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ABSTRACT. The development of a spatio-temporal pattern of Ca2* concentration (Ca* pattern) in the plas-
modium of Physarum polycephalum during repulsive response was studied using fura-2. In the migrating cell,
the gradient of the Ca?* concentration (Ca’* gradient) immediately showed a decrease in local concentration in
the area (S-site) stimulated by S0 mM KCI. The concentration rose and then decreased in a site neighboring the
S-site. This transient increase of Ca2* concentration, the duration of which was approx. 10 minutes, was propa-
gated to the site most distant from the S-site. There, the Ca2* concentration gradually rose and remained at a
high level. Twenty-five minutes after stimulation, a new Ca?* gradient was established throughout the plasmodi-
um. The migratory direction of the cell as a whole then changed. In this process, although the period of Ca2+
oscillation changed at the S-site, this change was only local to the site. During the information processing of the
local repulsive stimulus, the transient Ca’* increase propagated the local information about the stimulus to the
non-stimulation sites (NS-sites), leading to the generation of a new pattern and the start of coordinated migra-

tion of the plasmodium.

The Ca2* pattern, either Ca2* oscillation or a Ca?*
gradient recently observed in several cells (1, 6, 16, 17)
is thought to be related to cell function, and some mod-
els have been proposed for the generation of the pattern
(5, 9). The plasmodium has both a Ca2?* oscillation and
a Ca?* gradient, which play important roles in the infor-
mation processing of the cell.

The plasmodium of Physarum polycephalum is a gi-
ant unicellular organism that usually displays coordi-
nated migration as a whole body. Motility is affected by
chemotactic stimulation (3, 4, 7, 12, 13). When a cell
receives a local chemical stimulus, it can properly proc-
ess the information for the entire cell to behave in a
well-coordinated manner. The Ca2* pattern described
above is related to this process.

The Ca?* gradient, which is related to the migratory
direction, exists in the plasmodium like those of other
chemicals, ATP, ADP, cAMP, and cGMP (11, 14, 15).
The concentration of Ca?* also oscillates in the cell for
a period of 1 to 3 minutes (11, 18). When attractive
chemicals are stimulated to the retreating area of the
cell, the Ca2* concentration at the S-site increases with
the decrease in the period of Ca?* oscillation. The peri-
od change is propagated immediately to the whole area
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of the cell. The Ca?* pattern throughout the cell is then
regenerated and the plasmodium begins to migrate in
the opposite direction as a whole (11).

When repulsion is stimulated locally to the plasmodi-
um, the period of the oscillation of transmitted light in-
tensity is lengthened at the S-site. However, this change
is not propagated to the NS-sites, unlike the case of at-
tractive stimulation (10). In the information processing
for a repulsive stimulus, a Ca%* pattern other than the
pattern induced by the attractant may be established in
the cell. Therefore, in the present study, the develop-
ment of the pattern was measured when the front of the
plasmodium had a local repulsive stimulation. A repul-
sion-induced Ca?* pattern is discussed and compared
with an attractant-induced pattern.

MATERIALS AND METHODS

Organism. The plasmodium of Physarum polycephalum
was cultured by the method of Camp (2). It was allowed to mi-
grateon a 1.5% agar gel in a trough overnight without feeding
before use.

Measurement of the intracellular spatio-temporal pattern
of Ca?* concentration. A plasmodial strand, approx. 10 mm
in length and 0.6-0.8 mm in diameter, was excised from a
large plasmodium, placed on a cellulose sheet on plain agar,



and incubated. A few hours later, a fura-2 solution, contain-
ing 1.2 mM fura-2, 25 mM KCIl, 1 mM NaCl, and 10 mM
HEPES at pH 7.4, was microinjected at a concentration of
10-15 M fura-2 into the cell. Within 30 minutes, the fura-2 so-
lution diffused uniformly throughout the cell. The intracellu-
lar Ca?* concentration was then measured using a fluores-
cence microscope system equipped with a photomultiplier
tube. At the measurement, the plasmodial strand, which
reached 2 cm in length, had begun to migrate in one direction,
generating a fan-like structure at both ends. The time course
of Ca?* concentration along the cell was measured at four
sites 5-mm intervals apart, as shown in the Fig. 1 inset. The
Ca?* concentration at each site was measured every 10 sec-
onds from each plasmodium. The numbers of sites used in the
text and the figure legends correspond to those in the inset of
Fig. 1. The intracellular Ca?* concentration was quantita-
tively estimated by the method of Kudo and Ogura (8).

In the plasmodium, the cytoplasm flows to and fro every
few minutes. The streaming transports the cytoplasm from
the rear to the front when the cell is migrating. Under the con-
ditions of the present study, the average net flow every 5 min-
utes, which is called the “migration velocity”, was calculated
from the flow time of the streaming of the plasmodium (10,
11).

Chemical stimulation was applied by exchanging part of the
agar gel plate under the front part of the cell with one contain-
ing 50 mM KCl. The plasmodium always showed normal re-
pulsion behavior at this concentration. All experiments were
conducted at room temperature (24°C) in the dark.

RESULTS

Time course of the intracellular spatio-temporal pat-
tern of Ca’* concentration and migration velocity by
repulsion. The plasmodium showed a Ca?* gradient
when the cell was migrating unidirectionally. With 50
mM KClI stimulation at the front, typical developments
of Ca?* concentration along the cell are shown in Fig.
1. The concentration at site 1, the S-site, decreased im-
mediately upon exposure to the stimulant and reached a
steady state 14.5 minutes after the stimulation. At site
2, the concentration increased with the stimulus, began
to decrease after 9.5 minutes, and reached a steady
state. At site 3, the concentration increased from 4.5
minutes and decreased 14.5 minutes after the stimulus,
reaching a steady state level higher than that before the
stimulation. At site 4, the concentration began to in-
crease after 9.5 minutes, reached a steady state, and re-
mained at that level even after 19.5 minutes.

To examine the above results statistically, the time

Fig. 1. An example of the typical temporal patterns along plasmo-
dia stimulated with 50 mM KCI. The numbers in the figures indicate
the measurement sites of the Ca2* concentration in the inset. The
repulsive stimulus to the cell is shown in the inset. The arrows indicate
the onset of the stimulation. PL: plasmodium.
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mained at a new high level. Thus, a steady regenerated
Ca?* gradient was established.

The Ca?* concentration in the plasmodium oscillated
with a 1- to 2-min period (Fig. 1). The time course of
the periods from sites 1 to 4 are shown in Fig. 4 (a). The
period at site 1 became 1.4 to 1.7 times that before
stimulation. Recovery began 20 minutes after the stimu-
lus. At the sites other than site 1, the periods did not
change significantly.

The time courses of the migration velocity are shown
in Fig. 4 (b). Before stimulation, the velocities at sites 1
and 4 were the same and the plasmodium moved to site
1 as a whole body. On stimulation, only site 1 reversed
the migratory direction immediately, while site 4 re-
mained the same as before stimulation. After 15 min-
utes, the migratory direction at site 4 was also reversed.
The velocities at both sites became the same at 25 min-
utes, when the plasmodium again began to migrate as a
whole.

DISCUSSION

Giving the plasmodium a local repulsive stimulus at a
frontal site caused the reversal of both the Ca?* gradi-
ent and the migratory direction of the cell. The new gra-
dient was established before the coordinated migration
and was maintained during the migration (Figs. 2 and 4
(b)). Therefore, the Ca2+ gradient throughout the cell is
related to the coordinated motility of the cell, as seen in
the case of the attractive stimulation.

During information processing, the Ca?* gradient
was reversed throughout the plasmodium, although the
cell was stimulated locally with chemicals. An attrac-
tant stimulus shortened the period of Ca2* oscillation
at the S-site. The change was immediately propagated
to the whole cell and a new Ca?* gradient was gener-
ated. Thus, the propagation of the period change of the
oscillation may be necessary to the generation of the
new gradient (11) when the plasmodium is stimulated
with attraction. In the present study, the period of Ca2*
oscillation at the S-site was also immediately lengthened
by the repulsive stimulus. This period change, however,
was only local at the S-site (Fig. 4 (a)), and did not prop-
agate to the whole cell. Instead of that, the transient
Ca?* increase with much longer duration than the peri-
od of the Ca?* oscillation was immediately induced at
the site neighboring the S-site, and propagated to the
whole cell before the Ca?* gradient was established
(Figs. 2 and 3). Therefore, with the repulsive stimula-
tion, the propagation of the transient Ca2* increase
may be necessary for the cell to establish a new gradi-
ent.

This is consistent with the change of the migration
direction of the plasmodium stimulated with chemicals.
In the case of an attractive stimulation, the NS-site im-
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mediately stopped the migration with the period change
of the Ca?* oscillation seen at the S-site (11). On the
other hand, with the repulsion, the NS-site most distant
from the S-site did not change the migration direction
until the transient Ca2* increase was propagated to the
site (Figs. 3 and 4 (b)).

The attractant-induced Ca?* pattern differs from the
repulsion-induced one as described above. There is,
however, a common character between them from the
viewpoint of the information processing. With the cell
stimulated locally with chemicals, the temporal pattern,
that is, the frequency change of Ca?* oscillation, or the
transient Ca?* increase, could propagate the local infor-
mation to the whole cell in the early stage of processing
the information. The spatial pattern, that is, the Ca2*
gradient throughout the cell, could then be generated
and maintained for the coordinated migration as a
whole in the following stage.

In the present study, by local repulsive stimulus to the
cell, the plasmodium changed its migratory direction as
a whole. However, by the same stimulation, Miyake et
al. (10) found the cell not to change the direction. Since
the plasmodial strand they used was four times as long
as ours, it is suspected that the length of the plasmodi-
um may affect the Ca2* pattern. It is likely that when
the cell is longer than limit of length, the transient Ca2+
increase induced near the S-site degenerates on the way
and cannot propagate to the whole plasmodium.
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