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1 Introduction

Tissues of multicellular organisms are in general formed
by cell types whose relative populations are actively
regulated. The maintenance of these tissues, for in-
stance in a regeneration process, is achieved by cell
type transdifferentiation, dedifferentiation and/or dif-
ferentiation of pluripotent cells (the so-called stem
cells) into finally differentiated cell types. Examples
of capital biomedical relevance include the blood cell
system and the epidermis. While the molecular details
of the cell-cell signalling involved in these processes are
being unveiled, the global mechanims that regulate the
populations remain obscure. Using as a model system
the social amoebae Dictyostelium discoideum, I have
inquired into the principles of cell-type regulation at
the tissue (collective) level both from an experimental
and a theoretical perspective.

In Dictyostelium a nulticellular aggregate, the
mound, is formed by the cAMP-mediated aggregation
of ~ 10?2 — 10° cells. This mound elongates into a mi-
grating cylindrical finger, the slug, which under appro-
priate conditions becomes a mushroom-like structure,
the fruiting body, which has dead vacuolated cells in
the stalk and spore cells on top of it. Cell type pat-
tern in the slug is highly organized along an anterior-
posterior axis (see Fig. 1). The ~ 20% anterior is
mainly composed of prestalk (pst) cells (which finally
differentiate into stalk cells). The remaining ~ 80%
posterior region is mainly made of prespore (psp) cells
(which become spores) (see review [1]).

Slugs display the saine qualitative cell type pattern-
ing for sizes varying more than 3 orders of magnitude
in volume [2]. On the other hand, they can regen-
erate a normal cell-type pattern after removal of one
of the cell types [3]. These observations led Bonner
to propose that the proportion of cell types is regu-
lated to have a constant value {2]. Several studies of
Dictyostelium fruiting bodies, however, have suggested
that proportioning in Dictyostelium differs systemati-
cally from true constancy {4].
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2 Experimental results

=

2.1 Lack of regulation of cell type pro-
portion within a 2.5 fold tolerance
range

We have confirmed the dependence of proportion on
size in the slug stage using a short-lived §-galactosidase
as a reporter of the prestalk specific ecinA gene expres-
sion: the prestalk proportion decreases from 241 5% in
slugs of 103 cells to 10 + 3% when 10° cells are present
(see Fig. 1,2). Regeneration experiments suggest that
this difference is not due to a modulation of the propor-
tioning set-point by size, as one might have expected;
instead there appears to be a regulatory "tolerance
zone” at all sizes. After amputation of the whole poste-
rior region, transdifferentiation stops after the fraction
of prestalk has been reduced from 100% to 28 + 2%,
well above the initial value of 10 4 3%, while after pre-
stalk cells removal the transdifferentiation endpoint is
about 10% (see Fig. 3). Most strikingly, we find no
regulation at all after partial amputations of the pre-
spore region. It seems that any prestalk proportion is
stable between a ~ 10% lower threshold and a ~ 30%
upper threshold.

2.2 The shape of the prestalk region is
regulated

‘We now turn our attention to the issue of slug shape.

Fig. 1, in which slugs of various sizes have been magni-
fied to the same apparent size, suggests that large slugs
are proportionately thiuner than small ones. Quanti-
tatively, this can be characterised by the aspect ratio
(Length/Width). Fig. 4 shows that slug aspect ratio
indeed increases with size, but that the aspect ratio of
the prestalk region is size-independent. In Fig.5, which
shows gal stained slugs at different times after poste-
rior ainputation, it can be seen that slugs progressively
elongate as transdifferentiation proceeds, but that the
aspect ratio of the prestalk region is always constant.



Figure 1: NC4-ecmAO-ia-gal transformant slugs
of different sizes. The same slugs are shown at
the same magnification in A, B and C, and after
appropriate scaling in D, E and F, respectively.
All scale bars represent 200 um.
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Figure 2: Prestalk proportion vs. slug volume.
For intact slugs, proportion decreases with size.
Slugs regenerated after removal of prestalk cells
have similar proportions to intact slugs. Slugs re-

generated after partial and total amputation of
- prespore cells display a prestalk proportion at the
upper threshold of proportions observed in intact
slugs. These results suggest that there is a toler-
ance region (10-30 %), within which there is no
regulation.
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Figure 3: Top. Slugs of Dictyostelium discoideum
before and during regeneration after total removal
of the prespore cells. Bottom. Prestalk propor-
tion before and during regeneration. Small dots
show the results of simulation. Proportion is par-
tially but not completely recovered.
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Figure 4: Aspect ratio of whole slug and anterior
region vs. slug volume for intact slugs. A corre-
lation is found between slug aspect ratio and slug
volume: big slugs tend to be relatively slimmer
than small slugs. However, the aspect ratio of the
prestalk region remains constant.

At present we cannot explain this constancy in the
aspect ratio of the prestalk region. In principle one
expects the slug shape to be determined by the cell
motion, which depends on differential chemotaxis (or
motive force) between cell types and differential cell
adhesion.

3 Modelling

Several studies have presented evidence that prestalk
cells require a chemical secreted by prespore cells to
remain in their prestalk differentiated state [5]. Based
upon these facts, it has been proposed that a small dif-
fusible molecule acting as prespore inhibitor/prestalk
inducer might be regulating the proportion of cell types

[6].

3.1 Evidences against a regulation

based on positional information

In spite of the diffusive nature of this molecule and the
self-organized spatial structure, the cell patterning in
the slug does not appear to be regulated by a posi-
tional information scheme: (i) slugs don’t display any
size-independent characteristic length; (ii) cell sorting
occurs faster than cell transdifferentiation; (iii) propor-
tion regulation without spatial pattern has been ob-
served [5]. Therefore it appears that the regulation is
global and the concentration of the prespore inhibitor
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Figure 5: Aspect ratio of slug increases as regener-
ation proceeds while aspect ratio of prestalk region
remains roughly constant at a value slightly above
that of intact slugs.

can be assumed to be rather homogeneous along the
slug. The spatial segregration of cell types may- be
simply the result of cell sorting by means of differential
cell adhesion and/or differential chemotaxis to cAMP
signalling [7].

3.2 Global negative feedbacl plus
cell-autonomous positive feedback
model

To explain the finding of a tolerance region for pro-
portion regulation, we present a model based on: (i)
A global negative feedback for the regulation of pro-
portion mediated by a diffusible molecule. (i) A
cell-autonomous positive feedback represented by a
hysteresis-like behaviour (i.e. bistability) in the induc-
tion of differentiation.

The negative feedback is mediated by a diffusible
prespore inhibitor u which is produced by prespore cells
and degraded by prestalk cells. The prestalk propor-
tion is represented by 7. Cell type transdifferentia-
tion is represented by the decreasing function f(w) for
pst = psp conversion and the increasing function g{u)
for psp = pst. After appropriate transformation, the
model reduces to the following equations.

du

7 = (1=n—un )

r 91 = g(u)(1 = ) ~ @)

The main novelty of the model is given by hysteresis-
like behaviour produced by the assumptions on g and
f. First we assume that there is a cell-autonomous
positive feedback in the differentiation process. This
means that differentiation is bistable, i.e. psp = pst
transdifferentiation begins only at u > us, but the re-
verse conversion requires to decrease u below a much
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Figure 6: (A) Prestalk proportion dependence
on the prespore inhibitor/prestalk inducer. The
hysteresis-like behaviour can be seen as the finger-
print of bistability in cell type differentiation (B)
Cell type transdifferentiation rates f(u) and g(u).
To ensure stability it is postulated that they only
take a positive value below (above) some threshold

u1 (ug).

lower threshold u;. Second, as illustrated by Fig. 6B,
we assume that this behaviour applies not only for the
single cell, but for the whole population (this can be
shown to be the case as far as the distribution of thresh-
olds u; and ug don’t overlap). Under this assump-
tion, if « is taken as an external parameter, it folllows
from the equation 2 that the proportion will display a
hysteresis-like behaviour such as shown in Fig. 6A.
Fig. 7 shows the results of simulations. A whole seg-
ment of fixed points is found for u; < u < us and
n = —1—41_7 In consequence the range of stable propor-

tions extends from 7mi, = ﬁ 0 ez = ﬂ—l'u‘;

4 Discussion anc conclusion

A general lesson may be drawn from this study. In tis-
sue maintenance, it is both important to control the cell
type proportions and to keep each of these cell types
in a well differentiated state. However, there seems to
a conflict of between these two requirements. On the
one hand proportion regulation is better served by sig-
nalling that involves fast global negative feedback. On
the other hand, a robust cell differentiation requires
a strong cell-autonomous positive feedback to oper-
ate the “switch” between cell types. Without positive
feedback cell differentiation would result in continuous
spectrum of cell phenotypes. As a result of the pos-
itive feedback, cell differentiation will always display
some hysteresis in respect to the control exerted by
the global regulative mechanism. And this hysteresis
poses a limit to the precision of the proportion regu-
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Figure 7: Trajectories obtained by simulations
starting at different initial conditions. The null-
cline %’f = 0 is shown as a solid line. Starting
with proportions above 1 > Nmaq or below Ny,
the proportion is regulated. Within the tolerance
range, however, there is no regulation.

lation. In other words, it looks as though the more
robust is the cell differentiation the less precise is the
proportion regulation and vise versa.
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