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Hydra Molecular Network Reaches Criticality at the Symmetry-Breaking Axis-Defining Moment
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We study biological, multicellular symmetry breaking on a hollow cell sphere as it occurs during hydra
regeneration from a random cell aggregate. We show that even a weak temperature gradient directs the
axis of the regenerating animal—but only if it is applied during the symmetry-breaking moment. We
observe that the spatial distribution of the early expressed, head-specific gene ks1 has become scale-free
and fractal at that point. We suggest the self-organized critical state to reflect long range signaling, which
is required for axis definition and arises from cell next-neighbor communication.
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The hydra [Fig. 1(a)], a phylogenetically old organism,
has become an attractive model organism in the hope to
better understand the evolution of development [1]. A
hydra consists of a cylindrical body column with a foot
at one end and a head equipped with a mouth opening and
tentacles at the other. An adult hydra is in a steady state:
Cells are continuously multiplying at its center; with age,
they migrate to both ends of the body column. Only when
the cells reach either end do they become irreversibly
specialized or ““differentiated,” and they are subsequently
lost.

The hydra has astonishing regeneration capabilities [2];
it can even reform from a completely disordered cell ball,
condensed from dissociated, single hydra cells [3]. Only
cells from the body column contribute to regeneration;
terminally differentiated cells are expelled during the pro-
cess. During hydra regeneration, the remaining 10* quasi-
identical, multipotent cells need to break the initial devel-
opmental isotropy, define a single axis, and maintain it.
Our study focuses on this symmetry-breaking aspect.
Contrary to the hydra, most other organisms preserve an
initial asymmetry during development and translate it to
the axis of the animal [4]. Only in a very few cases were
hydrodynamic flow or electric fields as external factors
shown to direct the developmental symmetry [5].

Much effort has focused on the isolation and character-
ization of different hydra genes and signaling cascades [6—
9]. Among the genes shown to play a role in early develop-
ment is the hydra-specific gene ks1 [10] and Wnt [11]. ks1
is permanently expressed and upregulated in response to
early signals of head formation. The graded expression of
ks1 along the body column of an adult hydra is regarded as
characteristic for the decay in the head forming potential
[12]. The Wnt gene is well known to have axis-related
roles in many species. The hydra expresses Wnt in a few
irreversibly differentiated cells located at the tip of the
head, a region called the hypostome [Fig. 1(a)].

A common feature of multicellular embryogenesis is the
formation of the so-called organizer [4], a cluster of the
first few irreversibly differentiated cells, which subse-
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quently guides the fate of all of the others. In vertebrates,
the occurrence of the (Spemann) organizer precedes gas-
trulation, the invagination of the embryonic cell ball, which
initiates gut formation and reveals the animal axis. In
hydra, the organizer is the first structure to be restored
during regeneration [7] [Fig. 1(b)], with Wnt expressed
in the organizer region only [11].

Child hypothesized in 1929 that a metabolic rate gra-
dient should dictate the embryonic axis position [13].
Metabolic rates depend strongly on temperature—when
taken as a simple activated process, activation energies are
in the range of (20-80)kT, T the temperature, k the
Boltzmann constant. Although numerous experiments on
different model systems in a temperature gradient failed to
confirm Child’s hypothesis [14], we show in this Letter that
even a weak temperature gradient dictates the axis of the
developing hydra—as long as it is applied during the axis-
locking moment. We show that, in homogeneous tempera-
ture, ksl gene expression domains become self-similar
close to this symmetry-breaking moment. We conclude
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FIG. 1 (color online). (a) Adult Hydra vulgaris. (b) Sketch of
the regeneration process. A small disk of tissue is excised from
the body column of an adult hydra and cut into four fragments.
Such a fragment, even when dissociated to single cells and
reagreggated, forms a hollow sphere, breaks the symmetry
with the formation of a new axis, and develops to an adult hydra.
Black dots indicate the position of the organizer.
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that the hydra molecular network self-organizes to become
critical before it breaks its symmetry spontaneously. We
propose that the multipotent cells need to increase their
fluctuations in the expression profile to create an asymme-
try. The hydra locks this asymmetry as the fluctuations
become scale-free and therefore reach system size. We
suggest that the absence of scale is necessary to form
exactly one axis. We discuss similarities with self-
organized critical models.

Hydra biomechanical properties and the effect of a
temperature gradient.—Hydra regeneration starts with
the formation of a hollow sphere, made of a cell bilayer
[Fig. 1(b)]. The subsequent development is accompanied
by cycles of steady inflation and fast contraction, as shown
in Fig. 2(a). We have described these oscillations as pres-
sure buildup in the hydra ball due to osmotic swelling
[15,16] until a sudden pressure release occurs. The cycles
change abruptly after about 20 hours from high amplitude,
low frequency oscillations (phase I) to low amplitude, high
frequency oscillations (phase II) [Fig. 2(a)]. The deflation
mechanism of the hydra ball is different in both phases:
During phase 1, it is the rupture of the cell bilayer which
causes cell ball deflation. During phase II, a weak spot in
the hydra cell bilayer causes the sphere to release pressure
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FIG. 2 (color online). (a) Mechanical oscillations during re-
generation. Above: Snapshots of different regeneration stages of
a small hydra fragment; arrows in 4 mark the future axis.
Below: Corresponding volume oscillations. (b) Angular distri-
bution of the hydra head orientation with respect to the direction
of a temperature gradient (0°: head forms at the hot side). The
difference AT is across the cell aggregate (300 wm). Triangles
and squares: Temperature gradient applied from the beginning;
shaded circles: AT = 0.6 °C applied during phase II only; black
circles: control at constant temperature.

at a decreased threshold, thus reducing the amplitude of the
inflation-contraction cycles. At the transition between both
phases, the elastic properties of the cell sphere become
anisotropic in the direction of the developmental axis
[15,17].

We have observed that a hydra develops following a
weak temperature gradient in all of the studied samples
[Fig. 2(b)], regardless of whether the hydra sphere was
made from a small fragment of hydra tissue or from
reaggregated cells [17]. However, the axis of the animal
forms along the temperature gradient only if the applica-
tion of the gradient starts within phase I oscillations. Hydra
spheres that have been put into the temperature gradient
later, after a switch to small amplitude phase II oscillations,
have an arbitrary axis position. The regeneration time of
these spheres is diminished by the time span of the (lack-
ing) phase I oscillations. The same applies for larger
spheres made from fragments. They retain their original
axis, lack phase I oscillations, and develop faster accord-
ingly [17].

We conclude from these experiments that the axis ori-
entation of the developing hydra sphere is irreversibly
locked upon reduction of the amplitude of the inflation-
contraction cycles. The axis, however, is undefined during
phase I oscillations.

Ks1 expression patterns.—RNA in situ hybridization
labels the cells that express the gene of interest with a
colored dye [Fig. 3(a)] [10,17] [for hydra, quantitative
labeling of gene expression with green fluorescent protein
is not yet routinely available [18]]. We study ks1 expres-
sion patterns on the hydra sphere in homogeneous tem-
perature. The pattern develops a characteristic size before
and after symmetry breaking, but its distribution is scale-
free after about 20 hours: When the symmetry-breaking
moment is reached, it follows a power law [Fig. 3(b)]. We
observe that the ksl expression pattern becomes fractal
[Fig. 3(c)] at the same time. The fractal pattern is not
completely lost during the following hydra shape change
towards an increasingly oblong ellipsoid. A possible ex-
planation is that the ks1 expressing cells tend to maintain
their expression profile at this point. Although scaling of
gene expression has been observed before [19], our obser-
vation differs as we consider the size of patches of cells,
which are “infected” with ksl in a basically two-
dimensional sheet of tissue.

Since the cells are identically programmed initially, the
fact that disjoint groups of cells do or do not express ks1
must be interpreted with fluctuations in gene expression.
Already, Mitgutsch et al. observed strong fluctuations of
the head generating expression pathways [20] including
transient phases of head formation. Hydra gene expression
fluctuates until it becomes scale-free and fractal in vicinity
to the symmetry-breaking moment. This state is identified
as critical since the system becomes susceptible to a weak
perturbation, here in the form of a temperature gradient,
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FIG. 3 (color online). (a) Examples of ks1 patterns at different
developmental stages. Scale bar, 500 um. (b) Ksl spot-size
probability distribution for 3 different culture times. P is the
probability for a cell to be part of a spot larger than or equal to s
(cells) as a function of s, averaged over 6 ks1 patterns. All curves
start at P = 1; vertical shift for clarity only; the line is a least
squares fit. With n(s) ~ s~7 the frequency of occurrence, P ~
572 leading to 7= 2.8 = 0.1 for 25 h [17]. (c) Perimeter
fractal dimension from the beginning of expression ( ~ 16 h) to
regeneration, averaged over 6 patterns. Inset: Examples of log-
log fits to determine the perimeter fractal dimension.

which spatially directs the spontaneous symmetry break-
ing. Criticality is a self-organized state of the molecular
network.

We observe that fluctuations reach system size at the
axis-locking moment. However, ksl scaling with the ex-
perimentally observed exponents cannot have infinite
reach (and the hydra does not reach the exact critical state)
since the probability to observe an infinite cluster is given

by lim_el? [37) n(s)ds ~ P(I"7)"28+D = 0 [where /2 is

the number of lattice elements, s(I) the spanning cluster,
n(s) ~s=%8 from Fig. 3(b), and 1.7 is the area fractal
dimension]. System-wide communication is necessary to
avoid formation of multiple heads. Indeed, more than one
head forms on randomly assembled regenerating hydra cell
aggregates, which are substantially larger in size than in
our experiments [11]. We postulate that the power law
must break down at the typical distance between such
heads. The size of our aggregates is such that it corre-
sponds to the reach of the power law; this does not mean
that the hydra necessarily detects its critical state.
Possible origin of molecular network criticality.—At
present, there is no evidence for chemical long range
communication in hydra; a large body of evidence points

towards a major role of next-neighbor interactions between
cells [21]. Zernike showed that in 2 or more dimensions on
a next-neighbor lattice the information decay changes
abruptly from an exponential (i.e., short range) to a power
law (long range) with increasing exchange probability [22]
due to increased branching. In the case of n neighbors, the
transition to scaling occurs if the exchange probability
between neighboring sites reaches 1/n [23,24]. Follow-
ing this idea, scaling as we observe it in our study arises
naturally as a signature of an increasingly “excited” state
of the cell population.

Based on Zernike’s idea, Bak et al. showed theoretically
that self-organized critical (SOC) systems may result from
next-neighbor interaction with simple rules [23]. We there-
fore ask if any of the SOC models, which are claimed to be
very general, explains the SOC state of hydra. A SOC
model that may come close to our situation is the forest
fire model, connected to excitable media [23]. The model
requires nonlinear next-neighbor communication and well
separated time scales (fast burning, slow regrowth, very
rare lightning). Biological cells are known to be nonlinear,
and, in principle, our ksl expression data rather corrobo-
rate a separation of time scales. In 2 dimensions, forest fire
models give exponents 7 = 2.1-2.2 for the fire size distri-
bution and a fractal area dimension D = 1.8-1.9 [23] com-
pared to our experimental values 7 = 2.8 and D =~ 1.7 (1.3
for the perimeter fractal dimension). The forest fire model
depends on the lattice size and the details of the model
rules [25]. The connectivity in the hydra cell-bilayer sheet
is higher than on an ideal two-dimensional lattice. Gene
expression is certainly noisy. As already shown, the hydra
does not reach the critical state completely. We conclude
that the agreement is more of a qualitative nature.

The SOC forest fire model was claimed to reflect the
spreading of mumps and similar diseases in a closed popu-
lation [26]. Mumps, as well as real forest fires [27], have
similar exponents as in our experiment. Although highly
optimized tolerance [27] predicted the exact exponent for
the latter, it does not relate to a fractal state nor to fluctua-
tion driven symmetry breaking as we observe it here. It is
an interesting question whether a reaction-diffusion
mechanism as in Ref. [28] could also be tuned to generate
the observed gene expression patterns.

Whnt expression and axis locking.—As shown in Fig. 4,
the number of ksl expressing cells increases during axis
formation to reach a plateau after axis locking. The sharp-
est increase in ks1 expression coincides with the transition
to phase II motion [Fig. 2(a)], indicating that the sudden
change in the mechanical motion correlates with early head
formation. Hobmayer et al. [11] determined the time frame
of Wnt expression. Both results together show that the
axis-locking moment coincides with Wnt expression.
Incorporation of Wnt expressing cells from the hypostome
in cell aggregates shortens phase I oscillations consider-
ably and defines the axis position [17]. Regenerating hyd-
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FIG. 4 (color online). Temporal evolution of the (normalized)
fraction of ksl expressing cells (circles, each point an average
over 6 patterns) compared with the relative increase of the
frequency of the oscillations (f — fmin)/fmax (Squares, averaged
over 18 evolving spheres), where f\;, and f,. are, respectively,
the minimum and maximum frequencies measured along the
regeneration process. The lines are a guide to the eye.

ras that remain stuck accidentally in phase I oscillations do
not show prominent signs of developmental asymmetry
until they die after a few days.

There is increasing evidence of a molecular connection
between Wnt and cell adhesion [29]. We suggest that it is a
Whnt expressing organizer, consisting of only 5-10 cells,
which causes the localized weakening of the cell bilayer
and the release of osmotic pressure during phase II. This
agrees with the expected size of the pressure-releasing
hole, of the order of cell size [15]. Following this idea,
the weakening of the cell bilayer can be understood as
early mouth formation, a topological change providing a
certain parallel to gastrulation.

In principle, each of the 10000 hydra cells can differ-
entiate irreversibly into a member of an axis-organizing
unit [2,30], and fast global inhibition—reaching every
cell—is needed in order to prevent the formation of a
second axis. Long range signaling across cell membranes
is difficult and slow. Sometimes cells use physical means
such as hydrodynamic flow [5] to exchange information
globally. One may speculate that hydra cells detect the
sudden change in topology (early mouth formation) in
order to transmit information about axis locking fast
enough. It is clear that once one organizer is formed, it
continues to slowly chemically suppress the formation of a
secondary axis even for cells with a high ksl expression
level, as known from the adult animal.

Conclusions.—Our experiments highlight a novel way
of embryonic axis definition by spontaneous symmetry
breaking through a critical mechanism. Controlled fluctua-
tion driven symmetry breaking appears as unnecessarily
complicated; however, it may have been important in
evolution, when identical, single cells self-organized to
form multicellular organisms.
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