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Quantitative analysis of cell motion during sorting in two-dimensional aggregates
of dissociated hydra cells
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We investigate cell motion during cell sorting in aggregates of dissociated hydrakgtisa viridissima
combined with a two-dimensional experimental geometry allows us to track endodermal cells and to quantify
cell and cluster motion statistically. Individual endodermal cells move randomly in the absence of bulk coher-
ent motion. This random motion due to membrane fluctuations contributes to the formation of endodermal
clusters. Cell sorting is accomplished by the contact between clusters due to their random deformation, and by
the rounding of coalesced clusters. Coherent motion contributes to rounding both of the endodermal clusters
and the aggregat€S1063-651X%97)07312-1

PACS numbes): 87.45.Bp, 87.22:q, 05.60+w

I. INTRODUCTION out microscopic assumptions about cell adhesion or cell dy-
namics. A realistic picture of cell adhesion has to take into
When multiple types of cells from a primitive animal or account the energy dissipation arising from the formation
an embryo are dissociated, randomly intermingled, and theAnd separation of adhesive contacts, and the reversible free-
reaggregated, they are able to rearrange, to reestablish congépergy potential[14,15. Cell motion may be random
ent homotypic domains, and sometimes to reconstitute atf.7,16, directed due to chemotaxis7], or coherent by
entire animal. This rearrangement of cells, known as celfome other mechanisifi8—20. Simulations have shown
sorting, offers insight into the mechanisms governing morthat random motion is sufficient for cell sortird3], but
phogenesis and wound healing. Sorting has long been stu€"Y feV\_/ guantitative results from experlment_al observations
ied using organisms including hydfa]. Hydra have a strong are available. Regently, Mombach and Glazier showed th_at
regenerative capaciti2—4). From a mixture of dissociated CPicken embryo pigmented cells move randomly in very di-

endodermal and ectodermal epithelial cells, an externalfJte aggregatetone pigmented cell to foneural cells, but

X did not study equal cell mixturd46].
monolayer of ectodermal cells forms in a few hours, then the W o . L
e report quantitative results for cell sorting dynamics in

aggregate develops an internal cavity within 20 h, and within[WO dimensional2D) aggregates of mixed ectodermal and
one w_eek a normal hydra regeneraf@s3]. Technau and . endodermal hydra cells in various proportions. We try to
Holstein observed the number of ectodermal cells appearing antify what part of cell motion is random, how random it

on the surface of dissociated cell aggregdfgs Sorting of 5 and the origin of any coherent motion.
neural retinal and pigmented retinal chicken embryo cells

has been more intensively investigaféd-9]. Within two or
three days, complete sorting occurs: the pigmented cells
form a single rounded mass surrounded by neural cells. Strain and cultureHydra viridissima shows good contrast
Steinberg proposed that cell sorting is driven by surfacdetween unstained endodermal and ectodermal cells due to
energy minimization[8,10]. The differential adhesion hy- the presence of symbiotic algae inside endodermal (2lls
pothesis(DAH) postulates that tissues possess interfaciaHydra supplied by Dr. H. Shimiz(National Institute of Ge-
tensions arising from the adhesive interactions between indRetics, Mishima, Japanvere cultured at 18 °C in Loomis’
vidual cells, and predicts that mixed populations of suffi-solution[2], fed four times a week with freshly hatchéd-
ciently mobile cells rearrange so that the less cohesive celtemia naupliishrimp, and transfered to a fresh culture solu-
envelop the more cohesive cells. The surface tensions of dition five hours after feeding. The animals were starved for
ferent chicken embryonic tissues have been measured usindd—36 h before experiments.
parallel plate compression apparaf@4]. The relative mag- Preparation of dissociated cell aggregatedechanical
nitudes of these tensions predict correctly the mutual enveldissociation and reaggregation of hydra cells were carried
opment of these tissues. The adhesive forces between paist in a dissociation mediufDM) at 4 °C according to the
of hydra cells have also been estimated using laser tweezensethod of Giereret al. [2]. After heads and feet were re-
[12]. Endodermal cells are more cohesive than ectodermahoved from a group of 3—5 animals, the body columns were
cells, as assumed by the DAH. Using a Potts model and theinced and almost completely dissociated into single cells
DAH, Glazier and Granef13] simulated various biological by gentle shearing by repeated pipetting. The cell preparation
phenomena, including cell sorting. (5—8 m) was kept 30 min in a DM at 4 °C to sediment and
The DAH explains many macroscopic observations with-sheared again. It was then filtered using gus8-ylon mesh
(NRK, Tokyo, Japanand centrifuged at 250 g for 5 min to
sediment and collect the epithelial cells. The upper half of
*Present address: CEA/Grenoble/DRFMC/SI3M, 17 rue des Marthe preparation, consisting of a turbid solution of predomi-
tyrs, 38054 Grenoble Cedex 9, France. nantly interstitial cells was removed, and the remaining cell

IIl. MATERIALS AND METHODS
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FIG. 1. Sample 1 cell sorting: aggregate with 900 cpi8% endodermaldarkl and 60% ectodernal cellfight)]. (a) Starting configu-
ration showing both endodermal clusters of several cells and single endodermabgdllg; clusters merge together, and aggregate slowly.
(c) 4 h; two large clusters are surrounded by ectoderm with some isolated endoderméardispots (d)—(i) binary images at 15-min
time intervals[from 40 min(d)] from the upper left of the aggregattame drawn in(b)]. Bar: 100um [(@)—(c)] and 50um [(d)—(i)].

pellet was resuspended in a 1-ml DM by gentle pipettingthe first signs of sample disaggregatiogh-16 h. At that
The cell preparation was once more centrifuged 5 min at 15@ime, cell density significantly decreased, cell mobility al-
g in two 0.5-ml conical tubes to form the final aggregate ofmost stopped, and endodermal clusters became less cohesive
dissociated cells. For experiments with a given ratio of oneand slowly disaggregated. Later, cells died. We investigated
cell type, instead of dissociating whole tissue and makingwo special kinds of slide: glass covered with human albu-
aggregates of mixed cells, the ectodermal and endodermgdin (Wwako Pure Chemicals, Tokyo and porous glass
layers were separated using procaine-H@Vako Pure (Giken Science Co., JapanAlbumin reduces the cell-
Chemicals, Tokyo, Japaraccording to the method of Ref. g hstrate adhesid24], and thus might increase cell mobility
[22]. Aggregates were then prepared as described previously,q accelerate sorting. Porous glass might prevent cell den-
with a given ”“”_‘bef of each cell type. sity decrease due to a lack of oxygen. However, the sorting
B e e oy e v ndependent o e o used

) . . . 7 . Analysis of aggregates and celld/e analyzed the move-
ered with another slide. Slides were fixed together with clips s of sindl I d clust faf lls in f xed
and transfered to a Petri dish containing a DM solution afnen's ol single CElls and CIUSIETS of a Tew Cells In four mixe
18 °C. The dish was placed on an inverted microscop ggregaotes, W'toh endqqermal ceII' conceptrat!ons ranging
(Olympus, Japanand observed with a color charge-coupled '™ 55/" to _17 %. Add|t|on§1I experiments in mixed aggre-
device camera. Experiments were recorded by a time-laps%f'ﬂes’ in particular those with an endodermal concentration
videotape recordeiSony CVD-1000, Japarat an interval of ~ Migher than 60%, were not analyzed because the endodermal
15 or 30 s per frame. Later, at intervals of 20 min, images cgl!s quickly percolated, making it impossible to identify in-
were d|g|t|zed and ana|yzed on a computer using a NIH im.leldual cells Or.C|USterS. Unless noted, we re.fel-‘ to ?ndOder'
age [23] The positions of Sing|e cells were manua”y mal cells. For Slngle endodermal Ce“S, we dIStInngm—
marked, the centers of mass of clusters of a few cells wer@ggregating cellsfrom aggregating cells Nonaggregating
calculated with NIH and their trajectories reconstructed. ~ cells move inside the continuous mass of ectodermal cells

2D aggregate survivalExperiments were analyzed until without attaching to any cluster during the experiment.
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sample 1 8 sample 2

FIG. 2. Cell displacements of 850 cellsoth endodermal and LUK
ectodermalduring the time interval 120—150 min, in sample 1. The S e
arrow size is proportional to the cell displacement. The gray back-
ground represents the cluster configuration at 2 h. The positions of

the two clusters labele@1a (ten celld and C1b (eight cell$ are FIG. 3. Trajectory of 100 single endodermal cells during sample
marked with a white diamond, and their trajectories between 0 and Cell sorting(aggregate with 2000 cells, 55% endodermal gells

3 h 30 min and directions are displayed with thick lines and arrowsPots correspond to the initial cell positions. Positions are reported

-

Box size, 100um. at intervals of 10 min between 0 and 8 h. The gray background
represents the cluster configuration at 3 h. The positions of the
I1l. EXPERIMENTAL OBSERVATIONS clusters labele@€2a, C2b, C2c, andC2d (60, 35, 40, and 40 cells,

respectively are marked with a white diamond; their trajectories
between 1 ath 5 h 30 min andheir directions are displayed with a
The sequence of events in an aggregate with 40% endavhite thick line and arrow. Box size, 100m.
dermal cells(dark) is displayed in Fig. {sample 1. At the
beginning of the experimeriFig. 1(a)], the population of In Fig. 2, we also show the displacements of 850 cells
endodermal cells consists both of single cells and clusters dboth endodermal and ectodermaktwee 2 h and 2 h 30
several cells which are surrounded by a continuous mass @fin. Displacements of nearest neighbors are generally corre-
ectodermal cellglight). During the first few hours, as the lated: locally, cells move in the same direction as coherent
aggregate slowly rounds, internal clusters grow by fusingdroups. Inside the endodermal clusters, this coherent motion
with one another and with single ce[lBig. 1(b)]. Sorting is  participates in roundingsee boxe®4, c2). In the ectoderm,
nearly complete after 4 h: two compact endodermal island§? some regions of the sample, cells flow around clusters.
are surrounded by ectodermal cdli§g. 1(c)]. At this time,  The circular flow in boxeg4-c5-b5 seems correlated to the
many dead cells appear at the periphery of the aggregafeighboring cluster’s rounding. The flow tangent to the ex-
(they can be distinguished from living cells by their largerternal boundary in boxet2-e2 seems to participate in ag-
size and circular shapelLater, the sample slowly disaggre- gregate rounding as in sample(gee below
gates. The experimental lifetime is longer in larger aggre- Cluster trajectories and nonaggregating endodermal cell
gates, but as the cells are initially more distant, we nevefrajectories during sorting in sample 2 are shown in Fig. 3.
obtained a final configuration with only one endodermalC2a’s trajectory is roughly linear, and directed toward the
mass. center of the aggregate. Clust&€&b, C2c, andC2d, once
Cluster coalescence is shown in binary images of the upformed, barely move during the whole experiment, though
per left part of the aggregaféigs. (d)—1(i)]. At 40 min  only a few um away from the main endodermal mass. The
[Fig. 1(d)], endodermal cells form 3-5 cell clusters. Theseother clusters quickly percolate to form the main endodermal
small clusters undergo randomly oriented changes in shageland(centej. The nonaggregating cell trajectories in Fig. 3
apparently due to changes in cell position within the clustersweakly fluctuate over short times<(l h); however, over
Small amplitude cluster displacements also occur. Clustdong times, they are relatively linear or curved with one or
deformations bring adjacent clusters into conf&ags. {e)—  two kinks on average. They seem dependent on the position
1(g)]. Once almost all the small clusters have aggregatednd motion of neighboring clusters. For instance, endoder-
[Fig. 1(g)], the newly formed large cluster begins to round, mal cells in boxe$6 or h4 tend to occupy the empty space
though random deformation is still presé¢figs. 1(h)—1(i)]. left by clusters moving toward the aggregate center; some
Some isolated clusters behave differently; e.g., Cla and Clloglls close to the external boundary are driven by the expan-
whose trajectories reconstructed dgri® h 30 min aredis-  sion of the boundarysee boxe$2 or f7, andg7); cells in
played in Fig. 2. Cla escapes from the aggregating centrdloxesc5, d5, andd4 flow clockwise circumferentially in a
region in a linear trajectory f2 h 30min, then almost stops. narrow channel between large clusters.
C1b has a slightly curved trajectory directed toward the ag- In sample 3, we observed the formation of a 35-cell clus-
gregate center. It finally merges with the large endodermaer from initially dispersed single endodermal celsg. 4).
mass nearby. This initial stage of cell sorting is not always observed, since

A. Aggregates with similar proportions of both cell types



57 QUANTITATIVE ANALYSIS OF CELL MOTION DURING ... 927

FIG. 4. Cluster formation in sample 3. Aggregating céllgck)
and nonaggregating celgray) trajectories are reconstructed be-
tween 0 ad 6 h atintervals of 10 min. Large circles represent the
approximate sizes of the cells and their initial positions, bullets give
the final position of the cells. The 35-cell cluster contour is repre-
sented in the gray background at 6 h. Bar,/&0.

we often start with small clusters already present as in
sample 1(Fig. 1). Most of the cell trajectories in Fig. 4
resemble random walks. Some cells initially located more
than 50um away from their final position in the cluster have
directed trajectories, but other cells which are initially closer
to the cluster do not aggregate. Thus, it seems that cluster
formation is accomplished by random displacements of the
aggregating cells.

B. Aggregate with a low endodermal concentration

To observe individual cells, we used aggregates with a
low endodermal cell concentration. Figure 5 shows an aggre-
gate, sample 4, with approximatively 17% endodermal cells
(dark). At the beginning[Fig. 5a)], individual endodermal FIG. 5. Sample 4 cell sorting, aggregate with 800 céliz%
cells and a few _endqdermal clusters of 2—6 cells are scattereg,qodermal cells (@) Starting configuration; endodermal cells
throughout the interior, some at the surface of the aggregat@mainly single cells are dispersed throughout the elongated aggre-
The initial aggregate shape is elongated. After 4Hg.  gate.(b) 4 h; endodermal cells are more clustered and centered
5(b)], a large endodermal cluster has formfatibottom lefi.  throughout the rounded aggrega(®. Trajectory of 39 single endo-
Cells and clusters are deeper within the rounded aggregatg@ermal cells for 5 h. Dots correspond to the initial cell positions.
Hence, sorting occurs locally but remains partial, as the enpPositions are reported at intervals of 5 min. Gray thick lines repre-
dodermal cells and clusters are too sparsely distributed teents the aggregate external boundary at(6dfid line) and at 5 h
encounter each other. (dotted ling. Bar, 100um.

The endodermal cell trajectories are reconstructed over
h in Fig. 5c). The movements of the peripheral cells on the
left and right of the figure are driven by rounding. These
cells move in collective pathways along the external bound-
ary in slightly curved trajectories. On the other hand, central
cells (in the upper central part of the figyrdo not partici-
pate in rounding. Their displacements appear randomly ori- Our main results for single endodermal cells are as fol-
ented. A careful examination of the images at 10-min timelows.
intervals in this region of the aggregate shows that cells are (i) Single cell trajectories have small amplitude random
able to translocate relative to each other by means of randofffuctuations over short times. The cells have an autonomous
extensions and contractions of the cell membrane known asobility arising from the large ruffling and pseudopodal ac-
pseudopodal or ruffling activity9,25,26. The peripheral tivity of their cell membranes. In the absence of collective
cells, altough strongly driven by rounding, also exhibit mem-movementgsee(ii)], when endodermal cells do not encoun-
brane fluctuations and small lateral random displacementser other endodermal cells or clusters, they seem to perform a
These random fluctuations enable most of the initially distandom walk[aggregating cells in Fig. 4 or central cells in
persed cells at the bottom left of the aggregate to fuse té&ig. 5(c)].

?orm the main cluster of Fig.(8), as do the aggregating cells
of sample 3(Fig. 4).

IV. QUANTITATIVE ANALYSIS
OF SINGLE CELL MOTION
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FIG. 7. Average spatial correlation functions of the velocities of
& . . single endodermal cells as a function of the distance between pairs
0 0o 100 200 0 0 200 400 of cells for (a) sample 4(central cell3 and(b) sample 2. The aver-
. ] age is taken over all pairs of cells during the time interval 0—5 h for
time [min] (a) and 0-8 h for(b).

FIG. 6. Average square displacements of single endodermal - N _
cells as a function of time fofa) sample 4(central celly, (b) zero, indicating uncorrelated velocities at large distances

sample 3/(c) sample 1, andd) sample 2. [Fig. 7(@]. The same behavior occurs for the aggregating

. ) ) ) ) cells of Fig. 4. The curve of the nonaggregating cells of
_ (i) Over larger times, single cell trajectories are some-gample 2[Fig. 7(b)] first decreases, then remains around
times linear or circular, e.g., when cell displacements argeq and finally decreases to negative values for large dis-
driven by rounding of the aggregd®ig. S(c)] or when cell 5 ceq (ri—r;|>500 um). We define the correlation length
flows appear around rounding and moving Clusiigs. 2 45 haif of the lengthr, at which C(r) vanishes, approxi-
and 3. Both ectodermal and single endodermal neighboringyaely 504m in each experiment. The parallel orientation of
cell displacements are oriented in the same diredf9. 2. gisplacements of neighboring cells observed in Fig. 2 ex-
We can thus reasonably assume that single endodermal cells,4s to this distancéi.e., approximatively five cell diam-
apart from the short time scale random motion, are driven b\‘—,\ters). The ectodermal flows seen in Fig. 3, oriented in dif-
the continuous flowing mass of ectodermal cells. The nonageerent directions at opposite sides of the aggregate, are
gregating endodermal cells then reflect the collective pmperr'esponsible for the negative(r) at large distances in Fig.
ties of the ectodermal cells. 7(b).

We next calculate the diffusion constants of single cells Temporal correlations of the velocit¥he temporal auto-
and the gempora'""’md Spﬁ“a' Col”e"'z‘j“f’”bst of cell Ve'ot(?‘t]}/- \ivecorrelation function of the velocityC(t)=Z(t)/Z(0) with
averaged over all the cells analyzed, obtaining a satisfactory ;v _ /v,r+.y .yt ot L
statistics but discarding different behaviors in different parts () ={v(t;) - v(t))) andt=]t; -], is reported in Fig. 8 for
of the aggregate.

Mean squared displacemem.random walk is described
by a diffusion law,r?=4Dt, whereD is the 2D diffusion
constantt the time and(r?) is the mean squared displace-
ment. The(r?) of various experiments are shown in Fig. 6.
The curves of the central cells of sampldFg. 6], the 1
aggregating cells of sample[8ig. 6(b)] and the nonaggre-
gating cells of sample fIFig. 6(c)] are approximately linear.

Their slopes give similar values for the diffusion constant
(1.5, 2.0, and 2.3um?min, respectively At long times, = 05
(r?) for the nonaggregating cells of samplgFg. 6d)] is

not linear (r2)~t3). The behavior is dominated by collec-
tive motion of the ectodermal flows. However, these flows
arise generally in the narrow channels between newly formec
clusters which are not present at early times when the aggre
gates are still well mixedsee discussion Thus taking the
slope of(r?) over the time interval 0—100 min in Fig(® t=1lt-t| [min]

yields D=1.5 wm?/min. t)

Spatial correlations of the velocityVe define the spatial [, 8. Average temporal autocorrelation function of the veloc-
correlations of the velocity byC(r)=Z(r)/Z(0) with ity between experimental timésandt; as a function of differential
Z(r)=(v(ry)-v(r;)) as a function of the distance between time t=|t;—t;| for (a) sample 4(central celly and (b) sample 2.
cellsr=|r;—r;|. The average is taken over all cells of the The average is taken over all cells and oyeandt; within () 0-5
same type and over all times analyzed. The correlation foh, and(b) 0—100 min(bullet§ and 100—-480 min(circles. The
the central cells of sample 4 decreases to zero, and remaidgferential timet was shifted by 100 min for the circles.

he same aggregates. The average is gvet, and all cells.
The autocorrelation function of theentral cellsof sample 4
[Fig. 8@)] and of the aggregating cells of sample(rdot
shown) decreases rapidly to zero. At long times, velocities

' )1

05 .

C

0 150 300 0 200 400



57 QUANTITATIVE ANALYSIS OF CELL MOTION DURING ... 929

are uncorrelatedC(t)=0), which is consistent with a ran- this estimate is for cells with quasirandom trajectories and no
dom walk. It seems that velocities are slightly correlatedliong time scale correlations, and second because we found a
over short times <90 min but the large error bar due to similar value in pure endodermal aggregates once rounding
poor statistic§average over only 25 cells compared with 100was completed27]. This value is 45 times larger than the
in other experimenjsprevents conclusions. Weak correla- diffusion constant of single pigmented cells in neural cell
tions may indicate persistence of movement, or that the agaggregates made from chicken embrya6]. The diffusion
gregating cells of Fig. 4 are driven by surface tension forconstant of hydra cells in 3D aggregates has never been
some time after they come into contact. evaluated, but should also be larger than in chicken embryos.
The temporal correlations of the nonaggregating cells inchick sorting takes two or three days, while hydra requires
sample 2 were calculated for early sortifige., t; andt; 20 h to form a cavity(complex cell rearrangemeni2,3,5].
within the exper'lmental time mteryal 0-100 min, bullets Thys membrane fluctuations are much more important in hy-
and for later sorting100—480 min, circlesFig. 8b)]. Inthe  qrg celis than in chicken cells, or alternatively the viscosity is
latter, velocities exhibit very long time correlations @ét) higher in chicken aggregates.
remains positive up to the end of the experiment. Fitting the “| ster motion.The behavior of endodermal clusters is

_ * * 1 1
data toa.exp(-Ut*), wheret® is the correlation time, we complex. In the absence of ectodermal flows, they exhibit

find t* =300 min. In the earlier stage, the correlations are ; ; ;
. . . ’ . = “"“random deformations and small ampli random displace-
shorter(i.e., t* =40 min) but still much stronger than in Fig. andom deformations and small amplitude random displace

8(a). A similar correlation time(i.e., t* =60 min) is found ments|(Fig. Ad)—1(i)]. Their ce_lls move randomly within
. the cluster due to surface tension. As a result, the center of
for the nonaggregating cells of sample 1.

The collective motions of the endodermal cells analyzeogravIty of the cluster_moves litle, bUt cIu_ster can deform
reflect the collective motions of the ectodermal cells. Shorgreatly. The deformatlohs of the ne|ghbo_r|ng clusters, from
range spatial correlations indicate that ectodermal cells movEMe 10 time, cause their contact. Once firm contact occurs
locally as coherent groups. Temporal correlations indicat®&tween two clusters, they are pulled to each other by sur-
that these local coherent groups flow in the same directiof2C€ tension, leading to aggregation. Similar qualitative ob-
over some time. In sample 2, once clusters are fortafiér ~ Servations have been made both in chicken embryo aggre-
100 min, most of the nonaggregating cells are carried bydates[7] and in simulations[13]. Though the degree of
steady flows of ectodermal cells. At earlier times in this ag-fandomness of cluster deformation or cluster displacements
gregate, or in sample 1, some ectodermal flows eigge  cannot be assessed due to the poor spatial resolution of clus-
boxesc3-c4-b4 in Fig. 2, but no steady, global circulation. ter center of mass and cluster contours, we have studied the
The temporal correlations in sample(Before or after 100 movements of a few clusters well isolated from other endo-
min) and sample 1 are consistent with the squared displacatermal cells.
ment result§Figs. 6c) and &d)]. The displacements of the The displacements of the fast moving clusters analyzed
endodermal cells carried in flows versus time, gives an estitCla, C1b, andC2a) are roughly linear in time. The values
mate of the flow velocity, i.e., between 20 and @t/min. we find for the cluster velocities are 29, 15.9, and 1@x/h,
respectively. This quantity is size independent in the experi-
ments presented here and other experiments not shown.
Large clusters may move faster or slower than small ones.

The single endodermal cell motion analysis shows thafsenerally clusters move toward the center of the aggregate
cell motion consists of random and correlated parts. Duringis C1b and C2a. HoweverCla moves toward the periph-
aggregate rounding or sorting, the dynamics of the nonaggresry with the highest velocity measured in this study. Some
gating endodermal cells are dominated by the coherent beglusters are nearly motionless, although very close to the
havior of the ectodermal cells. In homogeneous aggregatesain endodermal masghe velocities ofC2b, C2c, and
(early sorting or in dilute aggregalesve do not observe C2d are 1.0, 6.4, and 6.&m/h, respectively The fact that
long time correlated motion, and the cell behavior is mainlycluster motion is not always directed toward the endodermal
random. The cluster dynamics is similar, though we were no¢enter of mass indicates that chemotagislls moving along
able to perform quantitative measurements. radial concentration gradients within the aggregdtges oc-

Random fluctuations of single endodermal ceMiydra  cur, consistent with the observations of Mombach and Gla-
cells have autonomous motility arising from the large ruf-zier in chicks[16]. The relatively linear trajectories of the
fling and pseudopodal activity of their cell membranes. Infast moving clusters indicate ballistic motion driven by the
the absence of external biases such as steady coherent nagherent motion of the ectodermal cel31a seems pushed
tion of the ectodermal cells, isolated endodermal cells perby the internal ectodermal flow of Fig.(®oxesc3-c4-b4);
form approximately random walks. The motion differs from the motion ofC1b, which is initially located near the exter-

a true random walk, since the cells move locally as cohererntal boundary might be initiated by the rounding of the ini-
groups[short range spatial correlations in Figa] with  tially asymmetric aggregates. In a recent work on phase
short time-scale correlation&ig. 8a)]. The latter may indi- separation in fluids, Nikolayev, Beysens, and Guenoun
cate persistent movement as observed during the migraticshowed that the flow generated by the coalescence of two
of amoeba and fibroblast cells over surfa¢@g]. We are drops was able to generate coalescence with neighboring
reasonably confident that our estimate of the 2D diffusiondrops[28]. We cannot conclude that ectodermal flows gen-
constant(i.e., D=1.5 um?/min) represents the actual rate at erate endodermal cluster coalescence, but they may act on
which endodermal cells explore randomly their environmentgclusters likeC2a. Thus separating intrinsic cluster motion
and that it is not biased by coherent motion. First, becauséandom deformation and displacementdom motion

V. DISCUSSION
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caused by the surrounding mass of ectodermal cells is diffigates might result if the forces driving sorting and rounding
cult. (i.e., ectoderm-endoderm surface tension for internal sorting

Coherent motionIn all our experiments, even in the ab- and external medium-ectoderm surface tension for aggregate
sence of rounding or sorting, we found short range spatiaiounding are larger for hydra cells than for chicken embryo
correlations corresponding to the parallel displacement of adcells. This hypothesis, which should be easy to check experi-
jacent cells in Fig. 2. Thus cells move locally as coherenfmentally [11], explains the faster completion of sorting in
groups, even if the displacements of these groups are randofydra aggregates. Higher surface tensions may be due to
over long time intervaldlarger than the correlation time higher heterotypic surface energies, or to lower homotypic
The large collective rearrangement of the peripheral cell§uUrface energiedlarger homotypic adhesior{31]. Higher

observed during sample 4 roundiffgig. 5(c)] or during sort- eterotypic surface energies do not imply that ectodermal
ing in sample AFig. 3 is a macroscopic coherent motion. In behavior is more or less liquidlike as chick cells diffuse less

sample 4, coherent motion is obviously caused by aggrega an hydra cells. They do r.'Ot explain also why Ioca_\l coherent
rounding. Coherent motion of endodermal cells is also opmotion is observed, even in the absenc_e of rounding or sort-
served during the rounding of endodermal clusteee box ing. On the ot.her hand, t_hese ob_servayons can be accounted
5]‘or from packing constraint considerations and from homo-
[27]. In sample 2, coherent motion is due to the internaYPIC adhesion effects. Cells are .”ea”y f:lose packed in 2D
sorting itself. Clusters progressively coalesce, round, angggregates. Thus, even by changing their shape, they cannot

move to a central position in the aggregate. On average over©Ve independently of each other. Phillips and Steinberg

long time scales, the ectodermal celsd the nonaggregat- sug?(.afsted q from an ?bsetrhvattlonhof th;a sh?_pe rel_axatlonh of
ing endodermal celjsmove toward the periphery of the ag- céntriiuged aggregates hat coherent motion arises when

gregate, explaining the long time-scale correlatigfig. cells are strongly but not irreversibly bound to one another

8(b)]. Ectodermal cells cannot escape from regions wherélB]' Irreversible bonds prevent relative motion between

clusters grow by diffusion. Indeed, the net displacement o ells. If homotypic pairs of hydra ceII§ are more strongly
single cells by random diffusion during one ho@o um, ound to one another than pairs of chicken cells, they must

taking D= 1.5 wm?/min) is often smaller than the displace- move as coherent groups. Tight bonds, could account for

ments of cluster§l2 um on average over the clusters ana- bothtlocsa}l aTdt'macg)s::opkl.c ctz.h(ra]t[egt r’gotlorr: In-our experi-
lyzed or than the coherent displacements of endoderma] €Nt |mua'|on51 ], acking tight bonds, Show an uncor-
elated short time motion of nearby ce(l80]. Correlated

cells inside clusters. As a result, ectodermal cells flow a%. | s of cell b ddintvosteli
liquids with velocities larger than 20m/min. When the en- ISplacements of cells are observeddistyosteliumaggre-

dodermal density is higte.g., 55% in sample)2most of the gation [19] and in myxobacteriumaggregation20]. They

ectodermal cells, which are confined in narrow channels, arg‘aé als? b_e dge tobyght Eogds. iridissi 42D
affected by these flows. When the density is smaller as int or|1|c “3'0”-t°”! |n||r)g y rgl \é'” |ss||ma|f|:m geci[m—d
sample 1(40%), some flows are generated by the roundinge ry allows Us fo visualize endodermal cell movements dur-

I - ing cell sorting. The motion of cells and clusters consists of
g]t ?ﬁ: r:ég(ljue?triris:'r?é’tZ??eecfsdcéyt;ﬁ)x:'g' 2, but much both random and coherent parts. Our results exclude any

Once a configuration with a rounded aggregate anéong range signaling between cefthemotaxis Our overall

rounded clusters is reached, coherent motion should stop. 'ctulre ofdsgrtmg IIS tTIe foIIO\;vmg: rrillndlomt qucéuanns t(')f ]
several distant clusters are then present as in K@, final single endodermal cells create small Clusters by accretion,

coalescence will take a very long time. In experiments usir]%djacent clusters are brought into contact by cluster deforma-

100-um spacers corresponding to aggregates with six layer: onts, ?ntﬂ coaleﬁce; (;e"S t_movef ragdgmly l:ntn”h(()jnjotyptl)c
of cells, we have always observed complete sorfiag]. contact, then, coherent motion of endodermal cells driven by

Thus we believe that sorting is easier in three dimensionss.urface tension causes rounding of large clusters, and in-

For a given concentration, endodermal cells are closer toduces coherent motion in the ectodermal cells. We are cur-

gether, and may easily percolate. Completion of cell sortin ently varying the initial cell confi_guration to investigf_;lte the
then occurs by the rounding of a single mass without requir-0|e of random cluster deformations and the conditions for
ing the displacement of distant clusters. coherent motion.
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