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Abstract
The prevailing model of somitogenesis supposes that the presomitic mesoderm is segmented into
somites by a clock and wavefront mechanism. During segmentation, mesenchymal cells undergo
compaction, followed by a detachment of the presumptive somite from the rest of the presomitic
mesoderm and the subsequent morphological changes leading to rounded somites. We investigate
the possibility that minimization of tissue surface tension drives the somite sculpting processes. Given
the time in which somite formation occurs and the high bulk viscosities of tissues, we find that only
small changes in shape and form of tissue typically occur through cell movement driven by tissue
surface tension. This is particularly true for somitogenesis in the zebrafish. Hence it is unlikely that
such processes are the sole and major driving force behind somite formation. We propose a simple
chemotactic mechanism which together with heightened adhesion can account for the morphological
changes in the time allotted for somite formation.
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1 Introduction
The generation of a periodic pattern of segments, known as somites, along the anterior-posterior
axis of vertebrate embryos is one of the major unresolved problems in developmental biology
(Schnell et al., 2002). Later in development, somites govern the segmental organization of
peripheral spinal nerves, vertebrae, axial muscles, and the metameric distribution of blood
vessels (Stickney et al., 2000; Stockdale et al., 2000).

A large number of theoretical models have been proposed (see Schnell and Maini, 2000; Baker
et al., 2003, for a review), including the clock and wavefront model (Cooke and Zeeman,
1976; Dubrulle et al., 2001; Baker et al., 2006), the reaction-diffusion model (Meinhardt,
1986), the cell-cycle model (Stern et al., 1988; Primmett et al., 1989; Collier et al., 2000) and
the clock and induction model (Schnell and Maini, 2000). Each of these models captures certain
essential features of the underlying biology but fails to satisfactorily explain a number of other
observations. The clock and wavefront model proposed by Pourquié and co-workers (Dubrulle
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and Pourquié, 2002; Pourquié, 2004) incorporates several well-known aspects of
somitogenesis better than most models (Baker et al., 2006).

All present models share one common property: they predict that the presomitic mesoderm
(PSM) is periodically segmented into tissue blocks which coalesce to form somites. However
the actual process of somite formation - how a somite pulls apart from the PSM and the ensuing
morphological changes - are not well understood. In fact, they have not been the subject of
modeling to date. All the models above are formalisms of somite specification not somite
formation. The only mathematical model attempting to describe the bulk movement of somitic
cells to form a somite is by Schnell et al. (2002). The major drawback of this model is that it
does not take into account the intercellular mechanical forces involved in the process of somite
formation. As a consequence, it cannot account for the morphological changes observed in
somite formation.

The anterior portion of the PSM is the site of the forming somite; we shall refer to this as s0.
Cells in s0 condense into somites by undergoing changes in their adhesive and migratory
properties (Gossler and Hrabě de Angelis, 1998). These mechano-physical changes are brought
about by an intricate pattern of gene activity and protein expression, a topic which is currently
the subject of extensive research. Presently there are thought to be at least two distinct types
of gene-driven processes which can individually or cooperatively lead to somite condensation:
(i) differential-expression of cell adhesion molecules (ii) bidirectional activation of Eph
receptors and ephrin-B proteins.

The differential expression of cell adhesion molecules is frequently associated with the
development of organized patterns in embryogenesis (Takeichi, 1991; Gumbiner, 1996). For
example, in the avian and mouse embryos somite formation is preceded by compaction of the
s0 region (i.e. a reduction of the intercellular spaces between cells) and the simultaneous
heightened expression of two types of cadherin molecules, N-CAM and N-cadherin (Duband
et al., 1987; Kimura et al., 1995). These adhesion molecules are also expressed in the rest of
the PSM but at reduced levels when compared to that in the s0 region. In mice somitogenesis
(Kimura et al., 1995) it is found that cadherin-11 is strictly correlated with s0 and is not
expressed in other parts of the PSM.

In the past few years, it has been suggested that Eph/Ephrin signalling is as well required for
the development of inter-somitic boundaries and the subsequent epithelization process (Durbin
et al., 1998). This signalling pathway was found to be responsible of boundary formation in
the developing hindbrain (Mellitzer, 1999; Xu et al., 2000). In particular, it is observed that
somite formation is accompanied by the differential expression of ephrin-B2 and EphA4 at the
interface of the s0 region and the rest of the PSM (Bergemann et al., 1995; Nieto et al.,
1992). The current experimental evidence shows that Eph/Ephrin signalling also regulates the
mesenchymal-to-epithelial transition of the PSM during somitogenesis (Barrios et al., 2003).
The bidirectional signalling between the Eph and ephrin proteins mediates a contact-dependent
repulsive mechanism which may aid in the separation of the two cell populations in the PSM
and the s0 region.

Though the genetic patterns underlying somite formation have been extensively studied during
the last 10 years, it is not clear how these molecular patterns lead to the physico-mechanical
processes responsible for sculpting a somite. In this article we present a study of how the
coupling of molecular-level and cell-level processes may lead to somite formation. Our model
suggests that independent of the actual molecular-level mechanism at play, the rounding
typically exhibited by a somite during the time of its formation, is unlikely to be solely
accounted by a minimization of tissue surface-tension. We suggest another mechanism based
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on chemotaxis which together with heightened adhesion and Eph/ephrin signalling may explain
the observed morphological changes during somitogenesis.

2 The viscous liquid model of tissue dynamics
As previously mentioned, cells in the s0 region express various cadherins at the time of somite
formation. Thus cell-cell adhesion in this region becomes particularly strong compared to the
adjoining PSM. At the same time, the differential expression of Eph and ephrin also occurs
across the boundary separating the forming s0 region and the PSM. It is indeed possible that
these two seemingly different mechanisms do not act separately but rather are related or co-
dependent on each other. For example, it has been found that Eph/ehprin signalling in certain
neuronal processes leads to de-adhesion of cells at the boundaries by regulating cell adhesion
molecules (Zisch et al., 1997).

The question we address in this work is how these molecular mechanisms lead to tissue
rearrangement culminating in somite formation. For this we need a model of tissue dynamics,
one which successfully captures the essential features observed experimentally. One of the
most successful models is that originally proposed by Malcolm Steinberg, in which tissue is
hypothesized to possess liquid-like properties (see Steinberg, 1963, for example). Amongst
the theory’s achievements is its ability to account for:

i. how irregularly shaped tissue fragments have a tendency to round up towards a
spherical shape.

ii. the spontaneous sorting-out of experimentally intermixed embryonic cells of different
types.

These two observations are easy to explain by analogy with liquids and their behavior.
Molecules in the bulk of a liquid, being surrounded in all directions by many other molecules,
experience zero net force. However, those molecules at the surface experience a net attractive
force towards the center of the liquid. The potential energy associated with this net force (the
surface tension) is minimized by minimizing the liquid’s surface area, a feat accomplished by
the liquid drop assuming a spherical shape. In the same way, cells at the outer surface of a
tissue will experience a weak (though significant) net attractive force towards the center in a
tissue composed of cells interacting via cell-cell adhesion forces. This leads to eventual
rounding of the tissue to minimize its surface tension. Note that the spherical configuration
also results in the maximization of intercellular adhesion. This explains (i) above.

Observation (ii) can be explained by analogy with the behavior of a two-phase liquid system.
There are four possible equilibrium configurations for an initial configuration of cells, in which
two different spherically-shaped cell populations with different adhesion properties sit side by
side. The determinants of the final configuration are the self-adhesion of cell type 1, the self-
adhesion of cell type 2 and the cross-adhesion between cells of type 1 and 2. The possible
configurations are (Foty and Steinberg, 2004): (a) if there is no cross-adhesion then the two
cell populations will form separate detached spheres (Fig. 1a), (b) a low degree of cross
adhesion weaker than either of the self-adhesion of the two cell types will result in a
configuration in which the less cohesive population partially envelops the more cohesive
population (Fig. 1b), (c) if the cross-adhesion is intermediate in strength then the less cohesive
population will engulf the more cohesive population (Fig. 1c), and if the cross-adhesion is
equal to or greater than the average of the two population’s self-adhesion then there will be
intermixing (Fig. 1d).

Now let us apply the viscous liquid model of tissue dynamics to somitogenesis. We consider
first the case where the separation of the s0 region from the rest of the PSM occurs by Eph/
ephrin bidirectional signalling. Ephrin-B2 is expressed in the posterior region of s0
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(Bergemann et al., 1995) and also in the part of the PSM touching with the newly forming s0
region, while EphA4 is expressed in the anterior half of s0 (Nieto et al., 1992). Bidirectional
signaling between the two different proteins across the boundary leads to local de-adhesion or
repulsion. This prevents cells from s0 intermingling with those from the rest of the PSM,
effectively leading to detachment. Once detached, the square or rectangular s0 region rounds
up to minimize tissue surface-tension, thus completing the process of somite formation. Note
that detachment and change of shape of the s0 region actually occur hand in hand and not
sequentially (Kulesa and Fraser, 2002) and so what we have considered is a simplified process.
It is important to point out that minimization of tissue surface tension is present before
detachment, but its effect on the PSM is most probably quite small since tissue rounding time
is proportional to tissue size (Gordon et al., 1972). Realistically we only expect the detached
s0 region to experience rounding on timescales relevant to the formation of a somite.

Now we apply the liquid model to the second case. The hypothesis that the expression of
different adhesion molecules and the modulation of cadherin quantity may be linked to the
morphogenetic changes in somite formation has been previously proposed by Newman
(1993) and more recently by Murakami et al. (2006). By analogy with the dynamics of a two-
phase liquid system explained above, it is clear that s0 can detach itself from the PSM if the
cross-adhesion is very weak compared to the self-adhesion of the cells in the two different
pieces of the PSM. In other words the cadherin molecules expressed by the cells in the s0 region
should not (or should very weakly) cross-adhere with the cadherin molecules of the rest of the
PSM. Therefore, this mechanism can only be successful if different cadherin molecules are
expressed on either side of the boundary separating s0 from the rest of the PSM. The mechanism
would fail if there simply exists a quantitative difference in the expression level of one type of
cadherin (Duguay et al., 2003). If detachment occurs then it would be accompanied by rounding
of the separated region. This is schematically illustrated in Fig. 1e.

Thus we have shown that the viscous liquid model of tissue dynamics can qualitatively explain
how the dynamical process of somite formation proceeds from the molecular pre-pattern
initially induced by the two molecular mechanisms. The type of molecular mechanism
influences solely the detachment process. The morphological changes, shape changes of the
s0 region culminating in the spherical shape of somites, can only be driven by tissue-surface
tension in both cases. Now we are left with the problem of determining whether tissue surface-
tension driven processes can occur on a timescale relevant to somite formation.

2.1 Timescale of a somite formation
As we previously mentioned, detachment and change of shape of the s0 region do not occur
sequentially but rather simultaneously. This is very difficult to model since it requires
knowledge of the exact spatio-temporal expression of the major adhesion and signaling
molecules and the subsequent response of cells. This information is not currently available in
the literature. We opt for a simpler model which enables us to do some quantitative estimates.
This model is valid for both types of molecular mechanisms considered in this work.

Let the somite formation time be T. Then at some time t* < T, detachment of the s0 region will
be almost complete and the region itself will possess some ellipsoidal shape. As time
approaches T, one expects the ellipsoidal s0 region to round up and hence form the final somite
shape. Say that the ellipsoidal tissue has z semi-axis length rz, x semi-axis length rx and y semi-
axis length rx. We also define r = rz/rx < 1 (i.e. an oblate ellipsoid). The volume will remain
unchanged but the surface area will be minimized with the progression of time. As a
consequence, r will approach one (note that r = 1 is a perfect sphere). Using the liquid model
of tissue dynamics, we obtain an expression (see Appendix A) for the time taken by an
ellipsoidal piece of tissue to change from an initial shape r = ri to a final shape r = rf:
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(1)

In this formula the parameters determining the timescale of morphological deformation, tc, are
the bulk viscosity of the tissue μ, the tissue surface tension σ, the diameter D of the final
spherical aggregate which determines the somite volume v and the initial and final shape
configurations determined by ri and rf respectively. We find D ≃ 50 μm for the zebrafish and
D ≃ 100 μm for the mouse or the chick. The ratio σ/μ has been determined from a number of
experiments for chicken embryonic tissue and for Hydra cells (see Appendix B for a detailed
discussion). An average value is about 1.39±0.94 × 10-6 cm/s. We believe this value is
representative for tissues. This will be discussed in more detail at the end of this section.

We shall now proceed to use Eq. (1) to predict how the shape of the s0 region changes during
the somite formation period, according to the viscous liquid model. Our aim is to deduce
whether surface-tension can really drive the morphological changes or if other physical
mechanisms need to be postulated to explain the observations. We illustrate how we calculate
the time progression with a practical example. Consider zebrafish somitogenesis. Assume a
final shape for the somite which is slightly aspherical: rf = 0.95. The total somite formation
time T is known to be 30 minutes. To find the shape of s0 at say 20 minutes, we substitute tc
= 30 - 20 = 10 minutes, rf = 0.95 and the values of the morphological parameters (the ratio σ/
μ and the somite volume) in Eq. (1) and then solve for ri. Now the latter quantity is the ratio
of semi-axes of the oblate ellipsoid at 20 minutes, ri = rz/rx. To estimate rz and rx we use the
fact that the volume of ellipsoidal tissue is constant throughout the somite formation period
(surface-tension simply changes the surface area). Then solving simultaneously for rz and rx

from the two equations, ri = rz/rx and , we obtain  and , where
D is the diameter of the final somite, a known quantity. Having determined the two radial axes
of the ellipsoid, its shape is completely quantified at a given time. Repeating this process for
different times generates the temporal variation in the shape of the s0 region.

In Fig. 2 we illustrate the morphological changes of s0 for zebrafish, chick and mouse
embryogenesis, using both average and high values of the ratio σ/μ. In these numerical
experiments, the time t* at which almost complete detachment of the s0 region has occurred
is taken to be equal to 60% of the somite formation time (T). T is 30, 90 and 120 minutes for
zebrafish, chick and mouse somitogenesis, respectively (Dubrulle and Pourquié, 2004). For a
typical value of σ/μ (see Fig. 2a), the tissue can only undergo very small changes in shape.
However, substantial morphological changes occur for chick and mouse somites if the value
of σ/μ is large (see Fig. 2b). The σ/μ value employed in Fig. 2b is 3.8 standard deviations away
from the average value predicted by experiments. This makes it an unlikely value since 99.7%
of all values in normally distributed data lie within 3 standard deviations of the mean (see
Appendix B). Therefore, it is reasonable to conclude that it is improbable that somite formation
in the zebrafish is driven by tissue surface tension. It seems more likely for the case of chick
and mouse somitogenesis, though this would be only possible if the ratio σ/μ is unusually large.
It is important to emphasize that the above estimates implicitly assumed that the forming somite
is surrounded by water. In reality changes in the shape could be much smaller due to physical
constraints imposed by the surrounding tissue and the acellular matrix fiber assembly
surrounding a forming somite (Czirok et al., 2004).

Morphological changes driven by the minimization of tissue surface tension are relatively slow
since the bulk viscosity of tissues is large, typically 107-109 times higher than that of water
(Gordon et al., 1972). Tissue viscosity is comparable to that of tar and pitch at normal
temperatures. On the other hand, the typical tissue surface tension is about 100 times smaller
than that of water (σ ∼ 1 mN/m, Mombach et al., 2005). In the case of embryonic cell sorting,
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morphological changes by the minimization of tissue surface tension occur over a period of
days (Steinberg, 1963). Similar supporting evidence comes from the experiments of Mombach
et al. (2005). They estimated that the time taken for aggregates of chicken embryonic neural
cells in initially ellipsoidal shapes of various sizes to relax into a spherical one of radius 60
μm (typical radius of a chick somite) occurs in a time ranging 8-22 hours.

Of course, it can be argued that the values we employed for the ratio σ/μ are not typical for
somitic tissue; they are only specific to the chick embryo. Unfortunately there are no
measurements available in the literature for other types of embryonic tissue. However, there
are two reasons which lead us to believe that the values used in this paper are typical for many
tissues. First, experiments with Hydra cells (Rieu and Sawada, 2002) provide an estimate for
σ/μ within the same range of chick embryonic tissue. Secondly the magnitude of the σ/μ ratio
is driven by two physical processes: (a) sliding friction between cell membrane surfaces which
is regulated by the expression of adhesion molecules, and (b) the rate at which cells break and
reform adhesive contacts with neighboring cells. These facts combined with dimensional
arguments (Forgacs et al., 1998), imply that σ/μ is proportional to a/τ, where a is the cell radius
and τ is the characteristic lifetime of adhesive contacts. As a consequence, the ratio σ/μ is
independent of the cadherin expression level. This result suggests that the magnitude of the
ratio is similar for a broad range of tissues, provided that cell-cell adhesive forces are a primary
distinguishing feature of the tissue.

Moreover, we now have an alternative way to estimate the ratio σ/μ for the zebrafish and mouse
somitic tissue. The average cell diameters for zebrafish, chick and mouse cells in the presomitic
mesoderm are, respectively, 8μm (Henry et al., 2000), 10μm and 25μm (personal
communication, P. M. Kulesa, Stowers Institute for Medical Research). Since the time τ has
to be proportional to the somite formation time T, then we estimate that the average σ/μ for
zebrafish and mouse are 2.4 times and 1.9 times larger than the chick ratio, respectively. Using
the average value for the chick (see Appendix B), these translate into σ/μ = 3.3 and 2.6 ×
10-6 cm/s. These values are both smaller than the maximal value of σ/μ = 5 × 10-6 cm/s used
in our simulations (see Fig. 2b). This reinforces our conclusion that surface tension driven
processes cannot easily account for somite rounding in the zebrafish. Other processes are quite
possibly driving somite formation.

This conjecture is also supported by experimental evidence. Kulesa and Fraser (2002) observed
that during somite boundary formation cells from deep inside the PSM are recruited in the
newly forming somite. The cells’ long-distance and directed movement cannot be explained
by local processes such as those underlying morphological changes driven by tissue surface-
tension.

3 A chemotactic mechanism
We propose a simple chemotactic mechanism which can account for: (i) somite detachment,
(ii) somite rounding, (iii) long distance directed movement of cells from the PSM to the newly
forming somite s0. This mechanism is compatible with both heightened adhesion and Eph/
ephrin signalling, and it acts in conjunction with surface tension processes during the time of
somite formation. As cells in the anterior-most region of the PSM (s0) are specified as somitic,
we hypothesize that they release an instantaneous pulse of chemical. This chemical induces a
positive chemotactic response from all cells in s0. The chemotactic response is only triggered
in cells in the s0 region leading to the physical detachment of s0 from the rest of the PSM.
Presently there is no evidence that cells in the PSM are chemotactically sensitive. However, it
is plausible that a few cells could be - this would account for the long distance directed cell
movement observed by Kulesa and Fraser (2002). In the next two subsections, we show that
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chemotaxis can induce significant cell movement in the time allotted for somite formation and
that chemotactic forces sculpt a spherical or nearly spherical somite.

3.1 Estimating the time for chemotactic communication across s0
The implicit assumption of our chemotactic mechanism is that the chemotactic signal can
diffuse through the s0 region in a time much less than the somite formation time. We can prove
by calculation that this is possible. Suppose that a cell in the anterior-most part of s0 releases
an instantaneous chemical pulse of M molecules of a certain molecule with diffusion coefficient
D. What is the time taken for this pulse to reach the posterior-most part of s0? Let us assume
that somitic cells will chemotactically respond if the concentration of the chemoattractant is
larger than a threshold value C. The chemical concentration detected by cells will start
increasing a short time after the pulse is released. It will reach a maximum and then decrease
back to zero. The maximum concentration detected by a particular cell will depend on its
distance from the cell secreting the chemical signal. The larger is this distance, the smaller will
be concentration detected by the cell. By considering the isoconcentration surface represented
by the threshold concentration C (Okubo and Levin, 2001, the approach in this book is correct
but some constants have been calculated incorrectly, a mistake which we correct here), it can
be shown that the maximum distance, Rm, over which cell-cell communication occurs is given
by:

(2)

The chemical signal diffuses over this region in a time:
(3)

From these expression we find:

(4)

The distance Rm can be equated with the length of the s0 region. To use this expression we
now need to estimate the chemical diffusion coefficient in vivo.

In vivo, diffusion is hindered by the extracellular matrix (ECM) between cells and by the
presence of the cells themselves. The extracellular matrix consists mainly of two types of
macromolecules: (i) glycosaminoglycans (GAGs), such as Hyaluronan which is typically
abundant in early embryos (ii) fibrous proteins such as collagen and fibronectin (Alberts et al.,
2002). Diffusive hindrance by these macromolecules implies that in vivo diffusion coefficients
cannot be calculated using the Stokes-Einstein relation, since the latter is only valid in the limit
of high dilution. A number of alternative models have been derived (see Section 2.2. Grima
and Schnell, 2006, for a review of these models in the context of intracellular diffusion in the
presence of obstacles). A number of popular models are based on the Brinkmann or effective
medium approximation (Phillips et al., 1989, 1990). In these models, the extracellular matrix
is considered a porous matrix characterized by its Darcy permeability and pore size. The
predictions of these models agree well with the experimental diffusion coefficients of various
solutes in gels (Pluen et al., 1999; Ramanujan et al., 2002).

In our case, we consider the diffusion coefficients obtained from FRAP (fluorescence recovery
after photobleaching) in collagen gels and Hyaluronan solutions prepared at physiologically
relevant concentrations (Ramanujan et al., 2002). This is most fitting to the cases considered
here since as previously mentioned the extracellular matrix has significant amounts of both of
these structural macromolecules. The diffusion coefficient of molecules with size in the range
2-20 nm is found to approximately vary between 1 and 100 μm2/s. This range encapsulates a
large number of molecules. Hindrance is found to stem primarily from collagen. Hyaluronan
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molecules and the close-packedness of cells do not significantly contribute to the value of the
diffusion coefficients. Substituting the minimum value for D in Eq. (4), it follows that the time
tm for a chemical pulse to travel across s0 is typically less than 30 mins for the chick and the
mouse, and less than 7 mins for the zebrafish. Now the lag time between the reception of a
chemotactic signal by a cell and its subsequent chemotactic response is equal to the time taken
for the stimulus to induce restructuring of the actin cytoskeleton. This time typically is less
than a few minutes. For example, Dictyostelium discoideum cells increase significantly their
level of polymerized actin within 10 seconds after detecting a chemical stimulus. After about
a minute, these cells have already starting moving in the direction of the chemical gradient
(Alberts et al., 2002; Bray, 2001). We can therefore infer that the total time from the release
of the chemotactic signal to induced cell movement is significantly less than the time for somite
formation. This establishes the chemotactic mechanism’s viability as a candidate for explaining
somite sculpting processes.

3.2 Shape changes induced by chemotaxis
Now let us consider how the chemotactic mechanism can lead to a spherical or nearly spherical
somite. We have assumed that the pulse of chemoattractant is released by all cells in s0 at
approximately the same time. The initial result will be a compaction of the region, as the cells
move towards higher concentrations by decreasing the intercellular spaces between them. If
the cells are homogeneously distributed in s0, then the chemoattractant concentration will have
a maximum in the middle of the s0 region. In other words, a chemical gradient is temporarily
set up which is radially directed towards the center of the forming somite. This gradient is
detected by chemotactic cells, which respond by extending filapodia in the direction of high
chemical concentration while simultaneously retracting from the direction of relatively low
concentration. This leads to a net chemotactic force towards the center of the s0 region. These
forces cause the aggregate of cells to squeeze itself together. In this process, the s0 region
reduces its surface area and assumes a nearly spherical shape. The chemical signal will degrade
in a short time, but the cells will retain their new spherical configuration due to the heightened
cell-cell adhesion which is typical of the region. Note that the same outcome will result if the
cells secrete the chemical for a short period of time instead of releasing a single instantaneous
pulse.

We have simulated the proposed chemotactic mechanism and the results corroborate our
predictions above (see Fig. 3). The algorithm for cell movement is that expounded in Newman
and Grima (2004). Briefly the cells are modeled as point particles experiencing forces due to
chemotaxis, short-range repulsion and short-range cell-cell adhesion. The short-range
repulsion forces effectively give the cells a certain radius and a certain compressibility; this is
schematically shown by spheres of fixed radius in Fig. 3. The forces are modeled through
appropriately chosen potential functions: the repulsion and adhesion are qualitatively captured
by a potential qualitatively similar to a Lennard-Jones or Morse potential (see Newman and
Grima, 2004, Fig. 12); chemotaxis can be modeled by a potential proportional to the
chemoattractant concentration. This approach is qualitatively similar to that of Drasdo and
Hohme (2003), which has been successfully applied to model a wide range of biological
problems.

The chemotactic process considered here can cause morphological changes on a timescale far
shorter than that due to minimization of tissue surface tension. We can explain this by looking
at the forces acting in both mechanisms. In the chemotactic process, cells experience a
chemotactic force pulling them towards the aggregate’s center; whereas for the tissue surface
tension minimization mechanism, only cells at the surface experience an inward weak force
and in the bulk of the aggregate the net average force is zero. Of course, the timescale of the
chemotactic mechanism will depend on the strength of the chemotactic forces. These forces
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are known to be proportional to the chemoattractant gradient across a cell, which itself is
directly proportional to the amount of chemoattractant secreted. This implies that the dynamics
of the somite shaping process can be easily controlled by cells through a regulation of the rate
of chemoattractant secretion. Such a fine-tuning control is not possible through the passive
dynamical process induced by the minimization of tissue surface tension.

4 Discussion
In this article we have investigated whether tissue rearrangement driven by tissue surface
tension can completely account for the detachment of s0 and its subsequent morphological
changes to form a somite. The differential adhesion between the two parts of the PSM can
qualitatively explain the detachment and rounding of the s0 region, provided cross-adhesion
is weak. Similarly Eph/ephrin signalling at the boundary of the forming somite leads to
detachment of the somite. In both types of molecular mechanisms, the somite can be
hypothesized to take its spherical shape due to short-range cell movement processes driven by
tissue surface-tension.

Using the viscous liquid model for tissues, we have shown that the shape changes induced by
such processes are usually small in a time equal to that of somite formation, particularly for
the zebrafish. This suggests that the degree to which surface tension forces can account for the
experimentally observed morphological changes varies strongly from one organism to another.
Such processes are usually effective over a period of many hours, even days and thus are
unlikely to play a major role in the short time in which somite formation occurs. Based on our
results from the viscous liquid model, it seems likely that other processes may be at play. We
have suggested a simple chemotactic mechanism which can account for somite detachment,
rounding and long-range movement of cells and which is complementary to both the
differential expression of adhesion and Eph/ephrin signalling.

Our analysis has some limitations since the viscous liquid model captures well the tissue’s bulk
movement but does not take into account some microscopic cellular processes which may be
pivotal to somitogenesis. For example, the viscous liquid model cannot account for how the
assembly and remodeling of the ECM changes the large-scale mechanical properties of the
tissue. It is possible to explain the long-range movement of cells across the forming boundary
by postulating that cells preferentially follow oriented ECM fibres. This has been observed in
fibroblasts by Dickinson et al. (1994). However this proposition cannot be straightforwardly
related to heightened adhesion or the Eph/ephrin signalling. Our current knowledge of the
molecular mechanisms underlying tissue-level ECM remodeling during somitogenesis is very
limited (Czirok et al., 2004). Our chemotaxis mechanism can work on its own or in parallel
with the above mechanism. It is also plausible that the chemical field we suggested in our
model, instead of providing chemotactic cues to the cells, acts as a pre-pattern for fibre
orientation, which consequently induces cell movement by contact guidance. This possibility
we cannot presently exclude and will be explored in a future article.
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Appendix A
In this appendix, we briefly describe the physical and mathematical basis of Eq. (1). Young
(1939) developed a mathematical formalism to describe the shape changes exhibited by an
initially ellipsoidal fluid drop as it minimizes the surface tension and approaches a more
spherical configuration (see Gordon et al., 1972, for a more recent reference). Let the initial
shape of the fluid drop be described by the ellipsoid of revolution generated by rotating the
ellipse

(5)

about the z-axis. Furthermore let the ratio r = rz/rx be less than one, such that we have an oblate
ellipsoid. Then the rate of deformation of the drop is given by:

(6)

where

(7)

It follows by direct integration of Eq. (6) that the time taken for the drop to change its axial
ratio from r = r0 to r = r1 is given by:

(8)

The function τ can be obtained by numerical integration.

Appendix B
In this appendix, we discuss the experimental determination of the ratio σ/μ which is at the
heart of the calculations using the viscous liquid model. This ratio has been measured directly
or indirectly by a number of experiments for various chicken embryonic tissues. It has also
been measured for aggregates of Hydra cells. These experiments can be subdivided in two
types: (a) those determining directly the ratio from experimental data, and (b) those determining
individual values of σ and μ using separate methods and from which we can then calculate the
ratio. The first type of experiments is always preferable since errors in computing quotients
can be large as they accumulate errors in the individual determination of the surface tension
σ and the viscosity μ.

The first type of experiments have been pioneered by Gordon et al. (1972) and more recently
performed by Rieu and collaborators (see Rieu and Sawada, 2002; Mombach et al., 2005, for
details)). Gordon et al. (1972) measured the ratio σ/μ for four types of tissue: (i) seven 5-day
embryonic chicken heart reaggregates of various radii with values σ/μ = 1.18, 0.71, 1.17, 1.66,
1.72, 1.01, 1.9 × 10-6 cm/s, (ii) 5-day liver reaggregates with σ/μ = 2.75 × 10-6 cm/s, (iii)
rounded-up liver fragments with σ/μ = 0.72 × 10-6 cm/s (iv) 4-day forelimb bud cores with σ/
μ = 0.44 × 10-7 cm/s. This data was obtained from the fusion of two rounded-up tissues placed
in contact with each other. Thus the ratio is found to range from 0.44 to 2.75 × 10-6 cm/s. Rieu
and collaborators using data obtained from the relaxation of initially elongated aggregates
towards circular or spherical shapes obtained σ/μ = 0.1, 3.33 × 10-6 cm/s for chicken embryonic
neural aggregates and 2D Hydra cell aggregates, respectively. Hence based on all the available
data obtained from experiments of the first type, the average value of σ/μ is 1.39 ± 0.94 ×
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10-6 cm/s. In our calculations in the text, we use a value of 1.5 × 10-6 cm/s for the typical value
of σ/μ for embryonic tissue and a value of 5 × 10-6 cm/s as the maximum realistically plausible
value of σ/μ (this value is 3.8 standard deviations away from the mean).

The second type of experiments have to our knowledge been done only by Forgacs et al.
(1998) using a compression plate apparatus. Aggregate relaxation after compression is
analyzed in terms of a generalized Kelvin-body model of viscoelasticity, which yields various
parameters, including the surface tension σ for chick neural retina, liver, heart and limb tissue.
The viscosity μ cannot be obtained directly from the simple Kelvin model used in the data
analysis. However a rough estimate can be made by relating it to a friction constant whose
value is determined from experiment. Using these values (see Forgacs et al., 1998, Table I),
we can estimate the range of the ratio σ/μ to be from 1.6 to 8.5 × 10-5 cm/s. Note that this range
is about an order of magnitude larger than that from the first type of experiments. An analysis
of the magnitudes of the individual values of σ and μ and of the method by which they are
determined reveals the reason for the discrepancy. The range of values of the surface tension,
σ = 1 - 20 dynes/cm is in very good agreement with the values estimated by the first type of
experiments. However, the values of the viscosity are about an order of magnitude smaller.
The viscosity in the second type of experiments is roughly estimated using the relation μ2 =
Caμ, where μ2 is a friction coefficient. This friction coefficient is obtained directly from the
data using the Kelvin model, a is cell radius and C is some unknown constant. To calculate the
viscosity, the constant C is arbitrarily assumed to be of order unity (see Forgacs et al., 1998,
Discussion). This explains the discrepancies of the computed range of the ratio σ/μ when
compared with that obtained directly from experiments of the first type. Therefore, it seems
very likely that the range of possible values of σ/μ is that directly determined by the first type
of experiments and that the values of the ratio determined from the second type of experiments
is artificially high.
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Figure 1.
Equilibrium configurations of two different spherical cell populations which are initially placed
side by side. The dark sphere is the population with high self-adhesion and the white sphere is
the population with the smaller self-adhesion. The equilibrium configuration can be deduced
by analogy to a two-phase liquid system. The final configuration is determined by the strength
of the cross-adhesion between the two populations relative to the self-adhesion of the individual
populations: (a) No cross-adhesion, (b) Relatively weak cross-adhesion, (c) Intermediate cross-
adhesion, and (d) Preferential cross-adhesion. (e) The morphological changes caused by
differential adhesion during somitogenesis, if the cross-linking between s0 (dark region) and
the PSM (white region) is very small.
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Figure 2.
Morphological changes of a tissue due to cell movement driven by tissue surface tension for:
(a) σ/μ = 1.5 × 10-6 cm/s (typical average value found in tissues) (b) σ/μ = 5 × 10-6 cm/s (a
value particularly larger than found in most experiments). Given the final shape of the somite,
we use the viscous liquid model, encapsulated by Eq. (1), to regress back in time and calculate
the shape of the somite at times equal to 60% and 80% of the somite formation time. The somite
formation time is 30 mins, 90 mins and 120 mins for zebrafish (blue), chick (yellow) and mouse
(red) somitogenesis, respectively. Note that according to the model changes in shape are almost
negligible for the zebrafish and they are significant for the chick and the mouse only when the
ratio σ/μ is larger than the typical average found in experiments.
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Figure 3.
Computer simulation of the proposed chemotactic mechanism in two dimensions. Grey colored
cells form part of the PSM while blue colored cells form part of the region s0. The top represents
the anterior part of the PSM and the bottom represents the posterior part of the PSM. The PSM
is shown at three different times (A) just after chemoattractant pulses have been simultaneously
secreted by all cells in s0 (B) an intermediate time, in which cells close-pack together (C) late
time configuration, in which the s0 region has rounded up due to the cells experiencing a
chemotactic centripetal force. At this time, the cells have stopped producing chemoattractant
but the shape is preserved due to heightened cell-cell adhesion in s0.
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