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Abstract

The process whereby Dictyostelium amoebae change from a unicellular to multicellular mode
of living offers substanttal challenges for attempts at understanding how nonequilibrium physics
enters into developmental biology. In this mini review, I describe recent attempts to use analytical
and computational approaches to get at the fundamental mechanisms behind several stages of
the aforementioned developmental process. These stages include the formation of a signaling
wavefield often dominated by rotating spirals, the breakup of the cell density into aggregation
strcams and the morphogenesis of the aggregate into a mound which then spontancously forms
a tip. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

One of the simplest examples of the wondrous processes of developmental biol-
ogy is afforded by the species Dictyostelium discoideum. When food is plentiful, this
soil-living amoeba lives a solitary unicellular life. However, when the cell begins to
starve, it initiates a genetic program which allows it to engage in complex, cooperative
behaviors such as aggregation, differentiation and morphogenesis. These processes lead
to a functional multicellular organism, the slug, and eventually culminates in a fruit-
ing body in which 80% of the original cells in a single aggregate turn into resistant
spores.

Over the past several decades, biologists have elucidated much of the cellular level
behavior of Dictyostelium cells [1,2]. This work has focused on characterizing and
subsequently identifying the biochemical mechanisms underlying the cAMP signaling
system and the resultant chemotactic motion, as well as other processes occurring later
in the developmental cycle. Given some knowledge of single-cell dynamics, the task
of nonequilibrium physics is to explain in a quantitatively predictive way the collective
behavior of the entire Dictyostelium colony. This talk presents a survey of our recent
efforts in this direction, efforts that we believe have led to considerable new insights
into the biological process.
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This collective behavior of Dictyostelium consists of two separate stages. First, the
overall system breaks up into a set of aggregates. This involves the setting up of an
excitable signaling system, leading after 6-8h to a wavefield encompassing the entire
colony. Due to the fact that waves in excitable media [3] annihilate each other upon
impingement, a vast majority of cells detect waves that arise from a unique signaling
center, either pacemaker or spiral. This means that the waveficld leads to a breakup
of space into a set of domains in each of which the cells will move to a single
aggregation center. The first part of our research concerns the process whereby an
initially featureless system evolves to the fully developed wavefield; this will be the
subject discussed in Section 2.

Once, cells begin to move chemotactically, the aforementioned domains decouple.
Now, we have a set of 10%-10° intersecting cells that move inward to form a loose
aggregate. One issue that arises here concerns the fact that the collapse does not take
place in a radially symmetric manner; instead, the cells form a set of high-density
streams which flow towards the nascent aggregate [4]. Also, the loose aggregate itself
forms a rather flat-topped three-dimensional mound structure. Our results regarding
these two questions are presented in Section 3.

Theoretical analyses of aggregation-stage processes benefit greatly from the fact that
the cells are interacting via a well-understood chemical process and that direct cell-
cell contact plays a secondary role. As we reach the loose aggregate stage, this is no
longer true and one must try to cope with the significantly more complex biology of a
truly multicellular state. The last section of this work will introduce the reader to the
problem of cell-sorting and tip-formation processes which lead from the aggregate to
the slug.

2. Genetic feedback and spiral formation

Initially, no waves are seen in the Dictyostelium colony as it begins to starve on
an agar surface. After several hours, brief bursts of wave activity occur and rapidly
die out. At high enough cell density, these bursts eventually give rise to rotating spiral
waves which take over the wavefield. Recent experimental work by Lee et al. [5] has
collected rather nice data regarding this process.

The wave characteristics are by now rather well understood. Each cell contains a
receptor for cyclic AMP (CAR1) which has a high binding affinity [6]. If the cell is
placed in an above threshold cAMP concentration (the threshold is roughly 10 nano-
molar for fully competent cells — see later,) the cell receptor initiates an internal process
(involving G-proteins, and a protein called CRAC) which leads to the activation of
adenyl cyclase. This last enzyme manufactures cAMP, which is subsequently secreted,
thereby enabling nearby cells to be excited. After this excitation occurs, the signal
system goes into a refractory state that is believed to be due to inactivation of various
aforementioned components. There are several detailed reaction-kinetics models of this
system, the most popular being the one due to Martiel and Goldbeter [7]. It is fair to






