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Abstract

A striking pattern of oscillatory gene expression,
related to the segmentation process (somitogene-
sis), has been identified in chick, mouse, and ze-
brafish embryos. Somitogenesis displays great au-
tonomy, and it is generally assumed in the litera-
ture that somitogenesis-related oscillations are cell-
autonomous in chick and mouse. We point out in
this article that there would be many biological rea-
sons to expect some mechanism of coupling between
cellular oscillators, and we present a model with such
coupling, but which also has autonomous properties.
Previous experiments can be re-interpreted in light
of this model, showing that it is possible to recon-
cile both autonomous and non-autonomous aspects.
We also show that experimental data, previously in-
terpreted as supporting a purely negative-feedback
model for the mechanism of the oscillations, is in fact
more compatible with this new model, which relies
essentially on positive feedback.

1 Introduction

Somites are transient, segmental structures in ver-
tebrate and cephalochordate embryos, derived from

paraxial mesoderm (Saga and Takeda, 2001). They
are formed on both sides by budding off anteriorly,
at regular intervals (90 min in the chick, 2 hours in
the mouse), from the presomitic mesoderm (PSM).
Mesoderm segmentation and the polarity of the re-
sulting somites play an essential role in the patterning
of other structures, such as nerves, vertebrae, muscles
and blood vessels (Keynes and Stern, 1988, Saga and
Takeda, 2001).

A molecular ”segmentation clock”, or ”somitogen-
esis clock”, was recently identified by Palmeirim et al.
(1997), and involves oscillations in both mRNA and
protein levels of c-hairy1, a chick homologue of a gene
first identified in Drosophila. c-hairyl expression is
not synchronous throughout the PSM: a wave, origi-
nating from a large region of posterior PSM, spreads
anteriorly while shrinking, and stabilises at the ante-
rior border of the PSM (see below for a more detailed
description). A new somite is formed every time a
wave reaches the border.

Subsequently, other cycling genes were identified:
c-hairy2 (chick) / HES1 (mammals) cycles in both
chick and mouse PSM (Jouve et al., 2000), and Lu-
natic fringe (L-fng), an important regulator of the
Notch pathway (Blair, 2000), involved in boundary-
formation in insect development, cycles in the chick
(McGrew et al., 1998) and mouse (Forsberg et al.,
1998) (but not zebrafish, Prince et al., 2001). A
Notch ligand, DeltaC, was also identified as cycling



in zebrafish PSM (Jiang et al., 2000). The period of
oscillation is 90 minutes for the chick, 2 hours for the
mouse, and 20-30 minutes for the zebrafish (Stick-
ney et al., 2000). In the chick, PSM cells experience
about 2 cell-cycles (Primmett et al., 1989) and 12
clock-pulses before being incorporated into a somite
(Palmeirim et al., 1997).

The oscillatory expression pattern has been clas-
sified with 3 stages; in the first stage, cells in the
caudal half of the PSM (youngest cells) express the
genes in synchrony (or at least with much smaller
phase-lags than in the rest of the PSM). In the sec-
ond stage, the expression pattern moves rostrally and
narrows; this narrowing was supposed by Palmeirim
et al. (1997) and others (Kaern et al., 2000, Jaeger
and Goodwin, 2001, 2002) to stem from a progres-
sive increase of the clock period, but it has also been
proposed that it results from shorter synthesis bursts
(Cooke, 1998). In the third stage, expression becomes
stabilised in one half of a prospective somite, and this
somite forms shortly thereafter. Cells undergo a rel-
ative movement at constant speed in the PSM, and
they oscillate about 8 times while moving from the
posterior end to the middle of the PSM. When cells
reach the middle of the PSM, the intensity of the os-
cillations in c-hairyl increases sharply (O. Pourquié,
personal communication). For other genes such as
c-hairy2, the intensity of oscillations is on the con-
trary down-regulated. L-fng and c-hairyl expression
patterns are synchronous in most of the PSM, and di-
verge when they reach the boundary of the forming
somite (McGrew et al., 1998); a stripe of L-fng ex-
pression stabilises in the anterior part of the forming
somite in the chick, but not in the mouse.

Normal functioning of the clock seems to be es-
sential for segmentation, as its disruption by muta-
tions affecting the Notch pathway (Barrantes et al.,
1999, Jouve et al., 2000, Jiang et al., 2000, Dunwoodie
et al., 2002), or enforcement of a non-zero baseline of
I-fng expression (Serth et al., 2003, Dale et al., 2003),
result in severe segmentation defects. Different mod-
els provide a link between clock oscillations and ac-
tual somite segmentation, but our purpose here is
to address the mechanism for the oscillations, rather
than the way they are read out. Somitogenesis is a
process which shows great autonomy; for example,

PSM explanted from an embryo still undergoes par-
tial segmentation (even though the process requires
ectoderm to go all the way, the segmental pattern
is observable, Packard et al., 1993; Lash and Os-
trovsky, 1986). Based on one type of experiment,
the segmentation clock is generally assumed to be
cell-autonomous in chick and mice (see section 3.2).
However, there is also evidence that there could be
some intercellular coupling in segmentation-clock os-
cillations (see section 2.1), as first suggested by Jiang
et al., 2000 in the case of the zebrafish. The two as-
pects seem difficult to reconcile. In the following,
we propose however a model for segmentation-clock
oscillations which allows for coupling, but can also
behave as if oscillations were cell-autonomous, pro-
viding a new possible explanation for experiments
previously interpreted as ruling out intercellular cou-
pling. The model could easily be extended to ac-
count for the very first segmentation clock oscilla-
tions in the primitive streak, which occur at a much
earlier stage of embryonic development than PSM
segmentation (Jouve et al., 2002), and which remain
unexplained by current models. Oscillations in the
proposed model partially rely on a positive feedback
mechanism, but the model is compatible with exper-
imental data which has been interpreted as support-
ing a negative-feedback mechanism, and is also com-
patible with experimental data which contradicts a
purely negative-feedback model.

2 Lunatic secretion

model

fringe

Many experiments suggest that the somitogenesis
clock is not cell-autonomous (see below), but some
experiments have been interpreted as ruling out the
existence of coupling (see section 3.2). The Lu-
natic fringe secretion model was formulated to re-
solve this contradiction, within the framework of
current experimental data. The model addresses
the way segmentation-clock oscillations are gener-
ated and synchronised between cells, in the primitive
streak as well as in the PSM. It does not address the
relationship between the oscillations, physical somite



segmentation, and polarity-establishment, but it is
compatible with all major current models, which in-
volve either the existence of a critical threshold ma-
turity (original clock and wavefront model, Cooke
and Zeeman, 1976), the spread of a signal (cell-cycle
model, Primmett et al., 1989), or an FGF8 wavefront
(Dubrulle et al., 2001).

2.1 Motivation for the model: inter-

cellular coupling

There seems to be some evidence that PSM clock-
gene oscillations are not totally cell-autonomous:

e Primitive-streak precursors of the lateral and
medial parts of a same somite do not have the
same anterio-posterior position in the primitive
streak (Selleck and Stern, 1991, Psychoyos and
Stern, 1996, Eloy-Trinquet and Nicolas, 2002),
and the expression of their somitogenesis-clock
genes does not oscillate in synchrony (Jouve
et al., 2002). However, synchrony seems to be
achieved quickly upon ingression into the PSM.
While other complicated mechanisms could be
at play, synchronisation of physically close cells
seems to be the simplest explanation.

e Somites are not ”developmental compartments”:
groups of PSM cells with a restricted spatial ex-
tent shortly after ingression can have descen-
dants which span many somites (Kulesa and
Fraser, 2002), and a single cell, labeled shortly
before it is incorporated into a somite, can have
descendants in two adjacent somites (Stern et al.,
1988). It would be a complicated model, if oscil-
lations are totally cell-autonomous, for daughter
cells to inherit different phases after cell division,
and to "sort out” at segmentation time.

e Inversion of the anteroposterior polarity of pre-
sumptive somites in the caudal PSM does
not result in segmentation or polarity defects
(Dubrulle et al., 2001); segmentation models
relying on the somitogenesis clock require re-
synchronisation of the inverted tissue with sur-
rounding PSM for this to be possible.

e Analysis of zebrafish mutants in the
segmentation-clock genes has led Jiang et al.
(2000) to conclude that the role of the role
of Notch signalling is to synchronise the
segmentation clock between neighbouring cells.

e One would expect stochastic effects to have a
measurable impact on the individual cellular os-
cillators, which could not be overcome if oscil-
lations were cell-autonomous. Randomness in
transcriptional regulation was discussed by Ke-
pler and Elston (2001); phenotypic effects of
varying biochemical parameters were shown by
Ozbudak et al. (2002). Inter-cellular synchroni-
sation was argued by Cooke (1998) to be neces-
sary for the somitogenesis clock pattern to be so
refined.

2.2 Biological grounding of the model

The Lunatic fringe secretion model is based on ex-
perimental data showing the crucial importance of
Notch in somite segmentation, on the regulation of
L-fng in the PSM, which shows that L-fng is a target
of Notch activity (Cole et al., 2002, Morales et al.,
2002, Barrantes et al., 1999, Dale et al., 2003), on
the action of L-fng on Notch (Blair, 2000), and on
the fact that Notch receptor and ligand expression
levels seem to be constant in the chick and mouse
PSM (Barrantes et al., 1999, Forsberg et al., 1998).
It is fundamentally different from previous models of
lateral inhibition mediated by Notch signalling (Col-
lier et al., 1996), in that ligand levels are constant,
and Notch signalling is periodically active in all cells.
It is also very different from the clock and induction
model (Schnell and Maini, 2000), in which there is
no explicit molecular mechanism, Lunatic fringe is
seen as a passive output, and oscillations are cell au-
tonomous (the ratchet mechanism at the heart of that
model is made very unlikely by experimental results
discussed in section 3.4, which show that a non-zero
baseline of Lunatic fringe disrupts oscillations).

The model accounts for coupling between cellular
oscillators by secretion of L-fng, which has not been
documented in the PSM, but has been in other ex-
perimental contexts (Wu et al., 1996). Notch sig-



nalling is very versatile and not fully understood,
and cleavage of ligands could be involved in signalling
(Artavanis-Tsakonas et al., 1999), providing another
potential source of coupling; this could require os-
cillation of Delta levels, as has been observed in ze-
brafish (Jiang et al., 2000), but would not necessarily
be incompatible with Delta levels being constant on
a large scale, as in the chick and mouse.

The secreted factor could be different (and involve
a more complex mechanism downstream of the clock)
without the results presented in this section being
necessarily compromised. It is also conceivable that
inter-cellular communication could be mediated by
gap-junctions (which do exist between PSM cells,
Blackshaw and Warner, 1976); in this specific case,
the structure of the model could remain the same, but
the equations would probably need to be significantly
modified to take into account the strong differences
between ionic currents and enzyme kinetics.

2.3 Details of the model

In the following, proteins and their concentrations are
denoted in the same way.

e Two forms of the Notch receptor are considered,
a regular one (n), and another one (n®), which
has been greatly sensitised to Delta signalling
by L-fng (I). L-fng makes Notch more sensitive
to Delta signalling and less sensitive to Serrate
signalling, which could make the outcome of L-
fng modification of Notch uncertain if both lig-
ands were expressed, but Serrate has been shown
not to be expressed in the chick embryo up to
the first somite stage (Caprioli et al., 2002).
Notch is supposed to be translated at a con-
stant rate (in the PSM, no oscillations in Notch
mRNA have been shown). Because there is no
evidence for oscillations in the levels of Notch-
binding proteins in the mouse or the chick, Notch
signalling is taken to be proportional to the
quantities of Notch protein, with a weighting
factor on unsensitised Notch to account for its
lower efficiency. This approximates the time for
Notch cleavage, for intra-cellular fragment mi-
gration to the nucleus, and for degradation of the

transcriptionally-active intra-cellular fragment,
as being small compared to the period of the
somitogenesis clock, so that the intensity of sig-
nalling is at a quasi-equilibrium for both sensi-
tised and unsensitised Notch.

e Cell-cell coupling is accounted for by the ac-
tion of secreted L-fng on neighbouring cells. To
keep the model simple, diffusion is not explicitly
considered, being replaced by a weighting factor
on L-fng from neighbours (if L-fng is indeed se-
creted, it can probably not travel over distances
covering more than a few cells). The strength
of coupling is discussed in more detail in section
2.4.

e Notch drives the transcription of L-fng, with a
cooperativity which has been chosen to be 3 (a
minimum cooperativity is required for oscilla-
tions; 3 is not the minimum, as oscillations are
also observed for example with a cooperativity
coefficient of 2.7). Notch-dependent expression
of L-fng is intricate, but two binding-sites for
CBF1, which directly mediates Notch signalling,
have been identified in the L-fng regulatory re-
gion (Morales et al., 2002); what’s more, ex-
perimental data suggests that other such bind-
ing sites could be present (Morales et al., 2002).
There is thus a basis for cooperative action of
Notch on the L-fng gene.

e All three proteins undergo exponential decay.
This corresponds to degradation which is either
spontaneous or mediated by proteases function-
ing far from saturation.

The graph of the interactions between the compo-
nents of the model is shown in Figure 1. Correspond-
ing equations are given in Appendix A.

Although the general mathematical description of
the model is given in two dimensions, only a linear
chain of coupled cells will be considered in the fol-
lowing. Results for simulations in 2 dimensions could
be in agreement with the experimentally-observed
chevron of clock-gene expression (Freitas et al., 2001,
Jouve et al., 2002), if one supposes that oscillations
are initiated in a laterally-restricted posterior region,
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Figure 1: Interaction graph of the Lunatic fringe se-
cretion model. For clarity, the influence of cell i on
cells i-1 and i+1 is not shown.

and that lateral coupling is weaker then longitudi-
nal coupling. One reason for the lateral coupling to
be weaker than the longitudinal coupling (in or close
to the primitive streak, not in the PSM), could be
that only a proportion of cells are competent to os-
cillate; if the lateral density of such cells is lower than
the longitudinal density, weaker coupling could be a
crude approximation of the decreased efficiency of lat-
eral diffusion of L-fng from one cell to another (since
competent cells are more distant laterally than lon-
gitudinally). This will be addressed in a later study.

2.4 Initial phase and PSM flow

Cells stay only transiently in the PSM. This can be
safely ignored when considering cell-autonomous os-
cillations, but a coupled system can be influenced by
conditions at its boundaries, which depend on how
newly-ingressed cells and freshly-segmented cells be-
have.

One important question is that of the initial phase
of cells which ingress into the PSM. In the cell-
autonomous model, that initial phase must be a com-
plex function of time (the clock and trail model of

Kerszberg and Wolpert, 2000, also requires an oscil-
lating initial phase). In the Lunatic fringe secretion
model, it may be constant. Since the problem of syn-
chronising newly-ingressed cells with posterior PSM
is easier if these cells ingress with an oscillating initial
phase (data not shown), simulations presented below
were carried out with these cells taking on a fixed
initial phase when they ingress.

Oscillations in anterior-most cells were stopped on
arrival of an expression wave, with a crude, artificial
algorithm (the Lunatic fringe secretion model does
not seek to address the mechanism by which cells
segment). Cells which had segmented were consid-
ered not to influence other cells any more, and their
oscillatory phase was blocked.

One important aspect of somitogenesis clock oscil-
lations is that the posterior half of the PSM should
keep oscillating in near-synchrony (and that the re-
gion of synchrony should not extend anteriorly, be-
yond the middle of the PSM). To reproduce this, it
had to be assumed that coupling was stronger in the
posterior half of the PSM. This could be an indi-
rect effect of different cell densities in the anterior
and posterior halves of the PSM. Alternatively, it
could be that FGF8 has the effect of making cou-
pling stronger (FGF8 has been shown to be expressed
much more intensely in posterior PSM than in caudal
PSM, Dubrulle et al., 2001); this would also explain
why the caudal-like domain of clock-gene expression
can be extended anteriorly by grafts of FGF8 beads,
as shown in Figure 4L by Dubrulle et al. (2001).
Stronger coupling in posterior PSM could explain
why this region is labile with respect to its segmen-
tation programme, while anterior PSM is not. The
effects of FGF8-beads grafts could also be explained
by effects on the coupling strength, which will be ad-
dressed in a later study.

Simulations were performed with coupling being
three times stronger in the caudal PSM than in the
rostral PSM, the coupling strength being a contin-
uous but sharp function of the relative position in
the PSM (see Appendix A for details). The coupling
strength needs not be a continuous function, but this
was deemed more biologically realistic.



3 Simulation of the model

3.1 Reproduction of the somitogene-
sis clock pattern

The pattern of oscillatory gene expression, as first
described by (Palmeirim et al., 1997), can be readily
reproduced with the Lunatic fringe secretion model:
the posterior half of the PSM can oscillate in near-
synchrony, with each wave of expression travelling
anteriorly (see Figures 2 to 4, and Movie 1). It is
not straightforward to model the shrinkage the wave
of expression as it travels; rather, a small domain
of roughly constant size travels anteriorly from the
region of near-synchrony.

Note the difference in intensities of Lunatic fringe
expression between the anterior and posterior parts
of the PSM, which is compatible with experimental
data, and does not require a specific mechanism as in
the cell-autonomous case.

The way the system works seems to be the follow-
ing: the coupling in the model seems to reduce the
oscillation period, as L-fng provided by neighbours
prompts earlier firing (secreted L-fng acts both cell-
autonomously and on neighbouring cells, and it is
thus possible for an isolated cell to show oscillating
expression of clock genes). The stronger coupling in
the posterior PSM has two effects. Firstly, its cells
tend to fire earlier than those in the anterior PSM
(with the right initial conditions). Secondly, cells in
the posterior PSM fire more in synchrony than those
in the anterior PSM. A wave originated in the pos-
terior PSM travels to the anterior PSM, but more
slowly, because of the reduced coupling. It is crucial
that L-fng is involved in a positive feedback circuit
(with Notch signalling), so that a cell which is firing
recruits its neighbours.
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Figure 2: Phase 1 in the Lunatic fringe secretion
model: a wave of expression initiates in the posterior
half of the PSM. Abscissae correspond to cell number
in the PSM (anterior is to the left, posterior to the
right), and ordinates to L-fringe expression levels (in
arbitrary units). At the anterior end, 12 somites have
already formed, and their oscillation phase is frozen.
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Movie 1, corresponding to Figures 2 to 4.

3.2 Discontinuities in the PSM

Experiments which have been interpreted as prov-
ing that somitogenesis clock oscillations are cell-
autonomous consist in cutting the PSM transver-
sally, and observing that oscillations continue in both
halves for up to two cycles (Palmeirim et al., 1997,
McGrew et al., 1998, Forsberg et al., 1998). Within
the framework of the Lunatic fringe secretion model,
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Figure 3: Phase 2 in the Lunatic fringe secretion
model: the wave of expression now has a much more
restricted extent and is travelling anteriorly. Abscis-
sae correspond to cell number in the PSM (anterior
is to the left, posterior to the right), and ordinates to
L-fringe expression levels (in arbitrary units).
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Figure 4: Phase 3 in the Lunatic fringe secretion
model: the wave of expression reaches the anterior
border of the PSM. Abscissae correspond to cell num-
ber in the PSM (anterior is to the left, posterior to
the right), and ordinates to L-fringe expression levels
(in arbitrary units).
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Figure 5: 2 cycles after the introduction of the cou-
pling boundary at cell 150, the disruption of the pat-
tern is minimal. An anomaly is only observed at
times when the wave of expression reaches the cou-
pling boundary. Abscissae correspond to cell number
in the PSM (anterior is to the left, posterior to the
right), and ordinates to L-fringe expression levels (in
arbitrary units).

these experiments can be modelled as introducing at
some time a coupling boundary in the chain of oscil-
lators, across which oscillators do not influence each
other. Simulations have been performed (see Movie
2), which show that the oscillatory pattern is essen-
tially unaffected for many cycles after the introduc-
tion of the boundary (see Figure 5 for a snapshot 4
cycles after the introduction of the boundary). The
disruption becomes larger with time, but current ex-
perimental data does not allow verification of whether
this actually happens, as tissues were fixed after at
most two cycles of oscillation.

3.3 Stochastic perturbations

Similar random perturbations were applied during
simulations of the Lunatic fringe secretion model,
and of the model given by J. Lewis as supplemen-
tal data to the article by Palmeirim et al. (1997),
which considers cell-autonomous oscillations (see Ap-
pendix D for simulation details). Results are shown
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Movie 2, corresponding to Figure 5.

in Figures 6 to 8 (see Movies 3 and 4 for a complete
time-animation). With the Lunatic fringe secretion
model, the overall pattern is totally preserved; some
variations of expression intensity can be observed in
the caudal PSM, but the different phases of oscilla-
tion can still be sharply distinguished (Figures 7 and
8). In the case of the cell-autonomous model (Fig-
ure 6), stripes of expression corresponding to already-
segmented somites are discernable, but levels of Lu-
natic fringe are extremely heterogeneous in unseg-
mented PSM.

The model is also robust against parameter varia-
tions, as discussed in section B.

3.4 Effect of L-fng misexpression

It has been observed by Dale et al. (2003) that consti-
tutive misexpression of L-fng in the PSM blocks the
somitogenesis clock, and suppresses the expression
of endogenous L-fng. This has been interpreted by
the authors as supporting the existence of a negative
feedback circuit between L-fng and Notch signalling:
Notch signalling would activate L-fng transcription,
and L-fng would down-regulate Notch-signalling; this
circuit would be the core of the somitogenesis clock.
However, while it has been demonstrated that L-
fng transcription is indeed activated by Notch sig-
nalling (Cole et al., 2002, Morales et al., 2002, con-
firmed by other means by Dale et al., 2003), L-fng-
induced down-regulation of Delta-mediated Notch
signalling is contrary to present biological evidence,
which shows L-fng-catalysed glycosylation to make
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Figure 6: Simulation of the cell-autonomous model
proposed by Palmeirim et al. (1997), with random
perturbations in the phase of each cell. A pattern in
unsegmented PSM is barely discernable. Abscissae
correspond to cell number in the PSM (anterior is
to the left, posterior to the right), and ordinates to
L-Fringe expression levels (in arbitrary units). The
model was originally proposed for c-hairyl oscilla-
tions, but L-Fringe oscillates with the same pattern.
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Movie 3, corresponding to Figure 6.
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Figure 7: Phase 1 in the Lunatic fringe secretion
model, with random perturbations: the pattern is
still very similar to that shown in Figure 2. Abscis-
sae correspond to cell number in the PSM (anterior
is to the left, posterior to the right), and ordinates to
L-fringe expression levels (in arbitrary units).
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Movie 4, corresponding to Figured 7 and 8.
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Figure 8: Phase 2 in the Lunatic fringe secretion
model, with random perturbations: the pattern is
still very similar to that shown in Figure 3. Abscis-
sae correspond to cell number in the PSM (anterior
is to the left, posterior to the right), and ordinates to
L-fringe expression levels (in arbitrary units).

the Notch receptor more sensitive to activation by
Delta (Blair, 2000) (of the two Notch ligands Delta
and Serrate, only Delta is expressed in the chick up
to the first somite stage, Caprioli et al., 2002).

What’s more, suppression of endogenous L-fng ex-
pression by misexpression of L-fng does not imply
that the oscillations rely exclusively on a negative-
feedback circuit. In the L-fng secretion model, for a
single cell there are 4 feedback circuits between the 3
variables, one of which (between L-fng and sensitised
Notch) is positive and essential for the oscillations.
If the model is modified to account for misexpression
of L-fng, and if the misexpression strength is above
a threshold, oscillations are stopped and L-fng is en-
dogenously expressed at a dramatically lower inten-
sity (data not shown). The intuitive reason for this is
that continuous L-fng expression depletes the pool of
un-sensitised Notch; in the model, sensitised Notch
has a shorter half-life than Notch, and even though
it is continuously produced if L-fng is continuously
expressed, its concentration is much lower than its
peak concentration when it is produced in bursts.

The L-fng secretion model is thus compatible with




the data reported by Dale et al. (2003), as well as
with the data on sensitisation of Notch by L-fng.

In contrast to Dale et al. (2003), Serth et al. (2003)
reported that misexpression of L-fng in mouse PSM
does not suppress endogenous oscillations, but dis-
rupts their pattern. A major difference between the
method employed by the two groups is that Dale et al.
(2003) electroporated plasmids carrying l-fng under
the control of a strong, constitutive promoter, while
Serth et al. (2003) created transgenic mice with I-fng
under the control of a portion of the delta promoter.
It is thus quite possible that a stronger level of mi-
sexpression was achieved by Dale et al. (2003). The
L-fng secretion model can reconcile both results, be-
cause suppression of endogenous oscillations is only
achieved above a threshold level of misexpression,
comparable to the amplitude of endogenous oscilla-
tions; what’s more, the amplitude of the endogenous
oscillations is reduced by misexpression, as reported
by Serth et al. (2003) (however, it was not possible
to reproduce the disappearance of oscillations specif-
ically in the anterior PSM).

4 Conclusion

The Lunatic fringe secretion model can account for
the oscillatory gene expression pattern exhibited by
the PSM of chick and mouse embryos. It is depen-
dent on local coupling between cells, which allows it
for example to not require new cells to ingress into the
PSM with an oscillatory initial phase, and to be more
resistant to random perturbations. However, oscilla-
tions also have an autonomous character, in that the
introduction of a coupling boundary at a specific po-
sition of the PSM does not significantly affect the
oscillatory pattern. Such a behaviour is in agreement
with experiments which were previously interpreted
as ruling out the existence of coupling between cellu-
lar oscillators.

This shows that coupling between the PSM os-
cillators is compatible with all current experimental
data. What’s more, such coupling could explain phe-
nomena which have hitherto remained obscure. The
model could benefit from an extension to 2 or 3 di-
mensions, to earlier embryonic times (and explain the

10

way the phase gradient is set up by the spread of the
very first wave), and to a strength of coupling set by
FGF8 levels (which could then allow to explain the
anisotropic effect of FGF8-beads grafts described by
Dubrulle et al., 2001). This will be addressed in later
studies.

Finally, the model, even though it is based on L-fng
activation of Notch signalling (in agreement with bio-
logical studies of L-fng), is also compatible with data
interpreted as supporting L-fng-mediated repression
of Notch signalling.

5 Note added in proof

After this article went to press, J. Lewis proposed a
model for the somitogenesis clock, based on negative
feedback and transcriptional delays, inspired by the
zebrafish but applicable to chick and mouse (Lewis,
2003). Experiments will be required to distinguish
between this model and the Lunatic fringe secretion
model, but they could differ in their synchronisation
properties, and in their abilities to account for the
differences in oscillatory patterns in anterior and pos-
terior PSM.
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A Equations for the L-fng se-
cretion model

A system defined by a set of the equations below,
without coupling to any neighbours, undergoes oscil-
lations for a wide range of parameters. The mecha-
nism seems to rely primarily on the positive feedback
circuit, with the system ”firing” a burst of sensitised
Notch and L-fng once a threshold has been reached
in Notch and L-fng.

The equations for cell i (the index denotes the
anterio-posterior position in the PSM) are given by
equation 1, where [; is the quantity of Lunatic fringe
protein in cell ¢, n; the quantity of un-sensitised
Notch receptor, n; the quantity of sensitised Notch
receptor, J,(i) the set of axial (longitudinal) neigh-
bours of oscillator ¢ which are considered to influ-
ence it, and 9;(¢) the set of lateral neighbours con-
sidered to influence it, with € and € measuring the
respective effects of L-fng in proportion to the cell-
autonomous effects. In the case of a one-dimensional
chain and nearest-neighbour coupling, neighbours of
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cell 7 this would be cells i —1 and i+ 1, except for the
first and last oscillators in the chain. ajg is expected
to be small, and corresponds to weak activation of
unsensitised Notch by Delta. The simulations pre-
sented below were performed with coupling extend-
ing to the 4 nearest neighbours (2 anterior neighbours
and 2 posterior neighbours, except for cells close to

the borders).
The coupling function used was
el =¢ <2+tanh< -1 + )) (2)
[ . 3
(i/n)”
with n the number of cells in the simulated PSM.
The dynamics of Notch sensitisation are taken to
be linear in both enzyme and substrate as a first sim-
plification. Conditions matching this approximation

are saturating un-sensitised Notch or roughly con-
stant levels of un-sensitised Notch.

1
1—i/n)®

B Parameters for the L-fng se-
cretion model

Parameters used for simulations are shown in Table
1. They were chosen such that the period of the os-
cillations is about 120 minutes, as in the mouse PSM.
Protein concentrations are dimensionless.

The robustness of the model regarding parame-
ter variation was investigated by varying individually
each of the parameters in Table 1 and equation 2, the
other parameters and the initial conditions being kept
similar (it was too computationaly costly to attempt
to find ”good” initial conditions for each set of param-
eters, and the results below thus give a lower bound
on robustness). Parameters were deemed satisfactory
when a wave spent more than 3 times as much time
in the anterior PSM as in the posterior PSM (mean-
ing that oscillations in the posterior PSM are much
more synchronous than in the anterior PSM).

The system is least sensitive to parameters gov-
erning L-fng (oo, a1, a9, and ag), the strength of
coupling ('), and the coupling differential between
anterior and posterior PSM (given by equation 2),
which all can be individually varied 5-fold around the
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(n§ +asn;)’
ozl—i—(nf—&—agni)?’

di;
dt

- Oégli

dnj

values given in Table 1, with the system preserving its
behaviour (the oscillation period can be affected). It
is slightly more sensitive to the parameters governing
the formation of sensitised Notch and its degradation
(respectively 1 and ~s), which can be varied 3-fold
around the values given in Table 1. The most sensi-
tive parameters are those governing Notch synthesis
and degradation (respectively (1 and (2), which can
however be varied by 50%.

The parameters in Table 1 correspond to lifetimes
of about 3 minutes for L-fng and the sensitised Notch
receptor, and of about 64 minutes for the unsensitised
Notch receptor. It is normal for the lifetime of the
sensitised receptor to be much shorter than that of
the sensitised receptor, as it is much more likely to
be bound by Delta and cleaved (a process which is
not explicitly taken into account by the model). The
sensitised receptor is assumed to be about 30 times
more efficient at signalling (parameter «as); thus, if
intrinsic stabilities were the same, there should be a
30-fold difference in lifetimes. Since there is only a
20-fold difference, the model assumes that sensitisa-
tion makes the receptor more stable than the unsen-
sitised form. Biological data corresponding to these
parameters is lacking. The lifetime of L-fng takes into
account not only spontaneous or proteolytic degrada-
tion, but also diffusion away from the secreting cell,
which explains its low value.

Numerical details of the simulations are given in
Appendix C.

C Simulation method
Initial conditions were chosen for the system to evolve

toward the desired pattern (the Lunatic fringe secre-
tion model currently does not seek to address the
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dd? = b1 —mn (li + € D jeny b T € D2 jennt lj) — Pani

(1)

cﬁ = M1 (li +e Zjeﬂl(i) lj + € Zjeﬂa(z‘) lj) — Yny;

Parameter Value
Qp 1.08 min~!
(e%] 4.0
[e%) 0.217 min—*
Qasg 0.03

B1 | 0.0217 min—!
B2 | 0.0108 min~!
T 15.2 min—!
Y2 0.217 min~!
el 0.3

Table 1: Parameters used for simulations.

initiation of oscillations). To account for cell-flow in
the PSM, new variables were added at regular inter-
vals at the ”posterior” extremity, representing new
cells entering the PSM, with fixed initial values (cor-
responding to the state of an isolated oscillator, 1/3rd
of its oscillatory period after its L-fng peak). To ac-
count for the blocking of the clock once cells had seg-
mented, derivatives in anterior-most cells were set to
0 once they had been reached by an expression wave,
and segmented cells were considered not to influence
other cells in the PSM anymore.

Integration was performed with the adaptive-
stepsize Runge-Kutta algorithm (Press, 1992), which
was implemented in a custom Ada program (source
available on request). Simulations comprised 300
cells, and were executed on a Macintosh PowerPC
running Mac OS 10.2. Graphs were plotted using
gnuplot, converted to animated GIFs using gifsicle,
and to QuickTime movies with QuickTimePro.



D Random perturbations

The model presented by J. Lewis as supplemental
data to the article by Palmeirim et al. (1997) is a
phase model, which does not incorporate any molecu-
lar mechanism. On the other hand, the Lunatic fringe
secretion model is built on a molecular mechanism. It
was thus not obvious which perturbation method to
use, as the perturbation magnitudes had to be simi-
lar for the comparison to be fair. The method chosen
consisted in integrating the equations of the two mod-
els by small steps (20 per somitogenesis period), and
at each step, deciding at random whether each indi-
vidual oscillator should have its state variables up-
dated or not (the chance of not updating was 20%).
The kind of randomness in oscillator behaviour thus
modelled corresponds to oscillators ”lagging behind”
their normal cycle for short periods of time.
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