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ABSTRACT 

To analyze the spatial distribution of tumor cell lines with different invasive properties, we used time-

lapse videomicroscopic recordings associated with software programs we have developed for 

quantification. We observed that non-invasive tumor cells rapidly formed small clusters which 

aggregated to form larger clusters, whereas highly invasive tumor cells remained isolated and did not 

form clusters. An attraction index computed from a cellular automaton model was used to quantify the 

degree of attraction-repulsion between cells. The results suggest that the cluster formation by non-

invasive cells is not related to a global attraction model and that the random (dispersed) distribution of 

invasive cells is not related to cell repulsion. According to these results, we can conclude that random 

cell movement combined with the intrinsic properties of cells explains the phenomenon of cluster 

formation. 
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INTRODUCTION 

 Tumor progression is a multistep process during which cancer cells leave the primary tumor, 

invade the surrounding stroma and disseminate in secondary organs. Accumulating evidence now 

supports the concept that the acquisition of invasive properties by epithelial cells is associated with the 

loss of epithelial characteristics and the acquisition of mesenchymal properties, a phenomenon referred 

as epithelial-to-mesenchymal transition (7, 18). Understanding the mechanisms by which this 

epithelial-to-mesenchymal transition could occur constitutes one of the tracks that can be followed to 

find new targets for fighting cancer. 

 Among the wide type of studies that can be performed in order to characterize invasive/non 

invasive cell phenotypes, we are interested in studying the collective behavior of cell populations 

observed under culture conditions. After the pioneering work of Abercrombie (1) in the fifties, it is 

now recognized that observing the “social” behavior of live cell populations may be as successful as 

the study of animal (and human) social interaction. The terminology “cellular sociology” is associated 

to this type of activity (5, 6, 12). Cellular sociology represents a large number of concepts that can be 

studied at the population level instead of the single cell level: migration, adhesion, cell-cell interaction 

and communication, cell-extracellular matrix interaction, spatial distribution, etc. Up to now, only a 

few of these concepts have been studied by using the cellular sociology approach. The mostly studied 

concept is that of spatial distribution. It has been shown that the arrangement of cells in space is rarely 

random and that the type of distribution can be put into correspondence with the physiological and 

phenotypical state of the cell population. Numerous applications have been found in the field of 

diagnostic or prognostic [2, 17, 21, 23]. 

Our previous work on the subject (15) shows that, starting from a random distribution, tumor cells in 

culture behave differently according to their invasive or non invasive properties. Invasive cells remain 

randomly dispersed until confluence while non invasive cells show a strong tendency to form stable 

clusters that grow as a function of time. We also showed that the transfection of human E-cadherin 

cDNA in invasive bronchial tumor cells induced the formation of cell clusters, in relation with a 

decrease of the invasive abilities of the transfected cells (16). As a first attempt to interpret this 
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different behavior, we studied the respective role of cell migration and proliferation for invasive and 

non invasive cell lines. We determined that the parameters quantifying these activities were not 

significantly different in two dimensional (2D) cultures. [13]. However, more recent work done in 

three-dimensional (3D) cultures showed that 3D migration is significantly different for a non-invasive 

cell population  and an invasive cell population [9]. If we want to go further in the study of the 

sociologic behavior of these cell lines, we must be able to answer the question: “why do non invasive 

cell lines form clusters and why invasive cell lines do not?” Even if we do not go at the molecular 

level with this type of approach, we must at least be able to identify the gross mechanism that governs 

this different behavior. One hypothetical mechanism would be that, in the case of non invasive cells, 

each cell attracts the other ones. In this case, a tiny difference in the spatial density of cells after 

seeding would be amplified as a function of time: cells in a region of space with a slightly lower 

density would be attracted by cells in regions of space with a larger density, until cells are sufficiently 

close together to form small clusters. Then, small clusters continue to attract each other and form 

larger clusters, until confluence. In the case of invasive cells, this mechanism could be replaced by 

either the absence of attraction or by an effect of repulsion. In both cases, the spatial distribution of the 

cells would remain random as a function of time. The other possible mechanism is that there is neither 

an attraction nor a repulsion effect. In this situation, one can imagine that cells migrate at random, 

according to a Brownian model. Thus, two cells may come close to each other in a random fashion. 

When this happens, two possibilities may occur: either the two cells “decide” to form a mini-cluster 

(due to some molecules present at both cell surfaces, for instance; or a molecule and a receptor) or 

they “decide” to ignore themselves and continue their random migration until they find an appropriate 

partner. 

The observation of many movies of live cell populations let us think that the first hypothesis 

(global attraction by non invasive cells) could be the right one. Thus, the aim of the work presented 

here was to find experimental ways to check the hypothesis on an objective (quantitative) basis. 

Basically, the idea is to check whether non invasive cells moved in the direction of the largest density 

of cells (hypothesis of global attraction) or not, and to check whether invasive cells moved in the 
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direction of the lowest density of cells (hypothesis of global repulsion) or moved independently of the 

density of cells (hypothesis of absence of global attraction or repulsion). 

In an independent work, we verified that the concept of an attraction or repulsion potential 

could indeed explain the formation of clusters. (3) This was done through simulations made in the 

framework of cellular automata. The main difference between our cellular automaton and classical 

ones is that the formal rules that govern our cellular automaton are not localized (i.e. based on the 

local environment of each cell) but based on the whole set of objects. In this paper, the ideas that were 

at the origin of the cellular automaton are also used to characterize quantitatively the direction of 

migration of the individual cells. Using videomicroscopy techniques and appropriate software 

programs that we developed, the different methods mentioned above, i.e. characterization of the spatial 

distribution of cell populations as a function of time and test of an hypothesis for the mechanism that 

governs the formation of clusters by invasive cells were applied to five different cell populations: two 

invasive ones, two non invasive ones and one intermediate, weakly invasive. To validate the relevance 

of the parameters computed from the cellular automaton model, we also analyzed the behavior of cells 

in an in vitro model of wound repair, in which cell migration was characterized as a directed migration 

[24]. 

 

MATERIALS AND METHODS 

Cell lines 

The human bronchial cell lines, 16HBE14o- [10] and BZR [12], were derived from normal 

human bronchial cells immortalized after transfection with the SV40 large T-antigen gene. The BZR 

cell line was also infected with the v-Ha-ras oncogene. The human mammary epithelial cell lines 

MCF-7, BT549 and MCF10 were obtained from American Type Culture Collection. Cells were 

cultured in a 5% CO2 fully humidified atmosphere at 37°C in Dulbecco modified Eagle’s medium 

(DMEM) (Gibco BRL, Grand Island, USA) supplemented with penicillin, streptomycin and 10% fetal 

calf serum (Gibco BRL). 
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Model of cell dispersion 

A density of 2.105 cells per mL was plated into each culture dish (diameter 3.5 cm). One hour after 

seeding, the culture dish was placed on the stage of a Zeiss IM35 inverted microscope (Zeiss, 

Oberkochen, Germany) and enclosed in a small transparent culture chamber (Climabox, Zeiss) with 

5% CO2 in air at 37°C. Image sequences were recorded at 10x magnification in the phase-contrast 

mode with a sampling rate of 1 image per minute for up to 17 hours. Using each image as an 

individual frame, a movie was constructed so as to obtain a qualitative impression of the cell behavior. 

One image was subsequently analyzed every 100 minutes. 

 

Model of directed migration 

16HBE14o- cells were plated into culture dishes at 106 cells/ml (diameter 35mm). When the cells had 

reached confluency, the culture medium was removed from the culture dish. A 1µl droplet of NaOH 

1N was deposited in the center of the culture dish and immediately diluted in 1 ml of culture medium. 

The NaOH droplet created a wound by cell desquamation (24). The culture medium was again 

removed and the wounded culture was rinsed with 2 ml of culture medium and incubated in 5% CO2 

in air at 37°C. The culture dish was then placed on the stage of the Zeiss IM35 inverted microscope 

(Zeiss, Oberkochen, Germany) and enclosed in the small transparent culture chamber (Climabox, 

Zeiss) with 5% CO2 in air at 37°C. Image sequences of the edge of the lesion were recorded at 10x 

magnification in the phase-contrast mode with a sampling rate of 12 images per hour until closure of 

the lesion. Again, using the images as individual frames, a movie was constructed in order to get a 

qualitative impression of the cell behavior. One image was subsequently analyzed every 30 minutes. 

 

Cell cohesion quantitation 

The spatial distribution of cells was characterized and quantified using a cellular sociology algorithmic 

software based on the use of geometrical models, as described by Nawrocki Raby et al. [15], namely 

Voronoï’s partition and Delaunay’s graph [2, 12]. These methods, applied to the set of points locating 

the position of the cells, provide useful information about the spatial distribution and neighborhood 

relationships of cells. From each of these methods, several quantitative parameters can be deduced:  
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- for the Voronoï diagram: average and standard deviation of the areas, area disorder (AD), 

roudness factor homogeneity (RFH). 

- for the Delaunay triangulation: mean (M) and standard deviation (SD) of segment length, 

length disorder. 

 

Quantification of the attraction-repulsion potential of cells 

A software developed in our laboratory was used to quantify the attraction-repulsion potential of cells. 

An attraction-repulsion index was computed from the recorded image sequences by using a new 

method for quantifying the degree of attraction-repulsion between cells. This method consisted of 

computation of the local density of cells in a given experimental image at time t, according to the 

kernel-based Parzen method [18] The kernel size was set to 1/8th of the image size, but the final 

results are not very sensitive to this parameter. Then, from the next image at time t+∆t, we checked 

whether individual cells moved in the direction of high cell density, in the direction of low cell density 

or in a direction not related to density. A rank r was attributed to each cell (0 ≤ r ≤ 7), corresponding to 

the direction followed by the cell during its move from image t to image t+∆t (figure 1). Rank 0 

corresponded to a migration towards the lowest cell density and rank 7 to a migration towards the 

highest cell density.  The rank r was defined cell by cell and since the densities were represented by 

real values ( not integers), the probability that 2 density values were equal was almost null. Non-

moving cells were excluded and the threshold used to decide if a cell is moving or not was set to 1 

pixel. The index was calculated by averaging and normalizing this rank: 

1

1 ( )
3.5

N

n
n

index r
N =

= ∑ 1−  where N and r corresponded to the number of cells in the images and 

the rank of the cells, respectively.  

The index calculated from these considerations is close to +1 for a global attraction model, close to –1 

for a global repulsion model, and close to 0 for a model of no global attraction/repulsion.  
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RESULTS 

Videomicroscopic analysis of cell behavior 

Videomicroscopic and image analysis techniques were used to analyze alterations in the collective 

behavior of the five cell lines during the time of culture. Phase-contrast images were recorded 

throughout the time of culture for both the cell dispersion and the directed migration models. Figure 2 

represents images of the five cell lines recorded 1, 9 and 17 hours after seeding: from top to bottom, 

cell lines with a decreasing invasive capacity are displayed. One can verify that the spatio-temporal 

behavior of these cell lines is very different. One hour after seeding, the 16HBE14o- cells are 

randomly distributed. After 9 hours of culture, these cells begin to form small aggregates, which 

become larger clusters after 17 hours of culture. On the contrary, BZR cells are randomly distributed, 

remain isolated and do not form clusters at any point throughout the time of culture. Other cell lines 

exhibit an intermediate behavior.  It is noteworthy that static images of cells cannot give a good idea 

of the dynamic cell behavior: from figures 3b and c, one could get the impression that clusters are also 

produced. This is not the case since pseudoclusters are not stable and are disorganized as soon as thay 

are produced. 

The spatio-temporal behavior of 16HBE14o- cells in the directed migration model, which 

illustrates a model of global attraction, is represented in figure 3. Image of cells located at the edge of 

the wound were analyzed every 5 min until closure of the wound. We clearly observed the progressive 

closure of the wound, which was complete within 3 hours. 

Analysis of Voronoi’s partition and Delaunay’s graph from the recorded images indicated that 

important differences existed for each cell line in relation to interactions between cells. After 2 hours 

of culture, the 16HBE14o- and BZR cells displayed the same pattern for the graphs of Voronoi and 

Delaunay (data not shown), but significant differences between the 2 cell lines were observed after 17 

hours of culture. Figure 4 displays the spatial localization of cells at 17h of culture and show that the 

16HBE14o- cells formed small aggregates, whereas the BZR cells remained randomly distributed. The 

parameters that we computed to characterize the spatial distribution on a quantitative basis reflected 

these observed differences and  are represented in figure 4 for a non-invasive cell line and an invasive 

cell line. During the first hours of culture, the 2 cell lines displayed a random distribution. However at 
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17h of culture the non-invasive 16HBE cell line acquired a cluster distribution characterized by a 

increase of AD and decrease of RFH for Voronoi’s partition and a decrease of M and increase of SD 

for Delaunay’s graph. At the opposite, the parameters calculated from the invasive BZR cell line were 

not significantly modified during the time of culture. 

  

Analysis of attraction or repulsion potential 

The precise issue we wanted to address in the present work is whether or not the behavior of non-

invasive and invasive cells could be mediated by a form of global attractive or repulsive potential. 

From the time-lapse video images, we used an original method for quantifying the degree of 

attraction-repulsion of cells which allowed us to determine a new parameter: the index of density-

based attraction/repulsion, which is close to +1 for a global attraction model, close to –1 for a global 

repulsion model, and close to 0 for a model of no global-attraction/repulsion. Figures 5A and 5B 

display 2 successive images of the experimental series recorded at 100 min interval with the non-

invasive16HBE14o- cells. The estimated density of cells is represented in figure 5C where a high cell 

density, represented by the white-colored area, clearly appeared at the right hand upper corner. The 

directions of migration of the cells, determined from the successive positions of cell images 5A and B, 

are superimposed on the estimated density. We can easily observe that the cells do not move 

systematically in the direction of highest density or outwards the highest density area. The same data 

obtained with the invasive BZR cell line are reported in figure 5 D, E, F. Here again we observed no 

particular orientation of the direction of migration of the BZR cell line. The quantitative results 

reported in figure 6 demonstrate clearly that throughout the time of culture, the non-invasive 

16HBE14o- and MCF-7 cells as well as the invasive BT-549, MCF-10 and BZR cells had index 

values close to 0. This reflects the fact that a model of no global-attraction/repulsion governs their 

migration. In contrast, we computed from the directed migration model (in vitro wound repair model) 

an index value close to +1, which corresponds to a model of global attraction (assuming that the center 

of the lesion represented a density-based attraction). 
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DISCUSSION 

In this study, we describe techniques using videomicroscopy in combination with cell sociology 

techniques and a cellular automaton model to analyze the spatio-temporal behavior of non invasive 

and invasive cell lines. Our methods present the advantage of allowing the dynamic study of the 

behavior of living cells and clearly demonstrate that the spatio-temporal distribution of the cell lines 

was quite different. On the one hand, non-invasive cells, which have been previously characterized as 

expressing membranous E-cadherin and β-catenin, rapidly formed clusters and were very cohesive. In 

contrast, invasive cells had a random spatial distribution that could be attributed to an absence of E-

cadherin and to a cytoplasmic localization of β-catenin [14]. In a previous study, we demonstrated that 

neither cell migration nor cell proliferation played a discriminatory role in explaining differences in 

the spatial organization of cell lines characterized by different invasive properties [13]. From these 

observations, one question remained to be elucidated: could the cell cluster formation exhibited by 

non-invasive cells be related to a global attraction model, based on the idea of a universal attraction of 

cells by each other, while that of the random distribution of invasive cells, which did not form clusters, 

be related either to a loss of this global attraction capacity or to cell repulsion? 

To answer these questions, in the present work we investigated under specific culture conditions the 

migratory behavior of non-invasive cells in which cluster formation does occur, and likewise that of 

invasive cells that do not form clusters. Furthermore, in order to demonstrate the relevance of the 

experimental parameters that we calculated, we investigated the behavior of cells involved in a 

directed migration model represented by an in vitro model of epithelial wound. From the image 

sequences, an attraction-repulsion index was computed so as to characterize whether or not the 

migratory behavior might be considered random or directed. From the cell dispersion model, we 

concluded that the behavior of both non-invasive cells and invasive cells was not governed by an 

attraction/repulsion potential: cell cluster formation by non-invasive cells is not in favor of a global 

attraction model based on the idea of a universal attraction between cells, while the random spatial 

distribution of invasive cells is not related to cell repulsion. Therefore, these results emphasize the 

hypothesis that the random motion of cells combined with cell to cell adhesion capacity (brought 

about by intercellular adhesion molecules such as E-cadherin) alone could explain the phenomenon of 
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cluster formation observed in non invasive cells: cells move randomly and have the capacity to adhere 

to each other. Progressively larger and larger clusters are created, due to both cell proliferation and 

aggregation of small clusters to each other, for which there is no need to look for a stimulus driving 

the cells to form clusters or clusters to aggregate themselves. Typically, the motion of the cells in the 

in vitro models of cell dispersion described in the present work can be characterized as a non-directed 

motion. These results are in agreement with those described by Rieu et al [20] who reported that 

Hydra cell motion consists of random and correlated parts: random fluctuations of single endodermal 

cells create clusters by accretion and coherent motion of cells only occured during rounding of large 

clusters. 

In contrast, we observed that the motion of cells involved in the process of wound repair was directed. 

This model of directed migration was only used to validate the relevance of the parameters computed 

from the cellular automaton model. An interesting point to take into consideration for explaining the 

differential behavior of the 16HBE14o- cell line in the dispersion and in the directed migration models 

would be to study the parameters potentially involved in the control of the direction of cell migration. 

An “automatic controller of direction” has been described by Gruler [8]. This controller might be able 

to detect the deviation angle between the direction of migration of cells and the position of the 

stimulus (either chemical or electrical stimulus) and could induce modifications of the cell trajectories 

in order to allow the cell to migrate towards the stimulus. We could therefore hypothesize that in the 

cell dispersion model no particular stimulus is present for directing the cell migration, whereas in the 

directed migration model the guidance of motility could be related to either chemotaxis or haptotaxis 

(otherwise known as contact guidance). We have previously shown that large variations of the electric 

field in wounded cultures occurred during the repair process [25]. We also demonstrated a 

hyperpolarisation of the membrane potential of migratory cells as compared with stationary cells 

located far from the wound. In addition, we observed that isolated respiratory epithelial cells, placed in 

an electric field, acquired a uniform and constant direction of migration in contrast to the random 

migration of cells not subjected to an electric field. These results suggested that an endogenous electric 

field could be one of the mechanisms triggering and directing cell migration during wound repair. 

However, the presence of a mechanically directed movement can not be excluded. A constrain due to 
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confluency may exist against the free space formed by the wounded area and a resulting binary 

mechanical gradient could also lead to directed cell migration. It has been previously demonstrated 

that cells are able to align in response to a uniaxial strain, with a protrusive activity increased at the 

ends and decreased along the sides of the cells. [11] 

In conclusion, the present results confirm the organizational behavior of the cell lines 

examined here: non-invasive cells formed clusters with a cohesive organization, whereas invasive cells 

organized in a non-cohesive manner. Videomicroscopic techniques combined with a new density-

based cellular automaton model for analyzing whether or not cells attract or repel one another 

demonstrated that the cell cluster formation was not driven by some form of attraction potential, and 

that the dispersed distribution of invasive cells was not related to cell repulsion. Random cell 

movement combined with the intrinsic properties of cell lines constitutes probably a better explanation 

of the phenomenon of cluster formation. 
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FIGURE LEGENDS 

Figure 1: Schematic representation of the rank attributed to cells according to their migration 

in the direction of high cell density, in the direction of low cell density or in a direction not 

related to density. A rank r was attributed to each cell (0 ≤ r ≤ 7), corresponding to the 
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direction followed by the cell during its move from image t to image t + ∆t. Rank 7 

corresponds to a migration towards the highest cell density in the cell neighborhood and rank 

0 to a migration towards the lowest cell density. 

Figure 2: Evolution of the spatial distribution of cells from 5 different cell lines at different 

time intervals ( 1 hour after seeding; 9 hours after seeding; 17 hours after seeding). The non-

invasive 16HBE14o- and MCF7 cells progressively formed clusters over time, whereas the 

BRZ and BT549 cells did not. The MCF10 cells had an intermediate behavior. 

Figure 3: Evolution of the spatial distribution of 16HBE14o- cells in the directed migration 

model, in which cells are engaged in the wound repair process. Images were recorded at 1.5 

hour intervals until the wound closure. A progressive decrease in the wound area was 

observed. 

Figure 4: Illustration of the different spatial repartitions observed for  invasive  (A, B, C: 

BZR) and non invasive (D, E, F: 16HBE) cell lines. The left column displays the positions of 

cells after 17 h of culture. The middle column represents the Voronoï diagram computed from 

these positions and the right column represents the Delaunay triangulation. One can observe 

that the formation of clusters typically occurs with non invasive cells (arrows in D). This 

qualitative interpretation is confirmed when quantitative descriptors of the Voronoï partition  

(G) and the Delaunay triangulation (H) are computed. The descriptors remain constant for the 

BZR cells whereas a decrease of RFH and increase of AD and a decrease of M and increase 

of SD is observed for the 16HBE cells. 

Figure 5: Quantification of the degree of attraction-repulsion for 16HBE14o- (A, B, C) and 

BZR (D, E, F) cell lines. A-B and D-E represent 2 consecutive images (∆t= 100 min) 

recorded from the 16HBE14o- and BZR cells, respectively. In C and F, the direction of 

migration of cells is superimposed on the estimated cell density (a white coloration represents 

a high cell density). 
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Figure 6: Representation of the index of density-based attraction versus time for 5 cell lines 

and for the model of directed migration. The index of density-based attraction value is close 

to 0 for non-invasive cells as well as for invasive cells, indicating that a mechanism of no 

global-attraction/repulsion governs their migration. The index value determined from the 

directed migration model, close to +1, reflects a model of global attraction. 
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