
F R E E DISCUSSION 

DR. EDWIN TAYLOR: Since I was invited here not just to listen but to discuss, 
I would like to make a few comments about saltatory motion and streaming. In 
discussing saltatory movement the first question is whether the particles are self-
propelled or moved by an external agent. The motion of small particles in cyto-
plasm is controlled entirely by viscous drag rather than inertia. The energy input 
to obtain the velocities observed in saltatory movements is relatively large and if 
one considers the requirements in terms of various possible mechanisms one is soon 
reduced to a mechanochemical cycle. Although a rough calculation suggests that the 
motion might be barely possible by jet propulsion this implies a particular structure 
for the particles. The observations of Dr. Rebhun and ourselves indicated that the 
movements could be exhibited by a variety of particles with no obvious structural 
features in common. In addition, a sphere, 1 μ in diameter, will undergo rotary 
Brownian motion with a relaxation time of a few seconds. Thus there would be some 
difficulty in maintaining the axis of the jet for a time sufficient to propel the par-
ticle over large distances in a straight line. 

I was going to make some remarks about other ways of obtaining flow but they 
have been partially pre-empted by Dr. Jarosch. Many of the motions which he pro-
posed can be obtained, I believe, with transverse waves rather than torsional oscilla-
tions. 

The sperm provides a good example of how a small object can be moved by 
the propagation of a sine wave. This is, I think, a gel contraction system but it 
doesn't work by the obvious mechanism of a gross contraction producing a pressure. 
The hydrodynamic problem has been solved by Sir G. I. Taylor, and we can use his 
solution to see whether this is a feasible mechanism. The propagation of waves 
along a flat plate leads to motion in the direction opposite to the direction of propa-
gation. If the plate is held fixed one would expect to get motion of the fluid in 
the opposite direction with a comparable velocity. Using data for sea urchin sperm, 
we have a flow velocity of 100 μ/sec for an oscillation of 1 μ. 

Therefore, this mechanism is feasible and it perhaps would be of interest to see 
if there is any evidence for vibrations of the wall in Nitella, for example. I do not 
wish to propose this as yet as another theory of streaming but mainly to point up 
the moral that there are other ways of producing flow besides gel contraction. 

I would like to make one comment on the controversy regarding location of the 
propulsive force in the ameba. It is very difficult to decide where the force is exerted 
if one only studies the flow of cytoplasm in the steady state. The problem is some-
what similar to flow along an elastic pipe. If a constant pressure is applied at one 
end to start the flow a wave must travel along the walls of the pipe at a velocity 
determined by the Young's modulus and diameter of the pipe. There is a well-
known system in which a contractile gel changes its shape in a rhythmic fashion and 
produces waves along an elastic pipe. These waves are easily detected and they are 
known as the pulse. There are some obvious similarities between circulation of the 
blood and shuttle streaming in slime molds, and some of the work on circulation, 
particularly the hydrodynamic analysis of the flow, may be of use to us. The velocity 
of the expected pulse wave could be estimated from a rough guess at the Young's 
modulus of the ectoplasm in the ameba case and the wave might be looked for by 
stroboscopic photography. 

DR. INOUÉ: I would like to make a very brief comment on sine wave motion. 
As we were taught in high school, the plane sine wave does not introduce displace-
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ment of material as a whole. If you take a particle on the surface of water which is 
undergoing a sine wave translation, the particle translates in a circle with its center 
standing still. So you have to add something else in addition to the plane sine wave. 

DR. EDWIN TAYLOR: The system you are referring to is one in which the motion 
is determined almost entirely by inertia whereas for the motion of small objects in 
a viscous fluid the system is determined by viscous forces, the inertial terms are negli-
gible. Under these circumstances a solution of the hydrodynamic equations, as given 
by G. I. Taylor, shows that the propagation of a sine wave along an object, such 
as a sperm tail, causes it to move in the direction opposite to the propagation of 
the wave. 

CHAIRMAN BISHOP: I should think the difference here would be the fact that 
this particle is not part of a wave or attached to a wave, but it is a discrete distance 
away from the surface if it is being propelled. 

DR. HAYES: I would like to take advantage of being a discussant here to make 
a few general comments on the taxonomy of waves. It is clear that taxonomy is part 
of what you are interested in. I think it is important to know what kind of a wave 
you are talking about when you are talking about a wave. So let me suggest a tax-
onomy for waves. 

The common wave that we are used to in mechanical systems—and there are 
analogous waves also in electrical systems—can be classed as dynamic. These have 
the properties that there is something which is called inertia (this is not mass inertia 
in an electrical system) which gives rise to inertial forces; these are balanced against 
elastic forces of some kind. In the dynamic system there is always an invariant or 
an approximate invariant of some kind. In the vibrating string on a violin or in, 
say, a shallow-water wave coming up on a beach, the invariant is the velocity of the 
wave. 

We have the basic relation which, of course, holds for all waves, that the velocity 
V, the frequency N, and the wavelength L are related, with V — NL. With the most 
classic of these dynamic waves, the velocity is an invariant; but before we go on to 
other types of waves, let me point out that this is not always true. Deep water waves 
have V\JL invariant; capillary waves have V\JL invariant. So it is not always the 
velocity of propagation of the waves which is the invariant. 

Another type of wave, which I don't think is important in biology, but which 
may be, is the kinematic wave. A kinematic wave is essentially a modulation of some 
formation on a stream that is flowing with approximately constant velocity. If you 
have a river and you periodically change the amount of salt concentration that you 
are adding to the river and you measure the salt concentration at various points in 
the river, you will find that it will have a wave motion. But this wave motion de-
pends only on what you put in and the speed of the wave V is simply the speed 
of the carrier. This speed is invariant. These are important; if you modulate the 
speed, you can get amplification. This is the basis for a type of electronic tube. 

Let me introduce another type of wave which we can call helical (or Jaroschian!). 
This is the sort of wave that you get when you rotate a helix. It is clear that the 
invariant here is the wavelength L, which is precisely the wavelength of the helix. 
The velocity V is strictly proportional to N. 

There is another type of wave which you would observe if you had, say, a collection 
of oscillators with each oscillator oscillating essentially by itself almost independently 
of its neighbors, but with some sort of a weak interaction between neighbors. The 
main effect of the weak interaction would not be to transfer energy, but only to inter-
relate phase, that is, to hook in one oscillator with respect to its neighbor into exactly 
the same frequency but with a given time or phase delay. This may be the mechanism 
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which appears in a peristaltic motion, or in the slime mold motion. Let's call this kind 
of wave "local oscillatory." The frequency is the invariant, and the speed of the wave 
is governed by the nature of the interaction between them and that which governs 
the relative phase; this interaction could be very weak. 

Waves of any of these types can transport debris. The helical wave can transport 
a particle along it, as we have seen. The dynamic wave can transport debris. People 
who ride waves on surf boards or who body surf are debris that are being carried 
with the phase velocity of a wave. The observable in a kinematic wave is essentially 
simply debris. Debris can also be carried by waves of the local-oscillatory type. 

I think the main point is that what type of a wave is involved in a wave motion 
may be extremely important. In order to type the wave you must have an under-
standing of the mechanism of the wave. 

DR. LING: What I would like to comment on is the molecular mechanism of 
contractile phenomena. 

First, I think many of you are aware of the important work by Kauzmann, Doty, 
and many others in studying the transformation of an α-helix into a random coil during 
protein denaturation. In this aspect especially with the aid of synthetic polypeptides, 
the experimental advance has been most rapid. The theoretical treatment has been 
handled very capably by many people, including Dr. Shellman and Dr. Peller at 
Princeton University, a few years ago, and many others. This model considers that if 
a hydrogen bond is formed at one point, then the entropy for the next hydrogen 
bond is such that it will be favoring the formation of adjacent hydrogen bonds, and 
an α-helix may thus be formed by this cooperative mechanism with a purely entropie, 
near neighbor interaction. 

This model is without doubt very much a part of the underlying mechanism; but 
there is also a good deal of evidence to show this cannot be the entire story. I will 
only mention two now-established examples. 

One is, as Harrington and Shellman have shown, oxidized ribonuclease which at 
the isoelectric point does not form an α-helix at all. Yet oxidized ribonuclease has all 
the side chains which are potentially capable of forming what Kauzmann has referred 
to as hydrophobic bonds and other bonds. On the other extreme we have poly-L-
alanine. It can be shown, as Doty has pointed out, the side chain is only 2 A in length 
and the distance between the centers of the nearest alanine side chains is 5.7 A. 
Consequently, the helices cannot form hydrogen bonds or any other tertiary bond. 
Yet it forms an α-helix so strong that aqueous dénaturants cannot break it up. So this 
points out there must be other forces involved, other than the formation of tertiary 
bonds which make the α-helix either stronger or weaker. 

Again, as a biologist, I want to make a general conclusion from the many important 
discussions in this Symposium: the fact that the control mechanism is extremely im-
portant in biology. From Dr. Hoffmann-Berling's data, you can make a simple cal-
culation and show that in 1 kg of muscle, ATPase is capable of hydrolyzing approxi-
mately 1 mmole of adenosine triphosphate (ATP) per second. 

You can also make another estimation and show that in the resting muscle the 
rate of A T P regeneration is not more than 1 mmole/100 sec. Thus, if all the ATPase 
acts at full throttle, the resting cell cannot contain any significant amount of ATP; 
yet it does contain about 5 mmoles ATP. How can this be achieved? This can be 
achieved, of course, through control. 

Dr. Hoffmann-Berling referred to calcium and to relaxing factors as agents that 
are perhaps involved in such control mechanisms. The question is how are these to 
influence the protein conformation changes such as illustrated in the α-helix—random 
coil transformation. 
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Recently we presented another model in which the near-neighbor interaction is: 
considered to involve not merely an entropy term but also an enthalpy term due to 
the inductive effect. We are inclined to think that it is this inductive effect which is 
the basic unit of the control mechanism. 

CHAIRMAN STEWART: I seem to have been suddenly appointed Chairman. Would 
any of the other discussants like to say anything? 

DR. ANDREW G . SZENT-GYÖRCYI: At this Symposium there have been a number of 
references made and experiments presented which indicate that some of the filamentous 
structures and proteins may be similar to actomyosin, and that the motility of many 
cells may be based on a mechanism similar to contraction of muscle. I would like to 
point out that even if this analogy proves to be correct, this will not solve your prob-
lems. In fact, we do not know very well how muscle contracts and have no direct 
experiment telling us what, if any, structural changes in actomyosin are responsible 
for the contraction of muscle. Ironically, cellular motility would be easier to explain 
in molecular terms if the proteins responsible for motility behaved like synthetic 
polymers. The way these polymers contract, develop tension, and perform work is 
quite well understood and has been experimentally and theoretically treated in a 
beautiful manner by a number of workers, especially by Katchalsky, by Kuhn, and 
by Flory. 

These polymers can shorten and convert chemical energy into mechanical work, 
and what is more, can do it much more simply and efficiently than muscle. The con-
version of mechanical energy and chemical energy is freely reversible. It is possible 
to show, for instance, that mechanical work exerted on the polymer results in a 
change of the free energy associated with the activity of charged groups of the 
polymer and the surrounding ions. 

One would, of course, like to know in what sense the muscle proteins and the con-
traction of muscle is different from the contraction of synthetic polymers. In first 
approximation perhaps the most outstanding difference is that muscle is a two-
component system. The different sites on actin and on myosin must interact with 
each other to produce shortening under the influence of ATP. The two-component 
system has the property that allows a simple control in separating the resting state 
and activity in an extremely clearcut fashion. Resting state corresponds to the state 
where interaction between the two proteins is prevented, in case of muscle by the 
relaxing factor system. Activation brings about the interaction between actin and 
myosin which starts the contraction process. Thus the system does not depend on 
large concentration changes of certain ions. One does not have to postulate changes 
in pH or other such mechanisms which may be rather difficult to conceive in biologi-
cal systems. In addition, there is no need for the compartmentalization of small ions. 
The gain in the ability to control rest and activity is offset by the structural and 
chemical complexity of muscle as compared with synthetic polymers. 

We do not know and have no direct experiment to show how the actomyosin 
system changes during contraction. As a matter of fact, the most widely accepted 
theory for muscle contraction (it is not accepted by me personally, but by most people 
in the field) is the sliding theory of contraction, proposed by Huxley and Hanson. It 
is based on their studies of the fine structure of certain striated muscles. Their model 
suggests that there is no over-all irreversible change in the structure of the filaments 
of muscle which are formed from the aggregates of myosin and of actin. Thus there 
is still discussion going on as to whether contraction of muscle is the result of some 
type of intramolecular folding or is it due to some type of sliding. 

I would very carefully examine the various pieces of evidence to see whether or 
not similarities with the synthetic polymers exist, especially since these systems seem 
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to be simpler and theoretically much better understood than the contraction of 
muscle. There is one case, described by Hoffmann-Berling, the contraction of extracted 
Vorticella stalk, which behaves rather like the synthetic polyacids. 

DR. ALLEN: I would like to ask Dr. Szent-Györgyi whether it might not be reason-
able to suppose, in view of the fact that electron microscopically no one has 
seen a change in length of any fibrous component in the contracting structure, that 
the possibility exists of there being at least three states of such fibers—contracted, 
relaxed, and fixed? 

DR. ANDREW G. SZENT-GYÖRGYI: I agree. 

DR. ALLEN: And, whichever living state the muscle is in, it goes into the fixed 
state on being killed? 

DR. ANDREW G. SZENT-GYÖRGYI: That we do not know for certain. We have rather 
scanty observation on the fine structure of contracted muscle. We do not know when 
we see filaments which are there in a certain geometric pattern whether we see every-
thing which was associated with the filaments in the living state. We do not know how 
far extraction, shrinkage, and other changes may have caused alterations. Do we see all 
of the myosin, all of the actin which were present, or just see what remained? These 
are problems usually associated with electron-microscopic techniques. The more the 
interpretations depend on electron microscopy, the more carefully one has to consider 
these eventualities. At present, evaluation of the results may involve such arguments 
as these. I do not think this would be the right place or time to go into the subject 
in more detail. 

DR. WOLPERT: Leaving contractility aside for a moment, one characteristic of 
protoplasm is that it undergoes what have been called sol-gel transformations. I wonder 
if you could tell us something of sol-gel transformation in actomyosin. 

DR. ANDREW G. SZENT-GYÖRGYI: I think there is a very good correlation between 
sol-gel transformations and the behavior of actomyosin. In resting muscle I think it is 
fairly well agreed that there is very little bonding between actin and myosin. That is 
the reason why resting muscle is highly extensible, has a lower elastic modulus, and 
lower viscosity. The effect of excitation is that an interaction is established between 
actin and myosin. That interaction increases the viscosity and elastic modulus and 
reduces the extensibility of the muscle. So if you have a two-component system, the 
components of which become locked or hooked to each other, then you will have a 
"gelation" or what I think was understood here when sol-gel transformation was dis-
cussed. 

DR. WOLPERT: Can you get such interactions also in isolated systems? 
DR. ANDREW G. SZENT-GYÖRGYI: Yes, the viscosity of actomyosin in salt solutions 

of high ionic strength is very high. The addition of ATP, which reduces the inter-
action between actin and myosin, causes viscosity drop. 

DR. ALLEN: Dr. Goldacre presented me with a list of some fourteen observations 
which he considers are impossible to explain in terms of the frontal-contraction 
model. If I may be permitted, I would like to follow in the footsteps of Wilson, and 
pursue these fourteen points. 

First, Dr. Goldacre would predict from the frontal-contraction theory that poly-
podial amebae should pull themselves to pieces. This would be true if there were no 
control system, either mechanical or chemical, to regulate the movement of pseudo-
podia. So far, no measurements have been made of how the force varies with the 
extent of outgrowth of a pseudopodium, but I think one has to assume either that 
the motive force gets weaker or the resistance to that force becomes greater as the 
pseudopod elongates. I would point out, however, that in one situation, amebae do 
pull themselves apart in just the manner that Dr. Goldacre predicts: in cytokinesis. 
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Second, Dr. Goldacre claims to have demonstrated a positive hydrostatic pressure 
within the tail, and not a negative one, as he predicts from the frontal-contraction 
model, and he would like me to explain this. Before accepting such a demonstration 
as a fact, I would like to know more about the conditions of the experiment and 
see in what manner the outflow occurred. However, I would regard the demonstration 
of turgidity within the cell as a side issue, for this could (1) exist without playing any 
role whatever in movement, or (2) it could play a subordinate, or (3) a dominant role, 
as Dr. Goldacre believes. The frontal-contraction model would function perfectly in 
a turgid cell, either by itself, or in addition to such effects as pressure might have on 
streaming processes. I do not deny that pressure might play some role in cytoplasmic 
streaming in the ameba, but I believe that the complexity of movement is such that 
its mechanism cannot be explained solely on this basis. 

Dr. Kanno's experiment (see the Free Discussion of Part III, comment by Dr. Abe),, 
in which he withdrew about two-thirds of an ameba's cytoplasm by means of a pipette 
inserted into the tail, without reversing the normal forward cytoplasmic streaming, 
is perhaps the strongest direct evidence we have that streaming is the result of direc-
tional forces rather than pressure. 

Dr. Goldacre's third point was his claim to having measured the contractile tension 
developed by the shortening tail. The idea of using a fork-shaped microspring balance 
to measure forces in cells is so elegant and original that it is a pity not to have these 
methods, observations, and data published in full so that they can be made proper use 
of in many systems besides the ameba. However, even if Dr. Goldacre succeeds in 
recording his observations for publication, I would not regard the measurement of 
tension in the shortening tail as evidence of active contraction necessarily taking place 
there. The exact same result would be expected if the tail collapsed passively as the 
result of tension applied to its inner surface through elastic elements in the endo-
plasm. We know from polarized light studies to be published soon that such elastic 
structure does exist and furthermore exhibits fluctuating photoelasticity, showing that 
it is under fluctuating tension. 

Dr. Goldacre's fourth point was that his experiments with p-chloronitrobenzene 
vapor indicate to him that locomotion is possible when the fountain zone is com-
pletely free of plasmagel. My comment is that although these cells show some very 
interesting phenomena (such as the peeling off of some kind of a new surface from 
the anterior surface of the cell membrane) which I think deserve much further study, 
I do not follow Dr. Goldacre's conclusion that the fountain zone is completely free of 
plasmagel. In his interesting experiments, the normal cell structure has been so 
severely altered that I, for one, could not distinguish with assurance what was sol and 
gel, or even determine what the pattern of cytoplasmic streaming was. I think all that 
one can conclude from his pictures is that sporadic streaming of some kind can take 
place even when a substantial part of the pseudopodial tip contains hyaline material. 
However, it is not clear whether this hyaline material corresponds to the syneretic 
exudate or to granule-free whole ground substance in the "gel" or "sol" state. 

Dr. Goldacre's fifth point concerns the spherical pseudopods formed as the result 
of heparin injection. I would really prefer to reserve judgment until I saw with my 
own eyes or on film just how such a spherical pseudopod was formed. Given an initi-
ally turgid cell (which I mentioned earlier is a possibility), it is quite possible that 
such pseudopods might result from the local dissolution of gel structure. Such an inter-
pretation would certainly follow from the old ideas of Heilbrunn and his students 
regarding the action of heparin-like substances on cytoplasm. 

I would point out, however, that spherical pseudopods are not normal structures. 
T o explain the species-specific form of pseudopodia (sometimes as in Chaos, these 
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are almost perfectly cylindrical when first formed), it is absolutely necessary to assume 
an efficient feedback mechanism coordinating the rate of streaming with the rate of 
"gelation." On the other hand, if one assumes this "gelation" is instead a contraction, 
then no such mechanism is required. This point has been overlooked. 

Dr. Goldacre's sixth point concerns the detection of phosphate ion in the ameba's 
tail by cytochemical tests. This is an interesting observation, but I would prefer to 
reserve further comment until I find out more about the specificity of the stain from 
cytochemists and learn more from Dr. Goldacre about the reproducibility of the re-
sults. Superficially, such data would seem to be strong support for Dr. Goldacre's con-
tention that the tail actively contracts. 

The seventh point Dr. Goldacre would like me to explain is the contraction of 
plasmagel induced by membrane contact. Dr. Goldacre's theory is based in part on the 
fact that when the cell membrane is brought into mechanical contact with the ecto-
plasmic layer, the latter responds to stimulation and apparently contracts. I have seen 
this myself. Dr. Goldacre's interpretation stresses the importance of the membrane in 
this contact. An alternative possibility is that the ectoplasmic layer (in fact, perhaps 
any gel portion of the cell) is "sensitized" to stimulation. I have a strip of motion 
picture film which shows a rather violent rounding-up response of an Amoeba dubia 
to the impact of a gold sphere several microns in diameter falling on the inside surface 
of the ectoplasmic tube. I therefore prefer the simpler classical view that "protoplasm 
is irritable." 

Dr. Goldacre's eighth point is that the nucleus in Amoeba proteus is free to rotate 
as it "flows" forward; therefore it is not caught in a gel plug under tension. Dr. Gold-
acre is correct on the observations, but the same observations lead us to somewhat 
different conclusions! I doubt whether the nucleus (in A. proteus) or nuclei (in 
Chaos) ever become rigidly caught up in the axial endoplasm; instead, they tend to 
ride in the more fluid shear zone. I do not see that we can conclude very much from 
either these observations or these different interpretations concerning the mechanism 
of movement. 

The ninth point is Dr. Goldacre's claim that locomotion is possible with a gel/sol 
ratio of less than 1, first at 40°C, second after heparin injection. The first example 
conflicts with the very careful observations of Mast and Prosser, who pointed out 
that 32°C is close to the limit at which amebae can move. As the temperature increases 
to this point, the gel/sol ratio (computed on an area basis) (which we call the A JA 
ratio) approaches 1.0. We have data which are in general agreement from Chaos chaos. 
Before abandoning these data, I would like to have more information. At the present 
time, I see no discrepancy between the data and the predictions of my model. As far 
as the effects of heparin are concerned, I would accept Dr. Goldacre's theory as an 
explanation, since the presence of heparin in a living cell is hardly a normal situation. 
My model deals only with normal pseudopod formation and its role in ameboid 
locomotion. The effects of diverse chemical agents are very difficult to interpret at 
this stage in our knowledge. 

The tenth point concerns the existence of the so-called "plasmagel sheet," the 
name given by Mast to the temporary border between the granular cytoplasm and 
hyaline cap fluid. No one doubts that such a border appears in some but not all cells, 
but there is considerable doubt concerning the various functions that have been 
attributed to this structure. Dr. Marsland, for example, would have us believe that 
it acts as a filter, despite the fact that it does not separate the parts of the cell which 
would, according to this view, represent unfiltered and filtered cytoplasm: the endo-
plasm and ectoplasm, respectively. Until we know more about the ultrastructure of 
that part of the cell, it is premature to assign to it any function—particularly when 
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it is not a constant feature of ameboid cells. Until more is known, I prefer to take the 
simpler view that this border represents an interface between a granular gel of 
relatively high refractive index and a hyaline material (presumably a syneretic exudate) 
of relatively low refractive index. 

The "films" peeling off the inner surface of the membrane in p-nitrochlorbenzene 
may bear some resemblance to the plasmagel sheet, but should be distinguished from 
it until more is known about the ultrastructure or function of each. Operationally, 
the two structures should be defined separately. 

Point number eleven is not quite clear to me, but I gather that Dr. Goldacre wants 
to hear my reaction to his observations of broken sections of membrane contaminating 
his preparations of dissociated cytoplasm. I have two comments on that. First, Dr. 
Croldacre and I disagree here on the observations themselves. 

The film I showed had a long sequence of an ameba trapped in a capillary unable 
to locomote, but showing sporadic "fountain streaming" such as Mast described years 
ago. In these sequences, the plasmalemma or all membrane was clearly visible in all 
parts of the cell. The second sequence showed dissociated cytoplasm from a broken 
ameba photographed under identical optical conditions and showing no membranes 
whatever in the streaming cytoplasm. I do not deny that it is possible to prepare 
dissociated cytoplasm contaminated by considerable amounts of membrane; the fact 
is, however, that our preparations were not so contaminated. 

The second comment is on the interpretations: The argument about the presence 
or absence of membranes is a side issue. The motions of the cytoplasmic "units of 
streaming," or "hairpin loops of cytoplasm" have so far been explainable only in terms 
of a contraction occurring at the bend of each loop. The loops themselves represent, 
as nearly as we can tell, a radial breakdown in pseudopodial structure, such that the 
bends of the loop correspond in structure and function to what we have called the 
"fountain zone" of the intact cell. 

The twelfth point concerns the production of pseudopodia from an initially spheri-
cal cell by frontal contraction. This is a process that may well be more easily explained 
at the present time in terms of a weak spot appearing in a contracting skin. However, 
it is also quite possible that frontal contraction could explain it, but it would require 
the rapid formation of oriented contractile material in a circular pattern at the base 
of a prospective pseudopod to provide an anchor for the postulated hairpin loops 
to push against. In principle, such a mechanism would be possible; however, we have 
no evidence as to the presence or absence of the required ultrastructure. 

The thirteenth point concerns the "plasmagel network" in the anterior half of the 
cell. When Dr. Goldacre first raised this point in Leiden in 1961, I misunderstood him; 
I thought he was referring to dorsoventral strands passing through the endoplasm such 
as Dr. Abé has now described in Amoeba striata. Now that I have seen Dr. Goldacre's 
diagrams, I realize that he is referring to the branched endoplasmic streams frequently 
found in Amoeba proteus and other species as the result of the fusion of neighboring 
pseudopodia. As the cell advances after such a fusion, shared ectoplasmic walls pass 
backward (relative to the cell) and take on the aspect of gel islands. We agree on the 
observation, but I doubt that it has any significance as far as mechanism of move-
ment is concerned. It only means that each endoplasmic branch leads to an advancing 
portion of the anterior end—a fountain zone where either a gelation or a contraction 
occurs—depending on which way you wish to look at it. 

The last point is a request for an alternative interpretation of Dr. Goldacre's ob-
servation that when ATP is injected into an ameba, the region injected always be-
comes a tail, never a front. My comment is that I doubt whether we can conclude 
anything at present from the injection of ATP into a living cell. It is already known 
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that ATP can have several other chemical effects besides giving the energy of its 
terminal pyrophosphate bond to a mechanochemical system. One such function might 
be to solate the tail endoplasm, decreasing the resistance of that part of the cell to 
tension from another part. Perhaps the ATP is not used until it gets to the front. 
Perhaps it is not used at all, but the cell merely responds to stimulation. I would 
regard a clear experimental demonstration that the A T P injected had been used in 
the tail as much more convincing than a behavioral response. 

It might be worth pointing out in passing that Podolsky has shown that physiolog-
ical concentrations of ATP injected into living muscle fibers cause no contraction, 
whereas extremely small concentrations of calcium ion are effective. In view of the 
fact that divalent cations are effective in causing the contraction of ameba cytoplasm, 
one might wonder whether the contractions observed might have been caused by 
impurities. 

I would like to conclude by recalling a statement made by Dr. Goldacre to the 
effect that a single fact can disprove a theory. In principle this should be true, but 
the more complicated the phenomenon to be explained, the easier it is to save the 
theory by an assumption. It may be possible to settle this question by forever going 
back and checking assumptions. However, since what is at issue is the localization of 
the motive force, would it not seem a more direct approach to ask physical questions 
that yield answers dealing with forces and the results of the application of forces? 
We have been using this approach in our work, and I am sorry now that organizing 
this meeting prevented me from making a contribution in this area rather than in 
pure description. 

DR. GOLDACRE: Might I make a comment on some of those? 
CHAIRMAN STEWART: Yes; I think it would be only fair. 
DR. GOLDACRE: It seems that Dr. Allen does not believe some of the experimental 

results I have put forward in diagrams only. I can assure him I can produce photo-
graphs, if he would like, of any of these things, and I would be happy to demonstrate 
these phenomena in his own laboratory, including the presence, for example, of cell 
membrane made visible with toluidine blue in capillary tubes, broken according to 
his method. 

With regard to why amebae do not pull into pieces when they are polypodial, Dr. 
Allen said this does in fact happen in cell division. I would like to know why it doesn't 
happen all the time in a normal polypodial ameba. 

The second point, the fact that the negative pressure which is predicted by the 
fountain-zone theory in the ameba would require medium to be sucked in whenever 
it is broken, whereas, in fact, the granules run out. That is the observation. That can 
easily be demonstrated, and I will be quite happy to do so. 

I showed a colored photograph of the blue phosphomolybdate reaction in the 
ameba's tail. Dr. Allen says that he needs some evidence of this. Well, what can one 
give beyond the photograph in a lecture? It would be possible to give a demonstration, 
if you like, in your own laboratory. 

Next the contraction due to membrane-plasmagel contact: It has been suggested this 
has nothing to do with the membrane, but that the plasmagel alone is sensitive. Well, 
the observation is that if one prods an ameba with, for example, a blunt needle, 
nothing happens unless the cell membrane is pushed the whole of the way across the 
hyaline layer. If one pushes it halfway across, nothing happens. This seems to me to 
imply that membrane contact is necessary for response. 

DR. KITCHING: It is interesting that Dr. Mast showed that light shone on the 
plasmagel would stop a pseudopod, whereas light shone on the hyaline cap failed 
to do so. 
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DR. GOLDACRE: Probably reaction to a light stimulus is a special case. But in 
every case where the membrane is brought into contact with the plasmagel by any 
method, by mechanical means or electrical means or hydraulic means, you get this 
contraction and the formation of a tail at the point of contact. 

The gel/sol ratio seems to me to be an important point. Dr. Allen said that Dr. 
Mast showed that no streaming took place when the gel-sol ratio became less than L 
Well, Dr. Mast's gel/sol ratios were not volume ratios but thickness ratios, and in a 
cylinder, a thickness ratio of 1 according to Dr. Mast would be a volume ratio of 3. 
So that his figures don't really apply. On your theory, it is the relative volumes which 
are important. 

DR. ALLEN: It is meaningful only to speak in terms of cross-sectional areas. This 
is why we tried to avoid confusion by using the term At/Ag ratio. 

DR. GOLDACRE: Yes; volume ratio is the same thing in a tube. Dr. Mast never 
found any gel/sol ratios below a value of 3. Only if Dr. Mast had found a limiting 
volume ratio of 1, instead of 3, could there have been this interesting correlation with 
the fountain-zone theory. In the case of heparin, it seems quite clear there is no gel 
there at all, yet locomotion proceeds. 

Dr. Allen, also, does not admit the existence of the plasmagel sheet which I showed 
on the cine film. I find it difficult to know what else to do to convince him of that. 
If one can photograph it and show it on cine film and see it sieving granules out of 
the flowing stream, there is reason to think it is there. Its existence excludes the 
possibility of having a forward-flowing rod of gelled endoplasm coming up the middle 
of the ameba. I do not think there is any doubt of the existence of this sheet. 

Might I ask you what kind of evidence would convince you of its existence? 
DR. ALLEN: The plasmagel sheet? Well, there is an interface between the hyaline 

cap fluid and the granular cytoplasm. There is no doubt about this. But one cannot 
decide on the basis of an interface what the physical properties on the two sides of 
the interface are. Mast assumed incorrectly they were both sol. Therefore he postulated 
a structured border. 

DR. GOLDACRE: The pressing together of the granules as if their suspension 
medium was passing through a sieve shows, I think, that the endoplasm is liquid here. 

DR. GRIFFIN: May I comment on that? I think there is a little misunderstanding. 
It is shown very clearly in your film and in Dr. Allen's film of intact Chaos in a 
capillary that something peels off the membrane at the front. From my recollection of 
Dr. Mast's papers, he did not see this phenomenon. It is quite rare in normal Amoeba 
proteus. He postulated a partially permeable alveolar sheet to account for the anterior 
separation of hyaline and granular materials and later wrote that he had actually seen 
such an anterior alveolar barrier in Pelomyxa palustris. There is no evidence in either 
of these amebae that a plasmagel sheet such as he postulated actually is present at the 
front during locomotion, although it looks as though P. palustris moves by a mecha-
nism like that proposed by Dr. Mast. 

DR. GOLDACRE: I think we must consider only Amoeba proteus in this connection, 
because that is what we are both concerned with. I do not think Dr. Mast postulated 
but rather observed the plasmagel sheet. 

DR. GRIFFIN: YOU showed something peeling off the membrane. I think we all 
agree on that; but I do not think that should be called a plasmagel sheet. It may be 
something else. 

DR. GOLDACRE: It is something that has the properties of a sieve. 
DR. GRIFFIN: I think that is true; and dissolves very rapidly in protoplasm. 
CHAIRMAN STEWART: A very common difficulty in biology involves trying to over-

simplify that which is very complicated. It seems to me this is why Dr. Abe's beautiful 
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description of Amoeba striata is pertinent. There is a lot more going on than either 
of the proponents of these two opposite points of view is saying. Neither of these 
points of view can account so far for all the facts. We do not yet know how an ameba 
streams. 

DR. KITCHING: I rather feel that we are beating a dead horse. Does it matter 
frightfully whether the major part of the contraction in the plasmagel is in the front 
or back? A question which I think is far more important, which nobody is willing to 
talk about, is why the advancing plasmasol fails to gelate right at the front end, but, 
as Dr. Goldacre says, peels off. For some reason or other, it fails to form a thick 
plasmagel there and does it only at the side. Something important is going on at the 
front end, something to do with stimulus provided by the environment. This is a part 
of ameboid movement which has been neglected so far. 

DR. GOLDACRE: I think the films that peel off at the front are not gelated plasma-
sol but extremely thin films, too thin to resolve in the light microscope. They are com-
parable with the cell membrane itself. It seems to me they are synthesized by action 
on the cell itself, and they are repeatedly peeling off and could perhaps represent 
protein synthesis in sheets. 

DR. ALLEN: I would like to disagree with the suggestion of Dr. Kitching that the 
localization of the motive force is not an important problem. The aim of all modern 
cell biology is to get molecular explanations of cell dynamics. If one does not try to 
find a site at which the motive force is applied, one cannot possibly hope to utilize 
techniques that are capable of tracking molecular events in living cells. I think that 
one has to just consider simple hypotheses. These hypotheses then should be tested ex-
perimentally, in this case by physical experiments since the hypotheses so far deal 
only with force and deformation. If one does not take such a viewpoint, then one 
essentially gives up all hope of finding molecular explanations. 

T o my way of thinking, it is almost equivalent to becoming a vitalist to concede 
without demonstrating that the motive force is distributed randomly throughout a 
system. 

DR. GOLDACRE: That is one point on which I can agree with you. 
CHAIRMAN STEWART: That sounds like an excellent place to end the conference! 


