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Noise-resistant and synchronized
oscillation of the segmentation clock

Kazuki Horikawa'*, Kana Ishimatsu'*, Eiichi Yoshimoto®*, Shigeru Kondo? & Hiroyuki Takeda'

Periodic somite segmentation in vertebrate embryos is controlled by the ‘segmentation clock’, which consists of
numerous cellular oscillators. Although the properties of a single oscillator, driven by a hairy negative-feedback loop,
have been investigated, the system-level properties of the segmentation clock remain largely unknown. To explore these
characteristics, we have examined the response of a normally oscillating clock in zebrafish to experimental stimuli using
in vivo mosaic experiments and mathematical simulation. We demonstrate that the segmentation clock behaves as a
coupled oscillator, by showing that Notch-dependent intercellular communication, the activity of which is regulated by
the internal hairy oscillator, couples neighbouring cells to facilitate synchronized oscillation. Furthermore, the oscillation
phase of individual oscillators fluctuates due to developmental noise such as stochastic gene expression and active cell
proliferation. The intercellular coupling was found to have a crucial role in minimizing the effects of this noise to

maintain coherent oscillation.

Synchronized oscillation is a universal feature of many biological
systems, such as the fluorescent ‘blinking’ of fireflies or the rhythmic
cellular activities of the neuronal and cardiac systems". A transcrip-
tional oscillator that is responsible for vertebrate somitogenesis,
known as the segmentation clock, also displays synchronized oscilla-
tion (Fig. 1 and Supplementary Notes S1)*~. The segmentation clock
is an ensemble of numerous cellular oscillators, located in the
unsegmented pre-somitic mesoderm (PSM). The travelling wave
generated from the synchronized oscillation in the posterior PSM
sweeps anteriorly and arrests around the future segmentation point
during the formation of each somite (every 30 min in zebrafish; see
also Supplementary Notes S1)>°. It is believed that the frequency of
this clock oscillation controls the size of the resulting segments
(Supplementary Notes S2)”, although no direct evidence for this
has been shown. Previous genetic analyses suggested that the seg-
mentation clock can be considered as a coupled oscillator, wherein
numerous cellular oscillators, driven by negative-feedback regulation
of hairy-related transcriptional repressors'®", are coupled by oscil-
lator-linked Notch-mediated intercellular communication (Box 1 and
Supplementary Notes S1)'>'°. However, because of the complex net-
work of genes that function both intra- and intercellularly, we are still
far from having a complete understanding of the mechanisms
controlling the collective behaviour of the segmentation clock (that
is, the synchronized oscillations, or the travelling and arresting waves,
including their transition in the oscillation modes).

In the present study we have focused on the mechanisms of syn-
chronized oscillation, which is the earliest and most basic mode of
oscillation generated in the posterior PSM (Fig. 1). In particular, we
asked how the intercellular communication coordinates individual
cellular oscillators and maintains a global oscillation pattern. By using
zebrafish embryos, we experimentally and mathematically analysed the
system-level response of the normal oscillator to experimental stimuli.

Acceleration of clock oscillation induced by her-MO cells
To understand better the function of Notch signalling in the

segmentation clock, we examined how the normal oscillators
respond to activated Notch signalling. In this assay, we unilaterally
transplanted genetically modified cells at the blastula stage into the
marginal mesoderm that was fated to become the somite, then
analysed the effects of explants upon both the segment positions
and the oscillation pattern of herl (zebrafish hairy-related genel) at
the segmentation stage (Fig. 2a). We first examined the effect of
non-oscillating cells with high levels of Notch ligands on host
segmentation. These donor cells were obtained from embryos in
which the translation of herl and her7 had been inhibited by
morpholino anti-sense oligonucleotides (her-MO cells). her-MO
cells are expected to continuously activate Notch signalling in
surrounding cells, because the expression of deltaC is upregulated
due to the absence of Her1/7-dependent repression (Supplementary
Notes S1)'>'*, The results of this experiment were striking: in most of
the transplanted embryos (91 out of 96) the segment positions were
anteriorly shifted on the transplanted side (Fig. 2b). In addition, the
segment size was locally reduced around the explants. This segment-
shift activity of her-MO cells was also found to depend upon the
function of DeltaC, as its depletion in donor cells abolishes the
segment-shift activity of her-MO cells (Fig. 2c). This is also the case
for DeltaD", another ligand for Notch broadly expressed in the
posterior PSM (data not shown).

The expression of molecular markers in the her-MO-cell mosaic
embryos revealed that oscillation of the segmentation clock is
specifically affected on the transplanted side (Fig. 2d, f), whereas
the level of FGF signalling in the PSM, which also regulates segment
positions'®'?, is unchanged (Supplementary Notes S2). herl
expression is maintained in a segmental pattern on both sides of
these transplanted embryos, but becomes out of phase such that the
oscillation of the transplanted side advances relative to that of the
control side (Fig. 2d—g and Supplementary Notes S2). This result
indicates that the oscillation phase is accelerated by her-MO cells.
Consistently, when donor cells are localized either laterally or
medially in the PSM, the shape of the herI stripes becomes flattened
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(Fig. 2d) or medially tilted (Fig. 2f), supporting the idea that her-MO
cells locally accelerate herl oscillation in adjacent cells. Notably,
expression of herl is already affected in the posterior-most synchro-
nized oscillation zone (bracket in Fig. 2f) as well as in the travelling
wave zone (intermediate and anterior PSM), indicating that the
interaction between normally oscillating host and her-MO donor cells
occurs in the posterior PSM. Indeed, high-resolution in situ hybridiz-
ation (ISH) clearly demonstrates that the timing of her1 transcription is
locally advanced in cells that surround the transplanted her-MO cells in
the posterior PSM (Fig. 2h, i). Furthermore, the intercellular com-
munication that accelerates herl oscillation is certainly active in the
synchronized oscillation zone, because the same results were obtained
when her-MO cells were directly transplanted into the posterior PSM of
normal host: segment positions and herl expression were locally
shifted around the transplanted cells (Supplementary Notes S2).
Thus, Notch-dependent intercellular communication accelerates the
phase of neighbouring oscillators in vivo.

The ‘phase acceleration’ that we observed in the in vivo experiment
is a general response of a coupled oscillator system. Indeed, local
acceleration of an oscillating system by actively signalling cells is
reproduced in our numerical simulation (for details, see Box I,
Supplementary Notes S3 and Supplementary Movie S1).

We conclude that the segmentation clock behaves as a coupled
oscillator, in which cellular oscillators are interconnected through
oscillator-linked Notch signalling.

Fluctuations in individual oscillators
In the segmentation clock, the period and phase of individual
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Figure 1| Synchronized oscillation of her1 and deltaC in the posterior
PSM. a, Schematic representation of the clock oscillation during one
segmentation cycle. b, ¢, Subcellular localization of herI (b) and deltaC (c)
mRNA (green) visualized by high-resolution ISH. PSM cells display one of
the following patterns of mRNA localization: no signal, nuclear dots or
cytoplasmic localization, representing states with no transcripts, with active
transcription, or with active translation, respectively. Numbered insets are
enlarged in the panels to the right; see also Supplementary Notes S1.
Magenta indicates nuclei. Scale bar, 20 pm.
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oscillators might fluctuate for the following reasons. Rhythm-
generating reactions such as transcription, translation and translo-
cation of key factors are in themselves stochastic processes at the
molecular level*®*?. Furthermore, the dynamics of these processes
can be affected by mitosis, during which the transcription and
translation of most genes are arrested”’. Changes in cell shape
during cell division may also alter the efficiency of contact-depen-
dent intercellular communication that could potentially affect the
oscillation period. Indeed, we have observed active cell proliferation
in the synchronized oscillation zone (Fig. 3a). Time-lapse analysis
of embryos expressing a histone 2B—green fluorescent protein
(GFP) fusion gene revealed that during one cycle of oscillation,
10-15% of cells experience the mitotic phase (M phase), which lasts
at least 15min (Fig. 3b, Supplementary Table S1 and Supplemen-
tary Movie S2). Moreover, given the remarkably short period of
herl oscillation (30 min), the presence of numerous dividing cells
with the 15-min M phase might not be negligible for coherent
oscillation.

To test whether the cyclic expression of segmentation genes
actually fluctuates in vivo, we determined the phase of oscillating
cells in the synchronized oscillation zone using high-resolution ISH.
As described above, cells in this zone repeat the ON/OFF cycle in
almost complete synchrony. However, a certain proportion of these
cells were out of phase (Fig. 3¢); for example, some cells prematurely
initiate herl transcription in a transcriptionally silent population
(arrowhead in Fig. 3d) and others still retain her! messenger RNA in
the cytoplasm as their surrounding cells become negative for its
presence (arrow in Fig. 3e). The presence of slightly advanced and
slightly delayed cells indicates that herl oscillation fluctuates in
individual cells, and this may be caused by stochastic gene expression.
Stochastic transcription in each allele within a cell can be detected by
the differential distribution of exonic and intronic probes for herl. As
is shown in Fig. 3f, one allele is being transcribed (positive for both
intronic and exonic probes; arrowhead) while transcription in
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Figure 2 | Effects of actively signalling cells upon synchronized oscillation.
a, Cell-transplantation assay at the blastula stage. b, Affected segment
positions in a her-MO-cell mosaic embryo. The dashed line indicates the last
normally formed segment border. ¢, Rhodamine-labelled donor cells doubly
injected with deltaC-MO and her-MO do not affect segment positions.
Tissue morphology is outlined by Bodipy-ceramide staining. d, f, herl
expression (purple) in mosaic embryos that received her-MO cells (green).
e, g, Composite images of normal herl expression patterns (purple)
arranged so as to represent d and f. Note that the pattern on the right side is
advanced compared with that on the left (see also Supplementary Notes S2).
h, i, The timing of herlI transcription is locally advanced in the area near to
the explants in the posterior PSM. Nuclei, her] mRNA and explants are
stained red, green and blue, respectively. Arrowheads indicate nuclear
herl-positive cells. Scale bar, 20 pm.
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another allele is just terminated (positive only for exonic probes;
arrow). This contrasts with the nucleus, which shows active tran-
scription in both alleles (asterisk in Fig. 3f). Furthermore, some
asynchronous cells can be found in pairs (arrows in Fig. 3g). This
raises the possibility that they are sibling cells generated by a recent
cell division. In support of this idea, we did not detect herl
transcripts in either condensed or segregating chromatin even
though the surrounding cells were synchronously initiating herl
transcription (Fig. 3h, i). These data indicate that internal noise
caused by both stochastic gene expression and cell division affects the
oscillation period of unit oscillators, as is often seen for other
biological oscillators**>.

Coupling-assisted coherent oscillation against noise

The effects of noise must be minimized to maintain coherent
oscillation, and it is thought that intercellular coupling has a role
in this process, as is the case for other ‘noisy’ biological systems"*>?°.
To understand the importance of Notch signalling for coherent
oscillation, we cultured embryos in the presence of the ~y-secretase
inhibitor DAPT to reduce Notch activity. Wild-type embryos at the
6-somite stage were transiently treated with DAPT or DMSO for the
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Figure 3 | Fluctuated oscillation of her1. a, b, Mitosis in the posterior PSM.
Nuclei (histone 2B-GFP) that experienced mitosis during one cycle of
oscillation are labelled magenta (pseudo-coloured). White dots indicate the
posterior end of the axial mesoderm. ¢, The percentage of nuclear
herl-positive cells in 22 specimens of posterior PSM (posterior to the
dashed line). Specimen numbers are indicated. d, e, A few of the nuclear
herI-positive (arrowheads in d) or cytoplasmic herI-positive cells (arrows in
e) are detectable even in the OFF-state PSM. f, Nuclear localization of
premature and fully matured herl transcripts, detected by intronic (in, red)
and exonic (ex, green) probes, respectively. g, Pairs of asynchronous cells.
h, i, Absence of herl transcripts in either condensed or segregating
chromatin. All her] mRNA is detected by exonic probes except for f.
Anterior is to the top. Scale bar, 20 pm.
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next four cycles of oscillation, and subjected to high-resolution ISH.
This treatment greatly affected herl synchrony in the posterior PSM,
although the overall expression patterns were less affected under
these experimental conditions (Fig. 4a, b). In DAPT-treated
embryos, the cellular localization of her] mRNA became variable
from cell to cell (Supplementary Fig. S10) and the proportion of
nuclear herl-positive cells was approximately 20-30% at every phase
of oscillation, whereas that of the control embryos shifted from 10%
to 90%, depending on the phase. Similar results were obtained by our
numerical simulation in which 25 PSM cells oscillate in the presence of
noise with or without intercellular coupling (Box 1 and Supplementary
Notes S3). Thus, in vivo and in silico experiments demonstrate the
presence of the Notch-dependent phase synchronization mechanism
in the segmentation clock.

The phase synchronization was directly tested by a cell-
transplantation experiment. To juxtapose two independently oscil-
lating populations, we isolated a group of cells from the posterior
PSM of a wild-type donor and directly transplanted them into
another wild-type host at the same axial level (Fig. 4c). After several
rounds of oscillation, the oscillation phase of the explants, some of
which must have been originally out of phase, became synchronized
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Figure 4 | Coupling-assisted phase synchronization. a, b, Synchrony in
10-somite-stage embryos transiently treated with DAPT (a) or DMSO (b)
for 2 h, starting at the 6-somite stage. Representative expression patterns of
herl and its synchrony (posterior to the dashed line) are shown. Error bars
indicate the range of scores taken from three different z-positions in one
PSM sample. c—e, Synchronization of out-of-phase explants. ¢, Wild-type
cells of the posterior PSM were directly transplanted into normal embryos at
the same axial level. d, e, herl expression (purple in the left and right panels)
in these embryos just after transplantation (d) or 1.5 h later (e) is shown. At
the time of transplantation, 9 out of 22 explants exhibit an oscillation phase
that is different from that of the host, whereas 24 out of 26 are in phase after
three rounds of oscillation. The position of biotin-labelled donor cells is
detected as green staining (encircled with white dots in the right panels).
Scale bar, 50 pm.
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with that of the host (Fig. 4d, e; see also Supplementary Notes S3 and
Supplementary Movie S3 for simulation), indicating that phase
synchronization actually works in the segmentation oscillator.

We conclude that Notch-dependent intercellular coupling is
crucial for the maintenance of synchronized oscillation, by reducing
the effects of internal noise in the PSM.

Discussion

By using a simple model with a minimum number of components,
we have experimentally shown that the segmentation clock behaves
as a typical coupled oscillator that displays strong robustness to
developmental noise. However, an in vivo oscillation mechanism
must be much more complicated than we have assumed here®”. We
observed that simple overexpression of DeltaC and DeltaD proteins
(either or both) is not sufficient for PSM explants to exert the
segment-shift activity (data not shown), suggesting that an as-yet-
unidentified factor(s) functions downstream of Herl/7 in parallel
with Delta proteins. Fringe (a modulator of Notch signalling®***°) or
the Wnt pathway, both of which are essential in other vertebrate
species, might be such factors. However, the minimum model that we
used was very informative in understanding the system-level proper-
ties of the clock. Recently, several groups demonstrated that simpli-
fication of the dynamics of a few representative elements, although
neglecting molecular details, can provide valuable information about
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the behaviour of biological systems® . The present study could be
one such case.

It is noteworthy that vertebrate embryos use a robust system for
developmental pattern formation, which has a primary function to
establish a reproducible pattern in a proliferating population of cells.
In this context, one may recall the classical concept of developmental
biology, canalization, in which living organisms produce a standard
phenotype with surprisingly few variations under different environ-
mental and genetic conditions™. This has raised the important issue
of how such a developmental programme can be so resistant to
various perturbations®?®. This phenomenon has been partially
explained by the presence of redundant elements and by self-
balancing feedback regulation, which mainly functions at the level
of local circuit’ . At the same time, it has been theoretically
suggested that higher-order mechanisms, driven by system-level
dynamics, could also ensure the stability of the genetic programme,
as exemplified by the wide ranging tolerance of variation of the initial
conditions during the segmentation programme in Drosophila***'. In
our current study, we demonstrate that such higher-order mecha-
nisms—phase synchronization and mutual entrainment—ensure the
coherent oscillation of the segmentation clock, even in the presence
of proliferating cells. This work therefore presents a novel molecular
explanation for the mechanisms underlying developmental
canalization.

Box 1| Modelling of Notch-coupled oscillators

To assess the results obtained in the in vivo experiments, we
numerically examined the phase dynamics of the segmentation clock
in silico. The oscillation dynamics shown in the following simulation
(see below) is common among coupled oscillator systems and does
not depend on the driving mechanism of oscillation. Here, we adopt
the ‘delay model’ (ref. 16), simply because the model has been most
supported by molecular and genetic experiments of the segmentation
clock** (see also Supplementary Notes S1and S3). In this model, cell-
autonomous oscillation is explained by the dynamics of mMRNA and
protein concentration of the transcriptional repressors herl and her7,
incorporating the ‘delay time' for their maturation.

We simulated oscillation in a one-dimensional array of virtual PSM
cells coupled by Notch-Delta communication, as shown in Box 1 Fig. 1.
Delta protein expressed in one cell is evenly distributed on both sides.
Thus, the Notch signal in one cell is activated by Delta protein
expressed in neighbouring cells on both sides. (For details of the
simulation, see Supplementary Notes S3.)
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Box 1 Figure 1| Molecular network of the segmentation clock.

To simulate the phase-shift effect induced by her-MO cells, we put
a cell that constantly expresses high levels of Delta protein at the right
end of the one-dimensional array of ten cells (Box 1 Fig. 2). The active
signal from the transplanted cell influences the adjacent cell to
accelerate the oscillating phase (13.4% of the oscillation phase after
500 min; see also Supplementary Fig. S7). This effect is transmitted
in succession, and results in the phase shift of relatively distant
cells, although the effect is still locally limited. (For details, see
Supplementary Notes S3 and Supplementary Movie S1.)
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Box 1 Figure 2 | Phase acceleration by activated Notch signalling.

Next, we tested the importance of intercellular coupling in the
presence of noise. Based on the experimental observations (Fig. 3),
the effect of noise is introduced as follows. Effect 1is distributed
frequency in each oscillator. Here, delay time for all components in
each cell is distributed with the standard deviation value of 0.15 and
is fixed throughout the simulation. Effect 2 is phase shift associated
with mitosis. Here, dividing cells are randomly selected such that 7%
of cells in a total population experience mitosis during one cycle of
oscillation. During the division (supposed to last for 15 min), the delay
time is doubled and the synthesis rate of MRNAs and proteins is set
to half the value. At time O, all the cells in the array oscillate
synchronously. Without the coupling (up), the phase of oscillation
soon becomes random. However, with coupling (down), the cell array
can maintain the coherent oscillation (Box 1 Fig. 3). (For details, see
Supplementary Notes S3.)
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Box 1 Figure 3 | Oscillation pattern in a 25-cell array.
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METHODS
High-resolution ISH and image analysis. To preserve the cellular localization of
mRNAs, embryos were fixed with 4% PFA for 2 h at room temperature. During
the course of the study, we found that ice-cold fixative never produced nuclear
signals. DIG- or FITC-labelled cRNA probes were detected with TSA-Alexa488
(Molecular Probes: T-20932) or TSA-Alexa647 (Molecular Probes: T-20936),
according to the manufacturer’s instructions and ref. 42. Detailed procedure is
also described in ref. 43. To determine the numbers of nuclear herI-positive cells,
whole PSMs of flat-mounted embryos were optically scanned at 1-pm intervals
(Olympus: FV500). PSM cells located at the levels between the 5th and 15th
adaxial cells from the posterior end were subjected to this analysis. Three distinct
z-positions in each PSM were sterically analysed using Volocity (Improvision).
The values from each assessment were analysed graphically using Microsoft
Excel.
Time-lapse imaging of mitosis. To visualize mitosis in the posterior PSM,
embryos were injected with histone 2B—EGFP mRNA (100 ngpl™") at the one-
cell stage. Embryos mounted in an LMP-agarose gel were time-lapse imaged with
a confocal microscope (Olympus: FV500) for 30 min. Each PSM was scanned
with six optical slices (10-pm thickness) at 1-min intervals and z-stack images at
each time point were processed for movies using Photoshop and ImageReady
(Adobe).

Detailed description of other methods including cell transplantation and
DAPT treatment are provided in Supplementary Methods.
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