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1. SUMMARY

Cyclic AMP-induced cAMP and ¢GMP re-
sponses during development of Dictyostelium dis-
coideum were investigated. The cAMP-induced
c¢GMP response is maximal when aggregation is in
full progress, and.then decreases to about 10% of
the maximal level during further multicellular de-
velopment. The cAMP response. increases upon
starvation, reaches its maximum at the onset of
aggregation, and then decreases to about 8% of the
maximum level. The dynamics of the post-aggrega-
tive cCAMP response are in qualitative agreement
with the dynamics of the cAMP relay response in
aggregation-competent cells.

2. INTRODUCTION

Starving cells of tile cellular slime molds aggre-
gate by means of chemotaxis, to form a multicellu-

lar structure. This structure performs a series of

shape changes, which ultimately lead to formation
of a fruiting body. Cell movement in multicellular
structures is guided by a small group of cells,
which is situated at the apex and is generally
called a tip [1]. Considerable evidence has been
collected which indicates that the tip functions by

autonomously secreting pulses of the chemoat-
tractant cAMP. cAMP oscillations control the ag-
gregation process of some species, such as D.
discoideum {2]. The cAMP signal is transmitted by
a relay process, a pulse of cAMP induces a pulse
of cAMP synthesis and secretion in responsive
cells [3]. In other species, such as Dictyostelium
minutum, this system is first evident after aggrega-
tion [4]. :

The evidence for tip control by cAMP oscilla-
tions involves: the ability of tips to attract aggre-
gation competent cells [5]; the observation of ab-
sorbance waves, which emanate from the tip [6],
the concomitant appearance of absorbance waves,
cell surface cAMP receptors and cAMP phos-
phodiesterase (CAMP-PDE) in D. minutum ag-
gregates (4], the partial maintenance of cell surface
receptors and PDE after aggregation of D. dis-
coideum [7], disorientation of cell. movement in
slugs after exposure to cAMP, or to caffeine, a
cAMP relay inhibitor [8-10}, and a transient
cAMP-induced cGMP increase in'. D. minutum

. tip-forming aggregates [11]; the latter response is

considered to be involved in chemotaxis [12-15].
The most direct evidence so far is provided by the
observation that a cCAMP pulse induces transient
synthesis and secretion of cAMP in tip-forming D.
minutum aggregates [16]. The dynamics of the
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cAMP relay response have been extensively studied
in D. discoideum aggregative cells [2], but cAMP
relay after aggregation of D. discoideum has not
yet been demonstrated. It is also not known
whether cAMP can induce a transient increase in
cGMP after aggregation of this species.

Since the control of morphogenesis and gene
expression in the cellular slime molds is primarily
studied in the species D. discoideum [17], it seems
essential to provide direct evidence for the con-
tinuation of CAMP relay and the chemotaxis re-
sponse in this species. We therefore studied the
expression of the cAMP relay response and the
cAMP-induced cGMP response in D. discoideum
during development from vegetative amoeba to
fruiting body.

3. MATERIALS AND METHODS

3.1. Materials

cAMP, 2’-deoxy-adenosine 3'5’-monophosphate
(dcAMP) and dithiothreitol (DTT) were from
Sigma. The cAMP assay kit and the cGMP RIA
assay kit were obtained from Amersham.

3.2. Organisms and culture method

D. discoideun NC-4 was cultured in association
with Escherichia coli 281 on glucose peptone agar
[7]. Vegetative cells were freed from bacteria by
repeated washing with 10 mM Na/K phosphate
buffer, pH 6.5 (PB) and distributed on non-nutri-
ent agar (1.5% agar in PB) at a density of 2.5 X 10°
cells/cm?. Cells were incubated at 21°C in the
dark until the required developmental stage was
reached. Up to the stage of tip formation, cells
were harvested from the plates by aspiration with
PB, which caused the dissociation of aggregates
into small clumps and single cells. Slugs and
culminating structures were carefully rinsed from
the plates and sieved through a nylon sieve (pore
diameter 20 pm) to remove unaggregated cells.

3.3. Measurement of the cAMP relay response
Suspensions of cells (10® /ml) or intact multicel-
lular structures (2-3 X 10® cells/ml) were aerated
for 10 min. Just before starting the experiment,
intact structures were pipetted 3 times through a

pasteur pipette, to break up large clusters into
single slugs. Aliquots of 50 ul were stimulated at
t =0 min with 5 pm dcAMP and 5 mM DTT in
PB (final concentrations), while being shaken con-
tinuously [18]. At various intervals, the reaction
was stopped by adding 50 ul 3.5% (w/v) perchlo-
ric acid (PCA). Samples were neutralized with 25
pl of a 50% saturated KHCO, solution and
centrifuged for 2 min at 8000 X g. The cAMP
content of 20 ul of supernatant was assayed with a
commercial cAMP isotope dilution assay kit
[16,18].

3.4. Measurement of cAMP-induced cGMP accumu-
lation

Intact slugs and culminating structures (2 X 10*
cells/ml) were dissociated into small cell clumps
and single cells by vigorous aspiration through a
Pasteur pipette. Prior to the experiment, the cells
were aerated for 10 min. Aliquots of 50 ul cell
suspension were stimulated at 7 =0 s with 0.1 uM
cAMP, and after 10 s the reaction was termination
by adding 50 ul PCA. r = 0 samples were obtained
by adding cAMP and PCA simultaneously.

Alternatively, 1 ml cell suspension was stimu-
lated with 0.1 pM cAMP, and after various inter-
vals, 50 ul of suspension was pipetted into 50 ul
PCA. Samples were neutralized as described above,
and cGMP was determined in 25 pl of supernatant
with a commercial cGMP RIA assay kit.

4. RESULTS AND DISCUSSION

4.1. cGMP response in migrating slugs

Cyclic AMP (1 pM) induced an increase of 2.0
pmol cGMP/mg protein above the basal level of
3.0 pmol cGMP/mg protein (Fig. 1). The cGMP
level peaked at 6-9 s, and returned to its basal
value within 60 s. The maximum of the response
seemed to be reached somewhat faster than was
observed in aggregation-competent cells [12,13].
The dynamics of the cGMP response result from
the relative activities of guanylate cyclase and
c¢GMP phosphodiesterase (cGMP-PDE). Guanyl-
ate cyclase is activated by cAMP [19] and
deactivated by an adaptation process [20];
¢GMP-PDE is activated by low cGMP concentra-



tions [21]. A shift in the maximum of the cGMP
response may occur if the relative activities or the
regulation of these enzymes change during devel-
opment. One of the enzymes involved in the cyclic
GMP response, cyclic GMP-PDE, was found to
increase considerably after aggregation [22).

4.2. cAMP relay in migrating slugs

Intact slugs were stimulated in suspension with
5 uM dcAMP and 5 mM DTT. A small increase
(10 pmol/mg protein) of the basal cAMP level (5
pmol/mg protein) was observed (Fig. 2). Half
maximal accumulation of cAMP was reached after
about 1 min and the accumulation stopped after 3
min. This may indicate that the cAMP response
has become adapted. Adaptation to the ambient
cAMP concentration is a characteristic property of
the cAMP relay response in aggregation-com-
petent cells [2,23].

DTT (5 mM) also induced an accumulation of
CcAMP, which seemed to reach its maximum some-
what slower. A DTT-induced cAMP accumulation
was also observed in aggregation-competent cells
[24]. This response is probably due to autocatalytic
activation of adenylate cyclase by minor amounts
of cAMP, which are secreted by the cells and no
longer degraded by cAMP-PDE. It could be
argued that when DTT is added to the cells, the
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Fig. 1. cGMP response in slugs. A suspension of early migrat-
ing slugs (18 h of development, 2108 cells in 1 ml PB), was
stimulated at 1 =0 s with 1 uM cAMP. At 0, 3, 6, 9, 12, 15, 20,
30, 45 and 60 s, 50-p1 aliquots were transferred to 50-ul PCA.
The ¢cGMP content of the samples was measured. Means and
SEM of 4 experiments are presented.
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Fig. 2. cAMP response in slugs. Aliquots (50 ul) of a suspen-
sion of intact slugs (18 h of development, 3x10% cells /ml)
were stimulated at =0 min with 5 pM dcAMP and 5 mM
DTTm W or 5 mM DTT O 0. At the indicated
time intervals, 50 ul PCA was added. The cAMP content of the
samples was measured. Means and SEM of 6 or 2 (DTT
stimulation) experiments performed in duplicate are presented.

accumulation of cAMP is not due to transient
activation of adenylate cyclase, but to basal
adenylate cyclase activity and basal cCAMP secre-
tion. However, since both the DTT- and
dcAMP/DTT-induced cAMP accumulation are
terminated after a few minutes, this is not very
likely.

Intact slugs are not a very good system for
measuring CAMP relay, since not all the cells are
reached by the stimulus at the same time. How-
ever, we could not obtain reliable results with
dissociated slugs. When slugs were dissociated into
single cells by BAL /pronase treatment [25], no
cAMP accumulation could be induced at all. After
mechanical dissociation of slugs into smaller cell
clumps and single cells, the cAMP accumulation
was often less than in intact slugs or was some-
times completely absent. We therefore continued
to use intact slugs and culminating structures.

4.3. cAMP relay and cGMP response during devel-
opment

Both the cAMP-induced ¢cGMP peak and the
dcAMP-induced cAMP accumulation were much
lower in migrating slugs than previously reported
values for aggregation-competent cells [12,13,18].
The developmental expression of the cAMP and
c¢GMP response is shown in Fig. 3. During starva-
tion, the cAMP-induced cGMP accumulation
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Fig. 3. cAMP and c¢cGMP response during development. The
different developmental stages were harvested and prepared for
measurement of the cAMP and cGMP response as indicated in
MATERIALS AND METHODS. (A) cGMP levels after 0
(® ®) and 105 (O Q) of stimulation with 1 uM
cAMP. (B) cAMP levels after 0 (@ ®) and 4 min
(S Q) of stimulation with 5 pM dcAMP and 5 mM
DTT. Means and SEM of two experiments performed in
quadruplicate are presented.

gradually increased to reach its maximum when
aggregation was in full progress (r=28 h). The
c¢GMP response then decreased to 10% of its maxi-
mum during tight aggregate formation, and re-
mained approximately constant during further de-
velopment (Fig. 3A).

The dcAMP-induced cAMP response increased
faster than the cGMP response during starvation
and reached its maximum 2 h earlier, when aggre-
gation had just started (Fig. 3B). The different
developmental profiles of the two responses were
found in two separate experiments and were not
an artefact due to averaging of the data. Dif-
ferences in developmental regulation of the cAMP
and ¢cGMP response could be a consequence of the

proposed mediation of these responses by different
subclasses of cell-surface cAMP receptors. The
cAMP response is mediated by rapidly dissociat-
ing sites of low affinity, and the cGMP response
by slowly dissociating sites of high affinity {26,27].
Green and Newell observed that the complexity of
c¢AMP binding changes during pre-aggregative de-
velopment: the maximum of low-affinity binding
is reached 2 h earlier than the maximum of high-
affinity binding [28].

During aggregation a decrease of the cAMP
response takes place, and when tight aggregates
are formed only 9% of the maximal response is
left. During further development the cAMP re-
sponse does not change significantly. Both the
cAMP and ¢cGMP response decrease considerably
after aggregation. The decrease in the cGMP re-
sponse may at least partly be due to the increased
activity of cGMP-PDE [22]. Cell surface receptors
also decrease after aggregation [7,28,29], which
may account for a general decline in responsive-
ness to cAMP.

We do not know how cAMP levels, measured
during stimulation of intact slugs, relate to cAMP
concentrations which would result from autono-
mous cAMP oscillations in the slug. As we argued
before in discussing cAMP relay in D. minutum
aggregates [16], secretion of small amounts of
cAMP may yield relatively high cAMP concentra-
tions in the narrow intercellular spaces of the slug.
The present and previous report [11,16] demon-
strate that the key biochemical components of
oscillatory signaling and chemotaxis are present
during multicellular development of Dictyostelium
and may function in the control of morphogenesis.
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