
F R E E DISCUSSION 

DR. ALLEN: A number of statements have been made of a conservative nature 
regarding theories of ameboid movement from Drs. Marsland, fahn, and Goldacre. I 
appreciate conservatism, but for an unusual reason. I would like to see a theory devel-
oped which is conservative in that it requires the least number of untestable assump-
tions. In other words, I like to use Occam's razor. I think one valuable approach, which 
is too little followed, is to list the additional assumptions required to explain ameboid 
movement by the various theories. The result can be a list of surprising length. 

The ameba is a physically closed system, at least as far as forces and deformations 
are concerned. I would go so far as to say that it is impossible to tell by simple micro-
scopic observations on an intact cell whether streaming endoplasm is pushed by pres-
sure or is pulled by a contraction. T o cite an example of the difficulties involved in 
deciding such matters on the basis of observation, suppose that we have an ameba in a 
capillary. I shall show a film of a Chaos chaos specimen enclosed in a capillary made 
of carrageenan by a modification of Dr. Kamiya's very beautiful ameba double-chamber 
technique which has been devised by my student, Vincent Reale. 

If one places an ameba in such a capillary and allows it to stream of its own accord, 
there are several possible outcomes, depending on the size of the capillary and the 
physiological state of the ameba. But in my film the occurrence of continued stream-
ing in the fountain pattern will be seen. The cell surface slips in this tube, so there is 
no locomotion. After only a few minutes of streaming (which goes on for a period of 
several hours), the tail becomes enormously attenuated at the expense of material that 
had been in the cylindrical body. At the same time, the hyaline cap becomes consider-
ably enlarged due to accumulation of hyaline fluid, which Dr. Cowden and I have 
shown is produced by syneresis. This is actually an interpretation from refractive index 
measurements, but I think it can be justified. 

Our interpretation of the swollen hyaline cap is that the fluid cannot circulate 
back into the tail; therefore, the tail elongates. This phenomenon was described briefly 
by Dr. Goldacre a number of years ago, but in terms of his theory, the observation 
produces an amusing paradox; by contracting, the tail elongates! 

Let me describe another situation that can happen under only slightly different 
circumstances. If the capillary is a little bit larger so that there is no restriction of 
the flow of hyaline cap fluid back into the tail, the cytoplasm often streams sporadi-
cally in bursts. The cytoplasm rushes ahead, but it begins to do so first at the very 
front, then a wave of acceleration passes from the front back toward the tail, decreas-
ing in amplitude as it passes. 

One interpretation of this sporadic streaming which makes sense in terms of the 
front-contraction theory is that tension is developed between the rim of the ecto-
plasmic tube and elastic elements which we believe are probably present in the stream. 
The waves of acceleration occur as the cytoplasm yields to the tension. The result is 
elastic waves which are progressively damped by the viscous elements of the cytoplasm. 
In the rear of the cell, streaming is virtually constant in velocity. 

Now, this observation can be turned to exactly opposite purposes, and it can be 
assumed that there is tension being developed in the tail ectoplasmic tube, resulting 
in the formation of a pressure gradient which builds up, causing rupture at the front. 
Of course, one has to assume also some special properties for the ectoplasmic tube to 
explain why the first acceleration occurs at the front and not at the tail. 

So far, you have two interpretations which are exact mirror images of one another, 
each requiring additional assumptions. 
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Now, I think the test between the two hypotheses, front-contraction and tail-
contraction, may possibly be solved in a situation like this. It has already been pointed 
out that it is possible to break an ameba and have the cytoplasm continue to stream. 
In this case, the membrane, as Cooledge, Hall, and I showed a number of years ago, 
is usually swept toward the old tail region and is no longer in intimate contact with 
the streaming cytoplasm, contrary to what Dr. Goldacre has claimed. We are certain 
about this, and the experiments are easily repeated. Immediately after breaking the 
cell, the cytoplasm continues to stream in its normal fountain pattern. Then after a 
few minutes the fountain pattern breaks down radially into loops, and the very same 
rushes of cytoplasm are observed, with the same acceleration waves passing away from 
the bends of the loops. It should be noted that this occurs now in broken cytoplasm 
preparations showing two-way flow where there is no longer any chance that pressure 
might be the motive force. 

I think this is at present the only crucial evidence with which we can decide be-
tween these two hypotheses. If it could be shown that movements in broken cells were 
caused by some completely extraneous force, I would perhaps concede the possibility 
of explaining some aspects of ameboid movement by pressure. But until some other 
adequate explanation can be found for this phenomenon, I am still forced to believe 
that the front contraction idea is the best explanation for continuous ameboid move-
ment by cylindrical pseudopodia. This does not exclude the possibility that in other 
species of amebae, such as Pelomyxa palustrus, the situation might be quite different. 
I also do not exclude the possibility that hemispherical or bulbous "pseudopods" in-
duced e.g., by heparin, might form in the manner Dis. Goldacre, Jahn, and Marsland 
would prefer to believe. 

I think Dr. Marsland's point that the cytoplasm of an ameba can exist in two 
states was well taken. He refers to them as "sol" and "gel." I prefer to call them "con-
tracted" and "relaxed" states. We must recognize that these are both interpretations of 
the movements we observe; the consistencies we infer from the movements. It seems 
equally possible, on the one hand, that solation and gelation could take place at random 
points within the cell as Dr. Marsland stated, and, on the other hand, that contractions 
and relaxations could take place at random points within the cell. 

As long as we face the problem that every observation on intact cells is susceptible 
to alternative interpretations, I do not really see how it is possible to distinguish by 
observation alone between the font- and tail-contraction theories. What we have been 
trying to do most recently is make a decision between these theories on physical 
grounds, using polarized light. I am sorry to report that the necessity of making 
arrangements for the conference made it impossible for me to finish the experiments, 
but we are looking for evidence of photoelasticity in the endoplasm as evidence for 
the existence of elastic elements under fluctuating contractile tension. 

DR. MARSLAND: Your crucial experiment, I think, can also be interpreted according 
to the sol-gel hypothesis. I do not go so far as Dr. Goldacre in saying that membrane 
contact between the gel and the membrane is essential. I do not know; possibly it is. 
But assuming that it is not, you do not know where the gel is; you do not know where 
the sol is. You cannot differentiate with your eye unless there is movement. 

DR. ALLEN: I assume you are referring to the broken cell experiment. When 
streaming occurs, there is no difficulty discriminating between what you call sol and 
gel. The latter is displaced as a block, whereas the former shows some shear. 

DR. MARSLAND: It seems to me that when the "fountain pattern" breaks down, 
there is a degeneration of the organization, and what you may be seeing is just con-
traction. 
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DR. ALLEN: This is exactly what I have been saying. 

DR. MARSLAND: YOU cannot specify which end of this membraneless mass is an-
terior or posterior or even external or internal because it is a disorganized mass of 
protoplasm, and these reactions may be occurring randomly. 

DR. ALLEN: It is only rarely that cytoplasm in these preparations could be called 
a "disorganized mass." It is perhaps unfortunate that Dr. Griffin's pictures were shown 
instead of some others we have that show this is more typically a very highly organized 
movement. 

DR. MARSLAND: Can you differentiate the regions in terms of the intact animals? 

DR. ALLEN: Yes, indeed. The bend of the loop toward which the most rapid flow 
occurs always corresponds to the front of the organism. 

DR. MARSLAND: You have loops going in the other direction, don't you, when you 
have the direct streaming? 

DR. ALLEN: NO, the bends of the loops always correspond to the previous front 
end of the organism. 

DR. MARSLAND: HOW do you get two-directional streaming in the same place? 
DR. ALLEN: Our theory explains it as a contraction at the bend of the loop which 

applies tension to one arm and compression to the other. Thus the bend remains 
stationary and equal masses of cytoplasm are propelled in different directions. The 
different velocities reflect the deformation (shortening) on contraction. 

DR. MARSLAND: Still I declare it is not possible to say what the original orienta-
tion is. 

DR. ALLEN: We certainly know where the front of the cell was, and where the 
bends of the loops are. 

DR. MARSLAND: YOU know where it was, but do you know where it is? There is, 
perhaps, no such thing any more. 

DR. BURGERS: May I ask you, Dr. Allen, to tell us once more how you envisage 
this contraction? Do you have fibers that are fixed on the front side? 

DR. ALLEN: I am afraid I do not have a complete mechanical analysis of this, but 
the best way to illustrate my feeling for how it works is this: Suppose that you have, 
as a model of a cytoplasmic loop, a muscle fiber which is bent into the shape of a 
loop with one end in a clamp. Let us assume only reasonable properties for a muscle 
fiber, namely, that it gets stiff when it contracts. Since it is bent, it is stretched on the 
outer side. Under these circumstances, if the contraction is somehow propagated away 
from the clamped region, this muscle will straighten progressively as the wave of 
stiffening passes along it. 

I think in the case of the ameba the cytoplasm of a pseudopod can be thought of 
as if it were made of a fused circle of clamped muscles, the clamped side representing 
the ectoplasm and the free side representing the endoplasm. In this way, when a con-
traction is propagated in the direction of the endoplasmic arms of these fused loops, 
the contraction stays at the bend. The result is a building forward of the ectoplasmic 
tube (or its displacement backward in uattached cells) and continuous endoplasmic 
advance. 

DR. BURGERS: SO you must suppose that there are fibers in all of these loops and 
that there is some mechanism which straightens them out? 

DR. ALLEN: That is right, but I would settle for an anisotropic gel not necessarily 
differentiated into fibers. 

DR. BURGERS: And contraction plays a part. The main point is that the structure 
will push forward. 

DR ALLEN: Yes. 
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DR. BURGERS: After a certain time when the front has moved a certain distance 
forward, do you suppose that these fibers can still go further? 

DR. ALLEN: We do not really have much evidence about "fibers" in living ameba 
cytoplasm. There have been electron micrographs that have shown fibers in fixed cells; 
these are very likely "vital artifacts." I think one can conclude from the fact that 
pseudopodia have a good deal of stiffness, that there must be considerable mechanical 
structure present. If some kind of anisotropic structure (not necessarily fibrillar) can 
propagate a contraction either steadily or at a varying velocity, then the pseudopod 
would be expected to advance steadily or sporadically. 

DR. BURGERS: I would be prepared to accept the presence of many types of struc-
tures. What bothers me is that while you can use this structure for a certain distance, 
you must rebuild it at the new spot to go still further. 

DR. ALLEN: What I think is that we have a continuous loop of contractile material 
which is somehow continually organized in the tail region. We don't see very clearly 
what happens at the tail. 

DR. BURGERS: IS it a closed loop? 
DR. ALLEN: Movements in the tail region are too complicated for the structure 

to be this permanent. 
DR. BURGERS: It is easy to assume that the loops attach themselves to the sub-

stratum like a caterpillar tractor tread. 
DR. ALLEN: Exactly. 

DR. SHAFFER: Why does the bottom arm move backward? 
DR. ALLEN: It moves backward only relative to the loop or the cell. If the Cell 

remains stationary because it lacks traction, then any particle will follow an elliptical 
path through the cell, as was shown years ago. 

DR. WOLPERT: What I cannot understand is that if you have contraction only at 
the front, how can you get the movement going in both directions, especially in iso-
lated cytoplasm where there is no barrier or fixed point? 

DR. ALLEN: According to one of Newton's laws, when a body is displaced by a 
force, the same force also displaces its surroundings in the opposite direction. 

DR. WOLPERT: I would expect the arms to move in the same direction and accu-
mulate at the front point. If I have a spring in the form of a U and contract my 
spring at the bend, then all regions tend to move toward the point of contraction. 

DR. HAVES: This is a point of confusion which often came up in Dr. Jahn's talk. 
The point of confusion is what the reference set of coordinates are. Are they a refer-
ence frame fixed with respect to the substrate or a reference frame fixed with respect 
to the ameba, and will one of these reference frames move with respect to the other, 
with respect to the substrate? Then it is possible for all the particles to be moving 
forward, even though some of them must move forward slower than others. 

With respect to the frame of reference in the animal, then, across any section, the 
principle of conservation of matter requires that you have as much material going 
backward as you do forward, and it is possible then for particles in the gel to be 
moving forward in one frame of reference system. But so long as they are moving 
forward slower than the ameba moves, they will be moving backward in the frame of 
reference in which the ameba is fixed. I think this is the point of confusion here. 

DR. ALLEN: Very well put. 
DR. SHAFFER: If the endoplasm can transmit tension, obviously it can be drawn 

forward to the front of the cell. But the key requirement of the fountain-zone theory 
is that the tension should carry the endoplasm round the bend and advance the front 
of the cell. I do not think any exposition of the theory has ever explained precisely 
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how this could occur. Dr. Allen has suggested a bent muscle fiber as an analogy. But 
doesn't the muscle straighten on contraction only because of the fixed mechanical 
relationship between opposite sides of the fiber? Is the transverse organization of the 
endoplasm sufficient for a similar relation to hold in the ameba? Besides, if a bundle 
of radially arranged, U-shaped, muscle fibers were closely packed inside a tube, could 
the inner arms, in fact, be everted by contraction at the bends? Presumably, if it were 
feasible, some animals would use the contraction of bent longitudinal muscles, arranged 
in this way, to evert a tubular structure; but I am not aware of any that do so. 

DR. ALLEN: In reply to the comment made by Dr. Wolpert, the contraction occurs 
only on one side of the bend; the other (contracted) side has stiffened. With a model 
like this, contractile material will, I believe, "flow" through the bent region regardless 
of whether this portion is anchored or free to move. 

In answer to Dr. Shaffer, I would agree that we have not explained precisely how 
the "contraction at a bend" principle works, but I think we have suggested a plausible 
type of mechanism which explains the motions seen in dissociated cytoplasm and in 
some types of amebae. We have been looking for a model system such as a tubular 
structure capable of everting by this mechanism. 


