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SUMMARY

Migration and behaviour of Dictyostelium slugs results cAR1. Wave initiation is strictly dependent on the tip; in
from coordinated movement of its constituent cells. It has decapitated slugs no new waves are initiated and slug
been proposed that cell movement is controlled by movement stops until a new tip regenerates. Isolated tips
propagating waves of CAMP as during aggregation and in continue to migrate while producing waves. We conclude
the mound. We report the existence of optical density waves from these observations that the tip acts as a pacemaker
in slugs; they are initiated in the tip and propagate for cAMP waves that coordinate cell movement in slugs.
backwards. The waves reflect periodic cell movement and

are mediated by cAMP, as injection of cCAMP or cAMP

phosphodiesterase disrupts wave propagation and results Movies available on-line

in effects on cell movement and, therefore, slug migration.

Inhibiting the function of the cAMP receptor cAR1 blocks Key words: cAMP signalling, Wave propagation, Chemotaxis, Cell
wave propagation, showing that the signal is mediated by movement, MorphogenesBijctyostelium

INTRODUCTION controls further morphogenesis. The tip still has organiser-like
properties, in the sense that when it is transplanted in the side
The development of multicellular organisms is highlyof another slug it can control the behaviour of the host cells
dependent on differential cell movement. This is especialland induce a secondary axis (Raper, 1940; Rubin and
clear during gastrulation and formation of the nervous systenRobertson, 1975). The mound elongates, falls over and forms
Gastrulation in vertebrates is controlled by special signalling cylindrically shaped slug. Guided by photo- and thermotaxis,
regions, organisers. The best known is the Spemann organiske slug migrates to the surface of the soil where it forms a
in the amphibian embryo. It has been shown that these regiofraiting body (Bonner et al., 1950).
can exert a long-range effect on the movement behaviour of The propagated cAMP waves during aggregation can be
cells, but relatively little is known about the signals that guidesisualised macroscopically under darkfield conditions, as
the movement of the cells and the actual mechanism of directetiemotactically moving cells have different light scattering
cell movement (Joubin and Stern, 2001). One possiblproperties than resting cells (Gross et al., 1976; Tomchik and
mechanism for controlling these movements is chemotaxis @evreotes, 1981). Optical density waves are also present in
individual cells up gradients of signalling molecules secretedhounds and we have shown recently that these waves are
by these organising centres. Chemotaxis towards an organigigpendent on the activity of the aggregation stage adenylate
region is an essential part of the mechanism by whiclkyclase and therefore reflect waves of cAMP (Patel et al.,
individual cells of the social amoeba®ictyostelium 2000). There is evidence that cAMP is produced by the slug
discoideumaggregate to form a fruiting body when theytip as well. Isolated slug tips attract aggregation-competent
encounter a shortage of food (Loomis, 1982). Aggregatiorells that can move chemotactically towards a cAMP source
centres act as organisers by emitting periodic pulses of tH{&ubin and Robertson, 1975). Furthermore, phosphodiesterase
chemoattractant cAMP, which is actively propagated over largiem the substratum decreases the range of this cAMP signal
distances by the surrounding cells. The periodic chemotact{&ubin, 1976). It has also been demonstrated for several
movement of the cells towards the signalling centre results iDictyosteliumspecies that cells moved out of multicellular
the accumulation of cells in a hemispherical mound. Duringtructures when placed on agar containing cAMP, which was
aggregation, the cells start to differentiate into prestalk anihterpreted as chemotaxis in response to an external CAMP
prespore cells, the precursors for the stalk and spore cells simulus (George, 1977; Schaap and Wang, 1984). More
the fruiting body. The prestalk cells in the mound sort out t@ecently it was shown that a subpopulation of cells in the slug
form a distinct nipple-shaped structure called the tip, whiclthe so-called anterior-like cells accumulated around a micro-
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pipette after the periodic injection of CAMP in the presporeo a PC for analysis with the Optimas software (MediaCybernetics,
region of slugs (Rietdorf et al., 1998). Furthermore, light seem¢ersion 6.1). Standard image processing techniques like image
to induce cAMP secretion by the slug tip, which could contropubtraction were applied to improve the visibility of the optical

the cell movement required for phototaxis of the slug (Miurglensity waves in the slug stage (Siegert and Weijer, 1995). To
and Siegert, 2000). Though partly circumstantial, these dafgetermlne wave propagation speed and periodicity time-space-plots

: : re generated and analysed as described previously (Siegert and
suggest that CA.MP is at least one of the signals that Contralzijer, 1989; Siegert and Weijer, 1995). Cells in the prespore region
cell movement in the slug stage.

. . . . . . . generally moved in straight lines parallel to the long axis of the slug,
Until now, it has been impossible to visualise propagatinghe waves propagated in parallel but opposite direction. For cell

optical density waves in slugs; we have, however, studied thexcking experiments we analysed only cells that remained in the focal
patterns of cell movement in slugs of axenic strains ifplane for prolonged periods of time, to avoid inaccuracies in the
considerable detail (Abe et al., 1994; Siegert and Weijer, 1992heasurement of cell movement velocities owing to movement in the
The prestalk cells that comprise the anterior fifth of the slug-direction. Cell and wave velocities were measured with respect to
usually show a very strong rotational movement perpendiculdhe substrate; they were not corrected for slug movement.

to the direction of slug movement (Dormann et al., 1997; Siegert

and Weijer, 1992). However, the prespore cells and the anterior-

like cells in the posterior part of the slug move in straighRESULTS

trajectories and forwards in a periodic fashion (Durston and

Vork, 1979; Siegert and Weijer, 1992). We proposed that the cegptical density waves in slugs

in the tip responded to a scroll wave of CAMP, which propagatewhen we were analysing the movement of GFP-labelled cells
in the back as a twisted scroll or planar waves (Bretschneiderigt slugs of theDictyostelium discoideunstrain AX2 we

al., 1995; Steinbock et al., 1993). However, until now we have
not been able to visualise these waves, with one exception: t
flat posterior part oDictyostelium mucoroideslugs (Dormann

et al.,, 1997). In this study we have analysed several differe
Dictyostelium discoideurstrains in order to establish whether
waves exist in slugs of these strains and to investigate the rc
of the tip in the process of wave initiation.

MATERIALS AND METHODS

Cell culture and strains

The following strains were used: NC4, XP55, NP377 (Ross ani
Newell, 1981), Ax2, AX3, DH1, cAR3/RI9 and cAR1/RI9 (Insall et
al., 1994). The cells were grown according to standard conditions i
either axenic media or on SB plates in association with Klebsiell:
aerogenes at 22°C (Sussman, 1987). To induce development, ce
were washed once (bacterially growing cells five times) in KK2
phosphate buffer (20 mM KiPQy/KoHPQy, pH 6.8). After a final
wash in de-ionised water, the cell density was adjusted *d082
cells/ml and small drops of 5 to 10 were deposited of 1% water
agar plates (1% Difco Bacto agar in de-ionised water). After 3(
minutes the supernatant was removed and the plates incubated in
dark at 22°C for 18 to 48 hours. For cell tracking experiments, 0.59
GFP-labelled AX2 cells were mixed with NP377 cells. NP377 cells
were also stained with Cell Tracker (Molecular Probes) or Neutre
Red as previously described (Dormann et al., 1997).

Videomicroscopy and image analysis

Darkfield waves during development were recorded as describea

previously (Siegert and Weijer, 1989; Siegert and Weijer, 1995). Arrig. 1. Wave propagation in a slug DBictyostelium discoideunThe
Axiovert 135 microscope (Zeiss; objectives: FLUARXINMA 0.5, slug shown is from a mutant AX2 strain that has been transformed
Plan NEOFLUAR 18/NA 0.3) equipped with a cooled CCD camera with different variants of GFP expressed under the control of
(Hamamatsu, C4880-82) was used to record wave propagation aptestalk-specific promotors to enable cell movement analysis (see
cell movement in slugs. Usually the slugs were submerged undemovie on CD ‘GFP in MotionTrends Cell Bio). (A) Movement of
silicon oil (Dow Corning 200/20cs) to reduce light scattering on thecells inside the slug. GFP-labelled cells were tracked in both the
slug surface (Siegert and Weijer, 1992). To obtain a side view, a piegeestalk and in the prespore region over 20 images (400 seconds).
of agar with a slug on it was cut out of the agar and turned on its sidéne tracks are superimposed on the brightfield image of the slug, the
(Dormann et al., 1996). Microinjection experiments were performediirection of cell movement is indicated by black arrows. The slug is
as described (Rietdorf et al., 1998). The camera, a mechanical shutteigrating towards the left. (B) Image subtraction of the

for the brightfield illumination and a monochromator for the corresponding brightfield images taken at 100 second intervals
excitation of fluorescently labelled cells (TILL Photonics), were allreveals the wave front as dark band in the middle of the slug
controlled by the Openlab software (Improvision, version 1.7) runningndicated by a white arrow. (C) The same slug 200 seconds later. The
on a Macintosh PowerPC. Images were saved as TIFFs and transfervealve (white arrow) has moved backwards. Scale barpf0
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noticed in some cases the presence of travelling wave frontsivaves in the strain Ax3 and only in two out of 20 DH1 slugs.
the brightfield images that had been recorded together with tiighe best waves were found in the bacterially growing strains
fluorescence images. Fig. 1A shows the brightfield image of @NC4, XP55, NP377). To assess whether the growth conditions
slug, filmed from underneath, together with the tracks ofaxenic versus growth on bacteria) affected the visibility of
individual GFP-labelled cells over a period of 6.6 minutes. Invaves, we performed a series of experiments in which DH1
the tip, cells moved almost perpendicular to the direction ofells were grown in association with bacteria. However, no
slug movement, they rotated around the long axis of the slugaves could be observed (Table 1). There seem to be inherent,
(Dormann et al., 1996; Siegert and Weijer, 1992), while cellas yet uncharacterised, differences in the strains analysed,
in the prespore region were moving forwards. Though severathich govern the visibility of optical density waves and are
propagated wave fronts were clearly visible when thendependent from the tested growth conditions.

brightfield image sequence was played back, individual frames ) . )

did not reveal the wave bands satisfactorily. This was overcom#ave velocity and period during development

by using image subtraction, which enhances the differencé¥e quantified wave propagation speed and wave periodicity in
between two images. After this procedure, the wave frontslugs using time-space plots and compared their properties
were easily visible as dark bands indicated by the white arrowsith the dynamics of the waves observed at earlier stages of
in Fig. 1B,C. In Fig. 1B the wave appears in the anterior padevelopment (Table 2). The data shown are those obtained for
of the prespore region; 200 seconds later it is located at a maain NP377, but they are representative of all the diher
posterior position (Fig. 1C). This shows that the wave igliscoideumstrains that we have studied (data not shown).
propagated backwards, opposite to the direction of cebDuring the early stages of aggregation the velocity of darkfield

movement in the prespore zone (Fig. 1A). waves was very high, reaching up more than 2@dminute.
o . ) ) Wave speed declined dramatically in mounds, in agreement
The visibility of waves in slugs in strain dependent with previous studies (Rietdorf et al., 1996; Siegert and Weijer,

In the initial experiments using AX2 strains we found that only1989). In slugs the wave propagation speed decreased even
a fraction of the slugs recorded under the same opticéilirther to ~32um/minute. The wave period decreased strongly
conditions showed wave propagation (Table 1). As earliefrom aggregation up to the mound stage, but in slugs we found
accounts of waves of periodic cell movement in slugs weran unexpectedly long periodicity of ~7.7 minutes. This
largely based on observations made in the wild-type strain NGguggests that there is another dramatic change in the signal
(Durston and Vork, 1979; Durston et al., 1979), we retelay properties of the cells during or after the transition from
examined this strain and, indeed, waves were visible in abotlie mound to the slug stage. This may depend on the
88% of the slugs (Table 1). Given that the optical density wavesxpression of different cAMP receptors in the slug stage or
reflect subtle cell shape changes, we reasoned that strains l@ssibly the expression of new adenylate cyclases and/or
the streamer mutant NP377, which shows prolonged cedAMP phosphodiesterases (Kim et al.,, 1998a; Kim et al.,
polarisation after stimulation with cAMP (Newell and Liu, 1998b; Shaulsky et al., 1998; Thomason et al., 1999). We
1992), might show more pronounced darkfield waves, as is tltmnnot investigate this at the moment, as we are not able to
case during aggregation. Waves were recorded in almost aiflsualise wave propagation in Ax3, the strain in which mutants
instances in this strain and their amplitude was enhanced (Taléthese molecules are available (with one exception).
1). Several experiments were carried out on the widely used ) )
strains AX3 and DH1, because they are the parent strains feorrelation between wave propagation and cell
many mutants in the cAMP signalling system, such agiovement
adenylate cyclases, G proteins and cAMP receptors, whidburing aggregation and the mound stage of development, the
could be used to elucidate the role of cAMP signalling in theptical density waves are caused by the coordinated periodic
slug. Unfortunately, we could never detect optical densitynovement of the cells in response to the passing CAMP waves.
To establish that this is also the case in slugs, we investigated
. . . the relationship between wave propagation and cell movement
Table 1. Frequency of optical density waves in slugs of i, the streamer mutant NP377. We mixed 0.5% GFP-labelled
different strains AX2 cells with unlabelled NP377 cells, and recorded wave

_ Number of slugs Total number Percentage of propagation and cell movement under brightfield and
Strain with waves of slugs slugs with waves  florescence illumination. We tracked labelled cells in the
NC4 32 36 88 fluorescence images and, in order to detect the passing wave
XP55 5 5 100
NP377 45 47 95
AX2 7 12 58 . )

AX3 0 13 0 Table 2. Comparison of wave propagation speed and wave
DH1 2 20 10 period during development of strain NP377
DH1(bact.) 0 10 0 ,
CARL/RI9 0 19 0 Darkfield waves
CAR3/RI9 9 15 60 (early aggregation) Mound Slug
Velocity (um/minutes) 20043 49.5+7.7 32.29+10.5
Total 100 177
o (20 centres) (eight mounds) (21 slugs)
The visibility of waves in slugs is strongly strain dependent. NC4 is the  Period (minutes) 4.18+0.8 2.34+2.7 7.69+1.91
original wild-typeD. discoideunstrain. XP55 is another wild-type strain, (20 centres) (eight mounds) (21 slugs)

which is the parental strain for the streamer mutant NP377. All other strains
grow axenically. DH1(bact.), bacterially grown DH1 cells. Mean values and standard deviations are shown.
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Fig. 2. Correlation of wave propagation and

cell movement in streamer NP377 slugs. A
(A) Brightfield image of a slug shown from
below. To detect the optical density waves the |
average brightness was measured in small
squares at the position of the cells. Four squar
are shown (1-4); the cells are visible in the
corresponding fluorescence image (B). The
long rectangle over the midline of the whole
slug indicates the position of the measuring
window for the time-space plot (C).

(B) Fluorescence image of the slug showing th
GFP-labelled cells. The positions of the four

cells at different time points of the sequence arq fae cue _"5-__... I e

indicated by white dots. (C) The time-space § 2 TTlcecccnsmdl S0 00 o vceeang -
plot reveals the presence of several waves Diwiss 6576 56 g coreraiin Sototnt un s o o' 0 o REIEES U ol T
propagated from the tip to the back of the slug = - = 500 i ¢
over a period of 46 minutes. The waves are Joecerr M oL 2 s a0

visible as dark sloping bands; the white arrows . §o*° G

point at three waves just before they seem to
disappear in the rear part of the slug. To

enhance the visibility of the waves, this time- C
space plot was created by using a sequence of % space -
subtracted images. (D) Graph showing the = === .
changes of velocity and average brightness of
cell 1. The velocity is plotted in black, the
intensity in grey. Owing to a drift in the
brightfield signal, the intensity data were
corrected by subtracting the values of a
calculated linear regression line from the
original data. The curves were smoothed by a D
running average over three data points. Broken
lines mark the intensity peaks. (E) Periodic
movement of cells 1, 5 and 6 from (B).

(F) Cross-correlation analysis of the cell

velocities. Scale bars: 1Q0n.

time (46min)

(9
o

o »

—
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fronts, we measured the average bright

in little squares (2825 pixels) at th
position of the cells in the correspond
brightfield images to get a measure of

wave dynamics in the region of the trac E
cell (Fig. 2A,B). Fig. 2A shows tt
brightfield image of a slug, together w

four squares that have been placed a
positions of the four cells that are mar

in the fluorescence image (Fig. 2B). ~

white dots mark the successive position

these cells over time at 20 second inter k = . . . -1 V——
that could be followed for more than 0 10 20 30min 0 2 4 6Bmin
minutes. The behaviour of the cells

coordinated, phases of faster and slc

movement seem to coincide. The time-space plot in Fig. 2€&spond to the signal at different time points. This is
shows the presence of at least three optical density waves. Ttiemonstrated for the cells 1, 5 and 6 (Fig. 2B,E). Cell 6
graphs of velocity and intensity for cell 1 in Fig. 2D show thereceives the signal first as indicated by an increase in cell
same periodicity with a phase shift of ~70 seconds. Theelocity, followed by cell 5 and finally cell 1. From the cross-
maxima of the optical density signal coincide with the highestorrelation analysis of the velocities for cell 6 and cell 5 and
change in cell velocity, providing good evidence for the factell 6 and cell 1 (Fig. 2F), the time delays were determined as
that the waves are associated with the cell shape changes thaminutes and 3 minutes, respectively. Together with the
accompany the changes in cell velocity. Whenever the celdistance between the cells (Fig. 2B; cell6/5:fd; cell6/1:
detect the chemotactic signal, they respond by moving fastef70um), we can calculate the signal propagation speed which
As the chemotactic signal represented by the optical densigverages at ~4im/min which matches the ~48n/min wave
waves travels from the front to the back of the slug, cellpropagation speed that was deduced from the time-space plot
located at different positions along the long axis shouldFig. 2C).

o

Cell velocity [um/min]
o
Intensity

10 15 20 25 30min

o
w

50 1
celld cells cellt F

251

-0.54 cell6/5
cellé/1

Cell velocity [um/min]




Table 3. Comparison of wave propagation and cell
movement parameters in slugs
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signs of periodic movement, although cell 3 seemed to show
another peak in velocity about 11 minutes after the tip was cut
off. Most cells simply slowed down (e.g. cells 2 and 4). The

Period (minutes) zelufl 5 W:\;efl 7 velocity of cells clqse to th_e point of _the cut (_Fig. 4D, cell 1)
n=41 cells N=22 Waves decreased dramatically within the first 5 minutes after the
(nine slugs) (seven slugs) operation to about 1/3 of the pre-cut velocity (average cell

Velocity (um/minute) 16.0+10.3 35.8+9.3 velocity before the cut: 18.4+10y8m/min, n=52 cells; after
n=41 cells n=26 waves cut: 5.843.5um/min, n=10 cells). The further away the cells
(nine slugs) (eight slugs) were from the point of the cut, the longer it took them to slow

Calculated period 6.01 down, but after about 20 minutes most of the cells moved at

(minutes)

around 5um/min. These data suggest that the tip is required

o _ for the coordinated periodic movement of cells.
Mean values and standard deviations are shown. The ‘calculated period’,

the perioq of the signal the cells experier_]gg), (®as calculated from the The effect of CAMP microinjection of wave
wave period (R) and cell and wave velocities {¥nd \{y), because the cells .
are moving towards the source of the signal waves. Using the formula propagation
Pe=Rw(Vw/(Vw+Vc)) and the measured mean values from the table, the periodt had been reported previously that the periodic injection of
Pcwas calculated. cAMP in slugs leads to the chemotactic attraction of anterior-
like cells to the tip of the micropipette (Durston et al., 1979;
Table 3 summarises the results of cells tracked in slugs Rietdorf et al., 1998). We investigated the effect of cAMP
nine independent experiments. The discrepancy in thiajection on the wave system. The micropipette was usually
periodicity data between cells and waves is due to the fact thpbsitioned in the anterior part of the prespore region. However,
the cells move towards the signal wave. The wave period jgeriodic injection from a pipette filled with Y0M cAMP at
derived from time-space plots and measures how often a waBeminute intervals did not show any effent8 slugs). The 6
passes through a fixed point. As the cells are not stationamyinute period was chosen because this was the period of cell
they detect the signal waves more often, which is reflected byovement as described above. The slugs continued to migrate
the shorter period. However, one can calculate the period ahd wave propagation was undisturbed (data not shown). We
the signal the cells actually experience based on the measutkén increased the concentration t621d cAMP, which had
wave period and the velocities of cells and waves (formula ia very strong effect on slug migration. Injection of cAMP
the footnotes of Table 3). The calculated period and theesulted in a loss of wave propagation beyond the site of
measured period of cell movement are identical, suggestirigjection (15 out of 15 slugs). The prespore cells posterior and
that the differences are indeed the result of a Doppler effepiartly anterior to the site of injection stopped moving, as can
resulting in shorter periods seen by the cells moving in thbe seen from the broken black line in the time-space plot (Fig.
direction of the signal. 5C; 21 out of 23 slugs), while the prestalk region of the slug

Wave propagation and cell movement after tip
removal

In order to confirm that the waves are generated in the A
tip, we conducted a series of experiments in which tr
was removed during the course of the recording.
observed intact slugs for 20 to 30 minutes, after whic
cut off the tip and continued to record the posterior p¢
the slug. After the tip had been removed, the wave f
that were present in the prespore zone continue
propagate towards the back; however, no new waves
initiated during the first 20 minutes after the tip had bee
off (data not shown). This suggests that the pacer
responsible for the generation of the signal waves resii
the prestalk region of the slug. When we looked a
behaviour of isolated slug tips we found that they al
continued to produce waves and to display fon
migration (Fig. 3A,B). Waves were still present in nine
of ten cases with a period of 6.0+1.0 minutes (five s
Fig. 3C). As the position of the wave front in Fig.
indicates, the waves are initiated in the anterior part ¢
slug tip and seem to propagate as planar waves.

The loss of the tip immediately affects the moveme
the cells in the posterior part of slug. In the intact slug,
moved periodically in response to the signal waves a
be seen in the cell tracks and the corresponding ve
plots (Fig. 4A,B). After removal of the tip, cell movem
was much less organised (Fig. 4C,D). There were no

Fig. 3. Wave propagation in isolated slug tips. (A) Brightfield image of

an isolated tip from a slug of strain NP377. The tip was separated from
the prespore region with a fine syringe needle. (B) Subtracted image
showing the same tip 16 minutes later. The black arrow points at the
dark appearing wave front. (C) Time-space plot over the whole sequence
of subtracted images. The white arrows mark five propagated waves.
Scale bars: 100m.
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usually continued to migrate resulting in splitting A
the slug (data not shown). Anterior-like cells in
prespore region moved rapidly in the direction of
pipette tip, but continued to form a tip only after
micropipette had been removed. This suggests th
amount of cAMP emitted by the pipette tip was ¢

that it blocked the cell autonomous periodic cA
production. The effect of cAMP injection on wz B
propagation is illustrated in Fig. 5A,B. After 1
cAMP pulse, the wave fronts disappear immedia

also visible in the time-space plot in accordance

the notion that high levels of cAMP will wipe out
endogenous cAMP relay (Fig. 5C). We also loc
depleted the cAMP signal by local injection of h
amounts of bovine heart cAMP phosphodieste
(PDE). In about half of the cases the waves wer
propagated beyond the site of PDE injection as sl C
in Fig. 5D-F. Waves were initiated in the tip (Fig. !

but they disappeared at around the position where

had been injected, as can be seen in the time-spa

(Fig. 5F). This also resulted in a noticeable slowd

of the local movement speed, as indicated by
broken black lines in the time space plot (Fig.

This suggests that the optical density waves ar D
result of propagated cAMP waves that coordi
chemotactic cell movement. The inhibition of «
movement is not complete, which we attribute to

PDE activity injected not being able to wipe out cA
signalling completely for longer periods of time.

Cell velocity [um/min]

(5]
o

)
w

o

The role of cAMP receptors in wave T g T T i
propagation 8 10 15 20 25min

In another approach we tried to determine W g 4. Effect of tip removal on cell movement in slugs. (A) The tracks of
CAMP receptors are involved in the cAMP signalli  three cells are indicated by black dots and superimposed on the brightfield
Dictyostelium slugs express four different cAN  image of the first time point. The arrow indicates the direction of cell
receptors. Prespore cells express the high-af  movement. The pattern of dots in each track shows that cells go through
receptors cAR1 and cAR3, while the prestalk ¢ phases of fast and slow movement. (B) Velocity plot of four cells, including
express both cAR1 and the low-affinity recep the three cells from A. The periodic movement changes are obvious. (C)
cAR2 and cARA4. During aggregation, the high-affi Tracks of four cells from the same slug after the tip was removed. The broken
CAR1 receptor is mainly responsible for cell- line marks the position where the tip was cut off. (D) Velocity profiles of the
communication. In slugs, however, it is not clear wl four cells shown in C. The coordinated behaviour of the cells is lost. Scale bar:

. . - 100pm.
receptor carries the cell-cell signalling proc
Prespore cells express the high-affinity recejg
cAR1 and cAR3, while prestalk cells express the high-affinity2/8 slugs; 3 mM: 0/8 slugs), suggesting that the detection of
receptors cAR1 and the low-affinity receptors cAR2 and cAR4he periodic chemotactic signal is mainly mediated by cAR1
(Saxe et al., 1996; Yu and Saxe, 1996). In order to test the vivo. Slug movement was not blocked completely, but slugs
role of the cAR1 receptor in wave propagation in slugs, wéreated with high IPA concentrations tended to culminate
used the adenosine analogue IPA,32-isopropylidene immediately, indicating that culmination may involve a change
adenosine). Adenosine has been reported to inhibit cAM the dynamics of cell-cell signalling (data not shown).
binding to cAR1, but not to cAR2 or cAR3, and both adenosine We went on to study two mutant strains that overexpressed
and IPA have been shown to inhibit cAMP-dependent prespoegther cAR1 or cAR3 in a cAR%!/cAR3W!I background, to
gene expression in cell lines expressing only cAR1, but not ilook for the presence of waves in slugs, although these strains
strains only expressing cAR3 or cAR2 (VerkerkeVanWijkwere derived from AX3. There was no sign of waves in the
et al.,, 1998). Furthermore, IPA blocks cAMP relay at thestrain expressing cAR1 (CAR1/RI9, Tablel). But surprisingly
aggregation stage (H. Patel and C. J. Weijer, unpublished) aadsignificant number of slugs of cAR3/RI9 (Table 1) formed
counteracts the cAMP-induced nuclear translocation of STATaaves with high frequency (period: 3.8+0.9 minutes), yet with
in prespore cells of slugs (Dormann et al., 2001a). When weelocities comparable to NP377 or NC4. This shows that Ax3
transferred NP377 slugs to agar containing il80IPA we  derived strains are able to generate visible optical density
found seven out of 10 slugs with waves, but increasing theaves. It also shows that although in the wild-type situation
IPA concentration up to 3 mM abolished wave propagatiorthe waves in the prespore zone are mostly propagated through
completely in all slugs tested (1 mM IPA: 5/13 slugs; 2 mM:ihe dominant cAR1 receptor (see above), the waves in the

Cell velocity [um/min]

L ]
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Fig. 5. Microinjection in slugs. (A) Subtracted image of a slug
showing two wave fronts (arrows), the position of the
microelectrode containing M cAMP is indicated. (B) The
waves have disappeared after the cAMP pulse, the
microelectrode had been removed after the injection.

(C) Time-space plot showing the disappearance of the wave
after CAMP injection. The arrow indicates the position of
micro-pipette and the time of the injection. (D) Brightfield
image of a slug with an inserted micro-electrode (outline)
containing phosphodiesterase (5 mg/ml). (E) Subtracted o
image of the same slug. The arrows point at two wave fronts B
coming from the slug tip. (F) Time-space plot. The waves StO[ s & anasiia ¥y
around the injection site. The arrow indicates where and whe it s & 7
the micro-pipette was inserted. Scale bars: |40

prespore zone can also be propagated by the
receptor if expressed at high enough levels, as this
only receptor expressed in prespore cells of cAR:
slugs. It was noticeable that the frequency of the v -
in the strain was much higher than in the non & CcAMP, RO e TS
strains (NC4, XP55). Mixing experiments between | 4 "-'pulae-m'wr;!w W ———
and cAR3/RI9 showed that with just 5% NC4 cells, '
frequency went down from 3t8.9 minutes to 51.0
minutes (=19) and at 20% NC4 cells decreased ful
to 8.4:0.7 minutes 1t=10), the same as in 100% N
slugs (=17).

DISCUSSION

Our results demonstrate the existence of optical de
waves inDicyostelium discoideurslugs (Fig. 1, Fig. 2
The waves are initiated periodically in the anterior
of the slug tip and propagated backwards, often ov«
entire length of the slug (Fig. 2, Fig. 3). The waves re
the coordinated periodic movement behaviour of the
in the slugs as shown by the correlation between
optical density and instantaneous cell movement ¢
(Fig. 2). The tip is essential for the coordination of
movement. Once removed, the periodic movel
behaviour of the cells in the back of the slug ceases
4), suggesting that the tip is indeed acting as an org
by acting as a pacemaker for cCAMP waves.

There were noticeable differences in the visibilit
the optical density waves between wild-type strains
axenic cell lines. They were easily detectable in NC«
its derivatives XP55 and NP377; however, they \
difficult to detect in the axenic strains AX2 and DH1.
detected them only in a few DH1 slugs and even |
could detect them they were very faint; however, we
never seen them in slugs of the parent strain Ax3
fact that we were able to observe OD waves in the Ax3-derivedf the cells, it remains to be decided which of these responses
strain DH1, but in not in Ax3 itself, shows that ‘small’ ultimately controls visibility of the waves. It is possible that
differences determine whether we can or cannot detect wavele magnitude of the cringe response, the initial rounding of a
This is further supported by the differences in visibility of ODcell after cAMP stimulation (Futrelle et al., 1982), will turn out
waves in slugs of cAR3/RI9 and cAR1/RI9. We can easilyto be an important determinant. The dynamics of signalling is
detect waves in slugs of the DH1-derived cAR3/RI9 strain, butery strain dependent, as indicated by the mixing experiments
have not been able to observe them in slugs of the closebetween cAR3/RI9 and NC4 cells, which showed that the
related cAR1/RI9 strain, strains that are believed to diffeperiod of the waves increased very rapidly with increasing
genetically only in the type of cAMP receptor they express. Asiumbers of NC4 cells; at 20%NC4 cells the periods of the
CAMP receptors are involved in controlling both the dynamicsvaves are already as long as in 100% NC4 slugs.
of cAMP signalling and the chemotactic movement response That the slug tip is a source of acrasin (CAMP) was first
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established by Bonner, who showed that aggregation compete . S —
cells are attracted by the slug, especially by the tip (Bonne Darkfield waves
1949). This has been supported by recent studies. Ligl
stimulates the tip to release cAMP, which probably plays a rol
in the modulation of cell behaviour required for slug phototaxis
(Miura and Siegert, 2000). Furthermore, the nuclear localisatic
of the transcription factor STATa in prestalk cells in the slug tif
and its absence in the prespore zone reflects a quantitat
difference in average extracellular cAMP concentratior
between the tip and the prespore zone. It seems likely that t
tip shows on average a high concentration of cAMP, while
the prespore zone shows a lower average concentration -
extracellular cAMP (Dormann et al., 2001a). Our data show the r
there is a chemotactic signal propagating from the tip of the sit

A"

towards the back. The cAMP and phosphodiesterase injectic _Optical density waves
in streams and mounds

experiments suggest that the in vivo signal is cAMP, as is th
case during aggregation and in the mound stage of developmt
(Patel et al., 2000). We have shown that the cAR1-specifi
inhibitor IPA blocks wave propagation in slugs in a dose-
dependent manner. This suggests that the cAMP receptor cAl
carries the cAMP relay signal in the wild-type strain NC4. IPA
does not result in a complete block of slug migration, indicating
that the signal can be carried in part by other cAMP recepto
in the absence of functional cAR1 molecules, in agreement wit
the finding that waves are clearly visible in strain cAR3/RIS
during the aggregation and mound stages of developme |
(Dormann et al., 2001a) and in slugs (this paper). However ¢ A y
millimolar concentrations of IPA in agar were required for full Optical density
inhibition of optical density wave propagation, while in waves in slugs
suspension 10-10am of IPA is sufficient to block prespore- :
specific gene expression completely, we cannot rule ot
nonspecific effects of IPA on targets other than cAR1, whicl
could alter cell behaviour.

The results we describe are most consistent with the idea
cAMP being the propagating signal molecule. Nevertheles:
we cannot rule out the possibility that other chemoattractan
carry the propagated signal. Although microinjection of cCAMP
effectively blocked wave propagation and resulted in at
immediate cessation of cell movement, we did not succeed
initiating waves by microinjection of CAMP as was we did in

mounds (Rietdorf et al., 1998). It could be that it is just difficult_. . . ) . o
to find the exact experimental conditions (amplitude,F'g' 6. Optical density waves in strain NP377 during different stages

" . ) f | t.
frequency) to initiate new waves or, alternatively, it could be’ developmen

that the primary signal is not CAMP. Similarly, the incomplete
inhibition of cell movement in slugs by injection of bovine yomonstration of cAMP wave bropagation during the
heart PDE could be interpreted as a failure to breakdowy propag ¢

. ggregation and mound stages of development (Fig. 6) now
completely all the cAMP during a wave, we cannot, however,. .~ good experimental support for our hypothesis: that

rule out the possibility that other chemoattractants may exis ictyosteliummorphogenesis is controlled by the interplay

We described before the directed movement of a specialis%citween the dynamics and geometry of CAMP wave
group of prestalk-like cells in slugs, involved in initiating ,ronagation and the chemotactic cell movement of the cells in

culmination and destined to form the basal disk of the fruitin esponse to these waves (Dormann et al., 2000). Further studies

body (Dormann et al., 1996; Jermyn et al., 1996). They MOVg| g|ycidate whether the formation of the fruiting body
independently from the majority of cells in the slugs,

. . X follows the same principles. This seems likely as a periodic
suggesting that their behaviour could be regulated by a separg{§yards movement of the rising fruiting body has already been
chemoattractant. described (Durston et al., 1976) and the ability of cells from

In summary, we have now provided experimental evidencg,minates to respond chemotactically to cAMP signals has
for the existence of propagating waves of a chemoattractanfic, peen demonstrated (Kitami, 1984).

most probably cAMP, in slugs. We have measured their

dynamics and shown that they are important in controlling we thank Jeffrey Williams for helpful comments on the manuscript.
cell and, therefore, slug movement. These observations @his work was supported by a Wellcome Trust Program Grant to
wave propagation in slugs taken together with the earlie€. J. w.

T,
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