T. M. Breit
Anderson 2006). (2007, March). Evaluating the Design of Biological

Cells Using a Computer Workbench.Proceedings of
the 40th Annual Simulation Symposiuxorfolk, Vir-
ginia, pp. 88-98.

We are planning Boyden chamber experiments that will
provide data for validating the migration model. The exper-
imental data will show cell density as a function of time on . ]
the chemoattractant side of the migration barrier. Thimdat Rivero, M. A, R. T, Tranquillo, H. M. Buettner, and D. A.

will be compared with density profiles, like those shown in Lauffenburger (1989). Transport Models for Chemo-
Fig. 2, computed with the migration model. tactic Cell Populations Based on Individual Cell Be-
havior. Chemical Engineering Science (42), 2881—

As was noted in Section 5, the cell attachment process is
expected to have a measurable impact on the experimental 2897.
outcome. Because of this, we plan to add this process to our Tranquillo, R. T. (1990). Theories and Models of Gradi-

migration model prior to conducting the validation studg A ent Perception. In J. Armitage and J. Lackie (Ed3i),
part of the validation process, the we will determine thessen ology of the Chemotactic Responpe. 33—75. Cam-
tivity of the model sensitivity to the attachment process- N bridge University Press.

tably, cell attachment is absent from continuum models that Zeigler, B. P., H. Praehofer, and T. G. Kim (2000eory
have been validated against Boyden chamber experiments. To
our knowledge, Boyden chamber based validation studies of
individual cell models have not been previously attempted.

of Modeling and Simulation, 2nd Editiocademic
Press.
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