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ABSTRACT The motility of individual, aggregation-competent amebae of Dictyostelium has been
analyzed at different concentrations of cCAMP under both nongradient and gradient conditions. The
following is demonstrated: (a) concentrations of CAMP >107% M inhibit motility in a concentration-
dependent fashion, decrease the frequency but not the degree of turning, and cause rounding in
cell shape; (b) no concentration of cCAMP stimulates motility, or positive chemokinesis; (c) concentra-
tions of CAMP that stimulate a maximal chemotactic response do not affect motility and concentra-
tions of CAMP that maximally inhibit motility do not stimulate chemotaxis under gradient conditions;
and (d) the concentrations of cCAMP that inhibit motility are identical under gradient and nongradient

conditions.

Cyclic AMP functions as the chemoattractant during the
aggregation phase of morphogenesis in the cellular slime mold
Dictyostelium discoideum (1, 2). In a number of different
studies, it has been noticed that cCAMP may affect the rate of
motility of aggregation-competent amebae (3-5). However,
no rigorous analysis has been made of the effects of different
concentrations of cAMP on single cell motility under gradient
and nongradient conditions. In the present study, we em-
ployed a simple chamber (6) to monitor continuously the
behavior of single amebae during 20-min periods either in
solutions containing constant concentrations of cAMP or in
gradients of cAMP. In the latter case, the average concentra-
tion of cAMP at the cell body during the period of analysis
was calculated by the diffusion equation. The results obtained
demonstrate that cCAMP does not stimulate the rate of single
cell motility at concentrations ranging from 107'° to 1073 M.
Rather, cAMP depresses the rate of motility in a concentra-
tion-dependent fashion at concentrations >10"8 M in a similar
manner under gradient and nongradient conditions. Interest-
ingly, a maximum chemotactic response was elicited at cAMP
concentrations (10~° and 10~® M) that have no effect on the
rate of single cell motility. However, no significant chemotac-
tic response was elicited at cAMP concentrations (>10~7 M)
that depress the rate of motility by >50%. The inhibition of
cell motility by cAMP was accompanied by a decrease in the
frequency but not in the degree of turning, and by a rounding
in cell shape. Here our results will be discussed briefly in
relationship to the aggregation process and contrasted to
previous observations suggesting that cCAMP stimulates the
rate of motility.
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MATERIALS AND METHODS

Growth and Development: Amebae of strain AX-3, clone RC-3,
were grown in axenic medium in suspension as previously described (7). To
induce development, we washed amebae free of nutrient medium, dispersed
them on a development filter saturated with buffered salts solution (8) and
incubated them at 22°C in a humidity chamber (9). Under these conditions,
aggregation began at 7 h and loose aggregates formed uniformly in the cell
carpet by 8 h (10). 8-h cells were capable of rapidly recapitulating the loose
aggregate stage in 40 min when disaggregated and dispersed on a fresh filter
pad (11, 12) and had acquired all aggregation-associated functions (D. R. Soll,
R. Finney, B. Varnum, and B. Slutsky, unpublished observations). These cells
were deemed aggregation-competent and were employed in all experiments
described in this report,

Monitoring Cell Motility:  Cell motility was monitored in an appa-
ratus fashioned after the one developed by Sally Zigmond (6) for monitoring
leukocyte chemotaxis. The apparatus consisted of a 2-mm Plexiglas bridge
bordered on either side by parallel troughs 2 mm wide and 1 mm deep. A
droplet of aggregation-competent amebae was placed on a coverslip that was
in turn inverted and placed over the bridge and troughs. Amebae dropped to
the bridge surface at a final density of 10 to 20 per mm?. The troughs were
immediately filled with buffer with or without cAMP. Under nongradient
conditions, both troughs were filled with the same solution. Under gradient
conditions, one trough was filled with buffer solution containing the test
concentration of CAMP (source) and the other trough was filled with buffer
solution only (sink). Buffer solution contained 40 mM phosphate buffer, pH
6.2.

Cells were continuously monitored with either a Wild dissection microscope
fitted with a 1.6x magnifying lens, or with a Leitz compound microscope fitted
with a long distance condensor. In both cases, continuous movement was
videorecorded for 21 min and the tapes analyzed at a later time. To analyze
motility, turning, and cell shape, a plastic sheet was placed on the screen of the
video monitor. At 1-3-min intervals, the position of the center of the cell was
marked by a dot and the perimeter of the cell was traced. The dots were then
connected to develop a track of cell movement. Examples of drawn overlays
for amebae in 107 M and 105 M cAMP are presented in Fig. 1, a and b,
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respectively.

Under both gradient and nongradient conditions, the rate of motility for an
individual ameba was determined by dividing total distance of the track by 21
min. Under gradient conditions, the chemotactic index (C.1.) was calculated by
dividing directional distance (net distance towards source) by total distance
(13). By this method, a cell moving directly towards the source will exhibit a
C.I. of +1.0 and, conversely, a cell moving directly away from the source will
exhibit a C.I. of —1.0.

To determine the frequency and degree of turning, we drew a straight line
between two consecutive dots in a track, and determined the angle of the
subsequent dot in relation to the line (see the methods described for Fig. 1¢).
Changes of <10° were not considered significant.

Monitoring Cell Shape: Both the length and width of an individual
ameba were measured at 4-min intervals during the 21-min period of analysis.
The length was considered the cell diameter in the direction of movement, and
the width was considered the diameter perpendicular to the direction of
movement. A shape index was calculated by dividing cell width by length. This
value is 1.0 for a spherical cell and is proportionately lower for more elongate
cells.

RESULTS

Cyclic AMP Reduces Motility under Nongradient
Condlitions

Motility of aggregation-competent amebae was first moni-
tored under nongradient conditions in solutions containing
cAMP at concentrations ranging from 107 to 10~ M. Mo-
tility was monitored for each ameba over a 21-min period
and the rate calculated by dividing total distance traveled by

total time. The average rate of motility for 50 individually
monitored amebae at each concentration is presented as the
filled circles in Fig. 2a. The average rate in 0, 107'°, 10~°, and
1078 M cAMP was roughly 9.25 um/min. The distribution of
rates within each population of 50 cells was similar at these
concentrations, ranging from 0 to 25 um/min. However, at a
cAMP concentration of 107" M, the average rate decreased to
5.5 um/min, and at 107 M, it decreased to 3.8 um/min. At
107 M, the average rate was 3.5 ym/min, representing a
decrease of >60%, and the distribution of rates was dramat-
ically compressed towards lower values. It should be noted
that no stimulated motility, or positive chemokinesis, was
observed at any concentration of cAMP tested in the range of
107 t0 1073 M.

In Fig. 1, we have presented the rates at each cAMP
concentration averaged over a 21-min period. To be sure that
no transient stimulation of motility occurred immediately
after cells were exposed to solutions of cAMP, we initiated
video recordings before addition of the cAMP solutions and
continued them for 20 min after addition. Rates were calcu-
lated for each 1-min interval during a 6-min period preceding
addition of cAMP solution and for each 1-min interval during
the 20-min period following addition. The most careful mea-
surements were made during the 4-min period immediately
following addition. Solutions of 1078, 1077, 10~°, and 10~° M
cAMP were tested. In no case was transient stimulation

A

B

FIGURE 1

Examples of amebae migrating in 1078 (A)and 107 M (B) cAMP. Amebae migrating on a Plexiglas bridge in homogeneous

solutions of cAMP (nongradient conditions) at the respective concentrations were monitored for 10 min. Tracings of cell shape
were made at 1-min intervals, and the center of each ameba was marked by a dot. Dots were connected to produce “tracks” of
cell movement. Arrows represent the original position of the cell and the original direction of migration. In C, an example is given
of a track in which the degree of turning (6) is measured. Note that the tracks presented in A and B represent average migration

patterns at 107% and 107 M cAMP, respectively. Bar, 10 um.
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observed. In the case of 1078 M cAMP, cells moved at exactly
the same rates immediately after addition as they did before
addition or 20 min after addition. In the case of 10~ to 107°
M cAMP, cells reduced their rates of movement within 30 s
after addition to the constant, depressed levels that are pre-
sented in Fig. 2.

Cyclic AMP Reduces Motility under Gradient
Conditions

To test the effects of different concentrations of cAMP on
cell motility under gradient conditions and to compare the
effects of different concentrations of cAMP on cell motility
and chemotaxis under gradient conditions, we dispersed ag-
gregation-competent amebae on the bridge of a chemotaxis
chamber (6) that contained a test solution of cAMP in one
trough (“source”) and a solution of buffered salts lacking
cAMP in the opposing trough (“sink™). Test solutions were
varied between 107° and 10> M cAMP, and the approximate
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FIGURE 2 The average rate of cell motility (A) and the average
chemotactic index (B) as a function of cAMP concentration. (A)
Each circle represents the average rate of 50 individually analyzed
amebae. The closed circles represent amebae in homogeneous
solutions of cAMP (nongradient conditions) at the respective con-
centrations. The open circles represent amebae in gradients of
cAMP. In the latter case, the average concentration of CAMP at the
cell body during the period of analysis was calculated by the
diffusion equation (see text for Discussion). (B) Each circle repre-
sents the average chemotactic index (C.1.) for 50 individually ana-
lyzed amebae. This value was calculated according to the proce-
dure outlined in Materials and Methods. Note that the chemotactic
indices were calculated for the same populations of amebae that
were analyzed in A for single cell motility (open circles).

concentration of cAMP at the position of an ameba halfway
through the period of analysis was calculated by the diffusion
equation, assuming that in the short period during which cell
motility was monitored, the trough with test solution func-
tioned as an infinite source, and the trough with buffer alone
functioned as an infinite sink. Both the rate of motility and
the chemotactic index were calculated for each of 50 cells
analyzed at each test concentration of cCAMP. The average
rates of motility and the average chemotactic indices are
plotted as unfilled circles in Fig. 2, a and b, respectively. Just
as in the case of nongradient conditions (filled circles in Fig.
2a), the average rates of cell motility at calculated cCAMP
concentrations of 107'° to 107 M were roughly the same as
those of cells in buffered solution lacking cCAMP. At calculated
concentrations of cAMP >10~% M, motility was depressed in
roughly the same concentration-dependent fashion as under
nongradient conditions. The highest average chemotactic in-
dex was observed at 10™° and 10~®* M cAMP, concentrations
that did not depress the rate of motility. At 1077 M cAMP,
the average chemotactic index was ~75% of peak value, and
the average rate of cell motility was ~66% of the maximum
value. At a cAMP concentration of 107 M, the average
chemotactic index approached zero and the average rate of
motility was ~50% of the maximum value. These results
demonstrate that the sensitivity of single cell motility to
concentrations of cAMP >10"% M are similar under nongra-
dient and gradient conditions, and indicate that the assump-
tions emploved to calculate the concentration of cAMP at the
position of the cell body are valid.

Cyclic AMP Reduces the Frequency of Turning

To test whether turning is also affected by concentrations
of cAMP that suppress the rate of motility, we measured both
the frequency and degree of turning over a 21-min migration
period of aggregation-competent amebae in 107® and 107> M
cAMP under nongradient conditions. The averaged results
for 27 and 19 individual amebae, respectively, are presented
in Table I. At 10~® M cAMP, the average cell turned 2.8 times
per 10 min and at 1073 M, the average cell turned 1.3 times
per 10 min. Therefore, the frequency of turns was reduced
54% by a concentration of cAMP that reduced the average
rate of motility 57%. When the number of turns was calcu-
lated as a function of distance traveled (average number of
turns per 10 um), no difference was observed at noninhibitory
(10~ M) and inhibitory (10~3 M) concentrations of cAMP.
In the former case, the number of turns per 10 um was 0.27,
and in the latter case 0.29. No significant difference was
observed in the average degree of turning for cells in 1078 M
¢AMP and in 10™° M cAMP (Table I).

TABLE |
A Comparison of Turning and Cell Shape for Amebae Migrating in 1078 and 107> M cAMP under Nongradient Conditions

No. of
individual Average

CcAMP cells Average rate of frequency of Average degree of Average cell Average shape

concentration  measured motility £ SD turning + SD turning + SD length £ SD index = SD
M (em{min) (turns/10 min) (um)

1078 27 10.37 £ 6.2 28+14 67.8 £279 225+83 0.42 £ 0.15

10°° 19 444 £ 23 1.3+%13 78.4 476 15.1+ 3.4 0.59 £ 0.20

P value <0.001 <0.005 NS <0.001 <0.005

NS, not significant.
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Cyclic AMP Affects Cell Shape

To test whether concentrations of CAMP that inhibit mo-
tility affect cell shape, we monitored the length and width of
aggregation-competent amebae during 20 min of migration
in a solution containing 10~ M cAMP (noninhibitory) or
10~°> M cAMP (inhibitory). Measurements were made every
4 min, and the mean length and shape index (width divided
by length) was calculated for each ameba. In Table I, the
average mean length and mean shape index are presented for
27 and 19 individual amebae at 10~ and 10~° M cAMP,
respectively. It is clear that amebae migrating in 10~° M cAMP
were significantly shorter than amebae migrating in 107 M
cAMP. In addition, the former, less motile amebae exhibited
a significantly larger shape index, indicating a rounder shape,
at least in the plane that parallels the substratum.

DISCUSSION

Here we have reported that the chemoattractant cAMP de-
presses the rate of cell motility at concentrations as low as
10~7 M. It has been observed elsewhere that chemoattractants
of leukocytes depress motility (14), but in neither case is it
clear why depression occurs. In Dictyostelium, the chemoat-
tractant is periodically released by cells in an aggregation
territory (15). This signal is relayed by the amebae in the
territory, resulting in an outward-traveling wave of attractant.
With each wave, amebae first encounter a positive spatial
gradient, and as the wave passes, a negative spatial gradient.
If the sensing mechanism is solely spatial, as has been sug-
gested (3), a chemotactic response to the posterior portion of
the wave would result in a reversal in the direction of ameboid
movement, which has been demonstrated to be both possible
and quite rapid (16, 17), and would clearly interfere with
aggregation. Presumably, there is some process that prevents
reversal. It has been estimated that the cAMP concentration
(intra- and extracellular) at the peak of the wave is roughly
1075 M (135), well within the range that depresses motility and
above the range that stimulates chemotaxis (if the major
portion of cAMP in the peak is extracellular). Possibly, sup-

pression of movement at the peak of the wave may transiently-

inhibit chemotactic responsiveness to the negative spatial
gradient that follows and may thus prevent reversal. Indeed,
a pulse of cAMP, when released from a micropipette contain-
ing a very high concentration of attractant, causes a rapid,
transient suppression of motility and cell rounding (3, 18)
and may mimic the peak effect of a natural wave.

One must also consider the possibility that the effects of
high concentrations of cAMP on cell motility and cell shape
may reflect cell responses related to differentiation rather than
to the mechanisms of chemotaxis and aggregation. Concen-
trations of cAMP that depress the rate of motility by >50%
and that cause a rounding in cell shape, a morphological
response previously reported by Ryter et al. (19), also have
been reported to (a) stimulate stalk cell differentiation in
single amebae in the absence of cell interaction of multicel-
lular morphogenesis (20-22), (b) support the synthesis of a
group of development-specific mRNAs and polypeptides in
disaggregated cells (23), and (c) inhibit the dedifferentiation
program (24). Changes in cell shape, and specifically the
acquisition of a spherical shape, appear to be requisite to a
number of cellular differentiations (e.g., reference 25), which
include changes in gene expression (26). It may be no accident
that the concentration range of CAMP that stimulates maxi-
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mum chemotaxis does not stimulate cellular differentiation,
and conversely that the concentration range of CAMP that
affects cell differentiation, inhibits cell motility, and stimulates
cell rounding, is not effective in stimulating chemotaxis.

The difference in the range of cCAMP concentrations that
elicits maximum chemotactic stimulation (27) and that de-
presses motility may simply be the result of independent
processes (in this case, chemotaxis and motility) with different
cAMP sensitivities. Alternatively, the difference may repre-
sent a cause-effect relationship in which the inhibition of cell
motility in turn suppresses chemotaxis or the suppression of
chemotaxis in turn suppresses motility. The results obtained
in the present study do not distinguish between these inter-
esting alternatives.

We have also found no indication that cAMP stimulates
single cell motility, or positive chemotaxis, in the concentra-
tion range of 107'° to 10~ M. In contrast, Alcantara and
Monk (5) observed that amebae in the vicinity of an aggre-
gation stream move towards an opposing source of cAMP at
an ever increasing rate. However, under the conditions that
they employed, the cells may have been experiencing an
increase in the slope of the cCAMP gradient as they moved
further away from the stream, which also releases a CAMP
gradient laterally (28, 29). Futrelle et al. (3) also reported a
transient increase in the rate of motility after a transient
suppression of motility caused by a pulse of cCAMP at relatively
high concentration. Differences may exist between cells sub-
jected to repeated pulses of attractant and cells continuously
maintained in relatively constant concentrations of attractant.
This possibility is now under investigation. Finally, we pre-
viously demonstrated that when a dense droplet of amebae
was placed on agar containing cAMP under nongradient
conditions, the droplet of cells spread rapidly in all directions
(4, 24). This spreading response appeared to be lost later than
the chemotactic response during the program of dedifferentia-
tion and indicated dissociability of the two responses (29).
One interpretation of the spreading response was that it
represented a positive chemokinetic response (4). However,
the lack of positive chemokinesis in individual amebae indi-
cates either that positive chemokinesis can be stimulated only
in groups of cells that are touching, or that a dense droplet of
cells on agar containing cCAMP generates a gradient of cAMP
in the microenvironment through the action of the develop-
mentally acquired phosphodiesterase that is membrane-
bound (30). In the latter case, the spreading response (4)
would in fact represent a chemotactic and not a chemokinetic
response.

This work was supported by National Institutes of Health (NIH) grant
GM25832 awarded to D.R.S. B. Varnum was supported in part by
training grant GM07228 from the NIH and select equipment was
purchased through NIH Cancer Center Support Grant CA28848.

Received for publication 28 December 1983, and in revised form 13
February 1984.

REFERENCES

t. Konijn, T. M., J. G. C. Van de Meene, J. T. Bonner, and D. S. Barkley. 1967. The
acrasin activity of adenosine-3’,5'-cyclic phosphate. Proc. Natl. Acad. Sci. USA.
58:1152-1154.

2. Konijn, T. M., D. S. Barkley, Y. Y. Chang, and J. T. Bonner. 1968. Cyclic AMP: a
naturally occurring acrasin in the cellular slime molds. 4m. Nat. 102:225-233.

3. Futrelle, R. P., J. Traut, and W. G. Mckee. 1981. Cell behavior in Dictyostelium
discoideum preaggregation response to localized cyclic AMP pulses. J. Cell Biol. 92:807-
821.



[- T B N

o

10.
.

. Varmmum, B,, and D. R. Soll. 1981. Chemoresponsiveness to CAMP and folic acid during

growth, development, and dedifferentiation in Dictyostelium discoideum. Differentia-
tion. 18:152-160.

. Alcantara, F., and M. Monk. 1974. Signal propagation in the cellular slime mould

Dictyostelium discoideum. J. Gen. Microbiol. 85:321-324.

. Zigmond, S. H. 1974. Mechanisms of sensing chemical gradients by polymorphonuclear

leukocytes. Nature (Lond.). 249:450-452.

. Soll, D. R., J. Yarger, and M. Mirick. 1976. Stationary phase and the cell cycle of

Dictyostelium discoideum in liquid nutrient medium. J. Cell Sci. 20:513-523.

. Newell, P. C., A, Telser, and M. Sussman. 1969. Alternative developmental pathways

determined by environmental conditions in the cellular slime mold Dictyostelium
discoideum. J. Bacteriol. 100:763-768.

. Sussman, M. 1966. Biochemical and genetic methods in the study of cellular slime mold

development. Methods Cell Physiol. 2:397-408.

Soll, D. R. 1979. Timers in developing systems. Science (Wash. DC). 203:841-891.
Loomis, W. F., and M. Sussman. 1966. Commitment to the synthesis of a specific
enzyme during cellular stime mold development. J. Mol. Biol. 22:401-404.

. Soll, D. R., and D. R. Waddell. 1975, Morphogenesis in the slime mold Dict. li

2

22.

23.

24.
25.
26.

. Gerisch, G., and D. Malchow. 1976. Cyclic AMP receptors and the control of cell

aggregation in Dictyostelium. Adv. Cyclic Nucleotide Res. 7:49-68.

. Ryter, A, C. Klein, and P. Brachet. 1979. Dictyostelium discoideum surface changes

elicited by high concentrations of CAMP. Exp. Cell Res. 119:373-380.

. Bonner, J. T. 1970. Induction of stalk cell differentiation by cyclic AMP in the cellular

slime mold Dictyostelium discoideum. Proc. Natl. Acad. Sci. USA. 65:110-113,

. Town, C. D., J. D. Gross, and R. R. Kay. 1976. Cell differentiation without morpho-

genesis in Dictyostelium discoideum. Nature (Lond.). 262:717-719.

Kay, R. R, D. Garrod, and R. Tilly. 1978. Requirements for cell differentiation in
Dictyostelium discoideum. Nature (Lond.). 271:58-60.

Landfear, S. M., and H. F. Lodish. 1980. A role for cyclic AMP in expression of
developmentally regulated genes in Dictyostelium discoideum. Proc. Natl. Acad. Sci.
USA. 77:1044-1048.

Finney, R., B. Slutsky, and D. R, Soll. 1981. Cyclic AMP inhibits dedifferentiation in
the cellular slime mold Dictyostelium discoideum. Dev. Biol. 84:313-321.

Benya, P. D., and J. D. Shaffer. 1982. Dedifferentiated chondrocytes reexpress the
differentiated collagen phenotype when cultured in agarose gels. Cell. 30:215-224.

discoid L. The acc I
Biol. 47:292-302.

ion and of “morphogenetic information.” Dev.

. McCutcheon, M. 1946, Chemotaxis in leukocytes, Physiol. Rev. 26:319-336.
. Keller, H. 1. 1983. Motility, cell shape, and locomotion of neutrophil granulocytes. Cel/

Motility. 3:47-60.

. Devreotes, P. N. 1982. Chemotaxis. /n The Development of Dictyostelium discoideum.

W. F. Loomis, editor. Academic Press, Inc., New York. 117-158.

. Swanson, J. A., and D. L. Taylor. 1982. Local and spatially coordinated movement in

Dictyostelium discoideum amebae during chemotaxis. Cell. 28:225-232.

. Gerisch, G., D. Malchow, A. Huesgen, V. Nanjundiah, W. Roos, and U. Wick. 1975.

Cyclic-AMP reception and cell recognition in Dictyostelium discoideum. ICN-UCLA
Symp. Mol. Cell. Biol. 2:76-88.

27.

28.

29

30.

S B. M., and H. Green. 1980. Control of specific protein biosynthesis during
the adipose conversion of 3T3 cells. J. Biol. Chem. 255:8811-8818.

Mato, J. M., and T. M. Konijn. 1975. Chemotaxis and binding of cyclic AMP in cellular
slime molds. Biochim. Biophys. Acta. 385:173-179,

Garrod, D. R. 1974, The cellular basis of movement of the migrating grex of the slime
mold Dictyostelium discoideun: chemotactic and reaggregation behavior of grex cells.
J. Embryol. Exp. Morphol. 32:57-68.

Finney, R., B. Varnum, and D. R. Soll. 1979. “Erasure” in Dictyostelium: a dediffer-
entiation involving the programmed loss of chemotactic functions. Dev. Biol. 73:290-
303.

Klein, C., and M. Darmon. 1975. The relationship of phosphodiesterase 1o the devel-
opmental cycle of Dictyostelium discoideum. Biochem. Biophys. Res. Commun. 67:440-
447.

1155

RAPID COMMUNICATIONS



