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Plasmodial Characteristics 

At first sight, plasmodia of the acellular slime molds, such as 
Physarum polycephalum (Fig. 1) appear to be ideal organisms in which 
to study protoplasmic movement. They are large, easily manipulated, and 
display high speeds of protoplasmic streaming, up to 1300 μ/sec (Kamiya, 
1959). On the other hand, the patterns of movement observed are labile 
and extremely complex. The streaming fluid protoplasm is non-Newton-
ian, and the gel-like structure through which it streams possesses poorly 
defined rheological properties (Frey-Wyssling, 1952). Detailed quantita-
tive application of hydrodynamic theory therefore appears to be fruitless 
(Stewart and Stewart, 1959). Nonetheless, a model which explains the 
complexities of the movement patterns can be constructed on the basis 
of four assumptions about the properties of the nonstreaming protoplasm, 
and is described later. First, we consider the major characteristics of 
plasmodial movement which such a model must explain. 

1. The most active streaming in a plasmodium appears in rather 
clear-cut channels, ranging up to a millimeter in diameter, but smaller 
streams can also be seen throughout the substance of the plasmodium, 
even in the walls of the larger channels. 

2. In any particular channel, flow reverses direction repeatedly, but 
not with a precise periodicity. 

3. When reversal of streaming occurs, streaming does not stop all 
over the plasmodium and then begin again in the opposite direction 
everywhere. Reversals occur in different regions at different times, and the 
relationships between the timing of reversals at different places are con-
stantly changing. 

4. Two types of reversal of streaming direction occur and alternate 
at any point. Afferent reversals are those in which the streaming on both 

ι The work on which this article is based was supported in part by USPHS grant 
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sides of the reversing region is toward that region, whereas in efferent 
reversals streaming is away from the region of reversal. 

5. Both types of reversal travel across the plasmodium, with speeds 
of the order of 10 μ/sec. 

6. Local streaming movements occasionally occur for short periods 
of time in small regions, more or less independently of surrounding 
streaming patterns. 

FIG. 1. A plasmodium of Physarum polycephalum growing on nutrient agar in a 

14-cm petri dish. 

7. Under high magnification, many particles in a streaming plas-
modium are seen to undergo occasional sudden movements over distances 
many times their own diameters and in directions apparently unrelated 
to any nearby streaming movements. These movements have been called 
"independent movements" (Stewart and Stewart, 1959), but are now usu-
ally referred to as saltatory movements (see Chapters by Rebhun and 
Parpart in this volume). Analysis of cine films has shown that the particles 
often move at constant speeds over most of their paths. Since they are 
moving through a viscous medium, this fact implies the continuous 
production of motive force along the paths. The mechanism of these 
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movements in plasmodia, and their relationship, if any, to streaming 
movements are both obscure at present. The explanatory model presented 
later provides no explanation for them. 

8. In an actively streaming plasmodium, there are two different 
phases or states of protoplasm, one more fluid and streaming, the other 
nonstreaming and apparently more gel-like. The two states are not sharply 
distinguishable, either in space or in time. They are constantly being 
interconverted, and no clear boundaries between them can be drawn for 
more than a few seconds. The fluid state interpenetrates the gel-like state 
in a variety of morphological patterns, ranging from large channels to 
very small local streamlets. The structure of a streaming plasmodium at 
the light microscope level is, therefore, best described as a labile meshwork 
of nonstreaming gel-like protoplasm with a fluid protoplasmic phase 
coursing throughout its interstices and constantly interchanging with it 
(Stewart and Stewart, 1959). Microscopically visible particles display 
vigorous Brownian movement in both states of the protoplasm, suggest-
ing that the submicroscopic structural differences between them are 
slight, as is also suggested by their continuous interconversion. 

A dramatic rapid change in this structure occurs when a streaming 
plasmodium is suddenly treated with a variety of agents such as carbon 
dioxide, ether vapor, or even mechanical shock (Seifriz, 1941). Streaming 
ceases abruptly, and the whole plasmodium converts to a firm gel in which 
no Brownian movement is seen, except inside of vacuoles. After a time 
lasting from several seconds to many minutes, and often in the continued 
presence of the applied agent, Brownian movement suddenly reappears 
throughout the plasmodium and small local streaming movements begin. 
The streams gradually increase in size and fuse, finally forming an over-
all movement pattern similar to that occurring before the stimulus. How 
similar the new pattern is to the old depends on how long the induced 
gelation lasts. 

The sudden transition from a streaming plasmodium containing fluid 
and nonfluid states of protoplasm, both showing Brownian movement, to 
a uniformly gelled protoplasmic mass incompatible with streaming, indi-
cates that there are two quite different nonfluid states of living plasmodial 
protoplasm. At present, nothing is known about the structural bases for 
the differences between these two "gels," or the nature of the transition 
from one to the other. 

9. The fluid protoplasm in a streaming plasmodium can be moved 
in its channels by an externally applied pressure gradient, for example 
by pressing unevenly on a cover slip. The nonfluid gel-like meshwork 
responds elastically to such forces. If properly timed and oriented, ex-
ternal pressure gradients can be applied so as to prevent streaming in any 
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chosen channel for considerable periods of time. Streaming continues in 
nearby channels, although the pattern is distorted by the applied forces. 
Kamiya and his co-workers have used this fact as the basis of an ingenious 
double-chamber technique, with which they have made extensive studies 
of changes in local motive force in response to a variety of agents (Kamiya, 
1959). 

10. Time-lapse studies of plasmodia reveal a different aspect of the 
movement patterns. What is seen in cine films with the time scale speeded 
up fiftyfold is most simply described as a succession of waves of local 
swelling or expansion moving across the plasmodium. These waves do 
not follow a constant pattern and they do not generally seem to originate 
from a single or constant source. They sweep across the plasmodium with 
speeds on the order of 10 μ/sec. The peak of each wave is seen to be a 
region in which an afferent reversal of streaming is occurring, and between 
any two peaks is a region in which an efferent reversal takes place. Once 
these waves have been seen in time-lapse movies, they can easily be seen 
by the naked eye when a streaming plasmodium is carefully examined at 
intervals of 20 or 30 sec. Their profiles have not yet been carefully 
mapped, but they are clearly nonsinusoidal. 

Explanatory Model 

T o explain many of these aspects of streaming in plasmodia, we pro-
pose a model based on the following four assumptions: 

Assumption 1. The gel-like meshwork of nonfluid protoplasm 
throughout the plasmodium is in a state of tension, so that the interstitial 
fluid in the channels and streamlets is under slight hydrostatic pressure. 

The existence of such an internal pressure is easily demonstrated by 
tearing open the surface of a channel with a sharp point. A drop of fluid 
protoplasm spurts out through the wound, and then gels in a few seconds, 
thereby preventing further outflow. 

Assumption 2. A local weakening of the nonfluid meshwork occurs, 
such that it loses its tension, or relaxes, or perhaps simply converts to 
fluid to a large extent. 

Because of the internal pressure, fluid protoplasm from adjacent re-
gions should then stream into this region, causing it to swell. Flow will 
occur through whatever channels are available. The adjacent regions will 
thus lose interstitial fluid and shrink in volume. Wherever this happens, 
a rearrangement or contraction of the gel-like meshwork must occur, since 
the tension in it is maintained, according to assumption 1. 

Assumption 3. The process of local weakening is reversible, so that 
after a short time, on the order of a minute, the gel-like meshwork re-
gains its original strength locally. 
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This could occur by conversion of the inflowing fluid protoplasm from 
adjacent regions into nonfluid meshwork. Inflow will then cease. Note 
that it is not required that any significant volume change accompany 
this conversion. 

Assumption 4. This cycle of changes in the gel-like meshwork is con-
tagious, so that it spreads from the initial locale to adjoining regions, and 
thus propagates through the plasmodium. 

Our four assumptions add up to a picture of waves of temporary, 
reversible, local weakening of the gel-like meshwork, spreading through 
the plasmodium. Streaming then results from the response of the fluid 
protoplasm to the pattern of pressure gradients accompanying these waves 
of local weakening and recovery. 

Discussion 

The model described by these four assumptions accounts for the com-
plexities of plasmodial movement patterns in simple terms. The waves of 
expansion seen in the time-lapse pictures are interpreted as the visible 
expression of the waves of local weakening of the meshwork. Regions of 
afferent reversal are regions in which a wave of weakening is at its peak. 
Efferent reversals occur in regions between these peaks. Reversals travel 
across the plasmodium because the waves of weakening do, and at the 
same speed. The inconstant relationship between time of reversal and 
time of maximum channel diameter at a point (Kamiya, 1950) can be 
understood as a result of interaction between the direction of the channel 
axis and the direction of travel of the waves. Only in case a wave of ex-
pansion moves along a path parallel to the channel axis should a direct 
correlation between diameter and reversals be expected. In other geome-
trical situations the relationship will be complex. 

Furthermore, since the fluid and gel-like states of a streaming plasmo-
dium differ so subtly and are so readily interconverted, stable patterns for 
the waves of weakening are not to be expected. The pattern followed by 
the sequences of reversals should therefore be very changeable. Occasional 
small local changes in gel strength may occur and not be propogated, 
leading to restricted local movements, as actually observed. When a drop 
of fluid protoplasm spurts out at a tear in the plasmodial surface, local 
streaming patterns will be distorted until the drop gels, when the over-all 
streaming pattern will again take over in response to the sequence of 
waves in the meshwork. This is precisely what is seen in this situation. 

Pressing on the cover slip over a plasmodium moves the fluid proto-
plasm about in its channels simply by swamping the local pressure 
gradients normally produced by the wave sequence. Motive force measure-
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merits by the double-chamber technique are, therefore, interprétable as 
measurements of the interaction between waves of weakening in the two 
plasmodial segments and the externally applied pressure difference be-
tween the two chambers. 

Locomotion of a plasmodium, in terms of this model, is the result of 
three interacting factors: the detailed wave forms of the waves of weaken-
ing, the pattern they follow as they spread over the plasmodium, and the 
locations of their sources. The time-lapse records suggest that any point 
of a plasmodium may be able to act as a source, depending on external 
conditions. The detailed patterns followed by the waves are not stable, 
as already mentioned, but for locomotion to occur a statistical kind of 
stability must be present, and is observed. More than one source is often 
apparent in a single plasmodium, further increasing the complexity of 
the patterns of waves and, therefore, of streaming movements. The de-
tailed wave forms will affect locomotion, since they will determine 
whether, and in which direction, net displacement of fluid protoplasm 
results from the passage of the waves through a local region. 

One more factor must be added to this picture in order to explain 
purposeful and integrated locomotor activity, namely, some sort of over-
all integrative control system. A plasmodium is an organism, and displays 
purposeful as well as apparently spontaneous behavior. An explanation 
of the behavior-controlling system seems to be beyond the capabilities of 
the model presented here, although it is tempting to suggest that if the 
gel-like meshwork can transmit the necessary signals for the propagation 
of the waves of weakening, it may also be able to transmit controlling 
signals. On the other hand, Kamiya's observation that the phasing of 
dynamoplasmograms is maintained through short periods of complete 
gelation induced by carbon dioxide (Kamiya, 1959) suggests the opera-
tion of a control system which is independent of actual streaming and of 
the gel-like meshwork. 

The movement and morphological changes of Amoeba striata has 
been analyzed in somewhat similar terms by Abé (1962). His precise de-
scription of the events associated with movement in living amebae is a 
beautiful example of how much can still be learned from careful observa-
tion with the light microscope. In this ameba, the regions of breakdown 
and reconstitution of "gel" are separated in space, and maintained that 
way by the gel structure, whereas in a plasmodium both processes occur 
everywhere, but are separated in time in a consistent way so as to result in 
streaming, reversals, and locomotion. 

At the end of the scale of levels of explanation lies the question of a 
macromolecular basis for the model proposed here. In view of the studies 
of several workers on an actomyosin-like protein extracted from plasmodia 
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(Loewy, 1952; Ts'o et al., 1957; Nakajima, 1960), it is intriguing to specu-
late that the gel-like meshwork may consist primarily of this protein 
system. The cause of local weakening of structure might then be as sim-
ple as local changes in adenosine triphosphate (ATP)—adenosine mono-
phosphate (AMP) ratios, and the ATPase activity associated with this 
system could provide the necessary reversibility of the effect. Added ATP 
has been shown to increase the proportion of fluid to nonfluid protoplasm 
in plasmodia (Ts'o et al., 1956) and to increase the motive force (Kamiya 
et al., 1957). It is also possible that the change in ATP-AMP ratio might 
involve some sort of chain reaction in the meshwork, which would ac-
count for the propagation of this change and, therefore, of the wave of 
weakening. 

Unfortunately, any attempt to fix plasmodial protoplasm results in 
its immediate conversion to the completely gelled state, in which stream-
ing and the gel-like meshwork do not occur. Interpretation of electron 
or light micrographs of conventionally fixed specimens is therefore ex-
tremely difficult. Homogenization and extraction procedures preliminary 
to biochemical studies also wreak complete havoc with the delicately 
balanced fluid-gel relationship. Even simple squashing of a plasmodium 
under a cover slip leads to a third type of gel-like structure and the post-
mortem appearance of numerous fibers (Stewart and Stewart, 1959). 
Analysis of the streaming problem at the molecular level is thus rendered 
inordinately difficult by the lability of the systems involved and by the 
fact that streaming cannot be isolated for study. For the resolution of 
these problems, more refined techniques of observation applicable to 
living material must be developed. Methods which require the death of 
organism can be of only limited value. 

Whatever the facts at the molecular level, the four assumptions pre-
sented here provide a descriptive explanation at the supramolecular 
level, in terms of which the complex phenomena of protoplasmic stream-
ing in slime mold plasmodia form a consistent set of interrelated events. 
The nature of the control systems that operate on this model so as to inte-
grate streaming movements into behavior remains unknown. 
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DISCUSSION 

DR. ALLEN: I would like to ask if you assume that the motive force generation, 
whatever it is, is uniform over the mold or whether this might change in different 
parts. For example, suppose you have a double-chamber preparation, as Dr. Kamiya 
has, with cytoplasm streaming from one side to the other, do you expect contraction 
takes place everywhere and then a wave of weakening simply spreads from one side 
to the other, or do the contraction and weakening have to vary independently? 

DR. STEWART: When you look at what is happening in the channel separating the 
blobs in the double-chamber technique, you don't know what is happening out in the 
blobs. The fact is when you stop streaming in the channel, streaming continues inde-
pendently in each blob. I haven't yet done this, but I would guess that if you took 
time-lapse pictures of such a preparation you would see similar kinds of waves moving 
across the two separated segments of the plasmodium. What is happening in the channel 
connecting them is the interaction between these waves. 

DR. ALLEN: Suppose the mass of the blobs were reduced almost to zero? 
DR. STEWART: I think that is a very interesting experiment. I wonder if you have 

done that, Dr. Kamiya? What happens when you have a system like this in the double-
chamber situation? 

DR. KAMIYA: Some time ago, Dr. Ohta cut off one blob on the dumbbell-shaped 
plasmodium while the other blob was left as it was. In that case there was no detectable 
change in the motive force. Generally speaking, there is no direct relationship between 
the motive force and the size of the plasmodium. This is somewhat comparable to the 
fact that the electromotive force is independent of the number of batteries as far as 
they are connected in parallel. Increasing the mass of the blobs may correspond, as it 
were, to the parallel connection, rather than the serial connection, of minute parts 
generating the motive force. 

DR. MARSLAND: YOU were speaking of a wave of relaxation. How can you differ-
entiate between a wave of relaxation and contraction? 

DR. STEWART: I am not really sure whether one can or not. I would be interested 
in any further comments on that. It seems to me that when one looks at the over-all 
streaming patterns in the plasmodium, it is much easier to understand these, on a 
"hydrodynamically intuitive" basis, if one assumes that something is "giving way" and 
cytoplasm is streaming in from all available sources. On the other hand, if you look at 
it from the point of view that the ectoplasm is squeezing endoplasm out of a certain re-
gion my feeling is that you should observe a slightly different pattern from what is seen. 

DR. ALLEN: We have asked this question actually in another way. We were inter-
ested in making a direct test of whether endoplasm might be pulled in one direction by 
an endoplasmic contraction or pushed in the other direction by an ectoplasm contrac-
tion of the type Goldacre has assumed for the ameba. Two of my students, Reid Pitts 
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and David Speir, have done some rather interesting experiments using very small blobs 
of Physarum connected by a single strand. Below the two blobs are placed two thermis-
tors. By means of a sensitive lock-in amplifier technique, they have been able to measure 
a temperature difference cycle. We were, of course, interested in finding out which of 
the two ends became hotter during a single streaming cycle because the expectation was 
that contraction on one side or the other (front or rear) would produce a certain 
amount of heat since contractile processes are in general about only 20% efficient. We 
did find a cycle, and the polarity was such that the heating always occurred at the 
origin of the stream. So this kind of streaming, indeed, appears to be a pressure-induced 
flow. 

DR. T E R U HAYASHI: In the light of those comments, it seems to me the idea of a 
meshwork under tension which depends for the weakness of the meshwork somewhere 
to generate flow is equivalent to a passive kind of pushing. It is passive in the sense you 
have first to stretch the meshwork to this point of tension. 

DR. STEWART: I believe it is passive locally. 

DR. PARPART: I should like to rise in defense of the mouse, which is a complex 
organism. For sometime we have been examining the circulation in the spleen in normal 
and anesthetized animals and found exactly the same sort of picture you have in 
Physarum: reversals, open areas, all sorts of complexes. Yet this is a pulsed pressure 
system. 

DR. STEWART: This certainly is a pressure system. So, I believe, is this picture that 
I have presented. The driving force is hydrostatic pressure. 

DR. KITCHING: I should like to ask how the organism reacts to external stimuli; is 
one to suppose the basis of the streaming cycling resides in the plasmagel or might it 
reside in the plasma surface? 

DR. STEWART: From a theoretical point of view, I would like to think it resides 
in the surface. I have suggested in the manuscript that if it is true that the meshwork 
carries a traveling wave of weakening, this suggests it can transmit "information" in 
some vague way. This idea is so vague as to be almost worthless, but perhaps not quite. 

If the surface can transmit information, it must be in the form of some kind of 
"signals." As soon as one says that, one has introduced the idea of a nervous system. 
The problem is that the slime mold doesn't appear to have any stable organization, and 
yet it does have some organization; it is an organism. I think your question is important, 
but I have no idea how to answer it. 

DR. WOLPERT: If I understand correctly, as you say, it is a hydrostatic pressure 
mechanism. As I understand in some of your early papers, you mentioned streams can 
go past each other. Am I correct? 

DR. STEWART: Not in this organism, but such movements have been described for 
Reticulomyxa. 

DR. WOLPERT: In other words, in one cross section of a Physarum channel stream-
ing is all in a given direction. 

DR. STEWART: Yes; in a given channel at a given time. 
DR. WOLPERT: Isn't Physarum the organism in which you reported circular 

streaming? 
DR. STEWART: Yes, if you mean, a plasmodium with a circular vein around it. This 

is one of the situations where I am reminded of a comment of Dr. Allen's, to the effect 
that whenever working with amebae or slime molds, one should never put one under 
the microscope unless one is prepared to take moving pictures. This observation was 
made and published several years ago, but I am no longer prepared to stand up in 
public and say I know for sure streaming was going on in the same direction at the 
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same time throughout the circuit. I was quite sure at the time, but I have never seen 
it happen again, and I don't have a film record of it. 

DR. REBHUN: If I remember correctly, a film Dr. Seifriz produced a number of 
years ago indicated carbon dioxide would gel Physarum cytoplasm. When the COC) 

was removed, the streaming resumed with essentially the same pattern as before its 
application. 

DR. STEWART: Depending on how long it stays gelled. 
DR. REBHUN: I wondered how long this persisted, and if this would not indicate 

there is considerable long-term organization even though temporarily labile. 
DR. STEWART: I think Dr. Kamiya has something to add to this, because he has done 

double-chamber experiments showing that if you measure the motive force over a period 
in which CO., gelation is induced, the motive force cycle will pick up in just the phase 
it would have had if it had never stopped. This is only true if it doesn't stay gelated 
too long. There are also electrical data that go along with this. 

What this suggests to me is that this meshwork-fluid system has some short-term 
stability. Also, the gelation which occurs with C 0 0 or mechanical shock, is quite a 
different structure from the gel which I am talking about as being concerned with 
movement. 

DR. ALLEN: HOW long can this stability last, Dr. Kamiya? 
DR. KAMIYA: One or 2 min. 

DR. STEWART: This short a duration would make sense, since the characteristic 
period of these waves is on the order of 2 min. 


