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Competing Patterns of Signaling Activity in Dictyostelium Discoideum
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Quantitative experiments are described on spatiotemporal patterns of coherent chemical signaling
activity in populations ofDictyostelium discoideunamoebae. We observe competition between
spontaneously firing centers and rotating spiral waves that depends strongly on the overall cell density.
At low densities, no complete spirals appear and chemotactic aggregation is driven by periodic
concentric waves, whereas at high densities the firing centers seen at early times nucleate and are
apparently entrained by spiral waves whose cores ultimately serve as aggregation centers. Possible
mechanisms for these observations are discussed.

PACS numbers: 87.22.—q, 47.54.+r, 82.40.Ck, 87.10.+e

In a variety of contexts in the biological world we unclear. Many studies have revealed the presence of
find coherent spatiotemporal patterns of propagatingoncentric waves (or “target” patterns) emanating from
chemical waves [1]. Often, as in cardiac tissue, theseeriodically firing pacemakers [3,5], while others have
waves are triggered and globally controlled by specialfocused on the rotating spiral waves that also occur [6,7],
ized cells termed “pacemakers” [2]. In other systemsand are qualitatively similar to those seen in chemical
traveling chemical waves may arise by a process ofystems such as the Belousov-Zhabotinski (BZ) reaction
self-organization of undifferentiated cells. A well-known [8,9]. The distinction between these two types of patterns
biological example is provided by populations of theis significant; targets require an autonomous pacemaker,
slime mold Dictyostelium discoideunf3], which upon while rotating spirals do not. Yet, there has been no clear
nutrient deprivation sustain waves of cyclic adenosineexperimental determination of the factors controlling
3/, 5’-monophosphate (cAMP) that drive chemotacticwhich of these two signaling patterns dominates.
migration of cells. These waves result from a relay We report here a quantitative experimental study of
mechanism within each cell, and travel by means of thehe competition between autonomous firing centers and
diffusive coupling of nearby cells through the substraterotating spiral waves inD. discoideum Using cell
Despite a large body of experimental and theoretical worlpopulation density as a control parameter, we find that
on the coupled dynamics of wave propagation and assavhen the cell density is high spiral waves dominate at
ciated chemotaxis leading to cell aggregation [3,4], thdate times, whereas at low cell density the asymptotic
means by which a particular pattern of coherent travelingpattern is dominated by circular waves emanating from
waves emerges from the nonsignaling state has remaingcemakers, as shown in Fig. 1. In addition, the spiral

FIG. 1. Dark field images showing the evolution of two kinds of signaling activity. In (a) spirals dominate circular waves at high
density (py = 21.8 X 10° cells/cn?), whereas in (b) circular waves dominate, (= 7.3 X 10° cells/cn?). Time is indicated in

hours and minutes elapsed from the point of food deprivation. Each 24<mb8 mm image was obtained by subtracting two
successive images taken 30 sec. apart and rescaling the resulting image over 256 grey levels to enhance the contrast. The bright
bands and the accompanying dark shadows indicate the cells in an active state, while the grey background corresponds to inactive
cells.
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waves themselves originate in the instabilities of finitewaves do not evolve to full spirals, and firings continue
wave segments [10] and apparently entrain the firingo the later cell aggregation phase.
centers. In a low density system, the firing centers also We have located all the firing events occurring during
entrain each other. In both cases, the dynamical evolutiothe signaling phase of development. Focusing first on the
proceeds from random firings tperiodic events. The case of high cell density, Fig. 2(a) shows the positions
density-dependent competition between signaling patternsf firing centers along with those of the spiral cores that
is similar to that seen recently in the BZ reaction inultimately form. We find that most centers fire only once.
the presence of a catalyst imprinted on a lattice ofGiven our spatial resolution, the size of the cels8(um),
varying density [11]. The appearance of spirals only inand the scale of their random motion, it is not possible for
a limited range of densities suggests that variations in thas to determine whether those most closely spaced clusters
diffusive coupling of excitable elements lead to patternof data points arise from distinct cells firing independently,
selection. Our results also relate to recent theoreticabr instead from identical cells which have simply moved
studies of mechanisms for spiral symmetry breaking [12]during the course of observation. Since spirals evolve
specific biochemical origins for pattern evolution [13], from the ends of broken waves, the locations of the spiral
and feedback mechanisms [14], as well as the role ofores are not correlated with the centers.
stochasticity in pattern selection [15]. A quantification of firing-center and spiral competition
First, we briefly review the essential features of theis the time evolution of the number of firing events.
signaling mechanism. Signaling begins with the syn-Figure 3(a) shows this for the sarpg as Fig. 2(a). The
thesis of the messenger molecule cAMP from ATP bynumber N of firing events initially increases in time,
adenylate cyclase within individual cells [16]. It is reaches a maximum value, then ultimately vanishes as the
also degraded t&’-AMP by phosphodiesterase. Both spirals become more fully formed. Let us now contrast
cAMP and phosphodiesterase are excreted through thhis behavior with our observations at low densities.
cell membrane wall. The production of cAMP within First, as shown in Fig. 2(b), there are overwhelmingly
individual cells is stimulated and controlled by the statemany more firing centers ai; than py [compare with
of CAMP receptors in the cell membrane: When the reFig. 2(a)]. With the smaller average distance between
ceptors are fully saturated with cAMP, the synthesis ofcenters, the ability of broken wave segments to survive
internal CAMP stops. It is now well documented in both as spirals is greatly diminished.
experiments and model studies [7] that these chemical At p;, no complete spirals form, and firing centers
reactions can produce rotating spiral waves and circusurvive until the later aggregation stage &t1 h), as
lar waves of collective chemical activity in spatially ex- shown in Fig. 3(b). Figure 3 illustrates the fact that the
tended systems like those shown in Fig. 1. fractional subpopulation of firing center§ (p) decreases
In our experiments, cells were grown using standardvith density. This suggests that the formation of a center
culturing techniques [17]. This preparation yields ais not simply a characteristic of a subpopulation of cells,
monolayer of cells spread on the surface of an agar laydsut rather is determined in part by cell-cell interactions
in a dish. Signaling is generally initiated within several[20]. Likewise, the lack of correlation between the
hours after nutrient deprivation, during which time thepositions of the centers and the spiral cores suggests
cells were kept in the dark. Patterns of signaling activitythat the latter are determined primarily by the positions
were monitored using a dark field optical setup [18],
sensitive to changes in optical properties of the cells in
response to chemical waves [19]. " i I _
Figure 1 shows the evolution of spatiotemporal patterns [, o o = . o ** _1 |- AT
observed in experiments with two different initial cell y o v f e Fons
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in the system withpy, many firing centers appear at
an early stage (but with a longer induction period),
and, at the same time, wave segments also form fro
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OB, 2. Composite diagrams showing the location of firing
In contrast to highcenters (filled circles) and spiral cores (empty circles): (a)
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FIG. 4. Enlarged images showing suppression of a low-
frequency center by a higher-frequency spiral wave at

h A 5 - 1o be viewed as aentrainmenf slow centers by faster pe-
Time (hours) riodic spiral waves. A corollary to this observation is that
. . . since the spiral waves all have very similar rotation fre-
gle?'l?ﬁit Itji%réar?ri]ciil) e;g(ljuthonr;t o;r?ae (néj;l"t(’g Zf inzg;c?bn)ters quencies they are not effective in suppressing one another.
p = pu; (c) composite of (a) and (b) antl5p; (triangles), However, we have observed some examples of the break-
and3.5p; (diamonds). The plots were obtained by countinging of symmetry between members of a spiral pair, leading
the number of firing centers in 15 min intervals. to dominance of one over the other (as seen left of cen-
ter in the first frame of Fig. 1). This is consistent with
and dynamics of wave segments, rather than intrinsitheoretical arguments based on the existence of certain ul-
properties of the cells at the core. traslow chemical dynamics [12], or from chemical inhomo-
Systems with several differept in addition to the two  geneities in the medium [13]. Similar observations on the
already discussed have also been studied. In a systesuppression of slow autonomous centers by spirals were
with p = 1.5p,, similar entrainment dynamics appear reported without quantification in earlier experiments on
between spirals and centers and between different centetbe Belousov-Zhabotinskii reaction in a Petri dish [22] and
In this case,N initially increases, reaches a maximum, in cellular automaton models [23]. The decreas&/iin
decreases gradually as before, but to a nonzero valuthe low-density systems appears to arise from the competi-
as shown in Fig. 3(c). In systems with higher values oftion amongfiring centers, rather than from the influence of
p (toward and beyongy), spirals gradually extinguish incomplete spirals (wave segments). Forinstance, a center
firing events with the same entrainment dynamicp as that fires with a higher frequency may suppress a slowly
At all densities, a peak in the number of firing centersfiring neighbor. Taken together, these earlier observations
occurs at intermediate times. (The gradual increaseg in and the present ones suggest that this entrainment phenom-
during the period 10-12 hours af is due to the increase enon is a generic feature of excitable media.
in the firing frequencyof the surviving centers.) In the  Among the possible mechanisms for firing center sup-
high-density systems, the decreaséVirbeyond the peak pression, several appear quite likely on the basis of known
appears to be due to a suppression of firing centers by spgxperimental and/or theoretical observations. First, from
ral waves. Some direct evidence for this is presented ithe general phenomenology of excitable media, we may
Fig. 4. Over the course of three periods of firing activity, expect the passage of cAMP waves past a center to act as
a pair of nearby spiral waves repeatedly passes throughkind of phase resetting event, leading to synchronization.
a center (indicated by an arrow). Because the firing freThis would be alocal version of oscillator entrainment,
guency of the center is slower than the rotation frequencynediated by the passage of waves, complementary to that
of spiral waves [21], the collision zone at which wavesstudied recently in systems witflobal coupling [24,25].
annihilate gradually moves toward the center (first thredt may also be an example of “spatiotemporal stochastic
frames in Fig. 4), and ultimately the firing center is sup-resonance” [15], in which a wave of excitation entrains
pressed (last frame in Fig. 4). This observed behavior canoisy excitable elements (e.qg., the firing centers). Second,
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