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Anatomo-functional 
dilemma
§ Anatomic boundary

§ Fonctional boundary Gradient boundary

Membranes

Concentration boundary

g

g = c

x

y
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JD, N. GLADE, O. HANSEN & A. MOREIRA
An open issue: the inner mitochondrial 
membrane as a free boundary problem.
Biochimie, 89, 1049-1057 (2007).



Cell boundary functions

Transportation (active & passive carriers)

Structure (cytoskeleton & extra-cellular matrix)

Signalling (active & inactive receptors)

Information (inhibitors & activators)

Homeostasis (thermo & baroregulation)

Protection (immunoactive & epidermopassive)
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Proteo-Phospho-Lipid interface

PhospholipidsProteins

Proteophospholipidic membrane

concentration

distance

10/07/2022 Rouen 22 4



Gradient 
boundaries

Anatomic frontier

Dv > Du

concentration u
concentration v
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Mean Gaussian curvature
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Link with diffusion

§ If the diffusion and reaction are isotropic, Turing 
structures have a revolution symmetry and the 
zero-diffusion sets are exacly the min Gaussian
curvature sets of the surface representing the 
substrate concentration.
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Revolution symmetric peak
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∂2n = 0
∂r2



Not revolution symmetric peak
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J. FOURIER 1808-1822
Mémoire sur la propagation de la Chaleur dans les corps solides, Nouveau 

Bulletin des sciences Société Philomathique de Paris, 6, 112-116 (1808)
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DX

Heat equation



§ Diffusion: Key Points
§ Substances diffuse according to their concentration 

gradient; within a system, different substances in the 
medium will each diffuse at different rates according
to their individual gradients.

§ After a substance has diffused completely through a 
space, removing its concentration gradient, 
molecules will still move around in the space, but 
there will be no net movement of the number of 
molecules from one area to another, a state known
as dynamic equilibrium.

§ Several factors affect the rate of diffusion of a solute
including mass of the solute, temperature of the 
environment, solvent density and distance traveled.10/07/2022 11



Minimal mean free path & maximal 
time exit from the 0-diffusion set

§ If two substances share the same zero-
diffusion set, then the location at which
they remain together and react the most
is this common set.
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F(X) + DDX = Xt
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Logistic
Allosteric
Hill
Michaelis-Menten

Fitzhugh-Nagumo

Reaction-diffusion



Laplacian Edge Detection
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Example 1 

Gastrulation
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L. Forest



La Mettrie 1748«Tous les curieux ont vu 
de ces animalcules 

le plus adroit s’insinuer dans l’œuf
que lui fournit la femme»

In L’homme plus que machine

J. Tabony, N. Glade & JD
BMC Cell Biology 5 (2003)

L. Nilsson

Calcium & µ-tubules
3D structuration

3 µ

A. Goldbeter & G. Dupont
PNAS 85 (1988)
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Embryonic life

18

Spheric symmetry breaking Revolution symmetry breaking

SN/V < hc 

Cephalo-caudal
Ca++ gradient

Drosophila melanogaster
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Gastrulation

10/07/2022 Rouen 22 21



Gastrulation
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Gastrulation
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Gastrulation

E. Wieschaus
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Gastrulation

M. Leptin, EMBO J  (2000)

Bottle cell
differentiation
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Regulatory network for cell shape changes
during Drosophila ventral furrow formation

JD, F. Thuderoz, T.P. Baum, F. Berger & O. Cohen, CR Biologies (2003)

J. Aracena, M.González, A. Zuñiga, M. Méndez.& V. Cambiazo, JTB (2006)

10/07/2022 Rouen 22 26

+c

b

-

+ +
+

++
D

Twi

Sna

fog

Tbb

R Cta

PYK2

DRho

GAP

Rho

CyT GDI

+

+

+

-
-

-

-

+

+
+ +

+

+

+

+

+

+

+

ADK ?

DNPK ?



Gene 
activation

CyT

10/07/2022 Rouen 22 27



Bottle cell

Amniotic feeding
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Cytosqueleton 
complexity

A.C. Kamgoué
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Presentation of the structure
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Screenshots from the simulation
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Screenshots from the simulation

Simulation after 150 time-steps
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proliferation
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Surface/Volume 
ratio

Cell A Cell A plus actomyosin fibers fibers between microtubules actin fibers

t

Surface/Volume Ratio

Cell A with only acto-myosin fibers connecting centriole to cell 
extremities

Cell B with only acto-myosin fibers connecting centriole to cell 
extremities

Cell B plus actomyosin fibers between mactin fibersicrotubules
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A. Lontos, E. Promayon, JD



Y.L. Kergosien, Acta Biotheoretica, 
38, 243-255 (1990) JD, J. Bezy-Wendling, J. Mattes, P. Haigron,

N. Glade, J.L. Coatrieux, Proc. of the 
IEEE Society, 91, 1723-1737 (2003)

Draining territories
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Multiscale-modelling
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Example 2

Hair & feathers
morphogenesis
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L. Forest



Feather 
Primordia

BMP-2 and BMP-7 play separate, antagonistic roles in feather induction
Michon F, Forest L, Demongeot J, Dhouailly, D 
DEVELOPMENT 135, 2797-2805, 2008
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v = u = BMP-7 BMP-7

Follistatine

BMP-2

inhibitor activator

Lateral
inhibition
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activator & inhibitor10/07/2022 Rouen 22 47
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miRNA 141, EphA3, p53, Vav3, Stk11, Wnt2, RhoA, Smad3, SrC, Id3, Cyclin D1, Zfhx3, Sox11, ßcatenin, cMyc, ßcatenin/LEF/TCF/BL9/CBP

Hair/Feather 
morphogenesis

S. Cadau

miRNA

Incoherent
double path

En
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Proliferating cells density

Chemo-attractant BMP-7 concentration

Migrant cells density

Competitive inhibitor BMP-2 concentration
Zero Neumann boundary conditions

Du<Dv

QN
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with
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P = (kuu2+kvv2)/2

H = c1c2n2u2Log(1+v)-c4n2u3/3

§ If c2 , c3 >> 1 and v <<1: 
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Frequency controlling parameters

Amplitude controlling parameters



Turing conditions
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= 0

10/07/2022 Rouen 22 56

(∂2u/∂x2) (∂2u/∂y2) - (∂2u/∂x∂y)2 =  0



(vxx*vyy)-(vxy�2)
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58

Du/Dv=0.06
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Du/Dv from 
0.01 to 0.07

59

VISCOSITY RATIO
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On the left: diminishing kv (from 35 to 0 with step of 5) causes the decrease of the feather number 
and amplitude. 

On the right: diminishing c2 (from 4500 to 1200 with step 1100) causes feather motifs disparition 
and diffusion wins over reaction
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Example 3 

N-switches
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O. Cinquin



. . .

N-switch
any edge is negative, except

autocatalysis A. Prochiantz & A. Joliot
Nature Perspectives, 4, 814 (2003)

M. Thellier, JD, J. Guespin, 
C. Ripoll, V. Norris & R. Thomas.

Plant Biol., 10, 1055 (2004)
Xn

X1

X2

Xi

Xi-1

Xn-1

. . .

+ -
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yi=(xi)1/2

P(y)=Si yi
2/4-Log((1+Siyi

2c)s/4c)+ Si ai Log(yi)/2

Potential system

+ a1

+ an
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This feature disappears with any addition of Hamiltonian term
in the Hodge decomposition of the ODE
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GENE

Epigenetic trajectory

Genetic bifurcation A. Lotka, in Needham J.
Order & Life, Yale Un. Press (1936)

1952. C. H. Waddington. The epigenetics of birds

CHREODE
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Example 4 

µ-tubules

N. Glade
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Aurora kinase C
§ Aurora A (aka Aurora 2) functions during prophase  of mitosis  

and is required for correct function of the centrosomes  (the 
microtubule organising centres in eukaryotic cells).

§ Aurora B (aka Aurora 1) functions in the attachment of the 
mitotic spindle to the centromere.

§ Aurora C (AURKC) works in germ-line cells and little is known 
about its function…

Homozygous mutation of AURKC yields large-headed 
polyploid spermatozoa and causes male infertility

Centrosome
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Aurora kinase 
A
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Aurora
kinase
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Cell-cycle control 
network

S. Sené, H. Ben Amor10/07/2022 Rouen 22 74



Simulation of µ-tubules polymerization

∂M/∂t=hM∆M-µ.ÑM+p(s)f(M,T,X)-p(s)g(M)
∂T/∂t= hT∆T-p(s)f(M,T,X)+p(s)g(M)
∂X/∂t= hx∆x-p(s)f(M,T,X)+p(s)g(M)

¶M/¶n = ¶T/¶n � ¶X�∂n = 0
(Neumann boundary conditions),

where 
f(M,T,X)=VTkXkM/((K+Tk)(k+Xk)(J+M))

g(M)=WM/(J+M)
µ gravity vector

M µ-tubules of length n-1 or n concentration
T tubuline concentration

X GTP concentration

Diffusion-drift-reaction model

Mn-1+T+GTP       Mn+GDP
NDK

GDP+ATP          GTP+ADP
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Centrosome

Actin 
Polymerization

M.G. Kleve & W.H. Clark JCB 98 (1980)

ATP

A. Michelot, J. Berro, C. Guérin, R. Boujemaa-Paterski, 
C. Staiger, J. Martiel, L. Blanchoin
Actin-Filament Stochastic Dynamics Mediated by ADF/Cofilin
Current Biology, 17, 825-833 (2007)
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Actin Polymerization

A. Michelot, J. Berro, C. Guérin, R. Boujemaa-Paterski, C.J. Staiger, J.L. Martiel & L. 
Blanchoin

Current Biology 17 (2007) & 20 (2010)
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Microtubules trail

N. Glade, Int. J. Unconventional Computing (2008)
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µ-tubules polymerization
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Simulated structures

µ=0 µ
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Conclusions

- Change of shape starts where the curvature is 
higher

- The bending propagates from the cells in the 
maximum-curvature area to the cells in the 
more planar area

- Vesslar morphogenesis
- Anatomo-functional approach of the 

ontogenesis = 5D anatomy
- Beyond a 5D surgery?
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