
FIGURE 1 Two-dimensional sketch illustrat-

ing the repulsive forces rearranging cell nuclei

(orange) after the cell divisions that gave rise

to the four-cell stage. (Solid circles) Position of

nuclei shortly after division; (dashed circles)

position after relaxation. Within the physical

model, nuclei position is determined as the

center of soft spheres, representing the elastic

properties of cells. Upon being squeezed into
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The development of an organism is a
fascinating showdown of biology’s
might, where just a single fertilized
cell gives rise to all cells that together
build the multifaceted parts of an
organism. An elaborate biological
machinery of proteins and metabolites
works together to specify individual
cell positions and cell identities. How
could the simple rules of physics assist
the dynamics of development? The
physical forces that minimize surface
tension have proven to be very suc-
cessful in determining cell position
within tissues (1). Cell shape and
arrangement (2) and cell sorting (3)
result from the balance of surface
forces generated from cell properties
such as cell contractility and cell-cell
adhesion. In this issue, Struntz et al.
(4) show that the forces arising from
elastic repulsion between cells account
for the cell positions during the first
cycles of embryogenesis of the nema-
tode (roundworm), Caenorhabditis
elegans.

The development of nematodes is
characterized by cells acquiring their
unique identity at an early stage. In
fact, the entire cell lineage is invariant
between different eggs and fully
documented for C. elegans (5). Cells
acquire their different identities by
the unequal distribution of some fac-
tors during asymmetric cell division.
In early embryogenesis, cell identity
is also specified by a cell’s interaction
with its immediate neighboring cells.
the egg shell, spheres are deformed and repul-

sive forces arise both between neighboring

cells (blue) and between cells and the egg shell

(red). (Solid and dashed gray lines) Initial and

final cell-cell boundaries not determined within

the model. To see this figure in color, go online.
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Therefore, the positions of cells within
the egg shell are important in defining
cell identity and ensuring successful
development. How does the embryo
achieve a robust and reliable posi-
tioning of cells?

Struntz et al. (4) use gentle yet fast,
three-dimensional fluorescence micro-
scopy by employing selective plane
illumination microscopy to trace the
trajectories of individual cell nuclei
during early embryogenesis. Variation
of the nuclei positions between indi-
vidual eggs is observed to be <2 mm
within a 50-mm-long egg. Cell nucleus
position is therefore found to be a very
reliable and robust readout of cell
positioning. Observed nuclei trajec-
tories are fully accounted for within
a physical model describing three-
dimensional nuclei trajectories as
stochastic relaxation dynamics driven
by repulsive forces between neigh-
boring cells and the cells and the egg
shell. In the picture of the model, the
cells act like soft spheres with the
center of the nucleus at the center of
the sphere. Being squeezed together
into an egg shell, the deformation of
theses soft spheres causes an elastic
repulsion that forces the nuclei and
thus the cells to relax into their posi-
tions (see Fig. 1). With every cell
division, one big sphere is divided
into two smaller ones and all spheres
rearrange to make most use of the
limited space provided within the
egg shell. The sphere’s centers, i.e.,
the nuclei, diffuse to positions where
repulsive forces are minimal. The
model employs measured cell division
times, orientation of the division
axes, and cell division asymmetry,
and allows the observation of devia-
tions from normal trajectories when
these input parameters are modified
in the simulation.

The authors find that the nuclei
positions are robust regarding the
exact timing of cell divisions as long
as the sequence of cell divisions is
kept in order. In contrast, changes in
the orientation of cell division axes
are found to result in very different
nuclei trajectories. The orientation of
cell division axes therefore needs tight
control. In C. elegans’ first cell divi-
sion, mechanical forces have been
identified to control the orientation of
the cell division axis and the asymme-
try of the division (6). It would be
fascinating to find out how physical
forces and the resulting cell shapes
are correlated with division axes’
orientation at later stages. At large
numbers of cells (>12), the repulsive
forces alone are found to be insuffi-
cient to reliably determine cell nuclei
position. At this stage, the packing
problem becomes mathematically dif-
ficult and may have multiple equally
good solutions, so guidance by biolog-
ical signaling is needed for direction.
The work by Struntz et al. (4) provides
a fascinating physical framework
that can, in future, be complemented
with the observation and perturbation
of biological factors to study how
biochemical signaling and mechanical
forces are intertwined to coordinate
development.

During the last decade, surface
forces have been found to assist in
multiple processes during the
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development of organisms (7). Struntz
et al. (4) now show that the elastic
forces of mutual repulsion between
cells are enough to explain the robust
positioning of cells during the early
stages of C. elegans embryogenesis.
This is an elegant example of
simplicity in the midst of the bewil-
dering complexity of development.
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