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Introduction 

Myxomycete plasmodia migrate toward the cathode when weak cur-
rents are applied continuously (Watanabe et ah, 1938). Anderson (1951) 
reported that the effect of the current was to inhibit migration toward 
the anode rather than to stimulate movement to the cathode. He could 
not find any appreciable differences in the rates of migration of equal-
sized plasmodia when subjected to a range of current densities from 
about 1.0 to 8.0 μa/mm

2
 in the agar substratum. In these experiments 

the durations were from 2 to 6 hr, and the distances traversed by the 
plasmodia were only a few centimeters. 

A series of studies were undertaken to determine whether catapho-
retic movement of the common cations—sodium, potassium, and cal-
cium—could be detected. Calcium concentrations of about 25 meq/kg 
(wet weight) in the anterior regions and 15 meq/kg in the posterior 
were found, but there was no difference between the experimental 
samples and the controls (Butkiewicz, 1953). However, Roter (1953) 
found that, whereas sodium was usually higher in the posterior regions 
of both experimental samples and controls, potassium concentrations 
were definitely higher in the anterior regions of only those plasmodia 
whose migration had been oriented by direct current. Although these 
findings ruled out the possibility that the effect of the current was a 
simple cataphoretic one, the magnitude of the differences found was 
surprising since one would expect the vigorous shuttling type of proto-
plasmic streaming in this organism to equalize ion concentrations in all 
parts of the plasmodium. 

In more extensive studies (Anderson, 1962), plasmodia which were 
subjected to direct currents had potassium concentrations of about 
30 meq/kg in the anterior (cathodal) region and about 22 meq/kg in 
the posterior (anodal) regions. Thus there was a loss of about 30% of 
potassium in the posterior or anodal regions. No significant differences 
in protein concentration between the two regions could be detected by 
the analytical method used, nor were there any obvious differences in 
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the gross morphology of the electrically oriented experimental samples 
and the controls. 

The potassium concentration in the controls tended to be less in 
the posterior regions, but the difference between the two ends was less 
than 5% and not significantly different. However, the question arose 
as to whether this slight difference would become larger if the control 
plasmodia were allowed to migrate for a much greater length of time. 
In preliminary experiments differences greater than 5% in potassium 
concentrations were detectable between the advancing nonchanneled 
areas and the more posterior channeled regions of plasmodia. These 
plasmodia migrated for more than 12 hr over large sheets of non-
nutrient agar and established a definite and consistent orientation, i.e., 
the trailing region did not produce an advancing front. These findings 
led to the present work, i.e., the question whether differences in potas-
sium concentration might be associated with oriented migration gen-
erally rather than with just electrically imposed orientation. 

Materials and Methods 

Two kinds of culturing techniques were used. Axenic cultures were 
grown in the dark at 22-26°C on a medium slightly modified from that 
reported by Daniel and Rusch (1961). The modification consisted of 
the substitution of phosphate buffer at pH 6.0 for C a C 0 3 , hemin (Kelley 
et al., 1960) (10 mg/liter) for chick embryo extract, and the addition 
of 2% agar. Nonaxenic, oatmeal-fed cultures were maintained by the 
method described by Camp (1936). No significant differences in potas-
sium concentrations could be found between migrating plasmodia 
derived from the two types of culture. 

In the experiments using radioactive potassium (K 4 2) , the isotope 
as KCl was mixed with oatmeal. The cultures were fed this mixture 
12 hr before transplants were made. In these experiments only trans-
plants free of whole grains of rolled oats were used. 

Sodium and potassium analyses were performed by standard flame 
photometric techniques using the internal standard method. Boiling 
the sample in water for 5 min released all the sodium and potassium 
from the plasmodium. 

In most of the experiments the transplants were placed at one end 
of a Lucite tray (90 cm long, 30 cm wide, and 5 cm deep) on 3% agar 
(made with tap water) which had been poured to a thickness of 4 mm. 
Since the plasmodium will not migrate any appreciable distance over 
a paraffin surface, sampling was facilitated by laying strips of Parafilm 
(Marathon Company, Division of American Can Company, Menasha, 
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Wisconsin) on the agar along the edges of the tray, thus keeping the 
Plasmodium migrating down the center portion of the tray. 

Samples were weighed to the nearest 0.1 mg. Minimum sample size 
was 10 mg. 

Results 

In these experiments migration from the site of transplantation is 
unidirectional in spite of the fact that periodic shuttle streaming occurs. 
Once a definite orientation has been established, i.e., a leading non-
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Hours 

FIG. 1. Distance traversed by vertically migrating plasmodium as a function 
of time. Dotted portion of curve denotes periods during which no readings were 
taken. Sporulation occurred at 57 hr. Pauses in rate of vertical migration may be asso-
ciated with nuclear division. Guttes and Guttes recently reported that plasmodial 
motility is arrested during mitosis (Guttes and Guttes, 1963). 

channeled front followed by a network of channels, any change in 
direction of migration arises only from the leading nonchanneled area. 
Provided they are not fed and regardless of the length of time or the 
distance migrated, these migrating plasmodia never have been observed 
to reverse their direction of migration back toward the original site of 
transplantation. Even if forced to migrate vertically, the plasmodium 
does not recede back to the site of transplantation and it does not 
establish a new advancing front. The time course of one such vertically 
migrating plasmodium is plotted in Fig. 1. This particular plasmodium 
reached a height of 66 cm above the site of transplantation before 
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sporulation occurred. No analyses for sodium and potassium have been 
made on the vertically migrating plasmodia. 

The potassium concentration of plasmodia growing on nutrient 
agar medium is about 50 meq/kg. Transplants from such cultures 
placed in petri dishes on nonnutrient agar steadily lose potassium until 
concentrations of about 25 to 30 meq/kg are reached (Fig. 2). The 

FIG. 2. Loss of potassium in transplants taken from plasmodia growing on 
nutrient agar. Each point represents values from 5 transplants. The sample analyzed 
included all the plasmodium. 

90 cm 

FIG. 3. Diagrammatic representation of the location and amount of radioactivity 
(K.42) in the nonnutrient agar substratum over which a plasmodium had migrated. 
Samples taken at 26 hr. Surface area of sample was 60 mm2. Numbers by circles 
are counts per minute per square millimeter of agar surface. Before the bottom 
row of samples were taken, all the plasmodium was removed and the surface was 
wiped with Kleenex wetted with distilled water. Samples in the upper right-hand 
corner were removed and counted with the mold intact. 

entire plasmodium was analyzed in obtaining these values. With the 
use of radioactive potassium it was possible to monitor the loss of 
potassium from a migrating plasmodium to the agar. Shown diagram-
matically in Fig. 3 are the results obtained from one plasmodium that 
had traversed a distance of 80 cm in 26 hr. The loss is continuous; it 
is greater at the beginning of the experiment and then tends to reach 
a steady value. 
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The magnitude of the loss of potassium into the agar substratum 
from plasmodia subjected to direct current was surprisingly large 
(Table I). In this preliminary experiment it was found that the isotope 

T A B L E I 

K42 IN AGAR SUBSTRATUM^ 

Experimental Control 

Anterior Posterior Anterior Posterior 

42 70 12 14 
70 60 1 1 
60 130 4 3 

Average 57 87 6 6 

α Counts per minute per square millimeter of surface of agar below plasmodia 
oriented by direct current. Current density, 3.5 μ3/ππτι2. 

T A B L E I I 
R42 COUNTS IN MIGRATING PLASMODIUM OF P. polycephaluma 

Sample 
Sampling region No. Cpm/mg dry weight 

A. Leading edge 34 384 
35 381 
54 415 
58 386 
59 378 

Average 389 

B. No visible channels, 4 mm 36 390 
back from leading edge 37 381 

52 392 
57 380 
60 382 

Average 385 

C. Visible channels in thin pro- 38 360 
toplasmic sheet 39 350 

53 400 
56 381 
61 354 

Average 369 

D. Channels 40 450 
41 295 
54 356 

55 274 

62 307 

Average 336 

α Radioactivity in various regions of plasmodium that had migrated for 26 hours 
and 80 cm from site of transplantation. See Fig. 4 for pictorial representation of 
location of samples. 
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FIG. 4. Illustration of sampling regions. A, advancing front; B , nonchanneled 
area, i.e., contains no macroscopically visible channels; C, channels visible in the 
thin protoplasmic sheet; D, channeled area. Approximately equal-sized samples can 
be obtained from each area. Faint vertical lines are wax pencil marks, 10 cm apart, 
on bottom of Lucite tray. 

found in the leading nonchanneled regions than in the more posterior 
channeled regions. (Figure 4 illustrates the sampling regions.) Sodium 
concentrations, although more variable, are just the reverse. Potassium 
concentrations of about 30 meq/kg and sodium concentrations of 5 
to 8 meq/kg are consistently found in the leading edge (area A in 

count was about ten times greater in the agar under the experimental 
plasmodia than under the controls. 

In molds which have migrated for more than 10 hr and over dis-
tances of 20 cm or more, higher concentrations of potassium have been 
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Fig. 4) whereas values of about 20 meq/kg for potassium and 10 to 
15 meq/kg for sodium are found in the posterior channeled regions 
(area D in Fig. 4). The results from preliminary experiments in which 
radioactive potassium was used show the same trend as the flame photo-
metric analyses (Table I I ) . Radioactive sodium has not yet been used. 

Much better agreement between "duplicate" samples, i.e., two or 
more samples taken in area A, is obtained if the time of sampling is 
correlated with the advent of an advancing wave or the surging forward 
of the leading edge. The results of potassium and sodium analyses of 
duplicate samples taken at the height of a forward surge of the leading 

T A B L E I I I 

POTASSIUM AND SODIUM ANALYSES OF PLASMODIUM OF P. polycephaluma 

Potassium Sodium 

Sampling area (meq/kg) (meq/kg) 

A 29.1 5.8 

30.2 7.5 

Β 27.8 8.5 
24.6 8.2 

C 20.3 12.0 

21.7 15.5 

D 19.2 11.6 
20.3 11.8 

α Duplicate samples taken from different regions of migrating plasmodium just 
as forward surging of the leading edge was at its height. See Fig. 4 for pictorial 
presentation of samples. 

edge are presented in Table I I I . The potassium concentration decreases 
from front to rear whereas the sodium concentrations follow the reverse 
pattern. 

Discussion 

Physarum polycephalum survives over periods of stress by at least 
three commonly observed mechanisms: migration to a new food supply, 
sclerotization (Jump, 1954), and sporulation (Daniel and Rusch, 1962, 
and others). In this study we are primarily concerned with the migration 
phenomenon. As long as nutritional conditions are favorable, no ap-
preciable locomotion occurs; rapid streaming and movement of the 
plasmodium begins when the food supply has been at least partially 
depleted (Guttes et al., 1961). Migrating plasmodia gradually become 
smaller and smaller; the energy must come from stored reserves and 
autodigestion. The products are excreted. 

Therefore, it is plausible that the analyses presented here are in part 
an artifact since it is impossible to take a sample from the plasmodium 
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without including some of its excretory products. Thus the values ob-
tained might more properly describe conditions in the active proto-
plasm at some time interval prior to sampling. We have attempted to 
estimate the amount of external salts by cutting out agar blocks with 
the mold intact and gently flushing distilled water over the plasmodium 
before taking samples. Most of the sodium (60%) but little of the potas-
sium (15%) in the channeled areas is removed by flushing water over 
the plasmodium. These studies are preliminary and incomplete but 
suggest that sodium is being excreted much more freely than potassium 
from the channeled regions. However, it is to be noted that a major 
loss of radioactive potassium occurs immediately under the advancing 
front, and further migration of the mold over this point does not in-
crease the amount of potassium in the agar (see Fig. 3). Future studies 
using radioactive sodium are clearly indicated. Also the rather abrupt 
change in ion concentration from the leading front to the channeled 
regions must be considered to indicate some special activity in the 
region where channels are being formed. Work on this is in progress. 

These studies, which were originally initiated by the rather simple 
discovery that there was unequal distribution of sodium and potassium 
in plasmodia oriented by direct current, have not yet fully explained 
the role played by either of these ions. The variability found in sodium 
concentrations and the fact that we have had cultures very low in sodium 
(Anderson, 1962) leads us to conclude tentatively that sodium does not 
play an essential role and is indicative of the plant nature of slime 
molds. An essential role for potassium is indicated by the findings that 
the potassium concentration in the advancing nonchanneled front re-
mains remarkably constant during long periods of migration and that 
there is a loss of potassium on the anodal side of plasmodia in direct cur-
rent. It is suggested that anodal inhibition of migration is the result of 
this loss of potassium. 

Nakajima (1960) has reported that crude preparations of myxo-
myosin extracted with KCl-free Weber-Edsall solution did not respond 
to adenosine triphosphate whereas those prepared in the presence of 
KCl did. 

We have not measured potential differences between different regions 
of the migrating plasmodium and, therefore, can only speculate that 
these differences in potassium and sodium concentrations may have 
some relationship to the potential changes associated with streaming 
(Kamiya and Abé, 1950). Our efforts to measure true transmembrane 
potentials in these plasmodia have been complicated by the apparent 
formation of a membrane around the electrode tip, and, therefore, we 
have been unable to apply the techniques that Bingley and Thompson 



Ion Concentration in Migrating Plasmodia 133 

(1962) used on amebae to measure effects of external potassium and 
sequential changes in potential gradients during movement. 

Conclusions 

1. Migrating plasmodia of the slime mold, Physarum polycephalum, 
maintain a potassium concentration of about 30 meq/kg (wet weight) 
in the advancing nonchanneled region and about 20 meq/kg in the 
posterior channeled regions. 

2. Sodium concentrations, in contrast to potassium, are higher in 
the posterior channeled regions (12-15 meq/kg) than in the advancing 
nonchanneled front (5-8 meq/kg). Sodium concentrations are more 
variable than potassium. 

3. Potassium content of plasmodia grown on nutrient agar is about 
50 meq/kg. Plasmodia transferred from nutrient agar to nonnutrient 
agar lose potassium until a concentration of 25-30 meq/kg is reached. 

4. Migrating plasmodia constantly lose potassium to the agar sub-
stratum. After about 10 hr of migration the rate of loss remains uni-
form. 

5. Plasmodia whose direction of migration has been oriented by 
passing direct current through the agar lose about ten times as much 
potassium as those not subjected to the action of the current. 

6. It is considered that potassium, but not sodium, has an essential 
function in migration in P. polycephalum and that the loss of potassium 
from the mold in direct current may be a primary aspect of the ability 
of current to orient migration. 
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DISCUSSION 

DR. MAHLBERG: Have you worked at all with phosphorus? 
DR. ANDERSON: We are now beginning to do so. 

DR. KITCHING: Dr. Carter demonstrated a high level of potassium in the ciliate 
Spirostomum. The level maintained depends on the state of nutrition. 

Have you made any attempt to relate the potential difference across the surface 
of this organism with the potassium levels? 

DR. ANDERSON: We have been unsuccessful in obtaining a stable transmembrane 
potential. When a microelectrode is inserted, a potential of 60-70 mv is measured, 
but immediately begins to decrease to zero. 

Asymmetry potentials (between different regions of the plasmodium) can be 
measured by externally applied electrodes. The work of Kamiya and S. Abé are 
excellent examples. I would like to think that the changes in potassium concentra-
tions might somehow be related to potential changes described by them, but I have 
no direct evidence. 

DR. JAHN: Did I understand correctly that when you apply the current, an 
accumulation of potassium takes place at the cathode? 

DR. ANDERSON: No. Potassium concentrations in the advancing regions of migrat-
ing plasmodia subjected to dc orientation are the same as those of control plasmodia. 
It is posterior to these advancing regions where the 30% loss in potassium occurs 
when the movement is oriented by direct current. 

DR. JAHN: How about sodium? 
DR. ANDERSON: The concentration of sodium is very variable, but always higher 

at the posterior. 
DR. JAHN: How about calcium? 
DR. ANDERSON: Calcium concentrations are found to be higher in the advancing 

region of both experimental and control plasmodia. 
DR. LING: In your sampling technique, how wide were the strips of slime mold 

pieces which you cut? You mentioned that they were of equal length. 
DR. ANDERSON: Anywhere from 4 to 10 mm, depending on the experiment. 


