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Limit cycle

176 Synchronization of periodic oscillators by periodic external action

of self-sustained oscillators. Finally, we describe a technical system (phase locked
loop) that can be interpreted as a particular example of a driven oscillator.

7.1 Phase dynamics

In this section we consider the effect of a weak periodic external force on periodic self-
sustained oscillators. The main idea here is that a small force influences only the phase,
not the amplitude, so that we can describe the dynamics with a phase equation. In its
derivation we follow the method developed by Malkin [1956] and Kuramoto [1984].
Although the method is quite general, the resulting phase equation is very simple
and easy to investigate. This will allow us to describe many important properties of
synchronization analytically.

7.1.1 A limit cycle and the phase of oscillations

Consider a general M-dimensional (M ! 2) dissipative autonomous1 system of
ordinary differential equations

dx
dt

= f(x), x = (x1, . . . , xM ), (7.1)

and suppose that this system has a stable periodic (with period T0) solution x0(t) =
x0(t + T0). In the phase space (the space of all variables x) this solution is an isolated
closed attractive trajectory, called the limit cycle (Fig. 7.1). The point in the phase

1 Formally, a driven system can be written as an autonomous one, if one introduces an additional
equation for a variable that is equivalent to the time. Physically, such a manipulation does not
make the system really autonomous, because the “time variable” cannot be influenced.
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Figure 7.1. A stable
limit cycle (bold curve),
here shown for a
two-dimensional dynamical
system. Its form can be very
different from a circular one;
in a high-dimensional phase
space it can be even knotted.
The neighboring trajectories
are attracted to the cycle.



10 Introduction

In the theoretical treatment of synchronization, the angular frequency ! = 2" f =
2"/T is often more convenient; below we often omit the word “angular” and call
it simply the frequency. Later on we will see that the frequency can be changed
because of the external action on the oscillator, or due to its interaction with another
system. To avoid ambiguity, we call the frequency of the autonomous (isolated)
system the natural frequency.

Coupling of oscillating objects

Now suppose that we have not one clock, but two. Even if they are of the same type
or are made by the same fabricator, the clocks seem to be identical, but they are not.
Some fine mechanical parameters always differ, probably by a tenth of a per cent, but
this tiny difference causes a discrepancy in the oscillatory periods. Therefore, these
two clocks show a slightly different time, and if we look at them at some instant of
time, then typically we find the pendula in different positions (Fig. 1.7).

Let us now assume that these two nonidentical clocks are not independent, but
interact weakly. There might be different forms of interaction, or coupling, between
these two oscillators. Suppose that the two clocks are fixed on a common support,
and let this be a not absolutely rigid beam (Fig. 1.8), as it was in the original
observation of Huygens. This beam can bend, or it may vibrate slightly, moving
from left to right, this does not matter much. What is really important is only that the
motion of each pendulum is transmitted through the supporting structure to the other
pendulum and, as a result, both clocks “feel” each other: they interact through the
vibration of the common support. This vibration might be practically imperceptible;
in order to detect and visualize it one has to perform high-precision mechanical
measurements. However, in spite of its weakness, it may alter the rhythms of both
clocks!
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Figure 1.7. Two similar pendulum clocks (a) cannot be perfectly identical; due to a
tiny parameter mismatch they have slightly different periods (here T2 > T1) (b).
Therefore, if we look at them at some arbitrary moment of time, the pendula are,
generally speaking, in different positions: #1 != #2.

1.2 Synchronization: just a description 11

Adjustment of rhythms: frequency and phase locking

Experiments show that even a weak interaction can synchronize two clocks. That
is, two nonidentical clocks which, if taken apart, have different oscillation periods,
when coupled adjust their rhythms and start to oscillate with a common period.
This phenomenon is often described in terms of coincidence of frequencies as
frequency entrainment or locking:2 if two nonidentical oscillators having their
own frequencies f1 and f2 are coupled together, they may start to oscillate with a
common frequency. Whether they synchronize or not depends on the following two
factors.

1. Coupling strength
This describes how weak (or how strong) the interaction is. In an experimental
situation it is not always clear how to measure this quantity. In the experiments
described above, it depends in a complicated manner on the ability of the supporting
beam to move. Indeed, if the beam is absolutely rigid, then the motions of pendula
do not influence the support, and therefore there is no way for one clock to act on
the other. If the clocks do not interact, the coupling strength is zero. If the beam is
not rigid, but can vibrate longitudinally or bend, then an interaction takes place.

2. Frequency detuning
Frequency detuning or mismatch ! f = f1 ! f2 quantifies how different the
uncoupled oscillators are. In contrast to the coupling strength, in experiments with
clocks detuning can be easily measured and varied. Indeed, one can tune the fre-
quency of a clock by altering the pendulum length.3 Thus, we can find out how
the result of the interaction (i.e., whether the clocks synchronize or not) depends

2 We use “entrainment” and “locking” as synonyms (see terminological remarks in
Section 1.3.1).

3 Mechanical clocks usually have a mechanism that easily allows one to do this. The process is
used to force the clock to go faster if it is behind the exact time, and to force it to slow down if
it is ahead.
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Figure 1.8. Two pendulum
clocks coupled through a
common support. The beam
to which the clocks are fixed
is not rigid, but can vibrate
slightly, as indicated by the
arrows at the top of the
figure. This vibration is
caused by the motions of
both pendula; as a result the
two clocks “feel” the
presence of each other.

Coupling of oscillators



Coupled, noisy oscillators can synchronize,

“the odd sympathy of two clocks”Christiaan Huygens
(1629 - 1695)

Synchronization of coupled oscillators
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3.5 Diverse examples 87

It is a well-established fact that in the absence of a light–dark cycle the period
of the circadian rhythm deviates from 24 hours; it can be either longer or shorter.
Under normal conditions, the cycle is entrained by the daily variation of the illu-
minance. This entrainment was studied in numerous experiments within which the
subject was isolated from the normal light–dark cycle and deprived of all other time
cues. The results of these experiments can be schematically represented in the way
shown in Fig. 3.41. This is a direct indication of the endogenous character of the
circadian rhythm, i.e., that there exists a self-sustained clock that governs the rhythm.
All available evidence indicates that there is one principal circadian pacemaker in
mammals, namely the suprachiasmatic nucleus of the hypothalamus. This nucleus
receives entraining information from retinal ganglion cells [Moore 1999].

Quantification of the circadian period in humans has yielded inconsistent results
[Czeisler et al. 1999; Sassone-Corsi 1999; Moore 1999]: the average was controver-
sially estimated to be 25 or 23 h, and individual variation from 13 to 65 h was reported
in normal subjects. This large variation may be responsible for the behavioral patterns
of “early birds” and “owls”. Indeed, from general properties of synchronization we
expect that the subjects with an intrinsic period T0 < 24 h should be ahead in phase
with respect to the external force, whereas those with a period T0 > 24 h should
lag in phase. Similarly, an age-related shortening of the intrinsic period has been

conditions
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Figure 3.41. Schematic digram of the behavioral sleep–wake rhythm. Here the
circadian rhythm is shown entrained for five days by the environmental light–dark
cycle and autonomous for the rest of the experiment when the subject is placed under
constant light conditions. The intrinsic period of the circadian oscillator is in this
particular case greater than 24 hours. Correspondingly, the phase difference between
the sleep–wake cycle and daily cycle increases: the internal “day” begins later and
later. Such plots are typically observed in experiments with both animals and humans
[Aschoff et al. 1982; Czeisler et al. 1986; Moore 1999].

Entrainment: the circadian rhythm
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protocol is designed to highlight the endogenous generation of circadian rhythms 
by shielding the organism from 24-h time cues and environmental cycles. Only 
after this simplest situation is understood does one try to characterize the influence 
of the light-dark cycle and other external synchronizers on the circadian system 9 

Figure 1 shows the sleep-wake record of one of the longest free-run studies 
ever conducted [33]. In that experiment, Michel Siffre spent six months alone in 
a cave. His account of that harrowing experience [33] is unforgettable reading, 
including encounters with bat guano, mice, near-suicidal depression, and an 
electrical shock delivered through cardiac electrodes that he happened to be 
wearing during a lightning storm. All in the name of science - -  Siffre was himself 
the leader of the research team, as well as the subject. 

As shown in Fig. 1, for the first 35 days of the experiment, Siffre lived on a 
fairly regular 26-h schedule, rising and retiring about two hours later each day. 
On day 37, he unintentionally skipped his expected bedtime, and stayed up for 
several extra hours 9 He then slept and slept 9 This odd pattern of long wakes and 
sleeps occurred intermittently for the next month. Spontaneously on day 63 he 
reverted to the 26-h "day".  After 9 more weeks, "wild variations" [33] appeared 
again on day 130, and continued in a "seemingly random pattern" for 20 days. 
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Fig. 1. Sleep-wake record of Siffre's [33] time- 
isolation study in Midnight Cave, Texas, 1972. 
Black bars represent time when subject was 
asleep. Each sleep episode is plotted twice: 
beneath the previous episode and also to the 
right of it. This "double raster-plot" 
emphasizes the continuity in the data across 
the artifactual edge at 24:00 h. Internal de- 
synchronization occurs spontaneously after 
day 37 and again after day 130 (see text) 
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Model of  h u m a n  sleep-wake cycle 333 

by modelers of various physiological oscillations. To mention just a few examples, 
phase models have been proposed in the context of circadian activity rhythm 
splitting in rodents [13, 21, 25], flashing rhythms of fireflies [17], frequency 
plateaus in the intestine [ 16], and swimming rhythms controlled by central pattern 
generators in fish [7, 23]. The model presented here extends this approach to 
human sleep and circadian rhythms. 

3.2. Model  structure 

The structure of the PHASE model is summarized in Fig. 4. The phases of the 
two oscillators are denoted 01, 02. Although the phases are real numbers, we 
often regard them as points on the circle of unit circumference. The governing 
equations are 

01 = (.01 -- C 1 c o s  2 7 ( 0 2  - 01) (la) 

02 = w2+ C2 cos 2~'(01 - 02) (lb) 

where 

and 

to1, w2 are intrinsic frequencies 

C1, C2 are coupling strengths. 

The overdot signifies time differentiation. All the parameters are taken to be 
non-negative. The chosen form of the coupling is such that the first oscillator 
slows down and the second speeds up when they are in phase. This property is 
suggested by the observed modulations of sleep-wake cycle lengths (e.g. Fig. 2d) 
as the activity and temperature rhythms cross through each other during internal 
desynchronization. 

Temperature Sleep-wake 
oscillator oscillator 

temperature sleep onset 

g: 
Coupling 

01 = (dl-C! COS 2T(02-01) 02=(d2 + C2COS 2"tr (01-02) 

Fig. 4. Structure of  the PHASE model. Sleep-wake and temperature rhythms are controlled by different 
"phase-only"  oscillators, but  these oscillators are coupled. Low temperature occurs when 01 = 0 and 
sleep occurs when 0 <~ 02 <~ F, where F is a parameter  controlling the sleep fraction. Note that all 
phases  are regarded as real numbers  (mod 1) 
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Inner ear hair cells coupled to cyber clones

resulted in progressive synchronization of the oscillations, here
quantified by cross-correlation coefficients (Fig. 2B). For
K ≥ 0.4 pN∕nm, correlation coefficients exceeded 0.9, and
synchronization was thus nearly complete. Notably, oscillations
also became more regular with increasing coupling strengths
(Fig. 2 C–F). The spectral density of both hair-bundle and
cyber-clone deflections indeed sharpened (Fig. 2 C and D)
and, correspondingly, it took a larger number of cycles before
an oscillation lost its phase coherence. The degree of phase co-
herence can be described by the quality factor Q ! !0∕Δ!, where
!0 is the frequency at which the spectral density of spontaneous
movement peaks and Δ! is the width at half the maximal value.
With no coupling, the hair bundle displayed a quality factor
Q ! 2.2" 1.0 (mean" SD; 33 cells). When the coupling strength
K was raised from 0 to 0.4 pN∕nm, we observed that Q increased
until it saturated at about twice its initial value (Fig. 2E). A simi-
lar increase of oscillation regularity was observed with the cyber
clones (Fig. 2F), revealing a synergic interaction between the
three coupled oscillators. The cross-correlation coefficients
and the relation Q#K$ were quantitatively reproduced by pure
computer simulations of three coupled cyber clones.

Enhancement of Mechanical Amplification. In a second set of experi-
ments, the hair bundle was subjected to a total force FK % FEXT,
where FEXT#t$ ! F0 sin#2"!t$ is an external stimulus of magni-
tude F0 and frequency !; the same time-dependent force FEXT
was included in the simulations of both cyber clones. The sensi-
tivity of a hair bundle was defined as jX!∕F!j , where X! and F!
are the Fourier amplitudes of hair-bundle motion and force at the
stimulus frequency, respectively. When !!!0, the sensitivity of an
oscillatory hair bundle is highest for faint stimuli and displays a
compressive nonlinearity for moderate to intense stimuli (10)
(Fig. 3A). Coupling the hair bundle to its cyber clones enhanced
hair-bundle sensitivity, more so for faint stimuli (F0 < 1 pN).
Under such conditions, the compressive nonlinearity extended
over a larger range of stimulus amplitudes. By alternating mea-
surements of hair-bundle sensitivity with and without coupling at
a low force F0 ! 0.3 pN, we observed that the effects of coupling

were reversible (Fig. 3B). Moreover, the sensitivity to low stimuli
increased with K , showing signs of saturation for the strongest
couplings that we could achieve (Fig. 3C). In contrast, the sensi-
tivity to intense stimuli (F0 ! 50 pN) did not depend on coupling
stiffness. The gain of the hair-bundle amplifier, defined as the
ratio of hair-bundle sensitivities to weak and strong stimuli, thus
increased with coupling. It grew from a value of 6.0" 0.6
(mean" SE; n ! 14 cells) in the absence of coupling to
11.3" 0.9 for strong coupling (Fig. 3D). Gain enhancement of
similar magnitude was also observed in the experiments for
each of the cyber clones (Fig. S2). All these observations were
in quantitative agreement with pure computer simulations.

Effects of Blocking the Transduction Channels. Gentamicin, an
aminoglycoside antibiotic that blocks transduction channels of
hair cells, affords a means to switch off the amplifier of the hair
bundle (Fig. 3D) and thus to further assay the interplay between
the hair bundle and its two cyber clones. When an oscillatory hair
bundle was strongly coupled to its cyber clones, gentamicin ap-
plication to the hair bundle (keeping the cyber clones unchanged)
resulted in a gain reduction of the hair bundle from 11.3" 0.9 to
1.8" 0.1 (n ! 3 cells, Fig. 3D). This value was only slightly larger
than the gain of unity for which the hair bundle provides no am-
plification. Weak amplification resulted here from active driving
of the passive hair bundle by oscillatory cyber clones. In addition,
the amplificatory gain of the cyber clones decreased from 11.1"
0.8 to 3.6" 0.2, thus to a lower value than the gain of 5.3" 0.4
that was measured for the uncoupled system (Fig. S2).

Extrapolation to Larger Oscillatory Modules.We used simulations to
anticipate the behavior of a larger module of coupled hair
bundles. The quality factor of an oscillatory cyber clone increased
almost linearly with the number of cyber clones (Fig. 4A). To a
good approximation, gain was linearly related to the quality
factor of spontaneous oscillations (Fig. 4B) and thus also to
the number of coupled oscillators. In accordance with previous
theoretical results (21), amoduleofonly9 ! 9 coupledcyber clones
sufficed to produce an amplificatory gain of 400 or 52 dB
(Fig. 4B) that resembles that of the mammalian cochlea (17).

Discussion
Immersing a hair bundle into a simulated environment provided
experimental insight about active mechanics at a scale intermedi-
ate between those of the single cell and the intact organ. We
demonstrated that mechanical coupling of hair bundles enhances
sensitivity to weak stimuli and thus enlarges the range of stimulus
intensities that elicit hair-bundle vibrations beyond a given
threshold. Why does coupling boost the hair-bundle amplifier?
The gain of individual hair bundles is limited by intrinsic fluctua-
tions (18–20). Coupling resulted in partial synchronization of the
noisy oscillators and in an increased regularity of spontaneous
oscillatory movements (Fig. 2), as observed in other oscillatory
systems (23, 24). By promoting effective noise reduction, the
synergic interaction between coupled hair bundles enabled each
hair bundle in the group to amplify with higher gains and, as the
result of the smaller bandwidth of the oscillator, with sharper
frequency selectivity. In our experiments, the gain saturated at
a value about twice that of the uncoupled hair bundle when
the coupling stiffness K approached the hair-bundle stiffness
(Fig. 3). As modest as it may seem, the measured magnitude
of gain enhancement is significant considering that the hair
bundle was here coupled to only two virtual neighbors. This
configuration ensured that the experimental outcome was not
dictated by the cyber clones. Indeed, interfering with the hair-
bundle amplifier with gentamicin (Fig. 3D) had dramatic effects
on gain enhancement, which is not the case for a large number of
coupled cyber clones. Although we could have coupled the hair
bundle to only one cyber clone, symmetric coupling to two

FEXT FEXT FEXT-F1 FK
-F2

!

XA B

Real-time
simulation

X1 X X2

Fig. 1. Coupling a hair bundle to two cyber clones by dynamic force clamp.
(A) Schematic representation of the coupled system. A hair bundle (blue) is
connected to one neighbor on each side (orange and red) by identical springs
of stiffness K. The positions of the hair bundles (X1, X and X2) oscillate
spontaneously. Relative movements of adjacent hair bundles yield elastic
forces (−F1, FK ! F1 % F2 and −F2). All three hair bundles experience the
same external force FEXT. (B) Experimental realization. A stimulus fiber
was attached to the hair bundle’s top. From each measured hair-bundle
position X, the position Δ of the fiber’s base was dynamically actuated to
apply the force F ! FK % FEXT depicted in (A) for the central hair bundle. This
force was calculated in real time from a stochastic computer simulation that
emulated the behavior of the two neighbors, called cyber clones.

8080 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0913657107 Barral et al.

Barral, Dierkes, et al. 2010
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Self-organized uterus contractions

to verify that the qualitative nature of the transition to
global synchronization with increasing coupling is inde-
pendent of system size. The dynamical equations are
solved using a fourth-order Runge-Kutta scheme with
time step dt ! 0:1 and a standard 5-point stencil for the
spatial coupling between the excitable elements. We have
used periodic boundary conditions in the results reported
here and verified that no-flux boundary conditions do not
produce qualitatively different phenomena. Frequencies of
individual elements are calculated using fast-Fourier trans-
form of time series for a duration 215 time units. The
behavior of the model for a specific set of values of f,
Cr, and D is analyzed over many (" 100) realizations of
the np distribution with random initial conditions.

Figure 2 (first row) shows spatial activity in the system at
different values ofD after long durations (" 215 time units)
starting from random initial conditions. As the coupling D
between the excitable elements is increased, we observe a
transition from highly localized, asynchronous excitations
to spatially organized coherent activity that manifests as
propagating waves. Similar traveling waves of excitation
have indeed been experimentally observed in vitro in my-
ometrial tissue from the pregnant uterus [23]. The different
dynamical regimes observed during the transition are ac-
companied by an increase in spatial correlation length
scale (Fig. 2, middle row) and can be characterized by

the spatial variation of frequencies of the constituent ele-
ments (Fig. 2, last row). For low coupling (D # 0:1),
multiple clusters each with a distinct oscillation frequency
! coexist in the medium. As all elements belonging to one
cluster have the same period, we refer to this behavior as
cluster synchronization (CS). Note that there are also
quiescent regions of nonoscillating elements indicated in
white. With increased coupling the clusters merge, reduc-
ing the variance of the distribution of oscillation frequen-
cies eventually resulting in a single frequency for all
oscillating elements (seen for D # 0:3). As there are still
a few local regions of inactivity, we term this behavior as
local synchronization (LS). Further increasing D (# 0:4),
a single wave traverses the entire system resulting in global
synchronization (GS) characterized by all elements in the
medium oscillating at the same frequency. Our results thus
help in causally connecting two well-known observations
about electrical activity in the pregnant uterus: (a) there is a
remarkable increase in cellular coupling through gap junc-
tions close to onset of labor [18] and (b) excitations are
initially infrequent and irregular, but gradually become
sustained and coherent towards the end of labor [11].
The above observations motivate the following order

parameters that allow us to quantitatively segregate the
different synchronization regimes in the space of model
parameters [Fig. 3(a)]. The CS state is characterized by a
finite width of the frequency distribution as measured by
the standard deviation, "!, and the fraction of oscillating
elements in the medium, 0< fosc < 1. Both LS and GS
states have "! ! 0, but differ in terms of fosc (< 1 in LS,
’ 1 in GS). Figures 3(b) and 3(c) show the variation of the
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FIG. 2 (color online). Emergence of synchronization with in-
creased coupling. Snapshots (first row) of the activity Ve in a
two-dimensional simulation domain (f # 0:7, Cr # 1, L # 64)
for increasing values of coupling D (with a given distribution of
np). The corresponding time-averaged spatial correlation func-
tions C$r% are shown in the middle row. The size of the region
around r # 0 (at center) where C$r% is high provides a measure
of the correlation length scale which is seen to increase with D.
The last row shows pseudocolor plots indicating the frequencies
of individual oscillators in the medium (white corresponding to
absence of oscillation). Increasing D results in decreasing the
number of clusters with distinct oscillation frequencies, even-
tually leading to global synchronization characterized by spa-
tially coherent, wavelike excitation patterns where all elements
in the domain oscillate with same frequency.
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FIG. 3 (color online). (a) Different dynamical regimes of the
uterine tissue model (for f # 0:7) in D& Cr parameter plane
indicating the regions having (i) complete absence of oscillation
(NO), (ii) cluster synchronization (CS), (iii) local synchroniza-
tion (LS), (iv) global synchronization (GS), and (v) coherence
(COH). (b),(c) Variation of (b) width of frequency distribution
h"!i and (c) fraction of oscillating cells hfosci with coupling
strength D for Cr # 1 [i.e., along the broken line shown in (a)].
The regimes in (a) are distinguished by thresholds applied on
order parameters h"!i, hfosci, and hFi, viz., NO, hfosci< 10&3;
CS, h"!i> 10&4; LS, h"!i< 10&4 and hfosci< 0:99; GS,
hfosci> 0:99; and COH, hFi> 0:995. Results shown are
averaged over many realizations.

PRL 108, 068102 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

10 FEBRUARY 2012

068102-3

to verify that the qualitative nature of the transition to
global synchronization with increasing coupling is inde-
pendent of system size. The dynamical equations are
solved using a fourth-order Runge-Kutta scheme with
time step dt ! 0:1 and a standard 5-point stencil for the
spatial coupling between the excitable elements. We have
used periodic boundary conditions in the results reported
here and verified that no-flux boundary conditions do not
produce qualitatively different phenomena. Frequencies of
individual elements are calculated using fast-Fourier trans-
form of time series for a duration 215 time units. The
behavior of the model for a specific set of values of f,
Cr, and D is analyzed over many (" 100) realizations of
the np distribution with random initial conditions.

Figure 2 (first row) shows spatial activity in the system at
different values ofD after long durations (" 215 time units)
starting from random initial conditions. As the coupling D
between the excitable elements is increased, we observe a
transition from highly localized, asynchronous excitations
to spatially organized coherent activity that manifests as
propagating waves. Similar traveling waves of excitation
have indeed been experimentally observed in vitro in my-
ometrial tissue from the pregnant uterus [23]. The different
dynamical regimes observed during the transition are ac-
companied by an increase in spatial correlation length
scale (Fig. 2, middle row) and can be characterized by

the spatial variation of frequencies of the constituent ele-
ments (Fig. 2, last row). For low coupling (D # 0:1),
multiple clusters each with a distinct oscillation frequency
! coexist in the medium. As all elements belonging to one
cluster have the same period, we refer to this behavior as
cluster synchronization (CS). Note that there are also
quiescent regions of nonoscillating elements indicated in
white. With increased coupling the clusters merge, reduc-
ing the variance of the distribution of oscillation frequen-
cies eventually resulting in a single frequency for all
oscillating elements (seen for D # 0:3). As there are still
a few local regions of inactivity, we term this behavior as
local synchronization (LS). Further increasing D (# 0:4),
a single wave traverses the entire system resulting in global
synchronization (GS) characterized by all elements in the
medium oscillating at the same frequency. Our results thus
help in causally connecting two well-known observations
about electrical activity in the pregnant uterus: (a) there is a
remarkable increase in cellular coupling through gap junc-
tions close to onset of labor [18] and (b) excitations are
initially infrequent and irregular, but gradually become
sustained and coherent towards the end of labor [11].
The above observations motivate the following order

parameters that allow us to quantitatively segregate the
different synchronization regimes in the space of model
parameters [Fig. 3(a)]. The CS state is characterized by a
finite width of the frequency distribution as measured by
the standard deviation, "!, and the fraction of oscillating
elements in the medium, 0< fosc < 1. Both LS and GS
states have "! ! 0, but differ in terms of fosc (< 1 in LS,
’ 1 in GS). Figures 3(b) and 3(c) show the variation of the
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creased coupling. Snapshots (first row) of the activity Ve in a
two-dimensional simulation domain (f # 0:7, Cr # 1, L # 64)
for increasing values of coupling D (with a given distribution of
np). The corresponding time-averaged spatial correlation func-
tions C$r% are shown in the middle row. The size of the region
around r # 0 (at center) where C$r% is high provides a measure
of the correlation length scale which is seen to increase with D.
The last row shows pseudocolor plots indicating the frequencies
of individual oscillators in the medium (white corresponding to
absence of oscillation). Increasing D results in decreasing the
number of clusters with distinct oscillation frequencies, even-
tually leading to global synchronization characterized by spa-
tially coherent, wavelike excitation patterns where all elements
in the domain oscillate with same frequency.
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FIG. 3 (color online). (a) Different dynamical regimes of the
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averaged over many realizations.
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(mV) is the potential difference across a cellular mem-
brane, Cm ( ! 1 !F cm"2) is the membrane capacitance,
Iion #!Acm"2$ is the total current density through ion
channels on the cellular membrane, and gi are the gating
variables, describing the different ion channels. The spe-
cific functional form for Iion varies in different models. To
investigate the actual biological system we have first con-
sidered a detailed, realistic description of the uterine my-
ocyte given by Tong et al. [21]. However, during the
systematic dynamical characterization of the spatially ex-
tended system, for ease of computation we have used the
phenomenological FitzHugh-Nagumo (FHN) system [7],
which exhibits behavior qualitatively similar to the uterine
myocyte model in the excitable regime. In the FHN model,
the ionic current is given by Iion ! Fe#Ve; g$ ! AVe#Ve "
"$#1" Ve$ " g, where g is an effective membrane con-
ductance evolving with time as _g ! ##Ve " g$,"#! 0:2$ is
the excitation threshold, A#! 3$ specifies the fast activa-
tion kinetics, and ##! 0:08$ characterizes the recovery rate
of the medium (the parameter values are chosen such that
the system is in the excitable regime and small variations
do not affect the results qualitatively). The state of the
electrically passive cell is described by the time evolution
of the single variable Vp [22]: _Vp!Fp#Vp$!K#VR

p "Vp$,
where the resting state for the cell VR

p is set to 1.5 and
K#! 0:25$ characterizes the time scale over which pertur-
bations away from VR

p decay back to it. We model the
interaction between a myocyte and one or more passive
cells by

_Ve ! Fe#Ve; g$ % npCr#Vp " Ve$; (1a)

_Vp ! Fp#Vp$ " Cr#Vp " Ve$; (1b)

where np#! 1; 2; . . .$ passive elements are coupled to an
excitable element via the activation variable Ve;p with
strength Cr. Here, we have assumed for simplicity that
all passive cells are identical, having the same parameters
VR
p andK, as well as starting from the same initial state. We

observe that the coupled system comprising a realistic
model of uterine myocyte and one or more passive cells
exhibits oscillations [Fig. 1(a)] qualitatively similar to the
generic FHN model [Fig. 1(b)], although the individual
elements are incapable of spontaneous periodic activity in
both cases. In Figs. 1(a) and 1(b), the range of np and
excitable-passive cell couplings for which limit cycle os-
cillations of the coupled system are observed is indicated
with a pseudocolor representation of the period ($). We
also look at how a system obtained by diffusively coupling
two such ‘‘oscillators’’ with distinct frequencies (by virtue
of having different np) behaves upon increasing the cou-
pling constantD between Ve [Fig. 1(c)]. A surprising result
here is that the combined system may oscillate faster than
the individual oscillators comprising it.

To investigate the onset of spatial organization of
periodic activity in the system we have considered a

two-dimensional medium of locally coupled excitable
cells, where each excitable cell is connected to np passive
cells [Fig. 1(d)], np having a Poisson distribution with
mean f. Thus, f is a measure of the density of passive
cells relative to the myocytes. Our results reported here are
for f ! 0:7; we have verified for various values of f & 0:5
that qualitatively similar behavior is seen. The dynamics of
the resulting medium is described by

@Ve

@t
! Fe#Ve; g$ % npCr#Vp " Ve$ %Dr2Ve;

where D represents the strength of coupling between ex-
citable elements (passive cells are not coupled to each
other). Note that, in the limit of large D, the behavior of
the spatially extended medium can be reduced by a
mean-field approximation to a single excitable element
coupled to f passive cells. As f can be noninteger, np
in the mean-field limit can take fractional values [as in
Figs. 1(a) and 1(b)].
We discretize the system on a square spatial grid of size

L' L with the lattice spacing set to 1. For most results
reported here L ! 64, although we have used L up to 1024
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FIG. 1 (color online). Oscillations through interaction between
excitable and passive elements. A single excitable element
described by (a) a detailed ionic model of a uterine myocyte
and (b) a generic FHN model coupled to np passive elements
exhibits oscillatory activity (inset) with period $ for a specific
range of gap-junctional conductances Gm in (a) and coupling
strengths Cr in (b). The triangles (upright and inverted) enclos-
ing the region of periodic activity in (b) are obtained analytically
by linear stability analysis of the fixed point solution of Eq. (1a).
(c) Frequency of oscillation for a system of two oscillators A and
B (each comprising an excitable cell and np passive cells with
nAp ! 1 and nBp ! 2) coupled with strength D. Curves corre-
sponding to different values of Cr show that the system syn-
chronizes on increasing D, having a frequency that can be higher
than either of the component oscillators. (d) Uterine tissue model
as a two-dimensional square lattice, every site occupied by an
excitable cell coupled to a variable number of passive cells.
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(mV) is the potential difference across a cellular mem-
brane, Cm ( ! 1 !F cm"2) is the membrane capacitance,
Iion #!Acm"2$ is the total current density through ion
channels on the cellular membrane, and gi are the gating
variables, describing the different ion channels. The spe-
cific functional form for Iion varies in different models. To
investigate the actual biological system we have first con-
sidered a detailed, realistic description of the uterine my-
ocyte given by Tong et al. [21]. However, during the
systematic dynamical characterization of the spatially ex-
tended system, for ease of computation we have used the
phenomenological FitzHugh-Nagumo (FHN) system [7],
which exhibits behavior qualitatively similar to the uterine
myocyte model in the excitable regime. In the FHN model,
the ionic current is given by Iion ! Fe#Ve; g$ ! AVe#Ve "
"$#1" Ve$ " g, where g is an effective membrane con-
ductance evolving with time as _g ! ##Ve " g$,"#! 0:2$ is
the excitation threshold, A#! 3$ specifies the fast activa-
tion kinetics, and ##! 0:08$ characterizes the recovery rate
of the medium (the parameter values are chosen such that
the system is in the excitable regime and small variations
do not affect the results qualitatively). The state of the
electrically passive cell is described by the time evolution
of the single variable Vp [22]: _Vp!Fp#Vp$!K#VR

p "Vp$,
where the resting state for the cell VR

p is set to 1.5 and
K#! 0:25$ characterizes the time scale over which pertur-
bations away from VR

p decay back to it. We model the
interaction between a myocyte and one or more passive
cells by

_Ve ! Fe#Ve; g$ % npCr#Vp " Ve$; (1a)

_Vp ! Fp#Vp$ " Cr#Vp " Ve$; (1b)

where np#! 1; 2; . . .$ passive elements are coupled to an
excitable element via the activation variable Ve;p with
strength Cr. Here, we have assumed for simplicity that
all passive cells are identical, having the same parameters
VR
p andK, as well as starting from the same initial state. We

observe that the coupled system comprising a realistic
model of uterine myocyte and one or more passive cells
exhibits oscillations [Fig. 1(a)] qualitatively similar to the
generic FHN model [Fig. 1(b)], although the individual
elements are incapable of spontaneous periodic activity in
both cases. In Figs. 1(a) and 1(b), the range of np and
excitable-passive cell couplings for which limit cycle os-
cillations of the coupled system are observed is indicated
with a pseudocolor representation of the period ($). We
also look at how a system obtained by diffusively coupling
two such ‘‘oscillators’’ with distinct frequencies (by virtue
of having different np) behaves upon increasing the cou-
pling constantD between Ve [Fig. 1(c)]. A surprising result
here is that the combined system may oscillate faster than
the individual oscillators comprising it.

To investigate the onset of spatial organization of
periodic activity in the system we have considered a

two-dimensional medium of locally coupled excitable
cells, where each excitable cell is connected to np passive
cells [Fig. 1(d)], np having a Poisson distribution with
mean f. Thus, f is a measure of the density of passive
cells relative to the myocytes. Our results reported here are
for f ! 0:7; we have verified for various values of f & 0:5
that qualitatively similar behavior is seen. The dynamics of
the resulting medium is described by

@Ve

@t
! Fe#Ve; g$ % npCr#Vp " Ve$ %Dr2Ve;

where D represents the strength of coupling between ex-
citable elements (passive cells are not coupled to each
other). Note that, in the limit of large D, the behavior of
the spatially extended medium can be reduced by a
mean-field approximation to a single excitable element
coupled to f passive cells. As f can be noninteger, np
in the mean-field limit can take fractional values [as in
Figs. 1(a) and 1(b)].
We discretize the system on a square spatial grid of size

L' L with the lattice spacing set to 1. For most results
reported here L ! 64, although we have used L up to 1024
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FIG. 1 (color online). Oscillations through interaction between
excitable and passive elements. A single excitable element
described by (a) a detailed ionic model of a uterine myocyte
and (b) a generic FHN model coupled to np passive elements
exhibits oscillatory activity (inset) with period $ for a specific
range of gap-junctional conductances Gm in (a) and coupling
strengths Cr in (b). The triangles (upright and inverted) enclos-
ing the region of periodic activity in (b) are obtained analytically
by linear stability analysis of the fixed point solution of Eq. (1a).
(c) Frequency of oscillation for a system of two oscillators A and
B (each comprising an excitable cell and np passive cells with
nAp ! 1 and nBp ! 2) coupled with strength D. Curves corre-
sponding to different values of Cr show that the system syn-
chronizes on increasing D, having a frequency that can be higher
than either of the component oscillators. (d) Uterine tissue model
as a two-dimensional square lattice, every site occupied by an
excitable cell coupled to a variable number of passive cells.
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Synthetic oscillators coupled by quorum sensing

Danino et al. 2010

the correspondence of this space–time plot to the images in Fig. 3a.
During the first 100 min, there is no activity and the space–time plot
is blue, indicating no fluorescence. Then at 100 min, there is an
orange spot at around 1,350 mm, corresponding to the burst in
Fig. 3a. In the space–time plot, propagation of a wave to the left
and right appears as a green–yellow concave line. The larger slope
to the left of the burst origin indicates that the leftward moving wave
is travelling slower (,25 mm min21) than the rightward wave
(,35mm min21). Subsequent waves originating from a nearby loca-
tion arise as further orange–yellow intensity lines. These intensity
lines indicate ‘annihilation events’, where leftward moving and right-
ward moving waves collide and annihilate each other. Although these
events are prominent in the movies (Supplementary Movies 3 and 4)
they appear subtly in the space–time plot at locations where positive
and negative slopes meet (300–400 mm in second intensity line and
on). As the travelling wave gets further from a burst location it breaks
off into a packet (170 min) that travels leftward at 12.5 mm min21

initially, and slows to 8.5 mm min21 towards the end of the trap where
the cell density is lower (between 118–200 min). The corresponding
cell-density space–time plot shows that a higher density of cells is first
reached at the centre of the colony and is minimal towards the left-
moving edge (Supplementary Fig. 3 and Supplementary Movie 3). As
a result, the critical cell and AHL densities for wave propagation are
reached at different times and spatial locations.

We also investigated how the intercellular oscillator behaves in a
three-dimensional colony growing in a 400 3 1,000 3 4.0 mm3

microfluidic chamber (Fig. 3c, d and Supplementary Movie 5). In
this device, the colony grows radially over the course of 180 min
without fluorescing until it reaches a size of approximately 100 mm.
At this time, a large fluorescence burst originates from the centre of
the colony, with a bright band near the centre (Fig. 3c, 228 min).
During this first burst (273 min), the bright band shows that cells
at an intermediate cell density have a larger amplitude and longer
period than cells near the front or in the interior. As the colony

expands a further 50–100mm in diameter, a second burst of fluor-
escence occurs at a similar intermediate cell density. Subsequent
oscillations are seen as the cell growth front propagates, whereas weak
oscillations arise and quickly die inside the colony.

Quantitative modelling

To describe quantitatively the mechanisms driving bulk synchroni-
zation and wave propagation, we developed a computational model
using delayed differential equations for protein and AHL concentra-
tions (Supplementary Information). Although conceptually the
nature of oscillations is reminiscent of the degrade-and-fire oscilla-
tions observed in a dual delayed feedback circuit31,44, an important
difference is the coupling among genetic clocks in different cells
through extracellular AHL. The modelling of this coupling, and the
related cell-density dependence, allowed us to explain most of the
non-trivial phenomenology of the spatiotemporal quorum clock
dynamics.

A broad range of model parameters lead to oscillations (Fig. 4a–d),
although there is a distinct absence of oscillations at small and large
cell densities for low to medium flow values (Fig. 4c). The qualitative
nature of the oscillations can be explained using Fig. 4a. Each period
begins with the latent accumulation of both AiiA and LuxI, which
after a delay burst rapidly to high values. That burst suppresses AHL
and further production of AiiA and LuxI. Both of these proteins then
decay enzymatically, after which the process repeats. As expected, the
period of the oscillations is roughly proportional to the enzymatic
protein decay time. The period grows with the external AHL flow rate
(effective degradation) and the amplitude of the oscillations, in good
agreement with the experiments (compare Fig. 4b with Fig. 3c, d).

We modelled the collective spatiotemporal dynamics of the clocks
by generalizing the bulk model to include the coupling of individual
oscillators through extracellular AHL. The model consists of a one-
dimensional array of ‘cells’, each of which is described by the same
set of delay-differential equations coupled to a common, spatially
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Figure 3 | Spatiotemporal dynamics of the synchronized oscillators.
a, Snapshots of the GFP fluorescence superimposed over brightfield images
of a densely packed monolayer of E. coli cells are shown at different times
after loading (Supplementary Movies 3 and 4). Travelling waves emerge
spontaneously in the middle of the colony and propagate outwards with a
speed of ,8–35mm min21. At later times waves partially lose coherence
owing to inhomogeneity in cell population and intrinsic instability of wave
propagation. b, Corresponding space–time diagram showing the

fluorescence of cells along the centre of the trap as a function of time.
c, Snapshots of the GFP fluorescence superimposed over the brightfield
images of a three-dimensional growing colony of E. coli cells at different
times after loading (Supplementary Movie 5). Bursts of fluorescence begin
when the growing colony reaches a critical size of about 100 mm. These bursts
are primarily localized at the periphery of the growing colony.
d, Corresponding space–time diagram showing fluorescence of cells along a
horizontal line through the centre of the growing colony.
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non-uniform field of extracellular AHL. The latter is described by a
linear diffusion equation with sources and sinks owing to AHL dif-
fusion through the cell membrane and dilution. A small AHL per-
turbation in the middle of the array initiates waves of LuxI
concentration (Fig. 4e), in excellent agreement with the experimental
findings (compare Figs 3b and 4e). The velocity of the front propaga-
tion depends on the external AHL diffusion coefficient D1 (Fig. 4d
and Supplementary Information), and for experimentally relevant
values of D1, the simulated front velocity is in good agreement with
experimental data. Furthermore, cell density has an important role in
wave propagation. To model the evolution of the three-dimensional
colony (Fig. 3c, d), we set the functional form of the cell density to be
an expanding ‘Mexican hat’, as observed in the experiments.
Oscillations are then suppressed by the high density of cells in the
middle of the colony, and LuxI bursts only occur on the periphery of
the growing colony of cells. This phenomenology is also in excellent
agreement with our experimental findings (compare Figs 4f and 3d).

Emergence

On a fundamental level, the synchronized oscillations represent an
emergent property of the colony that can be mechanistically
explained in terms of the circuit design. Oscillations arise because

the small molecule AHL has a dual role, both enabling activation of
the genes necessary for intracellular oscillations and mediating the
coupling between cells. Because unbounded growth of the colony
leads to an accumulation of AHL that ultimately quenches the bulk
oscillations, we used open-flow microfluidic devices to allow for the
flow of AHL away from the colony. At low cell densities, oscillations
do not occur, because intracellular gene activation is decreased as
AHL diffuses across the cell membrane and out of the chamber. At
intermediate cell densities (that is, a full chamber), the increased
production of AHL in each cell acts to mitigate the outward flow
such that activation of the genes can occur in a rhythmic fashion, and
colony-wide oscillations emerge in a seemingly spontaneous manner.

A natural question arises about the behaviour of individual cells in
the absence of coupling. Although experimentally we cannot turn off
the coupling while maintaining intracellular gene activation, we
addressed this question using simulations by artificially setting the
AHL diffusion rate across the cell membrane to zero (with the other
parameters fixed). We find that individual cells oscillate independently
for any cell density because they are completely decoupled from the
environment and each other. This result indicates that the coupling
through AHL diffusion provides a means for the synchronization of
individual oscillators at intermediate cellular concentrations.

Perspective and outlook

In the mid-seventeenth century, Chirstiaan Huygens serendipitously
observed that two pendulum clocks oscillated in synchrony when
mounted to a common support beam1. Although observations of
synchronization in nature surely predate the age of enlightenment,
Huygens is credited as the first to systematically characterize the syn-
chronization of oscillators in terms of a known coupling mechanism
(which, in the case of the pendula, he deduced as vibrations in the
common support). We have shown how quorum sensing can be used
to couple genetic clocks, leading to synchronized oscillations at the
colony level. Given the single-cell variability and intrinsic stochasticity
of most synthetic gene networks27,30,31,45,46, the use of quorum sensing
is a promising approach to increasing the sensitivity and robustness of
the dynamic response to external signals. Along these lines, our results
set the stage for the design of networks that can function as spatially
distributed sensors or synthetic machinery for coupling complex
dynamical processes across a multicellular population.

METHODS SUMMARY
Strains, growth conditions. Three identical transcriptional cassettes for luxI,
aiiA and yemGFP were constructed by replacing the promoter of a modular pZ
plasmid47 (with yemGFP) with the lux operon from the native V. fischeri operon
(luxR up to luxI stop codon)48. luxI and aiiA49 genes were cloned in place of
yemGFP, and a degradation tag was added to the carboxy-terminal of each. A
previously used MG1655 strain of E. coli1 was transformed with plasmids
pTD103luxI/GFP(colE1,Kan) and pTD103aiiA(p15A,Amp) to create strain
TDQS1 (Supplementary Information).

Each experiment started with a 1:1,000 dilution of overnight culture grown in
50 ml LB (10 g l21 NaCl) with antibiotics 100mg ml21 ampicillin (Amp) and
50 mg ml21 kanamycin (Kan) for approximately 2 h. Cells reached an A600 nm

of 0.05–0.1, and were spun down and concentrated in 5 ml of fresh media with
surfactant concentration of 0.075% Tween20 (Sigma-Aldrich) before loading in
a device.
Microfluidics and microscopy. Images were acquired using an epifluorescent
inverted microscope (TE2000-U, Nikon Instruments Inc.), and chip tempera-
tures were maintained at 37 uC with a plexiglass incubation chamber encom-
passing the entire microscope. Phase-contrast and fluorescent images were taken
at 320 or 360 every 2–5 min, and focus was maintained automatically using
Nikon Elements software.

Received 20 August; accepted 4 December 2009.
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Figure 4 | Modelling of synchronized genetic clocks. a, A typical time series
of concentrations of LuxI (cyan circles), AiiA (blue circles), internal AHL
(green line) and external AHL (red line). LuxI and AiiA closely track each
other, and are anti-phase with the concentrations of external and internal
AHL. b, Period of oscillations as a function of the flow rate m at cell density
d 5 0.5 (top). Period as a function of the amplitude of oscillations for the
same cell density (bottom). c, Period and amplitude as a function of cell
density and AHL decay rate m. Oscillations occur over a finite range of cell
densities, and period increases with m after the bifurcation line is crossed.
The results in c and d compare favourably with the experimental results in
Fig. 2c, d. d, Speed of wave front propagation as a function of the diffusion
coefficient D1. The numerical data scale as V*D1=2

1 (red line). e, Space–time
diagram of travelling waves propagating through a uniform array of cells
corresponding to the experiment depicted in Fig. 3a, b. f, Space–time
diagram of bursting oscillations in a growing cell population corresponding
to the experiments in Fig. 3c, d.
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The 
segmentation 

clock



Vertebrates have segmented bodies

skeletons



Segments form one by one, from head to tail

zebrafish somitogenesis

Schröter et al., 2008

forming segments are known as somites



Cyclic gene expression patterns reflect the activity 
of the clock

Masamizu et al., 2006
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mouse and zebrafish leads to defective somite formation and to
the disruption of cyclic gene expression, indicating that they are
essential parts of the segmentation clock (Bessho et al., 2001;
Henry et al., 2002; Oates and Ho, 2002; Sieger et al., 2006). The
persistent oscillation of several Wnt and FGF pathway genes in
the Hes7-null mutant mouse suggests that sub-circuits of the
segmentation clock network are still active (Ferjentsik et al.,
2009; Hirata et al., 2004), but the profound segmentation defects
observed in these embryos indicate that this remaining activity
is insufficient to pattern the PSM.

A role for Hes/Her-mediated negative feedback (see Glossary,
Box 1) at the single-cell level is supported by observations and
perturbations carried out in vitro and in vivo. Mouse Hes1 mRNA
and protein abundance oscillates in a variety of cell lines with a
period approximately equal to mouse somitogenesis (Hirata et al.,
2002). Biochemical data from manipulating Hes1 production, half-
life and activity in these cells indicate that unstable Hes1 protein
periodically represses its own expression. This regulatory logic was
corroborated in vivo for Hes7 by similar manipulations in wild-
type embryos and in Hes7 mutant mouse embryos, in which
segmentation is severely defective (Bessho et al., 2003).
Importantly, Hes7-binding N-box regulatory elements are found in
the Hes7 promoter, and Hes7 protein is detected on its own
promoter in vivo by chromatin immunoprecipitation, indicating that
the auto-regulatory action is direct (Bessho et al., 2003; Chen et al.,
2005).

Models of transcriptional oscillations (Lewis, 2003; Monk,
2003) require a negative-feedback loop, a time delay (see
Glossary, Box 1) in the feedback, sufficient non-linearity and a
balancing of the timescales of the reactions involved (Novak and
Tyson, 2008). When oscillating, the period of the single-cell
oscillator is set by delays that arise from a combination of the
steps that make up one cycle: transcription and translation, the
transport of molecules in and out of the nucleus, additional
biochemical events, such as splicing and post-translational
modifications, and the decay of the products (Fig. 4). Elegant
studies have changed the stability of Hes7 protein or the delays

associated with transcribing the Hes7 gene, and these alterations
disrupt oscillations in vivo in agreement with modeling
predictions (Hirata et al., 2004; Takashima et al., 2011).
However, there are potentially many ways to disrupt an
oscillator, and disruption is not a definitive outcome for testing
theories of an oscillating circuit (Oswald and Oates, 2011).
Although the Hes6 mutant appears to have an altered
segmentation clock period (Schröter and Oates, 2010), directly
connecting this gene family to control of the period, there are
currently no models that explain this change.

Thus, although many questions remain unanswered (see Box 6),
it seems likely that individual PSM cells possess a noisy single-cell
oscillatory circuit that depends on the auto-regulatory activity of
Hes/Her genes. In the next section, we discuss the transition from
single cells to the multicellular organization of the segmentation
clock.

Synchronization of neighboring oscillating cells
Depending on developmental stage and species, a forming
somite can span tens to hundreds of cells. For these cells to be
coordinated, gene expression must be coherent across a similarly
sized domain. How can gene expression from many noisy,

A  Bottom tier: single
     cell oscillators

B  Middle tier: local
     synchronization

C  Upper tier: global control
      of slowing and arrest

Elongation Frequency

Protein Gene

Fig. 3. Three-tier model of the segmentation clock. (A)�Bottom tier:
genetic oscillations produced by single-cell oscillators driven by delayed
negative feedback. (B)�Middle tier: intercellular coupling mediates local
synchronization between neighboring cells. Blue circular arrows
illustrate single cell oscillators, connected through black arrows to the
signaling pathway (red ligands, green receptors). Stars indicate ligand
trafficking processes. (C)�Upper tier: tissue level cyclic gene expression
patterns (blue/white) controlled by long-length scale gradients across
the pre-somitic mesoderm (PSM), which slow down and arrest the
oscillations (green frequency profile as described in Fig. 2C). Arrested
segments are red/white. Small circles with arrows represent single cell
oscillators. The arrow indicates the direction of embryonic elongation.

Box 6. Questions for future research
Oscillation
At which steps in the negative-feedback loop can the period be
regulated?
Can a mutant segmentation clock with an altered period be
predictably engineered in vivo?
Can culture conditions be established that will allow reliable analysis
of perturbations to individual oscillating cells?
Are there multiple parallel Hes/Her feedback circuits and, if so, what
properties do these confer to the segmentation clock?
Do additional properties of the pre-somitic mesoderm (PSM)
oscillate, perhaps in relation to ionic, metabolic or phosphorylation
cycles?

Synchronization
How do PSM cells in embryos other than zebrafish stay
synchronized? Are oscillations of fibrolast growth factor (FGF) and
Wnt signaling in amniotes involved?
Are oscillating cells noisier and slower in Delta-Notch mutants than
in a wild-type zebrafish embryo, as predicted?
Can coupling strength be measured directly by observing the rate
of change in the phase of cells as they synchronize?
Do neighboring cells send smooth coupling signals of equal
strength and timing, or is coupling effected with asymmetrical or
discontinuous signaling?
Does elevated cell movement in the tailbud promote
synchronization of the segmentation clock (Uriu et al., 2010)?

Arrest
What are the quantitative characteristics of the FGF, Wnt and
retinoic acid gradients that span the PSM?
Why do transient signaling perturbations cause changes to segment
length only after a defined delay? What does this reveal about the
arrest mechanism?
Do individual oscillators slow across the PSM, as predicted by tissue-
level patterns?
How do the signaling systems spanning the PSM act on the pace-
making circuits of individual cells to arrest/sustain their oscillation?
Does the topology or components of the pace-making circuit vary
with position along the PSM or developmental stage?
Is each newly forming segment specified in its entirety or is the
segmental pattern laid down gradually cell by cell?
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functional protein molecule. The equations 1 are easily
modified to take account of these delays:

dp(t)
dt

! am(t " Tp) " bp(t)
,

dm(t)
dt

! f(p(t "Tm)) " cm(t) (2A)

where the time dependencies of the variables are now
shown explicitly.

Delay differential equations such as these cannot be
solved analytically, but they are easily solved numeri-
cally for any given choice of parameters. Oscillations
occur easily and robustly provided certain simple condi-
tions are satisfied. In the discussion below, it will be
assumed that

f(p) !
k

1 # p2/p0
2

, (2B)

which represents the action of the inhibitory protein as
a dimer; however, the behavior is qualitatively similar
for other cases, such as f(p ) ! k/(1 # pn/p0

n) for n $ 1.

The Period of Oscillation Is Determined
by the Sum of the Transcriptional
and Translational Delays
The behavior is easiest to analyze in the limit in which
the lifetimes of the mRNA and protein are very short
compared with the total delay time T ! Tm # Tp. Oscilla-

(B) Molecular control circuitry for a pair of coregulated genes, her1
and her7, whose protein products combine as a heterodimer to
inhibit her1 and her7 expression.
(C–E) Computed behavior of system (A), showing the number of
her1 mRNA molecules per cell in red and of Her1 protein molecules
in blue. Drastic changes in the rate constant for protein (or mRNA)
synthesis (such as might be produced by partially blocking transla-
tion with cycloheximide) cause little or no change in the period of
oscillation, though beyond a certain critical severity they may con-
vert the sustained oscillation into a damped oscillation. The results
are computed for parameter values appropriate to a her1 homodimer
oscillator (as specified in the text) and show outcomes for three
different values of a, the number of protein molecules synthesized
per mRNA molecule per minute. Results are similar for a her7 homo-
dimer oscillator and for the her1/her7 heterodimer oscillator shown
in (B). The protein and the mRNA are assumed absent initially, with
the gene becoming abruptly available for transcription at time 0.
Thereafter, the amounts of protein and mRNA are assumed to
change according to the equations 2 in the text. In general, for
sustained oscillations, three conditions must be satisfied: (i) ak/bc $
2 p0; (ii) b % 1.7/T; and (iii) c % 1.7/T, where T ! Tm # Tp. The period
of oscillation is then given to a good approximation (within !15%)
by the formula 2(T # 1/b # 1/c ).
(F–H) Computed behavior of system (A) when the stochastic nature
of the control of gene expression is taken into account. Results are
shown for the case in which the repressor protein dissociates from
its binding site on the DNA with a rate constant koff ! 1 min"1,
corresponding to a mean lifetime of 1 min for the repressor bound
state. Other parameters are set to be the same as in (C)–(E). Note
that oscillation now continues with high amplitude, though noisily,
even under conditions in which the deterministic model predicts
that oscillation will be damped (compare [H] with [E]). With lower

Figure 3. A Cell-Autonomous Gene Expression Oscillator: Effects values of koff, corresponding to longer lifetime for the repressor
of Partial Blockade of Translation and Effects of Noise bound state, this phenomenon is even more pronounced.
(A) Molecular control circuitry for a single gene, her1, whose protein For details of the computation and proofs of the analytical results,
product acts as a homodimer to inhibit her1 expression. see the Supplemental Data.
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3G), the noisy system still oscillates with the same mean
period as the deterministic system, but with more ran-
dom variation in the amplitude and shape of the individ-
ual peaks and in the spacing between them.

Third, when protein synthesis is attenuated severely
(Figure 3H), to the point where the deterministic system
shows only damped oscillation, the noisy system does
not tend to a steady state, but shows persistent strong
fluctuations in the level of mRNA. A large random fluctu-
ation can initiate a damped train of oscillations; although
these are noisy, they still show the standard periodicity.
Thus, oscillation continues but is episodic, with periods
of regularity and high amplitude separated by intervals
of more random fluctuation. In fact, when koff is made
smaller, intensifying stochastic effects, the behavior ap-
proximates still more closely to sustained oscillation.
Far from disrupting oscillation, noise helps it to occur.

Conversely, the larger we make koff, the smaller the
stochastic effects become, until for koff ! 10 min"1, the
behavior approximates that of the deterministic system.
Thus, according to the dissociation rate of the repressor
protein from its DNA binding site, the same mutation
may lead to oscillations that are simply damped, or to
oscillations that continue with substantial amplitude but
reduced regularity.

Zebrafish with mutations in the Notch pathway [5] or
injected with anti-her1 or anti-her7 morpholinos ([8], and
B. Aerne, personal communication) presumably corre-
spond to the latter case, with oscillation continuing nois-
ily. In these embryos, it is not surprising that synchrony
between neighbors is lost: there is not only a defect in
the production of proteins needed for cell-cell communi-
cation, but also an increased tendency for the cells to Figure 4. Notch Signaling Can Synchronize Oscillations in Two Ad-
be erratic in their individual rhythms. jacent Cells

(A) The molecular circuitry: the two cells are assumed to contain
her1/her7 heterodimer oscillators, but with a 10% difference in their
values of Tm # Tp, corresponding to different free-running oscillationDelta-Notch Communication Can Synchronize
periods. The oscillators are coupled via Notch signaling.her1/her7 Oscillations in Adjacent Cells
(B) The computed behavior with no Notch-mediated cell-cell com-If the clock-and-wavefront mechanism is to guide regu-
munication. The cells drift in and out of synchrony.lar somite segmentation, neighboring PSM cells must (C) Notch signaling active, with a signaling delay of TN $ 36 min.

oscillate in synchrony. It is easy to extend the basic The rate of her1/her7 transcription is assumed to be determined by
single-cell oscillator model to show how, through Notch the product of an increasing function of the amount of Delta-Notch

activity and a decreasing function of the amount of Her1/Her7 pro-signaling mechanisms that are known to operate in the
tein dimers. The cells oscillate synchronously, with a period that isPSM, synchronization can be achieved (Figure 4).
an average of their free-running periods.For simplicity, let us disregard stochastic effects and
(D) Notch signaling active, but with a delay of TN $ 56 min. The cellsconsider two adjacent PSM cells with slightly different now oscillate asynchronously.

free-running oscillation periods, so that in the absence See the Supplemental Data for full details.
of cell-cell communication their cycles will drift in and
out of synchrony (Figure 4B). To model the effect of
Notch-mediated communication, note first of all that in of Notch activation in each cell according to the level

of DeltaC in its neighbor. Activation of Notch stimulatesthe normal zebrafish, levels of mRNA coding for the
Notch ligand DeltaC oscillate very nearly in phase with expression of her1 and her7 [8, 10]. We may thus sup-

pose that the transcription of her1 and her7 is governedthe oscillations of her1 and her7 mRNA ([8]; L. Smithers
and J.L., unpublished data). It is reasonable to hypothe- by the product of two oscillatory influences: positive

regulation by activated Notch and inhibition by Her1/size, therefore, that deltaC expression is regulated in
parallel with expression of her1 and her7 by Her1/Her7 Her7. Figure 4A shows the proposed control scheme;

while it is speculative in some respects, and has diffi-protein acting directly on the deltaC promoter, and that
the mRNA and protein lifetimes are short for deltaC, as culty explaining some of the results of mRNA injection

experiments [10], it seems the simplest way to representthey are for her1 and her7, so that DeltaC protein levels
will oscillate. (The effective DeltaC protein lifetime is the main experimental facts. Full details of the corre-

sponding system of equations for the two interactingexpected to be short, since Delta proteins delivered to
the cell surface are rapidly endocytosed and degraded cells are given as Supplemental Data, together with the

Mathematica program used to compute the behavior.[32]). DeltaC oscillation will cause oscillation in the level
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Fig. 1. A decay process
within the segmentation
clock underlies the
Delta-Notch mutant seg-
mentation phenotype.
(A) Oscillation phase of
the zebrafish segmenta-
tion clock (blue-yellow)
in the outgrowing PSM
is continuously imprinted
at constant distance from
the posterior end via a
signaling gradient (32),
providing cues for succes-
sive morphological body

segmentation along the anterior-posterior axis. Perturbations in this
pattern, i.e., insufficient coherence among oscillators, result in
defective segment boundaries. (B) Network of genetic oscillators
within PSM. (C) Mutual coupling via Delta-Notch signaling (green,
signal transduction). Coupling acts to decrease phase differences
between oscillators and opposes the phase-randomizing effects of
noise. (D) Production, activation, turnover, and signaling of this
pathway (33); treatments used in this study to reduce or completely
block intercellular Delta-Notch coupling (red): MO, DAPT, and mutants
in notch1a (des+/! and des!/!). (E) Shifts in ALD of segment
boundaries (arrowheads) from adding saturating DAPT levels at
successively later times. (F) Functional representation of (E).
Morphological ALD (left axis) converts into absolute time of defect
(right axis). ALD error bars, !68% of scored embryos; solid line,
linear fit; dashed lines, visual guidance marking saturating ALD,
S"/"ALD, and decay onset time, t0.

Fig. 2. A mean-field theory of coupled phase
oscillators predicts the synchrony decay time in the
segmentation clock and the segmentation defect
position. (A) ALD resulting from various DAPT con-
centrations applied at dome stage to WT (blue) and
des+/! (green). ALD error bars, !68% of scored
embryos; solid lines, fits to Eq. 7; dashed lines, visual
guidance marking saturating ALD, S"/"ALD, and critical
treatment levels, nc,d. (B) As in (A) but for MO.
Concentration error bars, 2 SD. (C) Mean-field
approximation, where each cell averages over the
oscillation phases of all other cells, neglects am-
plitudes and spatial features of cyclic wave patterns.
(D) Synchrony among cells, described by order pa-
rameter Z (top) or cyclic gene arrest pattern (bottom),
decays over time with rate depending on treatment
strength, n; below threshold Zc, segment boundaries
are defective, causing an ALD.
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Synchrony dynamics

prises a multicellular genetic network of os-
cillators located within the posterior meso-
derm (Fig. 1B) (3, 4). Delta-Notch signaling
has been proposed (3, 5) to couple these os-
cillators (Fig. 1C) such that they are spatio-
temporally synchronized despite the presence of
noise. Desynchronization over developmental
time (5) could explain the zebrafish Delta-
Notch mutant phenotypes (6–10) in which
only the first 6 to 10 anterior segments form
correctly (11); alternatively, genetic differ-
ences in anterior and posterior patterning
might set the positions of these segmentation
defects (11, 12). A physical theory that ac-
counts for these defect positions based on de-
synchronization dynamics and Delta-Notch
signaling strength is lacking, and how this clock
is started and attains initial synchrony is also
unknown.

If desynchronization is the cause of Delta-
Notch mutant phenotypes, such a decay process
should be inducible throughout somitogenesis.
We delivered saturating doses of N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine
t-butyl ester (DAPT) to wild-type (WT) em-
bryos at hourly intervals (13). DAPT binds to and
blocks the intramembrane protease required for
cleavage of the Notch intracellular domain in
response to Delta binding the receptor’s extra-
cellular domain (Fig. 1D) (14). We quantified
the resulting organismal phenotype with the
anterior limit of defects (ALD) (Fig. 1E), that
is, the number of the anterior-most defective seg-
ment (15), which, averaged over an embryo
population, is characteristic for each mutant
(11, 15) and is indicated by the myotome
boundary marker cb1045 (16). The ALD of
fixed embryos translated into the develop-
mental time, t, of the first misformed segment
boundary (Fig. 1F) because segments formed
at a linear rate

S ! a!t " m "1#

with segment number S, segmentation rate a =
2.5 ± 0.25 hour–1, and offset m = 25 ± 3 (N = 6
embryos) (mean ± uncertainty = 2 SEM and 95%
confidence unless stated otherwise). DAPT
delivered before t0 = 5.8 ± 0.5 hours caused a
constant ALD of S"="ALD = 5.2 ± 0.18 (N = 31),
whereas later delivery shifted the ALD poste-
riorly (Fig. 1, E and F). These data are con-
sistent with a decay process underlying the
Delta-Notch mutant phenotype, and, assuming
near-instantaneous action of DAPT treatment, t0
would mark the beginning of this process with a
decay time of 6.5 hours.

Furthermore, if desynchronization is the cause
of Delta-Notch phenotypes, this decay time

should be modifiable. We blocked Notch sig-
naling before t0 in WT and des+/! (notch1a het-
erozygote mutant) (7), varying (i) DAPT
concentrations to reduce Notch activation and
(ii) antisense morpholino (MO) amounts to re-
duce translation of notch1a mRNA (Fig. 1D)
(7, 13). Both treatments for quantitative per-
turbation of gene function gave consistent re-
sults (Fig. 2, A and B): The ALD shifted
posteriorly with lower treatment levels, and
curves for des+/! and WT shifted along the
treatment axis, requiring about half the amount
of treatment in des+/! to achieve the same ef-
fect as WT, suggesting a 0.5-fold difference in
signaling. Saturating MO amounts caused an
ALD consistent with des!/!, S"="ALD = 7.63 ± 0.12
(N = 108) (11), whereas saturated DAPT con-
centrations caused lower ALDs, as above (Fig.
1, E and F), potentially because of DAPT
targeting additional Notch receptors (17). Con-
sequently, intercellular Delta-Notch signaling
here is not simply a qualitative on-or-off switch;
instead it can transmit smoothly graded quanti-
tative signals, and this signal strength sets the
decay time.

We sought a physical theory describing the
dynamics of synchrony in the segmentation clock
that predicts the first defective segment bound-
ary SALD (=ALD) from the treatment level, n.
We consider the segmentation clock as a pop-
ulation of identical, mutually coupled phase
oscillators in the presence of noise (13, 18),
thereby neglecting the spatial aspects of cyclic
gene wave patterns (2, 4) and the biochemical
details and amplitudes of the postulated cell-
autonomous Her-feedback oscillators (19). We
then described the synchrony among oscillat-
ing cells in mean-field approximation (Fig.
2C) (13) by an order parameter Z, with Z = 0
and Z = 1 for none and perfect synchrony, re-
spectively (18). Below the threshold Zc, proper
segment formation fails (Fig. 2D). The dy-
namics of Z approximate an exponential (18)
starting at t0

Z"t# ! Z"t0# ! e"l"t"t0#=2 "2#
with the time constant

l ! 2s2 " e "3#
determined by the antagonistic influence of
the total noise experienced by the clock, 2s2,
and coupling among cells, e. 2s2 comprises
environmental sources, like temperature fluc-
tuations; intracellular sources, like cell divi-
sion (3–5); and intercellular sources, like
relative cell movements in the PSM mixing
cells from regions with different phases (5). e
depends linearly on activated Notch protein
level, p

e ! b ! p$ A "4#

where A accounts for potential additional cou-
pling pathways. The sign of l then determines
whether synchrony decays or builds up,
depending on whether noise or coupling dom-

inates, respectively, and its magnitude deter-
mines the duration of either process. Hence at
l = 0 the collective behavior of these coupled
oscillators undergoes a dramatic qualitative
change, which marks the critical point at a
synchronization phase transition (18, 20, 21),
analogous to the freezing point at the water-ice
transition (13).

A Hill equation accounts for the inhibitory
effect of treatment level, n, with MO and DAPT
assumed to act noncooperatively

p ! d ! p
WT
! 1 "

n
n$ n0

! "

"5#

and where 2d = [0, 1, 2] is the number of
notch1a alleles per embryo, pWT is the WT
level of activated protein, and n0 is the treat-
ment level that halves pWT. When applied to
WT, n0 would then correspond to the heterozy-
gous condition.

Combining Eqs. 1 to 5 yields an expres-
sion that predicts the ALD of the homozygous
mutant

S"="ALD ! "a ! t0 " m# "
2 ! a ! ln%Zc=Z"t0#&="2s2 " A# "6#

which is set by the shortest decay time deter-
mined by the noise in the system to desyn-
chronize cells in the absence of Notch signaling.
More generally, we find the desired expres-
sion that predicts the ALD for any reduced
Notch coupling strength due to the treatment
level, n

SALD !
S"="ALD ! "n$ n0#" "a ! t0 " m# ! "nc;d $ n0#

n"nc;d
"7#

Below the critical treatment

nc;d ! n0 ! "d !R" 1# "8#
in principle infinitely many correct segments
could be formed. Here we define

R ! b ! p
WT
="2s2 "A# ! eWT="2s2 "A# "9#

as the robustness (22) of segmentation against
changes in Notch signaling, other potential cou-
pling pathways, and noise; a three-way balance
that quantifies, for instance, the fold reduction in
Notch signaling that is tolerable (13).

Fitting Eq. 7 to the data (Fig. 2, A and B)
and with S"="ALD and t0 fixed as above, we found
the fit parameters for DAPT of R = 8.6 ± 2.2
and n0 = 0.66 ± 0.18 mM and for MO, R = 2.1 ±
0.34 and n0 = 0.021 ± 0.005 pmol; the result-
ing critical treatment levels, nc,d, are marked in
Fig. 2, A and B. Both values for R are larger
than 2, hence consistent with the absence of a
segmentation phenotype in the heterozygous
mutant. These results provide quantitative evi-
dence for (i) Notch signaling as a coupling
mechanism, (ii) desynchronization as the cause
of the Delta-Notch mutant phenotype, (iii) the
system’s robustness of R ~ 5, and (iv) the
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delayed coupling 
theory



The delayed coupling theory is
a tissue level description of the segmentation clock

2D - hexagonal lattice

the blue cell   , has six neighbors 



Cell i

Delayed coupling theory: autonomous oscillators

We describe autonomous oscillators as phase oscillators
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Delayed coupling theory: local synchronization
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The delayed coupling theory describes
cyclic gene expression patterns at the tissue level

1. phase oscillators (± noise)
2. coupling of oscillators
3. delay in the coupling
4. moving boundaries
5. frequency profile 
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The period is regulated by autonomous oscillators,
coupling strength and delays

steady state solution

⌦ = !A � " sin(⌦⌧)

collective frequency
(somitogenesis rate)

autonomous 
frequency

coupling strength

coupling delay

cos(��) > 0stability condition:



Predictions: effects of changes in coupling
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experimental test 
of predictions



Segmentation period is regulated by intercellular 
coupling

Cell i

Cell j

Delta

Notch

DAPT

Mib

L. Herrgen, S. Ares, L. G. Morelli, C. Schröter, F. Jülicher and A. C. Oates, Curr. Biol., 2010

Segment length 
changes accordingly

First period mutants of 
the segmentation clock!!!



Collective period is tunable 
through coupling:
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Parameter estimation

"coupling strength = 0.07 / min

⌧coupling delay = 21 min

TAautonomous period = 28 min

⌦ = !A � " sin(⌦⌧)

collective frequency

autonomous 
frequency

coupling strength

coupling delay
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Altered gene expression patterns reflect a
longer period in mindbomb mutants
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Altered gene expression patterns reflect a
longer period in mindbomb mutants
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ian noise in the simulations, with zero mean and correlations
!!i"t#!k"t!#$=2Q""t! t!#"ik, and choose %2Q=0.036 min!1

for illustrative purposes. With coupling as in Table I, the pro-
cess is not disrupted by noise, Fig. 5(a) and Supplementary
Movie 5. When coupling is disrupted, the simulation exhibits
posterior segmentation defects, Fig. 5(b) and Supplementary
Movie 6, resembling Delta–Notch mutant phenotypes in
zebrafish (Holley et al., 2000, 2002; Itoh et al., 2003; Jülich
et al., 2005; Oates et al., 2005). A more subtle feature of
Fig. 5(b) is the change in segment length after coupling has
been disengaged. As soon as the coupling is removed, the
effects of time delays are no longer present, and cells can
oscillate at their intrinsic frequencies. Because at the time the
coupling is turned off there is an established pattern in the
oscillating PSM, it takes a few cycles for this information to
be wiped out and to reach the new steady state value of the
segment length.

Although out of the scope of this work, our model pro-
vides a simple framework to study the effects of different
kinds of noise on segmentation. This interesting possibility
remains open for future work.

Spatial patterns of gene expression
While the collective frequency # describes the temporal
regularity of somitogenesis, the spatial pattern of gene ex-
pression in the PSM is characterized by the phase profile $j.
To evaluate the phase profile it is convenient to introduce a
continuum limit where the spatial coordinate takes continu-
ous values, denoted by x, replacing the discrete index j, see
the Methods section. The stationary phase profile $"x#, see
Fig. 6(a), can be compared to quantitative experimental mea-
surements of the pattern, such as the width of the stripes of

gene expression reported in Giudicelli et al. (2007). We de-
fine the wavelength % as the distance of two points in the
PSM with a phase difference of 2&, see Fig. 7(a). The wave-
length is large close to the tail and becomes smaller close to
the arrest front where it matches the segment length. Using
the continuum formalism we find an expression for the de-
pendence of % with the position x of the stripe’s center rela-
tive to the arrest front

x & ' log' sinh"%/2'#
&(!1"1 + )#!1 + "%/2'#e!L/'( . "6#

Here, ( and ) are dimensionless parameters relating intrinsic
frequency, coupling, time delay, elongation speed, and
the frequency profile, as defined in the Methods section. In
Fig. 7(b) we show the fit of Eq. (6) to the wavelengths ob-
tained from the raw data in Giudicelli et al. (2007): distances

!""#$% &"'(%
)""#$%#* $#+,#(%$ '$-.//)%.(+ 012

3)4

354

! 6 7879 ,.(:;

" # 9 ,.(
<= # >? ,.(

< 6 @A8; ,.(

! 6 7 ,.(:;

Figure 5. Effects of noise in the delayed coupling theory. We
include a white Gaussian noise as discussed in the text. Open
boundary conditions for the lateral borders as in Fig. 3. !a" Delayed
coupling is robust against the influence of noise. Parameters as
in Fig. 3!b". !b" Impaired coupling results in segmentations defects.
After initial synchronization with resulting segments not shown,
coupling is turned off "*=0 "cell diameter#2 min!1#. The first seg-
ments have recognizable boundaries, but posterior segments are
increasingly disrupted due to the effect of noise. Parameters as in
!a". Movies available as Supplementary Material.
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Figure 6. Phase profile in the PSM in the continuum limit. !a"
Phase profile as a function of relative position, given by Eq. !11".
Left axis: phase relative to the arrest front. Right axis: corresponding
number of gene expression stripes. The green solid line corre-
sponds to the set of parameters obtained from zebrafish data, see
Table I, using TL=28 min and +=21 min for illustration. Orange
dotted line corresponds to '=6 cell diameters. !b",!c" Wave form
of the expression pattern represented as sin $. !d" Number of
stripes in the PSM as a function of ' from Eq. !7", where ' is
the parameter describing the decay length of the frequency profile.
Black solid line corresponds to parameters in Table I, with ' vari-
able. Green square dot: ' obtained from zebrafish data, see Table I.
Orange circular dot: mouse mode, see orange dotted curve in
!a",!c". Dotted and dashed curves correspond to higher and lower
values of collective frequency, which can potentially be affected
by the intrinsic frequency, the coupling strength, or the time delay,
see Eq. !5". !e",!f" Numerical simulations using the methods of
Fig. 3. !e" Zebrafish mode, reproducing panel !c" of Fig. 3 for com-
parison with panel !f". !f" Mouse/chick mode: zebrafish parameters
as in !e", but with a sharper frequency profile, '=6 cell diameters.
Only one wave of expression appears in the PSM, in contrast to the
almost three waves in !e". Movies available as Supplementary
Material.
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Altered gene expression patterns reflect a
longer period in mindbomb mutants
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Patterns become increasingly disrupted 
as the the delay is reduced
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The autocorrelation function characterizes disorder
in gene expression patterns
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The instability leaves a characteristic signature
in the autocorrelation function
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Delays in the segmentation clock are sensitive to Mib levels
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Over-expression of Mindbomb moves the
segmentation clock to an instability
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Conclusions

Coupling between oscillators changes 
the collective period of the segmentation clock

first segmentation 
period mutants

first example of 
delayed coupling in 
natural systems



Thank you!

David J. Jörg


