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Abstract

In experiments clusters of cells are often observed to move in response to a chemical
signal which is present in the fluid surrounding the cells. This process is known as
chemotaxis. This paper presents a method for modelling the motion of clusters of
cells moving through a viscous fluid in response to a known chemical signal using a
boundary integral formulation of the governing equations rather than the more usual
differential equation formulation. The numerical results presented in this paper show
that the boundary integral method can be used to simulate the motion of cell clusters
through the fluid. The results of the simulations are compared to some experimental
observations of cell and cluster motion.
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1. Introduction

This paper is concerned with simulating how clusters of cells move through a fluid
medium in response to changes in the concentration of a chemical that is present in
the fluid. In some cases the chemical is a protein secreted by the cells themselves to
attract other cells (or clusters) in order to combine and form larger clusters. However,
in other situations the chemical is simply present in the environment containing the
cells and they just react to its presence. Over the years, a number of papers have been
published which illustrate experiments where chemotaxis has been observed (see [1, 2,
3, 4] for example). Further, the aggregation of cells into clusters has been reported in
the literature. For example, Jia et. al [5] report on the aggregation of rodent pancreatic
cells, and Hilderink et. al. [6] studied the aggregation of human pancreatic cells into
clusters.

The mathematical modelling of chemotaxis has been an active topic of research in
recent years. The models that have been developed can be broadly classified as either
those where density of the cells is modeled or those where the motion of each individual
cell or cluster is modeled. Models which consider the concentration or density of the
cells use the diffusion or diffusion-reaction equation to model how both the density
of the cells in their environment and the concentrations of the chemical signal evolve
through time, see [7, 8, 9, 10] for example. These models are often referred to as Keller-
Segel models in the literature. However, these models do not give any information on

Preprint submitted to October 5, 2018


https://core.ac.uk/display/188259139?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

how each cell or cluster of cells move. They also have the limitation that they do not
include the effects of the motion of the surrounding fluid, although the model proposed
by Deleuze et. al. [11] does include some effects of the fluid motion.

In other models, the motion of each individual cell or cluster of cells is considered.
In some of these models the cells are represented by simple geometric shapes such in
the models proposed by [12, 13, 14] for example. Harris [15] has developed a simple
model of how small clusters of cells combine to form larger clusters. The simple model
presented in [15] has only a superficial model of the fluid damping and does not include
the fluid motion due to the motion of the cells, but does have the advantage of being
able to simulate the motion of a large number of cells and clusters with relatively little
computational cost.

In all of the models discussed above the cells are assumed to be rigid in the sense
that they do not change shape as they move through the fluid. There is some experi-
mental evidence that this is the case (see the images in Nitta et. al [3] for example).
Other more sophisticated models of how a cell detects the gradient of the chemical
at its outer membrane have been developed, such with the finite element type model
described in Elliott et. al. [16]. However, many of these models do not include the
motion of the fluid surrounding the cells.

The mathematical model presented here considers the motion of cells and clusters
of cells in an incompressible viscous fluid. For simplicity, the cells and clusters are
assumed to be rigid bodies in the sense that they do not change shape as they move.
Further, it is assumed that the fluid domain is a thin layer so that the vertical motion of
the fluid and the vertical variation of the concentration of the chemical can be neglected
meaning that the problem only needs to be solved in two space dimensions. Experi-
mentally, this corresponds to modelling the motion of cells and clusters of cells as seen
through a typical microscope. Finally, the fluid is assumed to be incompressible and at
very low Reynolds number so that at any given instant in time the fluid motion can be
represented by a Stokes flow.

Mathematically, there are advantages to assuming that clusters of cells have simple
geometrical shapes. It is often possible to obtain a relatively simple analytical solution
to the governing differential equations for quantities such as the exterior fluid velocity
for such shapes. However, in most cases the clusters of cells do not form simple ge-
ometrical shapes (see the figures in Laganenka et. al [4] for example) and numerical
methods have to be used for finding the approximate values of quantities such as the
fluid velocity. A number of domain based methods, such as the finite element method
or finite difference method, could be used to obtain the approximate solution of the
governing differential equations. However, such methods require that the whole do-
main of the differential equation is gridded or meshed for the calculations, and that at
each time-step the domain will need to be remeshed to account for the changes to the
positions of the clusters.

To avoid these problems with the domain based methods an alternative approach
based on a boundary integral formulation of the problem is presented in this paper.
The governing domain based differential equations are recast as a boundary integral
equation defined on the boundaries of cells and clusters, and which can be solved nu-
merically using the boundary element method. This formulation has the advantage
that is leads to a considerable reduction in the size of the computational problem when



compared to using a domain based method such as the finite element method. A further
advantage is that whilst the boundary element equations will need to be recalculated at
each time-step, the appropriate part of the boundary element mesh simply moves with
each cluster meaning that there is no need to completely remesh the problem at every
time-step.

2. Mathematical Model

This section introduces the mathematical model of the motion of the cells and clus-
ters of cells in response to a changing chemical signal in the medium in which the cells
are immersed. For simplicity and brevity this section will only describe the model for
clusters of cells as a single cell can be considered as a cluster with just one cell in it.

Let Q denote the fluid-filled region exterior to one or more clusters of cells im-
mersed in the fluid, and let Tl and x; denote the boundary and the location of the

centre of mass of the it cluster respectively. Further, let v; and @; denote the trans-

lational and angular velocities of the ith cluster where the rotation is assumed to be
around the cluster’s centre of mass.
Assuming that the fluid is incompressible, the equations for the velocity u of the

fluid can be expressed as the continuity equation [17]
Vou=0 (1)

for the conservation of mass, and the Navier-Stokes equation

d
p (;—l—qu) = —Vp+uViu+pb 2)

which can be considered as an expression of Newton’s second law for a small particle
of the fluid. Here p and u are used to denote the density and dynamic viscosity of the
fluid, p is the pressure and b is a known body force (which is assumed to be zero in
this work, but can be used to include effects such as gravity). Since the length scale of
a typical cluster of cells is very small (typically of the order of 10~>m) and the time
scales over which the cells move very long (typically large fractions of a hour), the
Reynolds number for the flow is very small. This mean that the inertial terms on the
left-hand side of (2) can be neglected and in the absence of any body forces (2) can be
simplified to

—Vp+uvViu=0. (3)

At this point it is worth noting that (1) and (3) are usually referred to as the governing
equations for a steady Stokes flow. However, in the application considered here the flow
is not steady as the cell is moving and the fluid velocity field will move with the cell.
However, for the reasons given above, the inertia terms in the Navier-Stokes equation
can be neglected meaning that (1) and (3) can be used to determine the velocity field
at any given instant but they have to be solved at every time that the velocity field is
required.



The boundary condition are given in the form of a no-slip condition on the boundary
of the each cluster, so

u(x):v,-—!—{z:zl: }w,- x € T, &)

An additional outer boundary ' is needed to avoid the problems associated with the
Stokes paradox, which states that there is no solution to (1) and (3) which satisfies
the boundary conditions (4) and the condition that u — 0 as |x| — oo [17]. This outer
boundary is chosen to be a long way from the cell clusters (which in an experimen-
tal situation would correspond to a petri-dish containing the cells) and the boundary
condition u = 0 is imposed on this outer boundary.

In two space dimensions it can shown that if the fluid velocity u satisfies (1) and
(3) in a closed domain Q with a piecewise smooth boundary curve I', then the velocity
also satisfies the boundary integral equation [18]

75 T (x, Xo)u(x) dT'(x) — ﬁ G(x, %0)f(x) dT(x) = %u(xo) )

where f denotes the surface forces,

i,j=1lor2
Gij(x,x0) =

ﬁ (—5,-jln(r) + r;;'j)

r =X—Xo, ¥ = |r|, nis the unit normal to I directed onto the the fluid domain Q and J;;
is the Kronecker delta function. Here I' is used to denote the union of the boundaries
of the clusters and the outer fluid boundary. It should be noted that (5) is only valid for
points X which are on a smooth part of I" and not at vertex of the boundary curve. For
the piecewise constant boundary element method described below this is not a problem
as xo will alway be chosen to be on a smooth part of the curve. However, if a higher-
order approximation to the solution, such a piecewise linear or piecewise quadratic,
were used then this would need to be considered as the collocation points for such
methods can potentially be located at a vertex of the boundary curve.

From the fluid velocity boundary conditions, the value of u is known on the whole
of I', and hence (5) is a first kind Fredholm integral equation for the unknown force f
on the boundary.

Here a piecewise constant collocation method has been used to solve (5) where
the unknown force vector f is assumed to be constant within each boundary element.
The boundary I' is divided into N boundary elements I'1,I",---,I'y and the collocation
point within each element is chosen to be the mid-point of the element. If x; denotes
the collation point for element I'; then the boundary element approximation to (5) is

£ [ Glxuxs)dl ! v [ 7 T .
j; j/r,— (x,x;) dI'(x) = _ZH(Xi)+jZQ/rj (x,x;)u(x) dI(x) (6)



where f; is the constant approximation to f for x € I';. Equation (6) yields a (2N) x
(2N) linear system of equations that can be written in block matrix form as

Af=Db

where each 2 x 2 block of A and 2 x 1 block of the right-hand side vector b are given
by
A= [ Gxx)dr(x)
: T,

1 . 7
b= —ux)+ X, || 7xx)u(x)dri)

respectively. The entries in the coefficient matrix A and the right-hand side vector b are
all defined in terms of line integrals along part (or all) of the boundary I". When i # j
in (7) the integrals are non-singular and can be evaluated using a suitable quadrature
rule. Here a 10 point Gauss-Legendre rule has been used as the results presented in
Section 3 show that this is sufficiently accurate. If i = j in (7) then the integrals are
weakly singular and need to be evaluated using special methods. Here each integral is
split into two at the weakly singular point and rule based on the change of variables
x = tanh(u) with 20 points is used to evaluate the integral over the two line segments
either side of the singular point. Further details on this quadrature rule can be found in
Davis and Rabinowitz [19].

It is noted here that the boundary integral equations (5) can be used to compute
the surface forces at any given point in time. However, if the fluid velocities are sub-
sequently required at a different time then the full boundary element calculations will
have to be carried out for the new time.

Once the surface forces have been calculated, the total drag force acting on the it
cluster is given by

h

/ f(x) dT(x).
gl

In addition to the hydrodynamic drag force acting on the cluster, there will also be
a force due each cluster of cells reacting to the concentrations of a chemical in the
surrounding fluid. If C denotes the concentration of the chemical in the fluid, then the

total force acting on the ith cluster will be

Fi= [ (009 +kVC(x)) d(x) )

where k; is a parameter which controls how strongly the ith cluster reacts to the chem-
ical gradient. How C (and hence VC) are calculated depends on whether the chemical
simply present in the surrounding fluid or if it is secreted by the cells in the cluster. In
the work presented here, the chemical is assumed to simply be present in the surround-
ing fluid and moves through the fluid as a simple wave and that the motion of the cells
and fluid does not affect how the chemical spreads through the fluid. This allows the
concentration C to be given by simple formula and the gradient of the concentration
can be obtained by simply differentiating this formula. A more sophisticated model



would make use of the diffusion-convection equation to simulate how the chemical
spreads through the moving fluid medium. However, this would require the governing
differential equation to be solved at each time-step using a numerical method such as
the finite element method, and the computational cost of doing this can be prohibitive.

Once the total force acting on the clusters has been calculated, the acceleration of

each cluster can be found using
dvi 1
dr T omg
where m; denotes the mass of the cluster.
The torque acting at a point on boundary of the ith cluster is given by

i
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and hence the angular acceleration of the cluster is

o — 11 < /r ; r(x)dr(x)> ©)

where [; denotes the moment of inertia of the cluster.

The motion of each cluster of cells can be characterised by the motion of the centre
of mass of each cluster. The location x; and rotation 6; of each cluster satisfy the system
of ordinary differential equations:

dx;
Cluster location: i _ V;
dt
dv; 1
Cluster Velocity: i _ —F;
dt m;
46 (10)
Cluster rotation: —w
dt
do;
Cluster angular velocity: 7 Q;

where the force on the cluster is given by (8) and the angular acceleration is given by
(9). The coupled system of ordinary differential equations (10), subject to suitable ini-
tial condition, can be integrated through time using a suitable numerical method. Here
a fourth-order Runge-Kutta method has been used as it is well known that the method
has excellent stability and accuracy properties (see one of the many texts on numerical
methods, such as Atkinson [20], for further details of the Runge-Kutta method).

3. Numerical Results

For all of the numerical results presented here the outer boundary is a square with
sides of length 5000 units which corresponds to a square petri-dish with sides of length
Scm.



The first example considered is the motion of circular cluster, of radius one unit, in

response to the chemical wave moving parallel to the y axis and given by
1

C(x,y,t) = Z[1+tanh(2(t/4fy75))]. (11)

The concentration of the chemical in front of the wave is zero, and after the wave has

passed the chemical concentration is 0.5, corresponding to the fluid being saturated.
The gradient of the chemical signal can be found by simply differentiating (11) to give

aC 0
ox

Ve=1 ¢ tanh?(¢/2 — 2y — 10) — 1
En 2

This problem has been solved using different numbers of boundary elements, and the
details of the meshes used are summarised in Table 1. In each case a time-step of 0.05
units of time was used as the effect of reducing the length of the time-steps on the
results was much less than the effect of increasing the number of boundary elements.
The numerical results show that the cluster only moves in the y direction, as expected,

Mesh Number Of Elements On | Number Of Elements On
Reference The Cluster Boundary The Outer Boundary
A 40 160
B 80 160
C 160 160
FINE 500 800

Table 1: The number of boundary elements on the boundary of the circular cluster and outer boundary for
each mesh used.

as that is the direction in which chemical signal is moving.

Figure 1 shows the y coordinate of the centre of the circular cluster when each
of the meshes A, B and C have been used to solve the governing integral equation
(6). The curves are superimposed on each other, indicating that the numerical solutions
obtained using each mesh are almost identical. As can be seen, the cluster gets an initial
acceleration as the front of the chemical wave passes, but then the viscous forces in the
fluid cause the cluster to slow down and stop again. As expected, there is no motion in
the x-direction. Within the simulation, the typical distance that a cluster moved in the
x-direction was of the order of 10~!2 units, which can be considered to be zero to the
precision of the computer used to carry out the calculations.

Figure 2 shows the difference between the calculated y coordinate of the centre of
the cluster computed using each of meshes A, B and C and the y coordinate calculated
using the FINE mesh. As the number of boundary elements increases, the difference
between the locations calculated using meshes A, B and C and the solution obtained
using the FINE mesh is decreasing and the number of elements increases, and that
these differences are much smaller that the size of the vertical displacements as shown



in Figure 1. These graphs show that the boundary integral method is converging for
this example and yielding accurate results.

The second example is considers the motion of two irregular shaped clusters mov-
ing under the influence of a circular chemical wave emitted from a point above and
to the left of the location of the cells. The larger of the two clusters (see Figure 3)
is modelled as being at the origin of the non-dimensional coordinate system used and
the smaller cluster is initially located at the point with non-dimensional coordinates
(5.7,—9.7). Here the density of the cells is 6 times that of the fluid and the viscosity
parameter is 5 x 1074,

In this case the concentrations are given by

Clx,y,1) = %‘ [1 +tanh (2 [\/(x—x0)2 +(y—y0)2)— 20;/3} )] (12)

where (xg,yo) are the coordinates of the point from which the circular wave is being
emitted. In the results presented here the centre of the wave is located at the point with
non-dimensional coordinates (—35,10), the amplitude A was set to 0.12 and for both
clusters the reaction rate k; was set to 1.

Figure 3 shows the results of using the boundary integral model to simulate the
motion of some clusters of cells that have been filmed during an experiment (the video
frames are courtesy of the Brighton Centre for Regenerative Medicine). Figure 3(a)
shows the two simulated clusters in their initial positions with the red lines represent-
ing the boundaries of the clusters used by the boundary integral method to model the
motion. Figure 3(b) shows the positions of the clusters after 60% of the time between
the first and final positions, and Figure 3(c) shows the final positions of the clusters.
The other small clusters and single cells that can be seen in these figures were not in-
cluded in the boundary integral model. Here two different boundary element meshes
were used for each cluster and a smaller time-step was used with the finer boundary
element mesh. In Figure 3 the results for the coarse mesh are plotted in blue and the
fine mesh in red, but as the locations of the two meshes are superimposed only the
results for the fine mesh are visible. This indicates that the boundary integral method
is again yielding accurate results in the sense that the numerical approximation errors
in the boundary element method are small. When comparing the simulation to the
experimentally observed clusters, these results show that the boundary integral model
has been reasonably successful at simulating the translational motion of both of the
clusters, although the match as the intermediate step is not as good as match at the
final step. Also, the model has not been so good at simulating the rotation of the larger
cluster. It is possible that these discrepancies may be due to the assumption that the
clusters have uniform density not being valid. This means that the location of the cen-
tre of mass and moment of inertia of each cluster may not have been calculated very
accurately.

4. Improvements and Future Work

A key improvement to the current model is to develop a method for accurately de-
termining the centre of mass and moment of inertia of a cluster of cells. A method
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Figure 1: The vertical displacement of the centre of a circular cluster using different numbers of boundary
elements.
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Figure 2: The difference between the displacement of the centre of a circular cluster for different number of
boundary element when compared to the displacements calculated using the mesh with 500 elements.

based on image segmentation could be used to identify the location and shape of indi-
vidual cells contained within a cluster which can be used to compute a better estimate
of the clusters the centre of mass and moment of inertia. However, it is possible that
the mass of the material contained within each cell is not uniformly distributed within
a cell and much more sophisticated model is needed to determine the centre of mass
and moment of inertia in such cases.

The results presented in the paper show that a Stokes flow model can be used to



(a) Initial Cluster Locations (b) Intermediate Cluster Locations

(c) Final Cluster Locations

Figure 3: The results of applying the boundary integral model to simulate the motion of real clusters of cells.
The video frame are courtesy of the Brighton Centre for Regenerative Medicine.

simulate the motion of clusters of cells moving through a viscous fluid due to chemo-
taxis which driven by a chemical spreading through the fluid. However, the spread of
the chemical that signals the cells through the fluid will be affected by the motion of
the fluid and this can be modelled by the convection-diffusion equation. Ideally, the
boundary integral method would also be used to solve this equation. However, whilst
boundary integral equations for solving the diffusion equations on a fixed domain have
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been known for many years, (see [21, 22] for example), as far as the author is aware
there are no boundary integral methods for solving the convection-diffusion equation
with an arbitrary fluid flow field or where the shape of the domain of the underlying dif-
ferential equation is changing. The alternative is to use a finite element based method
to solve the diffusion-convection equation but there are a couple of potential problems
with using this method that need to be overcome. Firstly, as the clusters are moving
relative to one another the fluid domain would need to be re-meshed at each time-step.
Secondly, the solution would need to be interpolated from the old mesh to the new
mesh and this could be computationally expensive to implement. Alternatively, it may
be possible to model the cells as moving over a fixed finite element mesh and by allow-
ing the chemical to diffuse through the cells as well as the surrounding fluid it would
be possible to avoid having to remesh the fluid domain and eliminate the interpolation
problems.

The present model can only continue a calculation up to the point where two (or
more) clusters collide, and model of how the cells adhere to each other needs to be de-
veloped. A starting point may be to consider how fluid droplets combine and coalesce
as many mathematical models of the way in which two drops of fluid coalesce to form
a single, larger drop have been developed (see [23, 24, 25] for example). A drawback
of using these methods is that as the fluid droplets coalesce the masses of fluid within
each droplet combine and mix to form the single mass of fluid within the final droplet,
but biological cells do not mix in this way as the material contained within each cell
remains separate within the membranes of each cell. However, the early stages of two
fluid droplets colliding before the fluid in the droplets has started to mix might form a
starting point for modelling how two cluster of cells collide and adhere to each other to
form a larger cluster.

5. Conclusions

This paper has presented a Stoke-flow model of how clusters of cells move through
a fluid and used the boundary integral method to solve the resulting differential equa-
tions in space and the Runge-Kutta method to integrate the system through time. The
results for the single circular cluster demonstrates that the numerical methods described
here are yielding accurate solutions to the underlying differential equations. The model
was then used to simulate the motion of two cell clusters as observed in an experiment,
and the results presented in this paper show that model was able to simulate the trans-
lational motion of the two clusters. However, the rotation of one of the clusters was not
simulated so well, but this may be due to the assumption that the cluster has a uniform
density which may not be the case.
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