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ABSTRACT The motion of cells in the aggregation phase of Dictyostelium discoideum devel-
opment is complex. To probe its mechanisms we applied precisely timed (1 s) and positioned
(£2 pm) pulses of cyclic AMP to fields of cells of moderate density using a micropipette. We
recorded cell behavior by time-lapse microcinematography and extracted cell motion data
from the film with our Galatea computer system. Analysis of these data reveals: (a) Chemotaxis
lasts only about as long as the cyclic AMP signal; in particular, brief pulses (~5 s) do not induce
chemotaxis. (b) Chemotactic competence increases gradually from within an hour after the
initiation of development (starvation) to full competence at ~15 h when aggregation begins
under our conditions. (c) Cell motion reverses rapidly (within 20 s) when the external gradient
is reversed. There is no refractory period for motion. We present a new description of the
process of aggregation consistent with our results and other recent findings. (d) The behavioral
response to cyclic AMP includes a phenomenon we call ““cringing.” In a prototypical cringe the
cell speed drops within 3 s after a brief cyclic AMP stimulus, and the cell stops and rounds and
then resumes motion after 25 s. (e) The development of the speed response in cringing as the
cells age closely parallels the development of the cyclic AMP-induced light-scattering response
of cells in suspension. (f) Cringing occurs in natural populations during weak oriented
movement. The computerized analysis of cell behavior proves to be a powerful technique
which can reveal significant phenomena that are not apparent to the eye even after repeated

examination of the film.

The cellular slime mold, and Dictyostelium discoideum in par-
ticular, has gained some notoriety as a system in which to study
a range of phenomena including intercellular communication,
chemotaxis, cellular differentiation, and the regulation of spa-
tial patterns in development (6, 16, 32, 56, 66, 81). Detailed
mathematical models have been developed for the aggregation
process in this organism (12, 13, 66, 67). One purpose of this
paper is to furnish the type of detailed data necessary to
evaluate the models.

D. discoideum initiates development when starved. The cells
(myxamebas) go through a period of interphase, aggregation
to centers, formation and migration of a slug (grex or pseudo-
plasmodium), and fruiting body construction. During the in-
terphase to aggregation period the cells move as individuals,
colliding at times, so they can be filmed and the behavior of
each cell analyzed. During this period the cells’ behavior is
coordinated on a field-wide basis—the cells behave as an
integrated tissue.

Cyclic AMP appears to mediate aggregation in D. discoi-
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deum. Cyclic AMP (cAMP) signals from single cells or groups
diffuse to neighboring cells which relay the cAMP signal and
move toward the source by chemotaxis. We applied cAMP to
fields of cells using a micropipette so that the position and
duration of the signal were under precise control. Movies of
the behavior were made and analyzed by computer. We found
that the chemotactic response lasts only as long as the signal.
This implies that the duration of the natural signal is ~100 s.
We found that cells rapidly reorient when the cAMP source is
moved to a new position. In addition, we discovered a transient
response to cCAMP upshifts in which cells stop, round, and then
respread and continue normal locomotion. This phenomenon,
which we call “cringing,” has a half-width of ~25 s. We
followed the development of chemotaxis and cringing from the
time of starvation to the time of aggregation. The speed during
the cringe response changes during development in the same
way that the rapid, initial part of the light-scattering response
seen in cell suspensions changes. We conclude that the fast
light-scattering response is the optical correlate of cringing. (A
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brief description of these results has previously appeared
(28],

We discuss the previous models of D. discoideum aggregation
and present a new one that embodies our results as well as
those of Devreotes and co-workers (17-21, 87).

A number of the important results in the paper depended
critically on having a large amount of very accurate cell motion
data. This was achieved by using the Galatea computerized
data gathering system.

MATERIALS AND METHODS
Cell Culture

Dictyostelium discoid, /B (D. discoide gift of E. R. Katz, State University
of New York at Stony Brook) was grown on 35 ml of SM nutrient agar in 100-
mm diameter Petri dishes with E. coli B/r (86). The plates were grown in the
dark at 23 + 0.5°C and harvested at 36 h when they had reached ~7 x 10 ceils/
plate. (Terminal cell growth is 2.5 to 3 X 10° cells/plate at 43 h under the same
conditions.) The cells were washed with cold Bonner’s salt solution (BSS) (3),
centrifuged three times at 250 g for 2 min, and resuspended in cold BSS.

Filming Chambers

Most studies were done on agar in a culture dish chamber (Fig. 1). The design
allowed the plate to be scanned over the cover-slipped area. Tissue culture dishes
(but not bacterial dishes) allow a thin agar film to be poured on them easily. The
dish was warmed to ~65°C and placed on a carefully leveled surface. 10 ml of
agar at 90°C was pipetted directly down onto the cover slip from a glass pipette
filled with 12 ml of agar. The thickness of the agar is ~0.8 mm over the cover
slip. (When measuring the thickness of the agar by focusing through with the
microscope, the actual thickness is given by t = 1.33 X d, where 1.33 is the index
of refraction (of water) and d is the apparent depth [46].) The dish was sealed by
a vaselined lid “de-nibbed” by shaving off the three protrusions on the inside
with a #10 scalpel blade. A glass slide chanber (Zigmond, [92]) was used for
concentration upshift/downshift experiments.

Cell Preparations

The dish chambers used 2% Noble agar (Difco Laboratories, Detroit, MI) in
BSS. The agar was overlaid with BSS for at least 12 h before use to facilitate cell
spreading. The BSS was drained and replaced by 0.1 ml of cell suspension, final
density of 800 to 1,000 cells/mm®. Experiments were done at this “standard”
density unless noted. During the experiments, control plates were kept on the
bench in the same room.

Small population plates were prepared with 1% Noble agar in BSS, and
chemotaxis assays were carried out as described by Konijn (50, 51). The assays
were positive and served as an overall control.

Some observations were made of cells on small population (“small drop”)
plates made by spraying drops of a cell suspension onto the plate. Cells were
suspended in BSS in a 12 X 75 mm plastic test tube fastened to the intake pipe
of a DeVilbiss #15 atomizer (The DeVilbiss Co., Somerset, PA) Spraying was
done one to three times horizontally ~20 cm above the open dish from 50 cm
away. A few hundred to many thousand drops of various sizes can be deposited
in a few seconds. Drops as small as 20 um in diameter, containing one cell, can
be made with no apparent damage to the cell. (In automated cell sorting, cells
remain viable during drop formation and deposition [85]). For a given drop size,
the number of cells is directly proportional to the concentration of cells in the
suspension, not a simple function of drop size, however. A 5 X 107 cells/ml
suspension gave ~50 cells in 120-ym Diam drops and ~150 cells in 240-um drops.
The number of cells in a given size drop depends on the condition of the agar
surface (50). The smallest drops were circular; large ones were sometimes
elliptical. It is also possible to spray two or more distinct cell suspensions or
chemicals. The random positioning cf the drops allows the plate to be scanned
for desired combinations of drop size and interdrop distance.

A density of 700 cells/mm” was used in the bridge area for observations in the
Zigmond chamber.

Stimulation

Cells in the dish chamber often deteriorated in appearance, assuming a circular
shape with bright, indistinct edges, unless the agar was kept wet. For stimulus
sets delivered every hour, wetting was done 20 min before the hour by injecting
a small volume of BSS into the wetting tubes with a hypodermic syringe and
blowing it through with an air-filled syringe.
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FIGURE 1 Schematic cross section of culture dish filming chamber.
A 20 X 100 mm tissue culture dish (TCD) has a 35-mm diameter
hole in the bottom (cut on a lathe). The hole is covered with a 40
X 50 mm #1 cover slip (CS) (A. Thomas, Philadelphia) held on with
epoxy cement. The microscope condensor (CO) is raised close to
this cover slip. The dish rests on the microscope stage (MS) and is
positioned by holding pins (HP) fashioned from paper clips, which
are epoxied to the arms of a movable slide stage. The holding pins
rest in blind holes drilled slightly into the dish. The dish is covered
by a %e" transparent plexiglass disk (CD) 20 cm in diameter (50),
coated with vaseline in the area of contact. A hole is drilled in the
center of the disk to allow the objective (OB) to enter without
binding. The heater (HT), which prevents fogging of the objective
lens, consists of a spring-metal broom-handle holder wrapped with
teflon-covered chrome alloy wire embedded in Epoxy. The heater
is driven with a low voltage (<12 VAC). The cells move on the agar
(AG) and are stimulated by a micropipette (P/) inserted in a pipette
holder (PH) mounted on a micromanipulator (E. Leitz). Three flex-
ible wetting tubes (WT) (one behind objective not shown), which
fit snugly through holes in the cover dish, are used for adding liquid
to the preparation.

Micropipettes for cAMP were pulled from 1.2 mm O.D. glass tubing (“Omega-
dot”, Frederick Haer & Co., Brunswick, ME) to a tip O.D. of 1 to 2 um. Filled
with BSS, the pipettes gave DC resistances of 20 to 100 MQ.

Micropipettes were filled with ;CAMP (Sigma Chemical Co., St. Louis, MO) in
BSS. Concentrations ranged from 107° M to 0.1 M cAMP. For concentrations
above 107 M cAMP, sodium salt was used. Experiments were done with 107* M
cAMP, the “standard” concentration, unless noted. Representative pipettes were
calibrated by filling them with dilute *H-cAMP and allowing the cAMP to diffuse
into BSS for up to 20 h (Appendix 1). The efflux varied from one pipette to the
other but was never >107'? ml/s (equivalent flow rate.) This gives an efflux rate
of 6 X 10* molecules/s for the standard concentration, 10~* M. The concentration
at a cell 100 pm from such a pipette was calculated to be 107'° M.

A micropipette was normally used to stimulate the cells by touching it to the
agar just inside the filmed area. Care was taken to avoid cell contact with the
pipette. Lowering a cAMP-containing pipette onto (through) a cell lysed it
immediately. When a cell reached a pipette which was already resting on the
agar, it would sometimes enter the pipette and might even reemerge later. To
achieve uniform timing, each stimulus was begun by touching down the pip
~2 s before a film frame exposure and lifting it immediately after a later exposure.
For 5-s pulses, we attempted to center the pulse around the time of exposure.

Injection and withdrawal of liquid from the Zigmond chamber was done by
Dr. Zigmond’s methods (92).

Optical Microscopy and Filming

A Leitz Ortholux II microscope was used with a 32 X, 6.6 mm working
distance Zernike phase contrast objective. The objective was warmed 0.2°C
above the chamber temperature to prevent condensation on the primary element.
The temperature difference was monitored by MT-3 thermocouple microprobes
attached to a Bailey Model BAT-8 digital thermometer (Bailey Instruments, Inc.,
Saddle Brook, NJ), The image was directly projected onto the movie film at a
magnification of 40 X by a 1.25 X trinocular stage (no relay optics). The camera
was adjusted to be parfocal (using a small prism in the film gate) with an eyepiece
reticle in one of the oculars (which remains parfocal at all interocular settings).
Subsequent focusing was done through the oculars. The field viewed was 450 um
in diameter; the field filmed was 170 X 225 um. Constant illumination was used,
limited to the field of view. The quartz-halogen source was operated at a color
temperature of 3,200K and then attenuated by 16 X of neutral density filtering
followed by a heat filter.

A 16-mm Bolex H-16 motion picture camera was used, driven by an Emdeco
TL 320 time-lapse drive set for a 1-s exposure. Most films were made at eight



frames per min (8 fr/min) on Kodak VNF 7240, ECO 7252 or Kodachrome 40
(KMA) stock on 100-foot rools (4,300 usable frames).

Data Extraction

THE GALATEA/ST COMPUTER SYSTEM: Films were projected onto a draw-
ing-board-like electronic tablet. The user followed the apparent center of a cell
by guiding a cursor as the film ran, usually at 1 fr/s. The tablet sensed the cursor’s
X,y position and sent the data to the computer (Fig. 2). The Galatea/ST system
in the computer supported the data extraction process. It allowed the user to
monitor the quality and completeness of the data and to re-enter data as needed.
Galatea/ST at the University of Illinois in Urbana (9) is a variant of the more
graphically oriented system at the University of Chicago designed by one of us
(RPF) (25, 26) and further developed there (70). (A similar system was later built
at MIT (2]).

The movie projector was a 224A Mark IV (LW International, Woodland
Hills, CA). It was interfaced so that each frame change was signaled to the
computer along with the film direction. The data tablet had a 22 inch square (56
X 56 cm) working area and 0.001 in. (~0.025 mm) resolution (Talos Inc.,
Scottsdale, AZ). The computer was a PDP-11/60 (Digital Equipment Corp.,
Maynard, MA) with 32,768 16 bit words of memory, 2.5 M words of permanent
disk storage, and 1.25 M words of removable disk cartridge storage. Galatea/ST
was written in the structured assembly language BIOMAC (by Scott Herman-
Giddens, available from the Digital Equipment Company Users Society, DECUS
program 11-208, DECUS, Marlboro, MA) and ran under the RT-11 operating
system (Digital Equipment Corp.).

To avoid accidental destruction of valuable data, original films were archived
and work prints used for data entry. The image on the data tablet was 36 x 47.5
cm, a total magnification of 2110 times. A sheet of paper was taped to the tablet
for recording cell outlines and other alignment information. In each entry session,
Galatea was first used in “comment mode” and a description of how the
particular data were to be taken was typed in. Then Galatea was used in “moving
point mode” to track selected cells. The x,y data corresponding to a given frame
were automatically read from the tablet at the moment that frame changed to the
next to allow the user maximum time to position the cursor accurately. Data for
a single experiment were contained in a single Galatea file. Each file was further
divided into “tracks”. Typically, the stream of moving point data corresponding
to a single cell was entered into its own track. Data entry could be done at various
rates up to 24 fr/s, but the cell motion we studied could not be tracked with
sufficient accuracy at the higher speeds.

Galatea gives summaries of the data, listing inadvertent gaps, and reporting
the maximum difference between cell positions in successive frames to avoid
accidental jumps in the data due to misalignment or misidentification of cells.
Tracking by eye and hand was at best accurate to 1 mm, which corresponded to
0.5 ym in the original experiments (Appendix 3).
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FIGURE 2 The Galatea/ST computer system for interactive data
extraction from maovie films. The user can easily monitor the projec-
tor film path and the mechanical frame counter. The image is
reflected twice to give a normal, upright, and undistorted image.
The projector is normally run at 1 frame/s, and a cell tracked by
sliding the cursor on the data tablet so that the cell image is centered
on the black cross drawn on the white top of the cursor. The x,y cell
position data are taken in by the computer and stored on the
magnetic disk.

Data Records

Besides the laboratory notebook, a six page film form (plus continuation sheets
as needed) was used with ~50 specific items to be filled in for each filming
session, covering the experiment from cell culture conditions to final data analysis.
Each separate analysis of any subsection of a film was given a unique experiment
number (shown on the data plots along with the date and time of data processing).

Data and Error Analysis

The raw position values (x,y pairs) from the data tablet were stored as 12 bit
numbers, a resolution of ~0.1 mm on the data table—well beyond the film
resolution. The data were sent to the University’s Cyber 175 computer in ASCII
print format by telephone at 300 baud (~7,000 position values/h). On the Cyber
175 the data were managed, processed, and plotted by the programming system,
Sigma (CERN, Geneva, Switzerland) (43). The speed (a scalar) was calculated
as the distance between successive x,y positions divided by the time interval,
typically 7.5 s. The speeds from a number of cells or from replicate data on the
same cell were averaged together for most of the plots. The chemotaxis index was
calculated from the velocity vector and the chosen source position as shown in
Fig. 3. The index has a maximum of +1.0 when a cell moves directly toward the
source and —1.0 when it moves directly away from the source (cf. Appendices 2
and 3).

A detailed error analysis was made (Appendix 3). The most notable result was
that the errors produce a bias in the reported speeds, especially at low speeds.
Speed minima shown as 2 pm/min are in fact nearer to 0.5 ym/min if corrected
for all error sources. Our plots have not been so corrected because an inordinate
amount of additional data collection would have been necessary.
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FIGURE 3 Directed cell motion and the chemotaxis index (Cl). At
the moment shown in this schematic, the celi is partly directed
towards the chemoattractant source. The chemotaxis index is de-
fined as Cl = cos 8, which is the ratio of the cell’s speed ||vs| towards
the source to its total speed ||v||. At this moment, Cl = +0.75.

RESULTS

The Chemotactic Response Lasts Approximately
as Long as the Stimulus

The duration of chemotactic movement is approximately as
long as the applied cAMP stimulus. Fig. 4 illustrates this for
the application of a 1- and 2-min cAMP signal to 9-h cells. We
have seen brief responses to 20-s signals and extended responses
with constant motion towards the pipette source for many
hours. The long responses agree with observations that D.
discoideum cells move steadily towards continuous sources (51).
In Fig. 4 the second response of ~120 s requires a stimulus of
that duration to produce it. We conclude that in natural
aggregation, where the movement “step” is ~100 s long (1),
the cCAMP signal seen and relayed by the cells is ~100 s long.
‘This is in marked contrast to the original brief pulse theory
(13). Our results are in accord with measurements of autono-
mous (37) and induced (relayed) cCAMP production seen in
stirred cell suspensions (77) and with measurements on induced
cAMP release by cells on plates (82). These events, as well as
the light-scattering changes that accompany them (55), are 1- -
3 min long. In an ingenious experiment, Tomchik and De-
vreotes were recently able to measure the distribution of cAMP
in waves on aggregation plates and found that they were indeed
I-3 min long (87).
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FIGURE 4 Chemotaxis in response to 1-min and 2-min cAMP pulses
( gray bars). The average chemotaxis index (Cl) of 34 cells at 9-h of
development. The maximum value reached, Ci = 0.35, implies that
the average angle of a cell’s path deviates 70° from the direction
toward the pipette, or 20° away from a random, unoriented motion.
Standard conditions of cell density, pipette size, CAMP concentra-
tion, and standard magnification for filming are used in this and all
later figures unless otherwise noted.

The data in Fig. 4 are noisy due to the modest number of
cells included in the average but it is clear that the half-time to
rise to the maximum and the half-time to decay are both in the
neighborhood of 20 s for the response to the first (1-min) signal.
The response to the 2 min signal has a half-time for the initial
rise of closer to 50 s, but a half-time to decay nearer the first,
~30 s. We have often seen such systematic differences in the
responses to sequential signals, and these vary with develop-
mental age, pulse strength, and timing. It might be guessed
from the figure, and it can be seen more clearly in data
presented later, that chemotaxis begins within seconds after the
stimulus onset.

To understand the response, we have to understand the
stimulus. Close to the pipette (30 um), the cAMP concentration
and gradient build up within ~1 s. The signal near the edge of
the field (180 um) is 6-fold weaker in concentration and 36-
fold weaker in its gradient. The signal build-up time near the
edge is ~36 times slower. Thus the cells in various parts of the
field are exposed to different primary signals. The data from
cells at various distances have been averaged together in Fig.
4, which may lead to a broadening and smoothing of the actual
response. Between the two pulses the concentration of cAMP
in the agar at a typical cell (90 um from the pipette) decreases
to 5% of its earlier maximum, so that the 2-min pulse represents
a major upshift in cAMP concentration and gradient strength.
The decrease is predicted from diffusion of the primary signal
alone and does not take into account possible cCAMP relay
(secondary signal) or degradation by phosphodiesterases. One
might think that the response to the second (2-min) signal was
weaker because the cAMP in the pipette was expended by the
first signal. This is not the case; the pipette recovers within a
few tenths of a second after the first pulse (Appendix 1). In
viewing the film we did see characteristic differences in cell
responses between cells near the pipette and cells near the edge
of the field. Different cells at the same distance from the pipette
also appeared to respond differently to the same stimulus. This
may be » manifestation of innate, nongenetic heterogeneity, or
range vanation, which has been discussed for the cellular slime
molds (5, 6) and for the bacterial chemotactic response (83).
Both sources of variability contribute to the response shown in
the figure (and certainly, to some extent, to the noise in the
data).

Even after the averaging is done, there remains a systematic
difference between the responses to the two signals, even in the
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first minute of each, when the stimuli are the same. The
simplest explanation of the difference is to say that the cells
are in a partially refractory state after the first stimulus, less
responsive to the second stimulus—a view that originated with
Shaffer (79). Refractoriness (adaptation) has been studied for
the CAMP relaying response and found to be a graded phenom-
enon, with no absolute refractory state (20). The chemotactic
response seems to be of this nature also.

Brief Pulses Do Not Induce Chemotaxis

Shaffer (79) reasoned that acrasin (now known to be cAMP
in D. discoideumn) was produced and relayed in “pulses”. Cohen
and Robertson (12, 13) assumed that the pulses were brief,
typically a few seconds long. The response to the brief signal
was assumed to be a preprogrammed step 100 s long. They
reported confirmation of the theory in “pulser” experiments in
which 1.5-s pulses of cAMP were released by iontophoresis (74,
75). Coordinated chemotactic motion toward the pipette was
reported. Those experiments have not been replicated by any
other group. In the “pulser” experiments, pulse sizes (in num-
ber of cAMP molecules) ranged from 2 X 10%/pulse to 1.5 X
10'2/pulse and the “leak” from the back-biased electrode be-
tween the pulses ranged from 2 X 10°/s to 6 X 10°/s. Maximal
cAMP release during aggregation is probably ~10%/s per cell
(17, 37) and a duration of the relayed cAMP release of 1-3
min (17, 77, 82).

We stimulated cells with 5-s pulses using a wide range of
cAMP concentrations and saw no evidence of chemotaxis by
cells at any distance from the pipette. Fig. 5 shows the results
of one such experiment using standard conditions. Short pulses
do induce a different response, cringing, discussed in later
sections of this paper.

The major differences between our approach and the “pul-
ser” experiments are that we reliably shut off the stimulus by
lifting the pipette and we analyzed the motion of individual
cells rather than visually observing wave patterns in films
running at 24 fr/s (39).

The result that brief pulses do not induce chemotaxis is in
harmony with studies on cAMP-induced cAMP relaying (17).
There, brief pulses of cAMP induced only small and equally
brief relay responses rather than a full quantal release inde-
pendent of the stimulus. Other micropipette experiments, only
briefly described, and done on mutant strain ga 93 (35, 36),
also suggest that the short pulse response involves a brief
movement response at best and no preprogrammed step. The
brief response reported by Gerisch gave a net cell movement
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FIGURE 5 The average chemotaxis index of 20 cells, at 13-h devel-

opment, in a 170 pm X 225 pm viewing field stimulated for 5 s

(vertical bar) with a standard pipette. The net motion of this group
of cells toward the pipette in the 100 s after the stimulus is <1 um.




































