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Abstract

One of the elementary processes in morphogenesis is the
formation of a spatial pattern of tissue structures, starting from
almost homogencous tissuc. It will be shown that relatively simple
molecular mechanisms based on auto- and cross catalysis can
account for  primary pattem of morphogens to determine pattern
formation of the tissue. The theory is based on short range
activation. long range inhibition, and a distinction between activator
and inhibitor concentrations on one hand. and the densities of their
sources on the other. While source density is expected to change
slowly. c.g. as an cffect of cell differentiation, the concentration
of activators and inhibitors can change rapidly to establish the
primary pattern: this results from auto- and cross catalytic effects
on the sources, spreading by diffusion or other mechanisms, and
degradation.

Employing an approximative equation, a criterium is derived
for models, which lead to a striking pattern, starting from an even
distribution of morphogens, and assuming 2 shallow source gradient.
The polarity of the pattem depends on the direction of the source
gradient, but can be rather independent of other features of source
distribution. Models are proposed which explain size regulation
(constant proportion of the parts of the pattern irrespective of
total size). Depending on the choice of constants, aperiodic patterns.
implyinga i i
and position in the tissue, or nearly periodic patterns can be
obtained. The theory can be applied not only to multicellular
tissues, but also to intracellular differentiation, e of polar cells.

The theory permits various molecular interpretations. One of
the simplest models involves bimolecular activation and mono-
molecular inhibition. Source gradients may be substituted by, or
added to, sink gradients, e.g. of degrading enzymes. Inhibitors can
be substituted by substances required for. and depleted by activation.

Sources may be either synthesizing systems or particulate
structures releasing activators and inhibitors.

Caleulations by computer arc prescnted to cxemplify the main
features of the theory proposed. The theory is applied to quantita-
tive data on hydra — a suitable one-dimensional model for pattern
formation — and is shown to account for activation and inhibition
of secondary head formation

Introduction

The development of an organism is a complex
phenomenon involving a set of more elementary pro-
cesses such as gene regulation, alteration of cell shapes
and cell to cell interaction, cell proliferation, growth
and cell . One of these 'y Processes

in embryology and regeneration is the formation of a
spatial pattern of tissue structures. Starting from almost
homogeneous tissue, different areas develop strikingly
different structures. In some cases, their proportions
are regulated to be independent of total size. The pattern
may be aperiodic or periodic.

The formation of a morphological pattern is gene-
rally assumed to result from a primary pattern (Child,
1941; Waddi 1962)of morphog: i
or other physical parameters varying in space, often
called gradients or fields. Several types of theories have
been proposed for this primary pattern: A patterned
morphogen distribution can result from auto- and cross
catalysis (Turing, 1952). Polar cells may be assumed to
pump morphogens in one direction, leading to a
graded distribution (Lawrence, 1966). Two periodic
events of different wavelengths have been postulated,
where the phase difference, which varies in space, is
assumed to determine morphogenesis (Goodwin and
Cohen, 1969). This paper is concerned with mechanisms
of auto- and cross catalysis which are most closely
related to known biochemical processes and cellular
properties.

Models of differentiation can be constructed by
postulating two substances, with mutual interaction
on their respective rates of production (or degradation).
Depending on initial conditions, this may lead to
different stable states, which may represent states of
differentiation (e.g. Delbriick, 1949). Spatial differen-
tiation can be achieved by postulating, in addition,
different modes or rates of distribution of these sub-
stances in space, e.g. by linear equations employing
different diffusion terms as proposed by Turing (1952).
However, the solutions of the lincar system are
generally unstable. Non-linear reaction kinetics, on the
other hand, arc too general to permit simple and
straightforward interpretations in terms of molecular
biology unless restrictions are imposed by biological
considerations.

These restrictions will be introduced by basing the
theory on three postulates suggested by fairly general

A. Gierer and H. Meinhardt,
A theory of biological pattern formation,

Kybernetik 12 (1972) 30—39.
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