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Figure 5. Development of a cell cluster on a two-dimensional grid. Each mark corresponds to a particular cell type

dc(e(g)ermined by differing internal dynamics. The grid indicates the unit of discretization on the diffusive chemicals
C¥(x,y,1).
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A Theory of Biological Pattern Formation
A. Gierer and H. Meinhardt

Max-Planck-Institut fiir Virusforschung, Tiubingen, Germany
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J. theor. Biol. (1974) 45, 501-531

How well does Turing’s Theory of Morphogenesis work?

JONATHAN BARDT AND JIAN LAUDER
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SCIENCE, VOL. 205, 17 AUGUST 1979

Dynamics of Skeletal Pattern
Formation in Developing Chick Limb

Stuart A. Newman and H. L. Frisch
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Fig. 6..Patterns of chandrogenesis predicted
by the model described in the text at succes-
sive stages of development. Elongation of
‘*skeletal elements’’ is based on empirical
measurements (8, /0). Solid black represents
cartilage or precartilage condensation; stip-
pling represents hypothetical distribution of
substance M in competent tissue preceding
overt chondrogenesis. Hamburger-Hamilton
stages (33) to which the model stages corre-
spond are indicated by numbers.
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On the Newman-Frisch Model of Limb Chondrogenesis

J. theor. Biol. (1986) 121, 505-508

H. G, OTtHMERT
Dept of Mathematics, University of Utah, Salt Lake City, Utah 84112, U.S. A.
(Received 1 February 1986)

| B TIELEERBENTERL

u = au + dAu A

A 4

— upe Mt sinkx

A=a—kid .2

SIS R AN

<




J. theor. Biol. (1988) 134, 183-197

On the Stationary State Analysis of Reaction-Diffusion
Mechanisms for Biological Pattern Formation

StuarT A. NEWMAN,

Department of Anatomy, New York Medical College, Valhalla,
New York 10595, U.S.A.

H. L. FriscH

Department of Chemistry, State University of New York at Albany, Albany,
New York 12222, U.S. A,

AND
J. K. Percus

Courant Institute of Mathematical Sciences and Department of Physics,
New York University, New York 10012, U.S.A.

{(Received 20 October 1987, and in revised form 25 March 1988)
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Double anterior chick limb buds and models for cartilage rudiment

specification

LEWIS WOLPERT and AMATA HORNBRUCH

Depariment of Anatomy and Developmensal Biology, University College and Middlesex School of Medicine, Windever Building,

Cleveland Sireer, London, WIP sD8, UK

Summary

Most models for the specification of the skeletal elements
in the developing limb bud are based on a chemical
specification well before overt cartilage differentiation,
By contrast, a physico-mechanical model proposes that
the process of condensation — an early feature of
cartilage differentiation - is itself the basis for patterning
the elements. The models thus make quite different
predictions as to when the rudiments are specified.
Double anterior limb buds have been constructed at
stages earlier than condensation, with the expectation
that, if specification of the humerus occurs before
cartilage condensation, then limbs containing two
humeri should develop, since the presumptive humerus
lies largely in the anterior region. The development of

anterior and posterior parts, on their own, was in
general, consistent with the fate map; both developed a
humerus that was thinner than normal. Double anterior
limbs developed two humeri in 28 % of cases and a much
thicker humerus in 39 %. These results strongly support
models based on an early specification of limb rudiments
and cannot be accounted for by the physical model.
Double anterior limbs in which the two parts were from
different stages, developed such that a digit 3 could lie
adjacent to the radius, giving further striking evidence
for early specification and local autonomy of develop-
ment.

Key words: cartilage, chick, limb, model, specification.
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Miura & Shiota, 2000



TGFb2 as an activator

TGFB2

= " Control - TGFBR2
= = Treated - TGFBR2
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Miura & Shiota, Dev Dyn 217:241- (2000)
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Digit patterning is controlled by a
Bmp-Sox9-Wnt Turing network
modulated by morphogen gradients

J. Raspopovie,'* L. Marcon,'* L. Russo,' J. Sharpe"*+

During limb development, digits emerge from the undifferentiated mesenchymal tissue
that constitutes the limb bud. It has been proposed that this process is controlled by a
self-organizing Turing mechanism, whereby diffusible molecules interact to produce a
periodic pattern of digital and interdigital fates. However, the identities of the molecules
remain unknown. By combining experiments and modeling, we reveal evidence that a
Turing network implemented by Bmp, Sox9, and Wnt drives digit specification. We develop
a realistic two-dimensional simulation of digit patterning and show that this network,
when modulated by morphogen gradients, recapitulates the expression patterns of Sox9
in the wild type and in perturbation experiments. Our systems biology approach reveals
how a combination of growth, morphogen gradients, and a self-organizing Turing network
can achieve robust and reproducible pattern formation.
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Fractal geometry
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o o ® #
o _ Fa —|R:: . _
" r,-(t) i C3ZRﬁe | J'I Sln(\lfﬁ o alRﬂl Cz),
o i
. n=50; L=25;¢cl1=21.5;¢2=20.5;¢3=2.0;a=0.5;dt =0.05;
’. ¥ = Table[Random[Real, 2Pi], {n}];
. ‘ r = Table [ {Random[Real, L], Random[Real, L]}, {n}];
‘ . dPsi[psi , r , i ] :=
. Sum [Exp [-Norm [r[[i]] - r[[i]]]]
‘ Sin[psi[[j]] -psi[[i]] + aNoxm[r[[]j]] - r[[4i]]] - e1], {j, 1, mn}] -
. ' ’ Sin[- cl];
drR[(psi , r , 1] :=
‘ c3 Ssum[ Normalize [r[[j]] - r[[i]]] Exp[-Noxm[r[[j]] - r[[i]]]]
‘ ‘ Sin[psi[[]]] -psi[[i]] + aNorm[r[[i]] - r[[i]]] - e2], (i, 1, n}];
‘ oneStep[{# , r_}] := {Mod[¢ + dtTable[dPsi[y, r, i], (i, 1, n}], 2Pi],

Mod[r + dt Table[dR[#, r, i], {i, 1, n}], L]}

result = NestList [oneStep, {¢¥, r}, 5000]; // Timing
[620.421, Null}

Norm[], Normalize[] C =gyt -

Graphics [Table[{Hue[phi[[i]] /2Pi], PointSize[0.05], Point[r[[i]1]]},
{i, 1, n}]], PlotRange - {{0, L}, {0, L}}];

S // \ ,; l\ L(_ %E% rg = Table[showCells [result[[i]]], (i, 1, 5000, 50}];

ListAnimate[rg]
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