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The early development of the drosophila 
embryo occurs in a syncytium 

Early syncytium :  
. cycle-1 to cycle-8 (~ 70 mn) 
. No transcription 

Syncytial blastoderm :  
. cycle-9 to cycle-13 (~ 70 mn) 
. Transcription of the zygotic 
genome 

Cellular blastoderm :  
. cycle-14 ( > 60 mn) 
. Cellularisation 

N Dostatni, Curie
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Precision measurements of the bicoid gradient dynamics

T. Gregor et al, Cell 130 (2007)
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Gradients and the french flag model 

- How are morphogens gradually distributed in a field of cells ?   

- How are morphogens able to differentially express target genes 
at different thresholds ?   
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Gap gene functional interactions in the embryo central region 

Jaeger J et al. Genetics 2004;167:1721-1737 



Mutual repression between Hb and Kni. 

D. E. Clyde,…, S. Small Nature 426, 849-853 (2003) 



Gap gene functional interactions in the embryo central region 

Jaeger J et al. Genetics 2004;167:1721-1737 

General features: 
 
-activation by bcd and cad 
                        (gradients) 
-auto-activation 
 
-strong mutual repression of  
Hb/Kni and Gt/Kr  
                                  



Pair-rule gene stripes are specified one by one : the eve case. 

D Stajonevic, S. Small, M Levine, Science (1991) 

3 enhancers for single stripes 1, 2, 5 
2 enhancers for pairs of stripe 3+7, 4+6  

eve2 
enhancer bcd1-kr + 

bcd2 sites 

gt1+gt2+ 
gt3 sites 

Mutations : 



Segmentation in a dynamic gradient :  
    somite formation in vertebrates  

Y Saga, Nat Rev Gen (2001) 



Cooke & Zeeman (1976) -> Palmeirim et al (1997) 
 
 

Somitogenesis and oscillations 

posterior cells, with the consequence that one sees laid out

along the antero-posterior axis of the PSM an ordered array

of cells in different phases of the oscillator cycle [15,23].

Disturbances of oscillator behavior are thus clearly displayed

in a disturbed spatial pattern of gene expression in the

anterior PSM - a great convenience for experimental analysis.

NNoottcchh  ssiiggnnaalliinngg  kkeeeeppss  cceellll  cclloocckkss  ssyynncchhrroonniizzeedd
Since, as we noted earlier, any mutation that blocks Notch

signaling leads to disrupted somite segmentation, an

obvious suggestion is that the oscillation depends on Notch

signaling and fails to occur when Notch signaling fails.

However, the detailed consequences of mutations in the

Notch pathway do not quite fit this simple explanation. A

different interpretation is instead suggested by a closer

examination of the behavior of one of the oscillatory genes,

coding for the Notch ligand DeltaC, in zebrafish with

mutations in the Notch pathway [24]. The individual PSM

cells in these mutants still express DeltaC, but in an

uncoordinated way: tissue fixed for analysis by in situ

hybridization shows a pepper-and-salt mixture of cells

expressing DeltaC at different levels, as though the cells are

still oscillating individually, but no longer in synchrony

with their neighbors (Figure 4). Moreover, both in zebrafish

and in mice, the first few somites of embryos with Notch

pathway mutations develop almost normally [25-27],

implying that Notch signaling is not absolutely necessary

for somite segmentation and that the consequences of

failure of Notch signaling make themselves felt only

gradually, after the onset of somitogenesis. These findings

led to the suggestion that the primary function of Notch

signaling is not to drive the oscillations of individual cells,

but only to coordinate them and keep them synchronized;

and that the cells begin oscillation in synchrony at the start

of somitogenesis, and take several cycles to drift out of

synchrony when Notch signaling is defective [24]. This

proposal - that Notch signaling from cell to cell in the PSM

serves to maintain synchrony but is not necessary for

oscillation of individual cells - has been supported by

several subsequent experiments. For example, zebrafish

embryos can be treated at different stages of somitogenesis

http://jbiol.com/content/8/4/44 Journal of Biology 2009, Volume 8, Article 44 Lewis et al. 44.3

Journal of Biology 2009, 88::44

FFiigguurree  33
Somitogenesis and the segmentation clock. ((aa)) The pattern of expression of one of the oscillatory genes - deltaC - during somitogenesis in the
zebrafish. Two specimens are shown, fixed and stained by in situ hybridization (ISH) at different phases of their somitogenesis cycle. ((bb)) Diagram
showing how the observed pattern of gene expression reflects the cyclic behavior of the individual cells. Each cell contains a gene-expression
oscillator - a clock - which slows down as the cell moves from the posterior to the anterior part of the PSM, giving rise to a pattern of stripes of
cells in different phases of their oscillation. The oscillation is halted as cells emerge from the PSM, leaving them arrested in different states (blue
versus white shading), thereby demarcating the somite boundaries (black lines). The extent of the PSM is defined by an Fgf + Wnt signal gradient,
with its origin at the tail end of the embryo.

Caudal growth

Individual cell clocks
in different phases 
of the clock cycle

Anterior PSM
Oscillations slowing

Posterior PSM
Oscillations at

maximum speed

Formed somites
Oscillations halted

DeltaC ISH
phase B

DeltaC ISH
phase A

1/2 cycle

1 cycle

(a) (b)

J Lewis,  J Biology (2009) 



Somitogenesis : a transition from oscillation    to bistability ? 



Segmentation is an ancient invention 



The nematode C elegans 



Gradient and cell-interaction : 
the development of the  
Celegans vulva. 

P Sternberg, Wormbook  
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The Notch-Delta pathway!
(as wikipedia sees it….)"
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Interactions between cells 

The Notch-Delta pathway 
    (a wikipedia view) 



Lateral inhibition and symmetry-breaking 

PATTERN FORMATION BY LATERAL INHIBITION 431

example, in the lifetime of activated Notch or Delta
protein—can switch the system from a condition in
which the homogeneous condition, with all cells
inhibiting one another, is stable to small pertur-
bations, to one in which it is unstable and will amplify
small inhomogeneities leading to a spatial pattern of
primary fate and secondary fate cells. Less obviously,
a system that satisfies the criterion for instability but
starts o} approximately homogeneous in its spatial
pattern may often move towards a spatially
homogeneous unstable equilibrium, in which all cells
inhibit one another, before developing a spatially
inhomogeneous pattern of primary fate and sec-
ondary fate cells.

The model presented here provides a simple and
versatile framework in which to investigate the e}ects,
not only of lateral inhibition, but also of other
mechanisms that may collaborate with the lateral
inhibition machinery to control patterns of di}eren-
tiation. In Section 2 we present our model and give
the assumptions it embodies. Section 3 contains
analytical and numerical results for the model, with
details of the analysis given in Appendices A and B.
In Appendix A, we analyse the two-cell (or period 2)
system, which gives important understanding of the
behaviour of the model. Appendix B contains an
extension of the linear analysis developed by Turing
(1952) for systems of discrete cells. It allows us to
predict the patterns that emerge on one- and
two-dimensional infinite domains from small pertur-
bations about the uniform steady state. In Section 4,
we discuss the nature and results of our model and
biological evidence surrounding the mechanism
of Delta–Notch mediated lateral inhibition. The
main conclusions of our modelling are presented in
Section 5.

2. The Model

We model Delta–Notch signalling in terms of a
system of cells each of which is characterised at any
instant by just two parameters: the level of Notch
activation, N, reflecting the intensity of the inhibition
the cell experiences, and the level of Delta activity, D,
reflecting the intensity of the inhibitory signal that it
delivers to its neighbours. For present purposes, the
details of the biochemistry do not matter greatly, and
there is some freedom in how we interpret N and D.
N, for example, could be taken to stand for the
quantity of ‘‘activated Notch’’ protein in the cell,
meaning the quantity of the active intracellular Notch
fragment, if we suppose Notch activation to occur
through proteolytic cleavage; or it could be
interpreted to mean the amount of the inhibitory

transcription factors of the E(spl) family that are
present as a result of Notch activation, or simply the
quantity of Notch–Delta complexes formed by
binding of Notch to its activating ligand Delta.

Our model embodies the following assumptions:

(1) Cells interact through Delta–Notch signalling
only with cells with which they are in direct
contact.

(2) The rate of production of Notch activity is an
increasing function of the level of Delta activity
in neighbouring cells.

(3) The rate of production of Delta activity is a
decreasing function of the level of activated
Notch in the same cell.

(4) Production of Notch and Delta activity is
balanced by decay, described by simple exponen-
tial decay with fixed rate constants.

(5) The level of activated Notch in a cell determines
the cell’s fate: low levels lead to adoption of the
primary fate, high levels to adoption of the
secondary fate.

These postulates result in a feedback loop between
adjacent cells, illustrated in Fig. 1. Denoting the levels
of Notch and Delta activity in cell P by NP and DP

respectively, we write

d(NP /N0)
dt

=F(D↵ P /D0)⌧ mNP /N0,

d(DP /D0)
dt

=G(NP /N0)⌧ rDP /D0, (1)

where t=time, F:[0,a) 4 [0,a) is a continuous
increasing function, G: [0,a) 4 [0,a) is a continuous
decreasing function. We define fMF/m and gMG/r;
then N0 and D0 are typical levels of Notch and Delta
activity respectively, chosen such that f and g are of
order 1. m and r are positive constants—the rate
constants (inverse lifetimes) for decay of Notch

FIG. 1. Diagrammatic representation of the e}ective feedback
loop between Notch and Delta in neighbouring cells. Details of the
Notch signalling pathway are omitted for clarity. Key: Delta;

Notch.

dN1

dt
= A(D2)� �NN1

dD1

dt
= R(N1)� �DD1

Collier, Monk et al, JTB (1996) 



E Hoyos, J Milloz,…, MA Felix, Curr. Biol. (2011) 

A detailed model 
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