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Diffusion and Deformations of Single Hydra Cells in Cellular Aggregates
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ABSTRACT Cell motion within cellular aggregates consists of both random and coherent components. We used confocal
microscopy to study the center of mass displacements and deformations of single endodermal Hydra cells in two kinds of
cellular aggregates, ectodermal and endodermal. We first carefully characterize the center of mass displacements using
standard statistical analysis. In both aggregates, cells perform a persistent random walk, with the diffusion constant smaller
in the more cohesive endodermal aggregate. We show that a simple parametric method is able to describe cell deformations
and relate them to displacements. These deformations are random, with their amplitude and direction uncorrelated with the
center of mass motion. Unlike for an isolated cell on a substrate, the random forces exerted by the surrounding cells
predominate over the deformation of the cell itself, causing the displacements of a cell within an aggregate.

INTRODUCTION

Cell migration plays a central role in many biological pro-
cesses. Coordinated movements in epithelial layers occur
during morphogenesis in the embryo (Armstrong, 1985) and
during wound healing (Clarck, 1996). In the inflammatory
response or in metastasis, individual cells migrate into the
circulatory system (Bray, 1992). Migration also helps pat-
terns form, e.g., in cell-sorting and tissue regeneration
(Trinkaus and Lentz, 1964; Gierer et al., 1972; Technau and
Holstein, 1992; Mombach et al., 1995), tissue engulfment
(Kishimoto et al., 1996), aggregation of amoebae (Loomis,
1995), and collective motion of bacteria (Budrene and Berg,
1995).

Extensive studies exist of cell locomotion by single cells
on substrates coated with different adhesive molecules and
for different buffers (for a recent reference, see Hinz et al.,
1999). Reconstruction from time-lapse images over long
times of center of mass trajectories has shown that cells
perform a persistent random walk in the absence of chemo-
tactic sources or cell-cell interactions (DiMilla et al., 1992;
Lee et al., 1994; Czirok et al., 1998). The cell speed, the
percentage of motile cells, and the persistence time all reach
a maximum for intermediate levels of cell-substrate adhe-
siveness (DiMilla et al., 1993). At smaller length scales,
single-cell locomotion depends on cell deformation and
requires a complex series of mechanical and molecular
processes such as membrane extension, attachment to the
substrate, generation of force, and detachment from the
substrate (Lauffenburger and Horwitz, 1996). Sophisticated
microscopy, digital image processing, and computer-as-
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sisted analysis (Killich et al., 1993; Schindl et al., 1995;
Hinz et al., 1999) have now clarified these processes.

Within aggregates and tissues, cells directly contact other
cells and do not move independently of one another. Both
displacements and deformations may depend on individual
cell properties (internal cytoskeletal dynamics, membrane
elasticity) as well as tissue properties (cell-cell adhesion,
correlations due to close packing in the aggregate). We
expect two different behaviors depending on the adhesive
properties of the tissues: cells may migrate either as coher-
ent groups if adhesion is strong, or as individuals otherwise
(Phillips and Steinberg, 1978). An illustration of this hy-
pothesis occurs during normal embryogenesis (Trinkaus,
1973). The tightly adhering epithelial cells form cohesive
sheets that envelop deep cells. On a substrate, the epithelial
cells spread as continuous sheets, and locomotion results
primarily from the activity of the marginal cells, whereas
the submarginal cells, which have only limited adhesion to
the substratum, are passively dragged (DiPasquale, 1975).
When epithelial cells change their shape, the epithelial
sheets may stretch, bend, fold, or invaginate (Odell et al.,
1981). The loose deep cells migrate in an apparently random
fashion when they are not densely packed (Fink and
Trinkaus, 1988).

However, changes in relative epithelial cell position oc-
cur during gastrulation in Fundulus, epiboly in fish, and the
morphogenesis of Hydra (Keller and Trinkaus, 1987; Bray,
1992). When multiple types of cells from a primitive animal
or an embryo are dissociated, randomly intermingled, and
then reaggregated, they are able to rearrange, to re-establish
coherent homotypic domains, and sometimes to reconstitute
an entire animal. This rearrangement of cells, known as cell
sorting, requires individual cell movements (Mombach et
al., 1995). In two-dimensional (2D) aggregates of dissoci-
ated endodermal and ectodermal Hydra cells, motion during
sorting consists of both random and coherent components
(Rieu et al., 1998). Coherent motion appears due to aggre-
gate or internal endodermal cluster rounding; motion seems
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random otherwise. The motion of single pigmented cells in
3D aggregates of chick embryonic neural cells is also ran-
dom in the absence of sorting or rounding effects (Mom-
bach and Glazier, 1996). Dictyostelium mounds before cell
sorting exhibit self-organized coherent rotational motion in
both 2D and 3D aggregates (Rietdorf et al., 1996). Later
during cell sorting, random, linear, and rotational motions
all appear in 3D aggregates (Doolittle et al., 1995).

We have previously noted that for single cells, motion is
faster for intermediate cell-substrate adhesion (DiMilla et
al., 1993). Within aggregates, a cell stops moving as an
individual when adhesion is strong (DiPasquale, 1975).
However, the role of intermediate cell-cell adhesion on
individual cell mobility has been poorly investigated quan-
titatively. The only studies of this topic to our knowledge
are the viscoelastic and interfacial measurements for chick
cell aggregates (Forgacs et al., 1998). The relaxation time of
compressed aggregates correlates with the tissue surface
tension: the lower the surface tension, the faster the long
time scale relaxation. Tissue surface tensions arise from the
cohesive and adhesive interactions of their component cells
(Foty et al., 1996). Lower surface tension indicates lower
tissue cohesiveness (i.e., smaller cell-cell adhesion). Faster
relaxation indicates higher cell mobility. Hence, cell mobil-
ity seems to anticorrelate directly with cell-cell adhesion.

During in vitro cell sorting, cells deform. Chick embry-
onic cells in the interior of confluent monolayers are able to
ruffle and translocate relative to one another (Garrod and
Steinberg, 1975). The inhibition of membrane activity by
adding cytochalasin-B to the culture medium prevents large
scale cell sorting in these embryos (Mombach et al., 1995).
However, understanding the mechanisms of cell transloca-
tion requires detailed and quantitative studies of cell defor-
mations in cellular aggregates. A parametric method suc-
cessfully characterizes deformations, rotations, and
displacements of single cells or cell populations and their
correlations (Germain et al., 1999). This method seems
difficult to apply to individual cell motion in cellular ag-
gregates where all the component cells move together.
However, we have retained this mo#el’s idea, reducing the
cell dynamics to a small number of parameters.

Although a large body of work characterizes cell motion,
none of it has studied quantitatively both cell motion and the
corresponding changes in cell shape within densely packed
cellular aggregates. Our primary motivation is to quantify
the cell mobility in two types of cellular aggregates with
different cohesiveness. Second, we want to characterize the
dynamics of cell deformations within aggregates and to
determine how they relate to cell displacements. We study
simultaneously center of mass displacements and cell de-
formations in 2D aggregates of dissociated Hydra cells. We
observe by confocal microscopy the motion of autofluores-
cent endodermal cells in two kinds of cellular aggregates
with different cohesiveness: pure endodermal or ectodermal
aggregates. Here, the endodermal aggregates are the more
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cohesive (Sato-Maeda et al., 1994; Rieu et al., 1998). In
order to compare cell mobility in different cellular aggre-
gates, we first check carefully that the endodermal cell
displacements are random. We also examine the parameters
required by the large-Q Potts model simulations to account
for the experimental results. We then characterize cell shape
changes and, finally, study their correlation with cell center
of mass displacements.

MATERIALS AND METHODS

Strain and culture

Hydra viridissima shows good contrast between unstained endodermal and
ectodermal cells due to the presence of symbiotic algae inside endodermal
cells (Campbell, 1973; Rieu et al., 1998). We cultured Hydra supplied by
Dr. H. Shimizu (National Institute of Genetics, Mishima, Japan) at 18°C in
Loomis’ solution (Gierer et al., 1972), fed them 4 times a week with freshly
hatched Artemia nauplii shrimp, and transferred them to fresh culture
solution 5 h after feeding. We starved the animals for 24 to 36 h before
experiments.

Preparation of dissociated cell aggregates

Mechanical dissociation and reaggregation of hydra cells in dissociation
medium (DM) at 4°C followed the method of Gierer et al. (1972). After
removing the heads and feet from a group of 3 to 5 animals, we separated
the ectodermal and endodermal layers using procaine-HCl (Wako Pure
Chemicals, Tokyo, Japan) according to the method of Kishimoto et al.
(1996). We minced the tissues separately and almost completely dissoci-
ated them into single cells by gentle shearing by repeated pipetting. We
held the cell preparation (5—8 ml) for 30 min in DM at 4°C to sediment and
sheared it again. We then filtered it using a 53-um nylon mesh (NRK,
Tokyo, Japan) and centrifuged it at 250 X g for 5 min to sediment and
collect the epithelial cells. We observed the motion of the unstained
endodermal cells in two cellular environments, pure endodermal aggre-
gates (A) and ectodermal aggregates (B). For case A, we used endodermal
cell pellets; for case B, we added a small percentage of endodermal cells
(~10%) to the ectodermal cell preparation before centrifugation.

Microscopy

We cut the pellets into fragments about 1 mm in diameter and placed them
between cover glasses with 25-pum width spacers to form essentially 2D
aggregates (Rieu et al., 1998). The cover glasses were clamped together
and placed in a petri dish containing dissociation medium and observed
with a two-channel confocal microscope (Olympus IX70-KrAr-SPI, Ja-
pan). For the fluorescence channel, we used light of 568 nm. Comparison
of transmission and fluorescence images of a single endodermal cell on a
solid substrate (Fig. 1, @ and b) shows that the autofluorescent symbiotic
algae uniformly fill the cytoplasm, but are absent near the membrane. Such
images reveal large amplitude cell shape changes but not the ruffling and
pseudopodal activity of the membranes occurring at smaller scales. In
transmission the (nonfluorescent) ectodermal cells (Fig. 1 ¢) appear lighter
than the endodermal cells (Fig. 1 a). Within aggregates, cells pack densely
and their contours become indistinguishable in transmission at 20X mag-
nification (Fig. 1 d). About 50% of the endodermal cells autofluoresce. We
can, therefore, find regions of pure endodermal aggregates containing
isolated fluorescent cells. Cell displacements and deformations in time-
lapse images are clearly visible at 1-min time intervals (see, for instance,
the two cells marked by arrowheads in Fig. 1 ). These movements appear
random to the eye. By watching larger areas of the sample over longer
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FIGURE 1 Confocal images of Hydra cells. A single endodermal cell on
a solid substrate observed (a) by optical transmission and (&) by fluores-
cence; (¢) a single ectodermal cell observed by optical transmission; an
endodermal aggregate observed (d) in optical transmission and (e) in
fluorescence (arrowheads indicate two cells that move closer together); (f)
the same aggregate 3 min later. Bars, 10 um (a-c) and 25 pm (d—f).

times, we often observed collective motion in some parts of the aggregate.
Collective behavior may provide some interesting information on the tissue
cell properties, but at the same $ime it depends strongly on the sample
geometry, making interpretation difficult (Rieu et al., 1998). Our motiva-
tion here is to study quantitatively changes in cell mobility in different
cetlular aggregates; thus, we present only those experiments without col-
lective behavior.

Image processing

We recorded the 2D motion of several sets of cells for cases A and B, with
each set containing 15 to 30 cells in the field of view. Image intervals were
At = 30 s (1 min in some cases) during 40 to 80 min with an Olympus 20X
objective lens (10X in some cases). We digitized images directly using
dedicated software. At 512 X 512 pixels, the resolution was about 0.15
wm/pix, which suffices to track center of mass motion and to characterize
large scale cell deformations for cells of 10 um diameter. We analyzed the
images using NIH-Image software (a public domain program available at
http://rsb.info.nih.gov/nih-image) to obtain the time series for the center of
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mass of each cell using our own tracking program (Rieu et al., 1998). We
used the x; and y; coordinates (or the vector position 7;) of the center of
mass of each cell i to study cell displacements and their relevant statistics.
To analyze the cell shape changes, we saved images from NIH-Image as
text files of intensity images and used our own FORTRAN and MATLAB
programs to calculate cell contours and other statistics. From the intensity
profile, we extracted the cell contour as follows: we chose the intensity
threshold to be the point at which the profile had maximum slope. We
obtained the cell contour by binary thresholding, defining intensity values
above the threshold as outside the cell and values below the threshold as
within the cell.

Measurement of motion parameters

For a 2D persistent random walker, {p?), the mean squared displacement
(MSD), and C(r), the velocity autocorrelation function, are functions of
time ¢, diffusion constant D, persistence time 7, and cell speed S (Dunn,
1983):

(pX(1)) = 4D(1 — 1,(1 — e™"y), (1)
C(t) = SPe™ . 2

For t << t,, {p?) is parabolic with time, whereas for 1 > 1, (p*) becomes
linearly dependent on f, which is the signature of normal diffusion. The
three parameters are related as D = l/zSZtp (Dickinson and Tranquillo,
1993). For a set of cells tracked during ¢,.,, = NAt, we can calculate the
MSD as a function of the time interval #:

) = (xlto + 1) = x(10))* + Oilto + D) = 1)), (3)

where we take the average over all cells in a set (typically 15) and over all
possible #, using overlapping intervals (Dickinson and Tranquillo, 1993).
We use the instantaneous velocity of the cell ¢ at time 7, ¥(f) = (7(r +
An—F(0)/At to calculate the autocorrelation function of the velocity
C(t) = Z(t)/Z(0) with Z(r) = (V,(1, + 1).%,(t,)). We determined values of D,
t,, and § by fitting Eqgs. 1 and 2 to experimental data for time intervals less
than 1,,,,/3. Over longer times, insufficient intervals are available for

averaging, and the error in the fitted parameters may increase dramatically
(Dunn, 1983; Dickinson and Tranquillo, 1993).

Characterization of cell deformations

In the images, most cells are quasi-spheres (see Fig. 1, ¢ and £, and Fig. 7).
We neglected a few cells whose mean shape was nonspherical. Our
quantitative characterization of cell deformations follows the method of
Germain et al. (1999). We calculate the amplitude (¢) and direction (8) of
maximum and minimum cell deformation between two successive time
intervals. We define these quantities as follows. (1) We calculate the cell
radius dj(?) at every 2° angular increment through the center of mass (angle
of each radius d; with the horizontal, 8, = j X 2°). (2) We calculate the
amplitude of deformation after Ar = 30 s along the direction j as ¢;(f) =
di(t + Af) — di(f). (3) At each time #, we keep as working parameters the
maximum and minimum of ¢(f) and their corresponding orientations,
Drmax(®)s Grmin(0); Onax(D), AN B (7). Drno(£) and by, (2) correspond to the
cell extension amplitude and the cell contraction amplitude, respectively.

We calculate the correlations of the cell deformations following a
method used to study fluctuating vesicles (Schneider et al., 1984) and
membrane fluctuations of the erythrocyte membranes (Brochard and Len-
non, 1975). We can describe the fluctuating shape in terms of a displace-
ment vector of a membrane element from its position on the original sphere
to its position on the deformed sphere. The radial component of the
displacement represents the local curvature of the quasi-sphere, which we
expand in a set of normal modes. The first mode, m = 0, represents
expansion and contraction of the cell radius, which is negligible due to the
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constant area and volume of the cell. The m = 1 mode represents the center
of mass displacement of the cell. The m = 2 mode represents the long
wavelength fluctuations (ellipsoidal deformations) of the cell membrane,
which we analyze. From the cell contour images, we measure the differ-
ence between two perpendicular diameters e = [(6) — I(6 + 7/2). The time
correlation function of the cell deformations is R(f) = {(e(t, + ) X e(?)),
where the average is over 18 diameters i every 10° and over ¢,.

Potts model simulations of cell motion

The extended large-Q Potts model, first introduced by Graner and Glazier
(1992), uses a spin oy; at each lattice site, (i, j). A given cell is defined by
the set of all sites with the same spin o. Each cell has an associated cell
type 7. The energy per unit surface area depends on cell type, J.... We
introduce three cell types, T € {1, d, m}, where [ is for ectodermal cells, d
is for endodermal cells, and m is for the culture medium. In 2D simulations,
we introduce the cell size as a target area A, and a target perimeter /.. The
latter modifies previous simulations (Graner and Glazier, 1992) in order to
prevent the splitting of cells into many subcells in the case of negative
surface energies J. Thus, the total energy is

H= > J.(1-

(@)—-@5)

8(7,17’) + A1 E(a(o-) - 14‘r)2

+ 0, 2(U0) = LML = 8,), D

a

where a(o) and l(o) are, respectively, the area and perimeter of cell o, and
A, and A, are the elasticity parameters. At each step, we apply the
Metropolis method and accept a proposed change in spin value at a site
with a transition probability dependent on temperature 7 > 0, p =
{exp(—AH/T):.AH > 0; 1:AH = 0}.

We choose the surface energies to satisfy the sorting condition, i.e.,
Jim > Jq + Jip — Jyand Jy — Jig» and we choose the other
parameters to ensure complete sorting in the simulation. We use a square
lattice of 128 X 128 sites where the initial state is a circular aggregate with
about 300 cells. We investigate two kinds of aggregates (with 100% d cells
or with <5% d cells) and two kinds of surface energies. We first use the

Jaa =~ Jaa —

same positive surface energies as in previous simulations (T = 10, J,, = 14,
Ja =2, 0y = 11, Jy = i = 16, A, = A4 = 20, A; = 10, and A, = 0).
We then use negative surface energies (T = 10,J;, = —5,Jga = =25,y =

=3, 0 = L, Jgm = 20, A, = 10,4, = A3 = 20, A, = 5.5, and [, = [y = 22).
We compute for each case the MSD and other statistics of d cells for
each configuration, using Eq. 3 and averaging :he results over 16 cells.

RESULTS
Experimental observations

Fig. 2 shows the center of mass trajectories of a set of
endodermal cells in endodermal aggregate no. 1 at 30-s
intervals over 39 min. Trajectories are characteristic of
persistent random motion: sudden turns disrupt approxi-
mately linear movements 5 to 10 wm in length, lasting 3 to
5 min. Periods of small random fluctuations without any
significant center of mass displacement and without persis-
tence often occur between two persistent periods (trapped
motion). Endodermal cells in an ectodermal aggregate show
similar trajectories, but with larger displacements and less
trapped motion.
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FIGURE 2 Trajectories of 15 endodermal Hydra cells in endodermal
aggregate no. 1 over 39 min. Dots indicate center of mass positions at 30-s
intervals. Big circles show the approximate cell size and the initial cell
position. An arrowhead signals a cell whose trajectory and shape is studied
in detail in Fig. 8. Bar, 10 um.

Characterization of center of
mass displacements

In an isotropic environment, cells move as persistent ran-
dom walkers. As previously stated, when drift or cellular
flows superimpose on diffusion in our experiment, the MSD
{(p®) is no longer linear in time (Upadhyaya A., J. P. Rieu,
J. A. Glazier, and Y. Sawada, manuscript submitted to
Physica A). For the present experiments, we first plot {p>) as
a function of time interval (Fig. 3). The behavior seems
linear but, as the trajectories last only a finite experimental
time, our statistics could overlook anomalous diffusion
(Bouchaud and Georges, 1990). The central limit theorem
provides more precise characterization of any kind of dif-
fusion process. It states that the diffusion is anomalous
whenever one of the following two conditions fails:

1. The distribution P(X,) of the position X, = x;(t, + ) —
x,(#,) is not too broad (for instance, a power-law distribution
PX) ~ Xt_B with B = 3) and takes, at large time scales, ¢,
a Gaussian form.

2. No long-range correlations exist, i.e., the autocorrela-
tion function C(¢) decays more rapidly than ¢~ .

The first condition does not hold for the so-called Levy
flight distributions. A persistent random walker satisfies
both. In particular, the autocorrelation function decays ex-
ponentially (Eq. 2). The review of Bouchaud and Georges
(1990) and references therein give a more rigorous discus-
sion of random walks and central limit theorem.
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FIGURE 3 Mean squared displacements (MSD) averaged along the tra-
jectory as a function of interval time (Eq. 3) for endodermal cells in
endodermal aggregate no. 1 (bullets), and endodermal cells in ectodermal
aggregate no. 3. (circles). Both curves are reasonably linear at large times
indicating normal diffusion, and parabolic at short times indicating persis-
tent movement. Table 1 reports the parameters obtained from the fit of the
averaged MSD using standard analysis (Eq. 1).

We present in Fig. 4 the probability distribution for the
cells of Fig. 2 for t = 30 s and ¢ = 3 min. The centers of
both distributions differ only slightly from X, = 0, indicat-
ing almost no collective drift of these cells. For t = 30 s,
which is the time step size, a Gaussian fits the tail of our
experimental distribution poorly (Fig. 4 A, solid line). The
agreement is much better with the form proposed by Tsallis
and Buckman (1996), which has an asymptotic power-law
behavior P(X,) ~ X, P for large X (dashed line), with an
exponent B = 4. The distribution is therefore not too broad
(B > 3) and should converge toward a Gaussian for large
time scales, ¢. Indeed, we find that our data fit a Gaussian for
¢t = 3 min (Fig. 4 B), indicating that cell motion becomes
diffusive at this time scale. For smaller time scales, either
persistent or trapped motions dominate. For ectodermal
aggregates, the distributions %ire qualitatively the same, but
a little broader for t = 30 s and much broader for ¢ = 3 min.
This broadening corresponds to the larger MSD in ectoder-
mal aggregates at large times.

The velocity autocorrelation function C(7) as a function of
time interval r sheds light on the short-time persistent be-
havior. When flows or collective drift are present, C(¢) exhibits
a long tail, which roughly fits a decaying power law B with
B < 1 (Upadhyaya, A., J. P. Rieu, J. A. Glazier, and Y.
Sawada, manuscript submitted). Eisewhere, the autocorrelation
function decreases rapidly to zero (Fig. 5 A). At long times,
velocities are uncorrelated (C(f) = 0), consistent with a per-
sistent random walk. Using a power law fit, we find B > 1,
indicating clearly the absence of long range correlations in the
experiments we present. However, a decaying exponential (Eq.
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FIGURE 4 Distributions P(X,) of the cell positions X, = x;(t, + 0)—x,(to)
along the x axis for endodermal cells in endodermal aggregate no. 1 during
time intervals of . (A) For t = 30 s, the form proposed by Tsallis and
Buckman (1996), which has an asymptotic power-law behavior P(X,) ~
X; P for large X (dashed line) fits the experimental distribution better than
the Gaussian (solid line). (B) At t = 3 min, the agreement with the
Gaussian (solid line) is satisfactory.

2) fits the data much better (Fig. 5 A). Table 1 reports the
values of the fitted parameters. Below, we discuss in detail our
estimates for the persistence time and cell speed.

As we are now confident that the presented experiments
show normal diffusion, we can return to our analysis of the
MSD plots using the standard analysis for persistent random
walks (Eq. 1). This analysis satisfactorily accounts for the
MSD in both aggregates. Table 1 gives the fitting parame-
ters for these experiments. The most striking result is that
the diffusion constant is always smaller in endodermal
aggregates. Averaging over 2 experiments for each type
of aggregate, we obtain D, = 1.05 = 0.4 um?/min and
D, = 0.45 = 0.2 um*/min. The limited number of runs
prevented us from measuring the dependence of persistence

Biophysical Journal 79(4) 1903-1914
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FIGURE 5 (A) Autocorrelation function of the velocity as a function of
the time interval ¢ for endodermal cells in endodermal aggregate no. 1
(bullets), and endodermal cells in ectodermal aggregate no. 3 (circles). Fits
with an exponential function are also displayed for endodermal (solid line)
and ectodermal aggregates (dashed line). Table 1 reports the values of the
fitted parameters. (B) Spatial correlation of the cell velocity (see text) in
endodermal aggregate no. 1 (bullets) and in ectodermal aggregate no. 3
(circles). The solid line is a fit of the endodermal aggregate with an
exponential. ’

time on aggregate type. However, the values of the persis-
tence time obtained from the MSD (¢,;) and from the
autocorrelation function of the velocity (¢,,) are similar.
Also, values of cell speed S obtained from the autocorrela-
tion function are close to the ones deduced from the relation
S = V2DIt,. The analysis is fully self-consistent.
However, we may slightly underestimate the absolute
values of the parameters D and ¢, because we also include
the trapped cells in our analysis using the persistent random
walk model. In their analysis of the motion of isolated
human tissue cells, DiMilla et al. (1992) excluded immotile
cells, which exhibit negligible displacements over long ob-
servation times. In our case, their criteria seem difficult to
adopt because most of our cells sometimes stop, rest, and

Biophysical Journal 79(4) 1903-1914

Rieu et al.

then move again. The distribution P(6) of angles between
successive displacements offers an alternative method to
evaluate the persistence time. We define these displace-
ments during a time interval ¢ as Sr‘(to) = Kty + 1) — 7ty).
For short times, the distribution presents a continuum back-
ground with an excess of small angles corresponding to
correlated cells (Fig. 6 A for endodermal aggregate no. 1). In
ectodermal aggregate no. 3 (Fig. 6 B), the background is
smaller and the small angles dominate. An excess of small
angles persists for up to 3 to 5 min in both types of
aggregate. For longer times, the distribution is flat; the
orientations of successive displacements are uncorrelated;
the cells execute a pure random walk. We define the pro-
portion of correlated cells as Pc = (Np — 2Ngo)/Ny where
Ny is the total number of angles and Ny, the number of
angles larger than 90°. 2N, represents, crudely, the number
of angles within the background. This quantity, plotted as a
function of time interval (Fig. 6 C), shows correlations at
larger times than the autocorrelation function (Fig. 5 A). By
fitting the curves to an exponential for times less than
fmax!3, we find correlation times #,; = 2.4 and 3.5 min
instead of 0.4 and 1 min, respectively, for ectodermal and
endodermal aggregates nos. 3 and 1. Table 1 gives the
values of 7, together with Pc(1), the proportion of cells
remaining correlated at 1-min intervals. The proportion of
correlated cells seems larger in ectodermal aggregates. The
difference in the values of z, given by each method results
from the presence of trapped cells, which introduce noise in
the statistics at small time scales in standard analysis and
which disappear at longer times. Whatever the method, the
value of the persistence time is very low for living cells
(Fink and Trinkaus, 1988; DiMilla et al., 1992).

Finally, we calculate the spatial correlations of the veloc-
ity, C(r) = Z(r)IZ(0) with Z(r) = ((r) X (ry)), as a
function of the distance between cells r = r;—r;. The
average is over all cells of the same type and over all times
analyzed. This quantity decreases to zero and remains zero
indicating uncorrelated velocities at large distances (Fig. 5
B). The same behavior occurs for both types of aggregate.
The data fit an exponential, and we find a correlation length
of approximately 12 wm in both experiments, correspond-
ing to one cell diameter (i.e., the displacements of first
neighbors correlate), which is not surprising because the
cells are in close contact.

Cell shape changes

Fig. 7 plots the contours at 1-min intervals of an endodermal
cell within ectodermal aggregate no. 3. The overall shape
changes slowly and deviates just slightly from a sphere at
each time. Small bumps called blebs (Trinkaus, 1973) ap-
pear frequently (see the arrowheads at ¢ = 6 min and 7 = 9
min in Fig. 7). The bleb on the bottom right at ¢ = 9 min
seems to spread as a lamellipodium at the next time, t = 10
min. However, such thick protrusions are rare. The cell
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TABLE 1 Values of the model parameters discussed in the text
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Endo aggregate

Ecto aggregate

No. 1 No. 2 No. 3 No. 4

Necens 15 15 17 13

D (um?/min) 0.40 = 0.04 0.55 £ 0.08 1.0 = 0.10 1.1 £0.07
tyy (min) 0.28 + 0.15 1.0 = 0.40 0.65 = 0.35 1.05 = 0.50
V2D/t,; (um/min) 1.69 = 1.1 1.05 + 0.6 175+ 1.1 144 £ 0.8
S (um/min) 1.45 = 0.04 1.10 £ 0.03 1.43 = 0.04 1.57 + 0.04
1o (min) 035*02 1.0+04 1.1 £04 0804
153 (min) 2.4+ 0.7 3110 35+07 63+ 15
P(1) (%) 207 46 * 10 51+ 10 40 =10

contours are always very smooth and do not present filipo-
dia or ruffles. Some cells do not change their shape during
long periods of time, even when they move long distances
(Fig. 8 A).

In order to characterize these deformations, we first study
the time series of cell expansion and contraction amplitudes
and directions for two different aggregates. Fig. 8 shows the
results for the cell marked with an arrowhead in Fig. 2
(endodermal aggregate no. 1), and Fig. 9 is for the cell
already displayed in Fig. 7 (ectodermal aggregate no. 3). On
average, the expansion and contraction amplitudes ¢,,,, and
b min are symmetrical with similar amplitudes (Figs. 8 B and
9 B), indicating that the cell area is roughly constant during
the analysis, as expected. More interesting are the estimates
of mean amplitude deformations in the two kinds of cellular
aggregates. On average, over 5 cells in both cases, we
obtained (¢, )endo = 0-29 pwm in endodermal aggregates
and {Ppaecto = 045 pm in ectodermal aggregates. The
amplitude of deformation is higher in ectodermal aggre-
gates. Fig. 10 A presents the histogram of 6,,,—6,;, for
the cell of Fig. 8. This angle is the difference between
directions of extension (0,,,,) and contraction (6,,;,). The
distribution lies mainly between 30° and 110°, indicating
different kinds of deformations. Unexpectedly, the maxi-
mum of the distribution is not at 90° (ellipsoidal deforma-
tions), but rather at 60°. These deformations seem to cor-
respond to the appearance #f blebs in the cell contours of
Fig. 7.

Fig. 11 shows the time correlations of the ellipsoidal cell
deformations R(¢) (see Materials and Methods) in endoder-
mal aggregate (average of over 5 cells). We find that the
time correlation of cell membrane fluctuation is exponen-
tial, decaying as Aexp — t/7 for both aggregates, where A
and T are, respectively, the mean squared amplitude and
correlation time of the deformations. This decay indicates
that deformations are essentially uncorrelated beyond
a characteristic time 7. We find A, ,, = 0.55 = 0.25 wm?,
Tecto = 3.2 = 2 min for the endo-ecto case and A, 4, =
0.35 = 0.20 wm?, 7,40 = 5.1 = 2 min for the endo-endo
case (values averaged over 5 cells in both cases). Interest-
ingly, the correlation time for the deformations is approxi-
mately the same as the persistence time of the center of

mass motion. Though, for the sake of simplicity, we only
study ellipsoidal deformations, the results are qualitatively
the same for other kinds of deformations.

Since we have characterized cell deformations by a few
parameters, we ask whether we can identify these modes of
the correlations as determining features of cell migration, as
Germain et al. (1999) found percentages with a similar
parameterization for single fibroblasts on a solid substrate.
Figs. 8 B and 9 B present the simultaneous time series of the
amplitudes of the center of mass displacement (solid line).
In endodermal aggregate no. 1, this displacement is always
larger or equal to ¢,,,. It shows large fluctuations, whereas
the deformations are rather uniform. Deformations and dis-
placements are only equal during the time interval z = 6 to
t = 10 min. This period corresponds to the trapping period
(Fig. 8 A). When motion becomes persistent (t = 10to ¢t =
16 min), displacements are large but not deformations (see
bmax it Fig. 8 B or simply the cell contours at times 10, 13,
and 16 min in Fig. 8 A). In ectodermal aggregates, the
amplitudes of displacements and deformations seem uncor-
related as well, but they are generally of the same magnitude
(Fig. 9 B). Between t = 7 and ¢+ = 10 min, the cell has
moved slightly to the bottom right, and the cell shape
changes due to the spreading of a lamellipodium (see ar-
rowheads in the bottom of Fig. 7). Between t = 10 and ¢t =
13 min, the center of mass has moved toward the bottom,
and the shape elongates in this direction (Fig. 9 A). This
figure suggests at least transient correlations between cell
deformation and cell displacement in ectodermal aggre-
gates. In order to learn more about the properties of these
correlations, we plotted the histogram of 6,,,,,— 04, Where
O4sp corresponds to the direction of displacement. The
distribution is approximately flat (Fig. 10 B). The small
variations around the mean are within the statistical error.
We obtained similar histograms for 6, —0uisp > Omax »
Omin and 6y, for each type of aggregate. The flatness of
the three last histograms means that deformations and dis-
placements have no preferred direction. We conclude that
the directions of cell deformation and cell displacement are
mainly uncorrelated. We also studied cross-correlations be-
tween Oy, at time 7, and 6,,,, or 6, at time 7, + ¢. Again,
we did not find any evidence of correlation.
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FIGURE 6 (A) Distributions of angles between successive displace-
ments (see text) during time intervals t = 30 s for (A) endodermal
aggregate no. 1 and (B) ectodermal aggregate no. 3. (C) Proportion of
correlated cells as a function of the time interval, ¢, (see text) for ectoder-
mal (bullets) and endodermal aggregates (circles). Fits with an exponential
function are also displayed for endodermal (solid line) and ectodermal
aggregates (dashed line). Table 1 reports values of the fitted parameters.
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7 min 8 min

FIGURE 7 Contours of a cell within an ectodermal aggregate every 1
min (see numbers). Arrowheads at 7 = 6 min and ¢ = 9 min show blebs on
the contours. The bleb at ¢ = 10 min is thicker and resembles a lamelli-
podium. Bar, 5 pum.

DISCUSSION

Using the autofluorescent Hydra viridissima and a-2D ex-
perimental geometry, we have been able to perform detailed
observations and analyses of individual cell displacements
and cell deformations within densely packed cellular aggre-
gates. The voluminous work of Trinkaus et al. on the motion
of deep cells throughout the subepithelial space of the yolk
sac during embryogenesis (Trinkaus, 1973; Fink and
Trinkaus, 1988; Trinkaus et al., 1992; and other references
therein) is, to our knowledge, the only other detailed study
of this type. However, the previous authors observed re-
gions where the cells clustered loosely. Because both indi-
vidual and collective movement of cells play a role during
embryogenesis and cancer metastasis (Grimstad, 1987), our
results and methods are very important: they show directly
for the first time that within aggregates, (i) cell may move
not by their own deformations but because of external
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FIGURE 8 (A) Contours of a cell within endodermal aggregate no. 1 at
t = 10, 13 and 16 min respectively from right to left. Large circles
represent the center of mass at these times. Dots represent the rest of the
center of mass trajectory over 2§ min and at 30-s intervals. Numbers
indicate times. (B) Time series of the cell extension amplitude ¢,
(bullets), the cell contraction amplitude ¢, (circles), and the center of
mass displacements (solid line) during 30 s (see text) for the same cell.

fluctuations, and (ii) motion is faster in less cohesive ag-
gregates, e.g., in ectodermal aggregates.

Cell shape changes do not primarily induce
center of mass displacement

The endodermal cell shapes changes resemble the hemi-
spherical protrusions, called blebs, that make deep cells
advance in the direction of their leading edge (Trinkaus,
1973). We sometimes observed transient correlations be-
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FIGURE 9 (A) Contours of a cell within ectodermal aggregate no. 3 at
t =7, 10, and 13 min, respectively, from the top to the bottom (same cell
as in Fig. 7). Large circles represent the center of mass at these times. Dots
represent the rest of the center of mass trajectory over 13 min at 30-s
intervals; numbers indicate times (7 is the beginning of the trajectory). (B)
Time series of the cell extension amplitude ¢, ., (bullets), the cell con-
traction amplitude ¢, (circles), and the center of mass displacements
(solid line) during 30 s (see text) for the same cell.

tween these deformations and the direction of center of
mass translocation in ectodermal aggregates. However, sta-
tistically, the direction and amplitude of cell deformation do
not correlate with the direction and amplitude of cell dis-
placement for the 10 cells studied in detail here. We often
observe large center of mass displacements without simul-
taneous cell deformations (Fig. 8 A). The mean amplitude of
deformation is often smaller than the displacement ampli-
tude. Thus, unlike deep cells or isolated cells on a substrate,
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FIGURE 10 (A) Distributions of the difference between directions of
extension and contraction. (B) Distributions of the difference between
directions of extension and center of mass displacement. The two distri-
butions were obtained from 5 cells in endodermal aggregates.

endodermal cells within aggregates move not only by their
own deformations, but because of #he external forces ex-
erted by the deformations of the neighboring cells. The
situation in a sense is similar to Brownian motion. A
Brownian particle moves randomly because liquid mole-
cules kick it. Here, the cell receives continuous shoves from
other cells with a characteristic persistence time. The dif-
ference between the two cases is that the liquid molecules
have uncorrelated fluctuations and no shear modulus,
whereas in our case, the surrounding consists of strongly
interacting (and even sticking) deformable units (the cells).

Effective temperature and effective viscosity of
cellular aggregates

Due to the above mentioned difference between liquid and
cellular baths, the Stoke’s law for viscous drag f on a

Biophysical Journal 79(4) 1903-1914

Rieu et al.

o

o w

w a
IIIllIIIll

o
N
o

R@) (pm?)

t (min)

FIGURE 1! Time correlation of the cell deformations, R(f) = (e;(t, +
Dei(t,)y as a function of time interval (see Materials and Methods) in
endodermal aggregates (averaged over 5 analyzed cells).

Brownian particle of radius R moving at speed v in a viscous
fluid of viscosity 1, f = —67rnRv (Reif, 1985) certainly fails
for tissues, as does the corresponding equation for the
diffusion constant of Brownian particles, D = kg7/67nR.
However, the comparison with Brownian motion illumi-
nates the physical parameters governing cell motion. For
tissues, T is, of course, an effective temperature. kgT is the
fluctuation energy arising from cell activity (actin polymer-
ization dynamics) and from the energy released during bond
formation. The viscous dissipation arises from the energy
required to rupture bonds and to deform the cells (mem-
brane rigidity and cytoplasmic viscosity). We expect the
viscous dissipation to be larger in the more cohesive tissue
because it costs more energy to break bonds. Forgacs et al.
(1998) have experimentally verified, using chicken embry-
onic tissues, that more cohesive tissues are more viscous.
We expect the same will hold for Hydra. In our, éxperi-
ments, the diffusion is at least two times smaller in the more
cohesive endodermal aggregates. A difference in fluctuation
energy of the cellular bath could also contribute to the
observed difference in diffusion constant, as indicated by
the study of the correlations of cell deformations. Despite
the complexity of the underlying processes, the deforma-
tions relax on a single time scale, as observed for vesicles
fluctuating in a viscous medium. For those vesicles, the
correlation time measures of the effective viscosity of the
cellular aggregate and the amplitude represents effective
temperature (Schneider et al., 1984). Here, the amplitude of
endodermal deformation is higher while the correlation time
is smaller in ectodermal aggregates, indicating that effective
temperature is higher while effective viscosity is smaller in
ectodermal aggregates. In ectodermal aggregates, cells
sometimes appear to move more autonomously (Fig. 9 A)
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with an apparently higher degree of directional persistence
(Fig. 6 O).

Simulations of cell motion

Previous Potts model simulations showed that the simula-
tion temperature controls the cell deformations and the cell
mobility (Mombach et al., 1995). Here, we examine the role
of both temperature and surface energy on the diffusion
constant of simulated endodermal cells in homogeneous and
rounded aggregates with different cohesivities. The results
of the simulations will be published elsewhere in detail
(N. B. Ouchi, J. A. Glazier, J. P. Rieu, A. Upadhyaya, and
Y. Sawada, manuscript in preparation). Briefly, we first
find, as expected, that in homogeneous aggregates the dif-
fusion constant increases with increasing temperature if all
the other parameters are constant. At constant temperature
and with positive surface energies, decreasing the surface
energies, that is, increasing the cohesivity, enhances the
diffusion constant. This increase results from the higher
probability to deform (increase cell perimeter) in the case of
lower surface energy (i.e., simulated endodermal aggre-
gates). For the opposite hierarchy, we need to use negative
surface energies in the Potts simulation. These results sup-
port our hypothesis that different surface energies with a
uniform simulation temperature playing the role of the
membrane fluctuations suffice to model differences in cell
mobility within an aggregate. These simulated parameters
seem more relevant to describe the behavior of cells within
aggregates than the effective temperature and effective vis-
cosity introduced in the comparison with Brownian motion.
However, simulations do not show directional persistence
of their locomotion, nor collective behaviors at larger times
as found in experiments. We can easily introduce persistent
motion in the Potts model by adding a term to the Hamil-
tonian constraining the instantaneous velocity to be its pre-
vious velocity (A. Upadhyaya and J. A. Glazier, manuscript
in preparation).

&
Persistence and correlations at short times

Most cell motion results from pressure from the moving
masses of other cells. However, Hydra cells do not maintain
the same neighbors for long periods, as do submarginal cells
of epithelial layers on a substrate (DiPasquale, 1975). The
spatial correlation of the velocity indicates that only first
neighbors correlate (Fig. 5 B). Cell-cell distance is never
constant over time (see the two cells with arrowheads in Fig.
1 e); otherwise, it would prevent cell sorting of randomly
intermixed Hydra cells. We sometimes clearly observe in-
tercalation of a cell between others in transmission images.
Even if we cannot exclude other mechanisms, we think the
persistent portions of the cell trajectories between two
trapped regimes (Fig. 9 A) correspond to intercalation, for
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either a single cell or a group of cells (in this case, causing
a larger rearrangement). Such rearrangements may be major
cellular mechanisms dissipating tissue distortions caused by
morphogenesis (Keller and Trinkaus, 1987). Here, we can
reasonably assume that intercalation can also accommodate
mechanical stresses in some parts of the aggregates. How
can intercalation happen? Each cell can fluctuate a little, but
as it binds to its nearest neighbors, these fluctuations gen-
erally produce a center of mass displacement not larger than
some fraction of the cell diameter (trapped regime). When
the pressure exerted by the neighbors becomes important in
some direction, the cell has a finite chance to escape from its
initial configuration. Escape can happen when simultaneous
deformations of neighboring cells all push in a coordinated
direction and reach a threshold. Fig. 12 shows two possi-
bilities for such changes of configuration. For both, we have
drawn initial, intermediate, and final configurations. The
intermediate situation costs both contact area between cells
(and thus the number of adhesive bonds) and local density.
Once a local reorganization deviates sufficiently from the
initial configuration, the next favorable configuration is the
final one. Between them, the central cell has moved by
roughly half a diameter in Fig. 12 A and by one diameter in
Fig. 12 B. This motion is likely to be directed (persistent
regime). A lower threshold in ectodermal aggregates due to
lower cohesiveness might then explain the apparent higher
directional persistence in ectodermal aggregates. Such a
process is likely to happen for larger length scales (e.g.,
between cell clusters) and may explain the frequent appear-
ance of collective motion at large times (J. P. Rieu and Y.
Sawada, manuscript in preparation). We believe that the
relevant parameters driving cell motion within aggregates
are (i) the energy barriers associated with bond rupture and
formation and (ii) packing constraints. We are currently
trying to model cell motion within aggregates, taking into
account these parameters and investigating the mecha-
nisms which lead to coherent motion.

initial intermediate final

Rk
’ 95 R

FIGURE 12 Two possible mechanisms of local configuration change:

T1 process (A) and sliding of cell layers (B).
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