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increasing the levels of Notch in the cytosol (Andersson et al.,
2011).

! The generation of Delta is inhibited by the increase in NICD
levels (Shimojo et al., 2011).

! Membrane-bound Delta inhibits the membrane Notch activity
in the same cell (cis-inhibition) (Sprinzak et al., 2010).

We further assume that the transport of NICD and the transport of
Notch and Delta, produced in the cytosol, to the membrane are
simply subject to Fickian diffusion.

Let us denote the concentration of Notch in the membrane and
cytosol, Delta in the membrane and cytosol, and NICD in the i-th

cell on ( ) ∈ × [ ∞)5tx, 0,n by N N D D A, , , ,
i i i i i
m c m c c respectively, where

≤ ≤i N1 and ≥n 2. We also define the i-th cell region by a closed
set Ω̄ ⊂ 5i

n, where N is the number of cells (Fig. 1B). We assume
Ω Ω⋂ = ∅i j for ≠i j, so that cells do not have to be overlapped in
the cytosol regions. That is, Ωi and ∂Ωi correspond to the regions
of cytosol and membrane, respectively. Then, the dynamics of the
biochemical in the i-th cell can be written as follows:
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with the boundary conditions,

α Ω

γ Ω

γ Ω

= ∈ ∂ ¯

= − ∈ ∂ ¯

= − ∈ ∂ ¯

–
  





d d
d

A D N

d d
d

N N

d d
d

D D

n
x

n
x

n
x

on ,

on ,

on ,

i i i
i

i i
i

i i
i

1 c 1 m
neighbor

m

production by Notch Delta binding

2 c 1 c

moving to membrane

3 c 2 c

moving to membrane

where n is the normal vector on Ω∂ ¯ i. Note that D
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in the place where j-th cell is not contacting the i-th cell, i.e.,
Ω Ω∈ { |∂ ¯ ⋂∂ ¯ = ∅}x x i j (For example, the membrane region, except

the red region in the i-th cell, as shown in Fig. 1B).
We assume increasing and decreasing functions for f1 and f2,

respectively, as suggested by Collier et al. (1996), so that
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Note that, we consider various shapes of cell domains,
Ω̄ ( ≤ ≤ )i N1i , in a higher dimension and introduce a generalized
method combining the multi-phase functions describing cells. The
details of the method are presented in Appendix A.

3. Results

The initial condition has been given as a spatially homogeneous
concentration, = ( )⁎ ⁎ ⁎ ⁎ ⁎ ⁎

N D A N DC , , , , t
m m c c c , with a small random

perturbation, ( )r x , for each membrane and cytosolic region of cells,
such that

ν( ) = ( + ( )) ( )⁎ rC x C x, 0 1 , 3

where ν has been typically chosen as 0.1. We have plotted the
simulation data for Notch, Delta or NICD concentrations in both
the membrane and cytosol by normalized concentrations,

( ) [ ( )]∈5C t C tx x, /max ,x n .
Fig. 2 shows a representative simulation result for two cells . A

cell with low Notch expression has high Delta expression. In this
model, we can see the dynamical change of protein states in both
the membrane and cytosol at the same time for all cells in a tissue,
and can directly observe how the protein concentrations are
changed in each location. We find that the extended model of
lateral inhibition creates a short-range pattern and the basic dy-
namics of the this model shows dynamics similar to those of the
model of Collier et al. (1996) under certain conditions. However,
the extended model also shows a different tendency for the ar-
ranged cellular tissue in a line with respect to the number of cells
(Appendix Fig. B1).

A cell that has a high concentration of NICD also has a high
concentration of Notch in both the membrane and cytosol in Fig. 2
(first and second lines), but it is not always the case that NICD only
has two stable concentration states. Various levels of NICD in a
tissue were observed against the two concentration states of Notch
(Appendix Fig. B1). This is because the receiving signal from Notch
and neighboring Delta in the membrane are varied for each cell.
We also found that the time scale for high Notch or Delta ex-
pression is longer than the time required for high NICD levels
(Fig. 2A, t¼8 h, 14 h). This implies that the sequential stage of
signal transduction via the membrane and cytosol can influence
the temporal regulation of lateral inhibition pattern formation.

We next explore how the cell size and the manner in which
cells contacting each other play an important role in determining
cell fate.

3.1. Symmetry breaking, cell asymmetry induced by cell volume (V),
and the surface area of cell-to-cell contact ( S̄)

We explore how cell volume and the surface area of cell-to-cell
contact with neighboring cells influence cell asymmetry and cell
fate determination. We first highlight that the cell volume and the
surface area of cell-to-cell contact can induce the symmetry
breaking between cells and influence the determination of cell
fate, as shown in Fig. 3A. In Fig. 3A (upper arrow), the first panel
shows that the symmetry is not disrupted for a given surface area.
However, when we increased the surface area of cell-to-cell con-
tact with a constant cell volume, the homogeneous state of two
cells breaks and the asymmetry between cells emerged with high
Notch/low Delta and low Notch/high Delta. Similarly, when we
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