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We present a model for the migration of glioma cells on substrates of collagen and astrocytes.
The model is based on a cellular automaton where the various dynamical effects are
introduced through adequate evolution rules. Using our model, we investigate the role of
homotype and heterotype gap junction communication and show that it is possible to
reproduce the corresponding experimental migration patterns. In particular, we confirm the
experimental findings that inhibition of homotype gap junctions favours migration while
heterotype inhibition hinders it. Moreover, the effect of heterotype gap junction inhibition
dominates that of homotype inhibition.
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1. INTRODUCTION

Malignant gliomas are a particularly lethal form of
cancer. Their lethality is largely due to diffuse
invasiveness. Individual glioma cells migrate into the
surrounding brain parenchyma, while other cancers,
metastatic to this site, do not intermingle with host
cells and grow as circumscribed destructive masses
(Giese et al. 2003). This diffuse infiltration is also the
origin of the failure of surgical treatment (Gaspar et al.
1992; Puchner et al. 2000). By the time the tumour is
diagnosed, glioma cells have migrated over large
distances well beyond the main bulk of the tumour.
Thus, following resection, they usually reconstitute a
tumour within a few months (Giese et al. 2003).
Invasiveness will probably compromise newer thera-
peutic modalities such as antiangiogenic drugs, which
reduce the tumour bulk but at the same time could
stimulate glioma cell migration (Lamszus et al. 2005).

The importance of migration in the development of
malignant gliomas explains the interest in studies of
this process, in vitro and in vivo (Chicoine & Silbergeld
1995). Invasion of glioma cells into normal tissue is a
complex process, which involves tumour cell-ECM
(extracellular matrix) interactions (Giese et al. 1995,
1996; Mahesparan et al. 1999) as well as tumour cell-
normal astrocyte interactions (Oliveira et al. 2005) and
biochemical processes governing the active motion of
the cell (for a review, see Demuth & Berens (2004)).
Most in witro studies focus on interactions between
migrating glioma cells and ECM, involving adhesion,
degradation and remodelling (Knott et al. 1998). Less is
known about the role of glioma cell-glioma cell and
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glioma cell-normal astrocyte communication, and
especially the role of gap junctions (GJs). The GJs
are small channels resulting from the docking of two
transmembrane connexons between two adjacent cells
(Yeager & Nicholson 1996). Connexin proteins (Cx) are
the major component of GJs, and, in the brain, Cx43 is
the major Cx of astrocytes (Dermietzel & Spray 1993).
Cells can exchange small molecules like ions (calcium),
ATP, sugars and amino acids through GJs.

Recent studies increasingly identify a positive role
for GJ communication in malignant glioma invasion
(McDonough et al. 1999; Zhang et al. 1999, 2003; Aronica
et al. 2001; Lin et al. 2002; Oliveira et al. 2005). These
studies show that glioma cells can establish functional
GJs with both other glioma cells (homotype GJs) and
surrounding astrocytes (heterotype GJs). Therefore,
even if strongly reduced (Zhang et al. 1999; Lin et al.
2002), the remaining efficient GJs seem to suffice to
establish powerful communication between invasive
tumour cells at the tumour margin (indeed, it has been
suggested that the efficacy of GJs depends on the location
of the cells inside the tumour: invasive cells at the tumour
margin could express higher levels of connexins than cells
close to the centre (Aronica et al.; Oliveira et al. 2005).

The role of the homotype and heterotype
interactions in gliomas is only beginning to be under-
stood, and currently there is practically no evidence
evaluating their concomitant contribution to the
invasiveness of gliomas. Homotype interactions can be
studied in wvitro on an acellular (passive) substrate.
McDonough et al. (1999) showed in wvitro that a
decrease in GJ communication results in an increase
in glioma cells’ motility. They dubbed this effect the ‘let
go...let’s go’ paradigm. Oliveira et al. (2005) report an
enhanced migration when GJs are inhibited in lumps

This journal is © 2007 The Royal Society
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of cells migrating on a substrate of collagen. Heterotype
GJ communication between glioma cells and surround-
ing astrocytes can be established (Zhang et al. 1999;
Aronica et al. 2001; Oliveira et al. 2005). It seems that
heterotype GJ communications have an opposite role to
that of homotype GJs: while homotype GJs limit
migration, heterotype GJs promote migration (Lin
et al. 2002; Zhang et al. 2003; Oliveira et al. 2005) and
prevail on the homotype GJ effect when both coexist.
This conclusion reinforces the idea of cooperation
between host astrocytes and glioma cells.

Modelling can help to answer some open questions
and leads to formulating hypotheses about the under-
lying mechanisms of migration of glioma cells. What is
the nature of interactions between migrating cells? Is
the nature of homotype and heterotype interaction the
same? Are homotype and heterotype interactions
inhibited in the same way, in the same proportions?
Do heterotype interactions really prevail over homo-
type when both coexist? And what can explain this?

In this article, we present a model that investigates the
opposite roles of homotype and heterotype GJ communi-
cations. In a previous article (Aubert et al. 2006), we have
presented a model for the analysis of glioma cell migration
over collagen. That model was based on a cellular
automaton where the update rules simulate the dynamics
of the cell—cell interaction. We showed that we were able
to correctly reproduce experimental glioma cells’
migration results by only introducing attractive contact
interaction between migrating cells. The present study
constitutes a twofold extension of the previous one. We
start by adding the modelling of heterotype interaction
between tumour cells and astrocytes and, then, we model
the effect of GJ inhibition for homotype and heterotype
interactions.

We performed new experiments of migration on
collagen with or without GJ inhibition, in order to
compare with the results of simulations. We show that
it is possible to reproduce the migration patterns in
homotype and heterotype situations when both types of
interaction are modelled in the same way.

2. MATERIAL AND METHODS
2.1. Cell culture and inhibition of GJs

Cell culture experiments were, with some modifications,
essentially carried out as described earlier (De Bouard
et al. 2002; Oliveira et al. 2005; Aubert et al. 2006). The
experimental set-up was designed to separately examine
homotype and heterotype GJ communication and its
inhibition on glioblastoma cell migration. Homotype
interactions were studied after seeding glioma cell
spheroids on collagen IV (1 ug/ em?; described in detail
in Aubert et al. (2006)). To concomittantly assess
homotype and heterotype interactions, spheroids were
seeded onto a confluent monolayer of astrocytes. Both
types of experiment were carried out with and without
pharmacological inhibition of GJs.

2.1.1. Glioma cell spheroids. Spheroids from human
glioma cells (GL15, an established glioma cell line
which has been extensively studied in our laboratory
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(De Bouard et al. 2002; Oliveira et al. 2005)) were
obtained by the overlay-culture method. Briefly, GL15
cells suspended in GL15 medium (Oliveira et al. 2005)
were seeded at a density of 2.10* cells cm ™% in 3.5 cm
Petri dishes coated with an attachment prohibiting
substance (agar) and incubated in a standard cell
culture incubator. Spheroids (100-1200 um in diam-
eter) formed within 10-14 days.

2.1.2. Primary astrocyte cultures. Primary astrocyte
cultures were obtained by mechanical mincing and
passing through a nylon mesh (22 um) of cerebral
hemispheres of neonatal C57/bl6 mice (Charles River,
France). After initial removal of fibroblasts and 7-
10 day incubation in astrocyte medium (MEM GIBCO,
France) complemented with 10% foetal calf serum
(ATGC Biotechnological, France), glutamine 2 mM,
p-glucose 33 mM, penicillin 100 UI mL ™", strepto-
mycin 100 ug mL~' and amino acids 0.5X (all from
Eurobio, France), aconfluent monolayer containing
more than 95% of glial fibrillary acidic protein-positive
cells was obtained.

2.1.3. Co-culture experiments and inhibition of GJs. On
confluence, GL15 spheroids selected under a stereo
microscope were seeded on top of the astroglial
monolayer, and cultures were continued for 4 days. In
some experiments, GL15 cells were transfected with
green fluorescent protein. To inhibit GJs, selected
co-cultures were treated with 30 uM of carbenoxolone
(CBX; Sigma, France); at this concentration, and
applied at a daily basis, CBX brought on an eightfold
reduction of heterotype communication without any

toxic effects on either astrocytes or GL15 (Oliveira et al.
2005).

2.2. Treatment of experimental results

We hand drew the envelope of the surface occupied by
at least 95% of the spheroid cells and measured the
interior surface. In figure 1, we show a typical
photograph of a spheroid after 48 h of migration
together with the envelope of the occupied surface. At
the exterior of this envelope, we can see some isolated
cells (less than 5% of the total number of cells).

Two different data sources were used in this paper,
new experimental data as well as that published
(Oliveira et al. 2005). The new experimental data
correspond to migration on collagen IV, with or without
CBX, at times 12, 24, 36 and 48 h after the beginning of
migration (time tg). The data published (Oliveira et al.
2005), presented under the name of ‘migrating index’,
are renormalized and cumulative. They concerned
migration on an astrocyte monolayer, 18, 30 and 42 h
after ¢y, and migration on collagen IV, 4 days after t,
both with and without CBX.

We have computed the mean surface for cell migration
on the two different substrates. In the case of migration
over collagen, the surface (with or without CBX) is
obtained as the mean of surfaces of five to six spheroids
for various times after ¢y (12, 24, 36, 48 h for the new
data and 4 days for the data of Oliveira et al. (2005)).
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Figure 1. Experimental cell migration pattern over 48 h with
CBX on collagen IV with the envelope of the surface.

In the case of migration over a monolayer of astrocytes,
the mean surface occupied by glioma cells is obtained
from the surfaces offive spheroids at times 18, 30 and 42 h
after ¢y (from the published cumulative data; Oliveira
et al. 2005). We have compared the ratio of the surface
occupied by glioma cells when GJs are inhibited with the
surface in the control situation. For simplicity, we shall
refer to this ratio as the ratio of ‘treated to control’.

3. THE MODEL

We use a cellular automaton based upon a hexagonal
lattice (the most isotropic among all lattices that pave
the plane periodically). Cells are represented by
hexagons of radius of 35 um, the centres of which
form a triangular lattice. A central part of the lattice is
occupied by the equivalent of the glioma cell spheroid,
which, we assume, may eject an unlimited number of
cells. Once a free position in the hexagons surrounding
the centre is created, it is immediately occupied by a
cell ‘ejected from the centre’. The diameter of the centre
corresponds to the experimental one of approximately
100 um (Oliveira et al. 2005). The detailed geometry of
the model is also described in Aubert et al. (2006).

3.1. Migration on a substrate of collagen

Each hexagon can be occupied by a single cell at each
time. Thus, a cell may move only to a free hexagon. At
each update of the automaton, we define a random
order of all ejected cells and then each cell moves one
after the other. When the position of a cell is to be
updated, a new position is chosen among its six
neighbours. If this position is occupied the cell does
not move. Cell proliferation is not considered (as was
argued in Aubert et al. (2006), based on experimental
evidence, the processes of mitosis and apoptosis
practically compensate each other).

The way to account for cell attraction is to privilege
motion that preserves contact with a neighbouring cell.
We introduce a threshold p (a number between 0 and 1)
to measure the intensity of the interactions between
cells. For each evolution, we pick a random number r

J. R. Soc. Interface (2008)

between 0 and 1. If r<p, the cell moves next to an
occupied site and the opposite if 7> p. If the chosen
motion is impossible the cell does not move. With these
assumptions, a threshold p>0.5 corresponds to cell
attraction (p=1, i.e. maximum cell attraction, means
that a cell can only move to a position next to an
occupied one), while p<0.5 corresponds in fact to cell
repulsion. In Aubert et al. (2006) we found that in order
to reproduce the experimental density curves, we had
to set p to 1 corresponding to maximum attraction
between cells. The origin of this attraction may be
attributed to the presence of GJs between cells.

3.2. Migration on a monolayer of astrocytes

We considered two layers in the model: one layer is that of
the astrocytes on top of which lies the tumour cell layer.
Thus, a glioma cell and an astrocyte can occupy the same
position but on different planes. The effective percentage
of occupancy of the astrocyte layer is a parameter of the
model: it represents the fraction of the occupied sites
among all the available sites in the astrocyte layer.

We consider that the homotype interactions (glioma
cell-glioma cell interactions) in the tumour cell layer
remain the same as in the case of migration on a
substrate of collagen, which means that the rules of
motion inside this layer are exactly the same as
described before: for migration on a passive substrate,
the attraction between cells is maximum, i.e. p=1.

For the sake of coherency, we model the heterotype
GJ communication as we did for homotype communi-
cation, i.e. with a parameter ¢ which quantifies the
intensity of attraction between glioma cell and astro-
cytes. The only difference between the homotype and
the heterotype interaction in the model is that a tumour
cell can move to a site already occupied by an astrocyte
with a given probability, whereas a tumour cell can
never move to a site already occupied by another
tumour cell. Thus, a glioma cell can communicate with
at most six other glioma cells (its six neighbours) and
can communicate with at most seven astrocytes (the
one just under it and the six astrocytes surrounding it).

A glioma cell will move to a site occupied by an
astrocyte with a probability ¢. If gis between 0.5 and 1 the
glioma cell will preferentially go to a site with an
astrocyte, whereas if ¢ is between 0 and 0.5 the glioma
cell will avoid astrocyte sites. When p and gare equal to 1,
a cell has the choice to move either in contact to a tumour
cell or on top of an astrocyte (figure 2). If the chosen site
does not satisfy either of these conditions the cell does not
move. (The same mechanism can be applied, mutatis
mutandis, when p and/or ¢ are smaller than 1.)

3.3. Time calibration

As shown in Aubert et al. (2006), the physical time is
linearly related to both the number of ejected cells in
the model and the number of iterations of the
automaton. The upshot of this is that either the
number of ejected cells or the number of iterations of
the automaton could account for time in the model.
In this paper, we found it more convenient to represent
physical time through the number of iterations of the
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Figure 2. Example of possible cell moves for migration over a
monolayer of astrocytes. A dark grey hexagon denotes the
presence of a cell and a light grey hexagon denotes the
presence of an astrocyte. The cell does not move on to a site
occupied by a tumour cell. In the case of maximal attraction
between tumour cells and astrocytes the cell can only move
next to a site occupied by a tumour cell (dashed line) or on a
site with an astrocyte (full line).

507
404

307

t(h)

20t

10t

0 100 200 300

no. of iterations

400 500

Figure 3. Physical time with error bars (due to the mixed s.d.
between experiments and simulations) as a function of the
automaton iterations. The straight line represents the best
linear fit.

automaton. In figure 3, we represent the linear relation
between physical time and number of iterations of the
automaton together with the best straight-line fit.

As a consequence of this choice, we performed the
estimation of surfaces occupied by glioma cells after a
given time of migration in the case of experimental
results and after a given number of iterations in the case
of the model. The same number of iterations was used
to represent a given physical time in both control and
treated simulations and also for both substrates.

3.4. Computational surfaces and ratios

Since in every simulation the effect of fluctuations may
be important, our results represent the mean of 300
simulations (for each set of parameters). The choice of

J. R. Soc. Interface (2008)

Figure 4. Simulated cell migration pattern (dark grey) and the
corresponding surface (light grey) after 48 h for migration on
collagen in the case of maximal attraction between tumour
cells (with p=1).

this number, 300, is a compromise between minimizing
the effect of fluctuations and keeping the calculations
manageable. In order to automatically obtain the
surface occupied by the cells after migration, we
considered the total surface swept during their
migration (figure 4). Since this tends to slightly
overestimate the surface that we would have obtained,
had we applied the same procedure as for the
experimental results, an overall corrective factor
could have been applied. However, such a factor
would not play a role since we compare surface ratios
rather than their intrinsic values.

4. RESULTS

4.1. Role of GJ communication in the migration
of glioma cells on a substrate of collagen

We computed the experimental migration surface at
different times (12, 24, 36, 48 h for the new data and
4 days for data from Oliveira et al. (2005)), as explained
above. We found that when GJs are inhibited with
CBX, the migration is enhanced. Two photographs of
cell migration patterns after 48 h are shown in figure 5,
one for the control situation (figure 5a) and the other
for the situation with inhibited GJs (figure 5b).

In Aubert et al. (2006), we have shown that in order
to reproduce the cell density curves obtained from
migration over a collagen substrate we must set p=1,
which corresponds to maximum attraction between
cells. We assume that the same maximal attraction is
present in the experiment (and model) at hand and thus
we maintain the same value 1 for the probability
threshold p; (where the + index is associated with the
‘control’ probability).

When GJs are inhibited the attraction between
glioma cells diminishes. We represent this by decreas-
ing the value of the threshold p_ (here the — index is
associated with the ‘treated’ probability), while keep-
ing p>0.5. If we attribute the essential part of cell
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Figure 5. Experimental cell migration patterns after 48 h of migration over a substrate of collagen (a) in the control situation and
(b) in the situation with inhibited GJs.

interaction to GJs then it would not make much sense
to decrease this parameter below 0.5, since in that case
the GJ inhibition would introduce a cell interaction in
the form of repulsion. Of course if one wishes to take
into account the interplay of adhesive/disadhesive
mechanisms then a value of p_ <0.5 would indicate a
preponderance of the latter. As shown in Aubert et al.
(2006), a lower p_ leads to a more diffuse pattern and
cells migrate further.

We have simulated cell migration and compared the
surface occupied by the cells in the control situation
(with p;=1) and in the treated case with various
values of p_-(0.5<p_<1). In figure 6, we plot the
treated-to-control ratio of surfaces as a function of the
number of iterations of the automaton, corresponding
to times up to 4 days. This ratio increases (albeit very
slowly) with time and depends strongly on the
threshold p_ (increasing when the latter decreases).
The fact that the ratio is larger than 1 as soon as p_ is
smaller than 1 is consistent with the fact that over a
collagen substrate cells with inhibited GJs migrate
more. A comparison with the experimental results
points to values of p_ in the 0.5-0.6 region. We have
opted for a value of p_ =0.5 for our final comparison to
be presented in figure 8 since it is a ‘round’ value which
provides a nice fit of experimental results. Note that the
error bars on simulation results are around 0.18 for all
times, smaller than experimental ones and have not
been represented. In figure 9a,b we show cell migration
patterns after 48 h obtained from the automaton, in the
control situation with p, =1 (figure 9a) and in the case
with inhibited GJs with p_ =0.5(figure 9b).

4.2. Role of GJ communication in the migration
of glioma cells on a monolayer of astrocytes

The experiments reported in Oliveira et al. (2005)
analysed the behaviour of the migration of glioma cells
over a substrate of astrocytes after 18, 30 and 42 h.

In order to simulate this behaviour, we start by
taking py =1 and ¢4 =1, i.e. when the GJs are not
inhibited the attraction is maximum between tumour
cells (as on collagen) and between tumour cells and
astrocytes. When GJs are inhibited, the interaction of

J. R. Soc. Interface (2008)
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no. of iterations

Figure 6. Comparison between experimental data (diamonds)
with error bars (values at times 12, 24, 36, 48 h and 4 days
after the beginning of migration) and simulated ratio of
treated-to-control surfaces as a function of number of
iterations, for various values of p_. The standard deviation
for the model (not represented in the figure) is equal to 0.18
for all times.

glioma cells is reduced (p_ <1), and the same holds
true for glioma cell-astrocyte interactions (¢— <1). We
assumed that CBX has the same effect on glioma cell
interactions whether they migrate on collagen or on
astrocytes. As a consequence, we simulated the
inhibition of homotype GJs by setting p to 0.5, as
described in §4.1. In order to investigate the effect of
astrocyte concentration, we have varied their percen-
tage and calculated the treated-to-control ratio at fixed
numbers of iterations corresponding to 18, 30 and 42 h.
In figure 7, we plot the ratio of treated to control in the
case of the migration on astrocytes, as a function of the
percentage of astrocytes for times 18, 30 and 42 h.
Given the experimental value of this ratio (and its
dispersion), the best fit is obtained for an effective
percentage of astrocytes of around 40%. Thus, for the
final comparison (in figure 8) we have adopted the value
q—=0.5 with an effective percentage of astrocytes of
40%. Figure 8 gives the ratio of treated to control as a
function of number of iterations for the simulation
(obtained with (py =¢4+ =1, p_=¢_=0.5,) compared
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Figure 7. Simulated ratio of treated-to-control surfaces as a
function of the percentage of astrocytes after 18, 30 and 42 h
of migration. The standard deviation for the model (not
represented in the figure) is equal to 0.06 for all times.
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Figure 8. Comparison of the experimental data (filled symbols
with error bars) with the results of the automaton (open
symbols) as a function of the number of iterations of the
automaton, in the case of migration on a substrate of collagen
(diamonds) and migration over a monolayer of astrocytes
(triangles). For all times, the standard deviations for the
model (not represented in the figure) are equal to 0.18 for
migration on a substrate of collagen and 0.06 for migration on
astrocytes.

with experimental results at the corresponding times.
We conclude that migration is reduced when GJ are
inhibited. In the lower part of figure 9, we present
simulated patterns of cell migration after 42 h in the
control situation where p, and ¢, are equal to 1
(figure 9¢) and when GJs are inhibited with p_=0.5
and ¢— =0.5 and 40% of astrocytes (figure 9d).

5. DISCUSSION

Several recent studies show that GJ communication
strongly influences the pattern of migration of glioma
cells (McDonough et al. 1999; Lin et al. 2002; Zhang
et al. 2003; Oliveira et al. 2005). They also suggest that
this GJ communication is used and perverted by glioma
cells in order to change the phenotype of surrounding
astrocytes (Aronica et al. 2001) and render them more
permissive to migration (Oliveira et al. 2005). Oliveira
et al. (2005) explored this hypothesis in detail and
revealed a functional difference between homotype and

J. R. Soc. Interface (2008)

heterotype GJ communication. They used different
in vitro assays, as follows. One assay consisted of
seeding spheroids on a passive substrate, collagen IV,
where only homotype interactions of glioma cells exist.
When they inhibited GJ with CBX, the migration of
glioma cells was enhanced, as if homotype GJs acted as
adhesion proteins. This property disappeared in the
other assay, which consisted of seeding spheroids on an
astrocytic monolayer culture. In this case, glioma cells
form heterotype GJs with astrocytes as well as
homotype GJs with the other glioma cells. When both
types of GJ are inhibited with CBX, the migration of
glioma cells was clearly reduced, leading to the
conclusion that heterotype GJs are necessary for
invasive behaviour of glioma cells and overcome the
adhesive properties of homotype GJs.

In this article, we presented a model where homo-
type and heterotype interactions are modelled in
similar ways (local attraction) and where the inhibition
of these two types of interactions corresponds in both
cases to the decrease of attraction. We compared the
simulation results with experimental results from
Oliveira et al. (2005) completed by our own experi-
ments. We showed that our model reproduces the
different migration patterns, i.e. an enhanced pattern of
migration when homotype interactions are inhibited
and a reduced one when homotype and heterotype
interactions are inhibited.

5.1. Migration on a substrate of collagen

Homotype GJs are modelled with the probability p that
a cell moves to a site next to its actual neighbours. It
means that the cell ‘communicates’ with its neighbours
and ‘knows’ on which sites they are. This corresponds
to the fact that GJs are local interactions between
adjacent cells in contact with each other (Yeager &
Nicholson 1996). We previously made a study of the
migration of glioma cells on a passive substrate of
collagen, where only homotype GJs are involved
(Aubert et al. 2006). We showed in that case that in
order to reproduce experimental density curves of cells
migrating out of the spheroids, attraction between
glioma cells had to be maximal (py=1). This means
that a cell which can move whilst staying in contact
with a neighbouring cell will preferably do so. This
maximum attraction is in line with experimental
results, where adhesion properties of connexins have
recently been brought into light (Lin et al. 2002).

In this article, we present new experimental data of
spreading of spheroids on a substrate of collagen, when
GJ communication is inhibited by addition of CBX. We
confirm previous results, as we find that the migration on
collagen is enhanced when GJ communication is
inhibited. In simulations, larger surfaces of migration
correspond to a smaller value of p (compared with the
control situation where p,=1). More precisely, the
comparison with the simulation results leads to a value
of p_ between 0.5 and 0.6 (figure 6). Given the large
error bars, we are not able to deduce a precise value of p.
Had we neglected the error bars, the optimal value
would have been around 0.52-0.53, but the error bars do
muddle this estimate to the point that anything between
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Figure 9. Cell migration patterns after 48 h for simulated migration on a substrate of collagen (a) in the control situation, (b) with
inhibited GJs and after 42 h for simulated migration over a monolayer of astrocytes, (¢) in the control situation, (d) with
inhibited GJs. A dark grey circle denotes the presence of a tumour cell and a grey rhombus denotes the presence of an astrocyte.

0.5 and 0.6 is not unreasonable. Thus, finally we opted
for the closest round value, namely 0.5. This corresponds
to the case of the complete absence of interaction
between cells when GJs are inhibited, which may not be
the case in experiments. First, adhesion proteins (other
than GJs) should not be affected by the action of CBX.
Second, CBX may only partially inhibit the GJs, as
suggested by the scrape-loading experiments (Oliveira
et al. 2005). We checked that our results would not
be strongly affected by a value of p_ slightly larger
(between 0.5 and 0.6).

5.2. Migration on a monolayer of astrocytes

In cell migration assays, spheroids are seeded on an
astrocyte monolayer culture, so the glioma cells do not
penetrate the astrocyte culture and the migration is
two-dimensional. This is the reason why we considered
two layers in the model: one layer is the astrocyte on
top of which lies the tumour cell layer. Thus, glioma
cells and astrocytes can occupy the same position but
on different planes. For all practical purposes, astro-
cytes in a confluent monolayer culture could be
considered as non-motile cells. Time-lapse experiments
registered only chaotic non-directional movements of
negligible magnitude 1.244+0.36 um in 5 h.

The rules of motion inside the layer of glioma cells
are exactly the same as described before, for migration
on a passive substrate: in the control situation we
have p, =1, whereas in the treated situation we take

J. R. Soc. Interface (2008)

p_=0.5. For the sake of coherency, we model the
heterotype GJ communication as we did for homotype
communication, i.e. with a parameter ¢ which quan-
tifies the intensity of attraction between glioma cell and
astrocytes and we set p=gq.

To sum up, the control situation corresponds to
p+=¢q4+ =1 and the treated situation to p_=¢_=0.5.
In experiments of Oliveira et al. (2005), heterocellular
coupling was assessed in glioma—astrocytes co-cultures,
using the dual-label technique, in which glioma cells are
pre-labelled donor cells and astrocytes potential reci-
pient cells, labelled through GJ diffusion of the dye. It
was found that one donor GL15 cell communicates
through GJs with 4.054 0.6 recipient astrocytes in the
control situation. In our model, the configuration that
would at first sight appear closest to the experimental
monolayer of astrocytes composed of confluent cells
would be the situation where all the sites are occupied.
However, this would be too hasty an assumption. In the
case of our automaton, each tumour cell communicates
with seven astrocytes: the one at the same position just
below the tumour cell and the six astrocytes around the
first one. To match the number of communicating
astrocytes to a more realistic value, one possibility is to
consider the percentage of occupancy of the astrocyte
layer as an effective percentage of occupancy that we
can vary freely. With an effective percentage of
occupancy of the astrocyte layer of 55%, the number
of communicating astrocytes per tumour cell falls to
around 4, which is closer to experiments. We finally set
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the effective percentage of occupancy in the astrocyte
layer at 40%, because it is the value for which the
simulated ratio of treated-to-control surfaces best fits
the experimental data (figure 8). The value of 40% of
occupancy corresponds to a number of communicating
astrocytes per tumour cell of 2.8, which is smaller but
still comparable to the experimental data. Never-
theless, we would need more experimental data,
especially on longer time scales for migration on a
monolayer, in order to pinpoint our value of the
effective percentage of occupancy.

For a large area of variation of the effective
percentage of occupancy, the ratio of treated-to-control
surfaces is much smaller than 1, as in the experiments.
This leads us to the conclusion that the effect of the
inhibition of homotype GJs is completely oversha-
dowed by the effect of heterotype GJ inhibition. In the
model, when ¢>0.5 for migration on astrocytes, cells
preferentially go onto sites that are just above sites
occupied by astrocytes (‘sites above astrocytes’ for
simplicity). When ¢=1, cells only move onto such sites.
On the other hand, when ¢<1, for example 0.5, cells
only have a probability of 0.5 to move onto these
sites above astrocytes. This means that half of the
time cells avoid sites above astrocytes and astrocytes
act as obstacles. This explains why migration when
q=0.5 is reduced compared with the case when ¢g=1
(figure 9¢,d). This effect prevails over the enhancement
of migration when p goes from 1 to 0.5. This was not
obvious, and we did not constrain our model in order to
account for this effect. On the contrary, it is an
emergent property of the collective behaviour of the
cells. This important point will have to be confirmed,
first in three-dimensional experiments and second in
in vivo experiments. If confirmed, it could have a
clinical interest, since inhibiting GJ communication
could help to reduce the invasion of glioma cells.

In conclusion, with a very simple model and tuning
only two parameters (the probability threshold p=gq
and the effective percentage of occupancy of the
astrocyte layer), we were able to reproduce quan-
titatively experimental data on the migration of glioma
cells on two different substrates and the role of
homotype and heterotype communication through GJ
in each case. We took into account the experimental
number of astrocytes a tumour cell can communicate
with in a very simple way, namely by varying the
effective percentage of occupancy of the astrocyte layer.

We expect to use this model to simulate more
realistic experiments, for example, migration on brain
slices. In this case the astrocytes are not confluent,
contrary to what happens in monolayers of astrocytes.
It is likely that the presence of the other components of
the brain structure will still decrease the number of
astrocytes that communicate with one glioma cell. As in
the present study, an effective percentage of occupancy
of the astrocyte layer could also be used so as to match
the number of communicating astrocytes. Moreover,
our two-dimensional model could be extended to a
three-dimensional one, in order to describe migration
into thick brain slices or even migration after trans-
plantation of tumour cells in vivo.

J. R. Soc. Interface (2008)
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