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CHAPTER I 

INTRODUCTION 

It has often been said that at some point in its life 

cycle, every cell undergoes some form of gross movement. 

Gross movement is intended to imply some displacement 

of the cell or its contents which is large when compared 

with normal Brownian motion. Protoplasmic movement and 

cellular movement are intimately related. 

In some cells such as amoebae, the flow of proto

plasm is the only manner in which locomotion of the cell 

can occur. Plant cells, though they are generally not 

capable of unit motion, rely on protoplasmic movement for 

translocation of reactants and products within the plant 

(Seifriz, 1943). Went (1968) has stated that any organism 

over one millimeter in size must exhibit some sort of 

streaming in order to survive. This implies that the 

movement of protoplasm is not merely an interesting 

phenomenon, but it is vital to the organisms in which 

it occurs. 

The purpose of this thesis is to present a new 

theory for the mechanism of protoplasmic streaming. Data 

which are pertinent to the mechanism of the movement are 

presented and used in the development and defense of a new 

molecular model for the movement of protoplasm. 



Prevalent Forms of Protoplasmic Movement 

Protoplasmic movement has been cast into several 

categories which vary from author to author. It is to be 

emphasized that the distinction between these categories 

is not always well defined, and at different times in its 

life cycle a cell may well exhibit protoplasmic motion 

which could be classified as belonging in different cate

gories. Seifriz (1943) has cast protoplasmic movements 

into the following categories: 

1. Streaming 

2. Amoeboid movement 

3. Euglenoid movement 

4. Ciliary movement 

5. Sliding and gliding movement 

6. Independent movement of cell parts. 

Of these categories, the ones of interest here are 

streaming and amoeboid movement. For descriptions and 

references on the other categories the reader is referred 

to Seifriz (1943) and Kamiya (1959). 

Streaming Movements of Protoplasm 

The category of streaming has been subdivided into 

somewhat similar forms (Kamiya, 1959; Seifriz, 1943) . The 

common subdivisions of streaming are agitation, shuttle and 

sleeve, circulation, and rotation. The two subdivisions 

which will be dealt with here are rotation and shuttle 



streaming. The model which will be developed will be shown 

to apply to other forms also. 

Rotational Streaming of Protoplasm 

The most common and well known forms of rotational 

streaming of protoplasm occur in the cells of Elodea, 

Chara, and Nitella. Although streaming is observed to 

take place in many other organisms (Ewart, 1903; Seifriz, 

1943) , these are favorites of observers and experimenters 

alike because of their large cell size and well defined 

motion. The phenomenon of rotational streaming of proto

plasm is often referred to as cyclosis, and the terms 

"rotational streaming" and "cyclosis" will be used inter

changeably. 

The physical aspects of cyclosis have often been 

described by saying that the protoplasm forms a "rotating 

belt" around the cell. A very simplified diagram similar 

to a rhizoid (rootlike) cell of Nitella is shown in 

Figure 1. 
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Figure 1.—Schematic of Nitella rhizoid 



The protoplasm moves around the periphery of the cell 

with a constant speed. The direction of the movement 

changes only under abnormal conditions which will be de

tailed later in this thesis. The tonoplast (vacuolar mem

brane) is apparently of a fluid nature (Zirkle, 1937; 

Kamiya and Kuroda, 1956) and is carried passively by the 

protoplasm. All of the organelles (except for chloroplasts 

and nuclei in certain species) are commonly carried along 

passively by the flow. The flow, being in the form of a 

circular cylinder with closed ends, must necessarily have 

some point or points of zero velocity to facilitate its 

continuous movement. These points of zero velocity do, in 

fact, occur and are designated as the "indifferent zones," 

with two such zones occurring along the longitudinal axis 

of the cell and spaced at approximately 180 degrees. The 

large internodal cells of Chara and Nitella are much the 

same as rhizoids, the major difference being that the 

chloroplasts are embedded in the layer of nonmoving proto

plasm which is immediately internal to the plasma membrane. 

The internodal cells of Chara and Nitella commonly reach 

lengths of two inches and diameters of 1/32 of one inch. 

The chloroplasts in such internodal cells are arranged in 

rows which sometimes parallel the longitudinal axis of the 

cell but most often follow a slight (about 9°) right hand 

helix about the longitudinal axis. The flow of protoplasm 

in the cell is always seen to parallel the rows except in 



cases of injury to the cell. 

A schematic diagram of an Elodea leaf cell, another 

favorite for observation, is shown in Figure 2. 
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Figure 2.--Elodea leaf cell 

The cells are commonly 20 micra by 100 micra and 

about 20 micra in thickness. The protoplasm flows around 

the periphery of the cell. The chloroplasts here are 

carried passively by the flow (Seifriz, 1938). Strands of 

protoplasm are often seen to go over or even through the 

vacuole, apparently following the path of least resistance 

(Ewart, 1903; Beams, 1951). 

Shuttle Movements of Protoplasm 

The most common organism which exhibits this type 

of protoplasmic movement is the slime mold. The slime 

mold is commonly found as the whitish mass on rotting wood 

It is essentially a multinucleate mass of naked proto

plasm. Some species are cellular, being composed of many 

small amoebae, but these will not be considered herein. 

The motion in cellular slime molds is not of the shuttle 

variety, and it must be considered as amoeboid. 



The movement of the noncellular species is observed 

as the rapid flow of fluid protoplasm within a complex 

network of tubes which are in a gelled state of protoplasm. 

The motion is very rapid (Kamiya, 1959, 1950b; Stewart 

and Stewart, 1959) and is seen to reverse its direction 

with a regular period (Kamiya, 1950b, 1959). Due to its 

similarity to amoeboid movement, shuttle movements will 

henceforth be grouped with amoeboid movement. 

Amoeboid Movement 

Amoeboid movement is defined (Allen, 1961a) as "cell 

movements that involve form changes brought about by cyto

plasmic streaming." Some common forms of amoeboid move

ment occur in amoebae, human leucocytes, and some cancer 

cells (Allen, 1962). Amoebae, the most common form for 

observation, are largely monopodial or polypodial; the 

"mono" and "poly" referring to the common number of pseu-

dopodia ("false feet") the amoeba exhibits. For simplicity, 

a diagram of a monopodial amoeba is presented in Figure 3. 

Fluid Protoplasm—w /—Fountain 
(Endoplasm) \ / Zone 

•Gelled Protoplasm 
(Ectoplasmic Tube) 

Figure 3.—Schematic of Amoeba 



The fluid protoplasm flows up the central portion of 

the cell through the tube formed by the gelled protoplasm. 

The fluid protoplasm gels at the front, thus extending the 

tube in the direction of motion. In the posterior end the 

gelled tube is being liquefied so that it may flow forward 

The process is continuous, with the seat of the motive 

force being extremely difficult to locate. 

11 
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CHAPTER II 

A REVIEW OF THE LITERATURE 

Protoplasm 

Protoplasm is the basic substance of life. It is a 

colloidal system (Frey-Wyssling, 1957; Brown and Bertke, 

1969) primarily composed of proteins (Frey-Wyssling, 1953) 

and water, with the water comprising approximately 80 per 

cent of the system by weight (Brown and Bertke, 1969). 

Brown and Bertke (196 9) emphasize that the water is not 

present merely as a solvent, but it is an essential part 

of the protoplasm. It is to be emphasized that no one 

molecule in protoplasm has been identified as being 

"alive." 

The classification of protoplasm as a colloidal 

system implies that protoplasm has certain properties of 

a colloid. One of the recognized properties of colloids 

is the ability to undergo rapid and reversible gelation 

and solation. Protoplasm does, in fact, possess this 

ability. It also has the ability to imbibe water rapidly 

and needs no stabilizing agent as do most colloids. 

Protoplasm has the "gluey" consistency (Brown and Bertke, 

1969) which is characteristic of colloids. This consis

tency is thought to be due to the hydration of its pro-

teinaceous constituents (Brown and Bertke, 1969) . 

8 



In the living, active cell it is generally accepted 

that the protoplasm exists in two different states. One 

state is usually more fluid, while the other is stiffer and 

more rigid. A wide variety of terms has been applied to 

these different states (Stewart and Stewart, 1959; Mast, 

1926; Allen, 1969b). 

In this thesis the nomenclature of Allen (1961b) will 

be used, designating the more fluid portion as the endo

plasm and the more rigid portion as the ectoplasm. It is 

to be emphasized that the endoplasm and ectoplasm are only 

different states of the same system, the protoplasm. In 

the cell in which protoplasm is in motion, it is the endo

plasm which flows, while the ectoplasm remains stationary. 

Pieces of ectoplasm are sometimes seen to be carried by 

the endoplasm (Mast, 1926), but they are eventually trans

formed to endoplasm or are attached to other ectoplasmic 

structures. The relative structures of the ectoplasm and 

endoplasm have long been the source of research and debate. 

The endoplasm, as seen in the living cell, appears 

to have fluid properties. Mast (1926) falsely believed 

the sol to be an emulsion and implied that viscosity 

should apply to it as to any liquid. Some investigators 

have attempted to find the viscosity of this seemingly 

fluid substance (Heilbrunn, 1956; Ewart, 1903). The more 

common methods of calculation are the use of Stokes' law 
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and relative magnitudes of Brownian motion in protoplasm 

and some fluid of known viscosity. The results of such 

experiments vary greatly (Frey-VJyssling, 1953) . The prin

cipal reason for the deviations is the fact that protoplasm 

is not a Newtonian fluid (Frey-Wyssling, 1953). Therefore 

one cannot expect to use Newton's law, Stokes' law, or 

Poiseuille's relationship to obtain exact results. They 

can, however, be used with the understanding that the value 

obtained is only an approximation. The conclusion (Frey-

Wyssling, 1953) is that comparison of viscosity of proto

plasm to viscosity of Newtonian fluids is not acceptable. 

The current concept of the endoplasm is that it 

possesses some characteristics of both a sol and a gel. It 

is obvious, since the endoplasm can flow, that it possesses 

at least some of the qualities of a fluid. It is not, 

however, a Newtonian fluid, as Heilbrunn (1956) points out 

when he states that the viscosity of Paramecium caudatum 

increases with shearing force. This type of fluid is 

generally designated as thixotropic. The endoplasm is also 

assumed to have some of the qualities of a gel (Frey-

Wyssling, 1953; Allen, 1961b). The primary evidence for 

this assumption is that a particle moving through the 

endoplasm under the influence of gravity or a centrifugal 

force does not move with a uniform velocity as would be 

expected in a fluid (Allen, 1960) but moves with a jerky 
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motion as if impeded by some structural component within 

the endoplasm. The endoplasm is believed to possess the 

qualities of a gel due to junctions, or attractive forces, 

between the proteins which comprise the endoplasm (Frey-

Wyssling, 1953). The proteins involved are amphoteric 

(capable of existing as cations or anions) (Frey-Wyssling, 

1953) , so many bonds of a transient and dynamic nature can 

coexist at any one time within the endoplasm. 

The gel structures of protoplasm have also been the 

subject of much study. The protoplasmic gels are generally 

believed to be of the same type as methyl cellulose 

(Freundlich, 1937). Thus, protoplasm undergoes a volume 

increase when it sets to a gel (Landau, et, a_l. , 1954). The 

gel, then, should be weakened by high pressures or low 
1 

temperatures in accord with Le Chatelier's principle. This « 
i 

is in fact the case (Landau, et al., 1954; Marsland, 1956). -

The strength of the gel displays an exponential decrease s 
i 

with rising pressure (Landau, et. aĵ . , 1954). The effect 

of temperature is opposite that of pressure, with a 5° C. 

temperature drop being approximately equivalent to a 1000 

psia pressure rise (Landau, et al̂ . , 1954). Mechanical 

and electrical shock are also known to solate protoplasmic 

gels (Seifriz and Pollack, 1950). 

The structure of the gel is generally accepted to be 

a three-dimensional network of proteins. The spaces 
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within the network are large enough to permit particles to 

exhibit Brownian motion within the gel structure. This 

Brownian motion is nearly always observed in the gel of 

amoebae, and on occasion small particles are observed 

to zigzag through the gel structure of an amoeba which 

is actively flowing. 

The physical structure of the gel and the forces 

involved have been postulated but never resolved. 

Experimenters agree that the gel has some spatial organiza

tion. Frey-Wyssling (1957) states that the elasticity 

of the gel is due to the entanglement of the protein 

chains which make up the gel. The actual forces involved 

in holding the gel together are the so-called "long range" 

forces (Frey-Wyssling, 1953, p. 160), and forces of this 

nature require no enzymes for their disruption (Giese, j 
s 

1968) . 
i 

In the foregoing paragraphs no attempt has been made J 
i 

to relate the terms "ectoplasm" and "gel." It is the 

conclusion, after reviewing the literature of protoplasmic 

movement (to be presented later in this thesis), that the 

ectoplasm is a protoplasmic gel, but at the interface 

between ectoplasm and endoplasm it takes on characteristics 

which are neither sol nor gel. There can be no well 

defined boundary between the endoplasm and ectoplasm, but 

there must exist an equilibrium between the two. 
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Rotational Streaming 

Experimental Data 

There is an abundance of experimental data on cyclo

sis, much of which is found to be redundant. The emphasis 

here will be placed on data which are currently accepted 

and pertinent to the description of the motive force. 

The magnitude of the motive stress of cyclosis in 

Nitella has been determined by means of a vacuolar per

fusion technique to be 1.7 dynes per square centimeter 

(Tazawa, 1968). This is in good agreement with a value of 

1.6 dynes per square centimeter obtained from centrifuga-

tion experiments by Kamiya and Kuroda (1958c). 

The effects of temperature on cyclosis have received 

considerable attention. Ewart (1903) reports that the 

velocity of the flow decreases as the environmental tem

perature is lowered. It is generally accepted that the 

changes in velocity due to temperature changes are due to 

viscosity changes of the protoplasm (Ewart, 1903; Kamiya 

and Tazawa, 1966). A sharp drop in temperature, however, 

completely stops the flow (Weevers, 1949; Kamiya, 1959), 

presumably due to a shock reaction. Tazawa (1968) has de

termined that the motive force of cyclosis in Nitella is 

independent of temperature and concludes that the mechanism 

of the force must be mechanical rather than chemical, since 

most chemical reactions are not independent of temperature. 
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This strengthens the postulate that temperature effects 

are due to viscosity changes, since the velocity depends 

only on the motive force and the viscosity (Hayashi, 1957). 

General statements on the viscosity of protoplasm 

were discussed earlier. It would be well to note here 

that protoplasm is not a Newtonian fluid, and therefore 

the temperature effects are not so readily explained. The 

apparent decrease in viscosity with increasing temperature 

can possibly be attributed to the change in the degree of 

hydration of the proteinaceous constituents of proto

plasm. 

There are two types of pressure which affect 

cyclosis. The first of these is osmotic pressure. This is 

the internal pressure brought about by osmosis of solvent 

species through the semipermeable membranes of the cell. 

The osmotic pressure is, in general, higher inside the 

cell than outside. This helps to make the cell more rigid, 

and for this reason osmotic pressure is sometimes referred 

to as turgor pressure. The osmotic pressure of the cell 

is a function of environmental solute concentrations and 

concentration of solutes in the vacuolar sap. 

Studies of the effects of osmotic pressure have been 

made possible in recent years due to the discovery of a 

method of producing large changes in osmotic pressures 

without bringing about alteration of the protoplasmic 
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configuration. The process is known as transcellular 

osmosis and is accomplished by introducing the two ends 

of an elongated cell into baths of different solute con

centrations. The cell immediately becomes polarized with 

respect to osmotic pressure. If the cell is tied in the 

center, two cells are effectively formed, and one will 

have a higher osmotic pressure than the other (Kamiya and 

Kuroda, 1956; Kamiya and Tazawa, 1966). It has been shown 

(Kuroda, 1956) that the rate of protoplasmic streaming is 

lowered by a change in osmotic pressure, whether the change 

is positive or negative. An increase in osmotic pressure, 

however, slows the velocity more than an equal decrease in 

osmotic pressure. As the osmotic pressure is increased, 

the flow stops entirely (Kuroda, 1956). 

The second type of pressure which has an effect on 

cyclosis is hydrostatic pressure. This is the pressure 

exerted on the cell by its surroundings. Some changes 

in hydrostatic pressure produce reversible effects, while 

other changes in hydrostatic pressure tend to permanently 

damage the cell. 

The effects of hydrostatic pressure on Elodea 

canadensis have been studied by Marsland (1939). He found 

that pressures of 400 atmospheres were required to com

pletely stop cyclosis, while pressures of 150 atmospheres 
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effects of increased hydrostatic pressure were found to 

be completely reversible if the pressure was not allowed 

to remain above 400 atmospheres for periods longer than 30 

minutes. Kamiya (1959) points out that the velocity de

creases reported by Marsland (1939) parallel the degree of 

solation of a protoplasmic gel subjected to high pressures. 

Therefore, Kamiya (1959) concludes, the gel must play a 

very important role in cyclosis. 

Shock of a mechanical nature can also bring about 

stoppage of cyclosis. If a leaf of Elodea is removed from 

the intact plant, cyclosis in the leaf is stopped. A 

period of five to ten minutes is usually required for its 

resumption. If a cell of Nitella is cut off, the neighbor

ing cells cease cyclosis for a similar period. A mechani

cal shock on the cover glass under which an Elodea leaf is 

mounted will cause cyclosis to cease. These shock effects 

are generally reversible, with a period of about 30 minutes 

required for cyclosis to resume in Elodea after application 

of a mechanical shock. Ewart (1903) reports that reversal 

of streaming direction sometimes occurs upon recovery from 

shock, but repeated attempts in this laboratory to repro

duce this have failed. Beams (1951) states that no exper

imental procedure is known to produce reversal consistent

ly. 

The effects of gravity have also been the subject of 
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much experimentation. It has generally been concluded -

(Ewart, 1903; Hayashi, 1957) that gravity has no effect on 

the motive force of cyclosis. If a cell is observed with 

its long axis vertical, the mean endoplasmic velocity is 

higher on the downward side than on the upward side 

(Hayashi, 1957), but the velocity in the region of the 

cortical layer is the same on both sides. 

There exists a great volume of literature devoted to 

the effects of centrifugation and recovery from those 

effects. Centrifugation has been used to measure viscosity 

and motive force. It has also been used to create cells 

with abnormal protoplasts and vacuoles. 

Beams (1951) has studied the effects of centrifuga

tion on Elodea. He centrifuged cells of Elodea at 135,000 

times gravity for five minutes. He found that the chloro

plasts were displaced the length of the cell in about 10 

seconds. He comments on the fact that this rapid displace

ment of chloroplasts through the protoplasm does not damage 

the protoplasm. In cells which were centrifuged at 135,000 

times gravity for five minutes, when cyclosis resumed, 

approximately seven per cent had undergone a reversal of 

flow direction. 

Upon centrifuging at 350,000 times gravity. Beams 

(1951) found that all of the structures interior to the 

cell wall were stratified at the outer limit of the cell. 
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Recovery of cyclosis was achieved in about one hour. Dur

ing that time flow was present, but it was unorganized. 

Due to the large size of the internodal cells of 

Chara and Nitella, they have been used extensively in 

centrifugation experiments. Hayashi (1957) has used a 

centrifuge microscope to determine the "centrifugal force" 

necessary to stop cyclosis in Chara. He found that normal 

accelerations of 40 times gravity were sufficient to stop 

most of the flow, but that up to 800 times gravity was 

required to stop motion in the region of the cortical 

layer. Hayashi (1961) reports that the chloroplasts are 

dislodged from the cortical layer by centrifugation at 

2000 times gravity for a few seconds. The same effect is 

achieved by centrifugation at 1200 times gravity for 10 

seconds. If the cell recovers from such treatment, the 

chloroplasts will over a period of about 10 days become 

embedded in the cortical layer again (Hayashi, 1961). 

If the chloroplasts are removed and the cortical 

layer injured at an area on a cell of Chara, the proto

plasmic stream does not flow over the injured area but 

goes around it (Kamiya, 1960; Hayashi, 1961). As the gel 

layer recovers, the protoplasmic streaming again passes 

over the area (Hayashi, 1961). The recovery of streaming 

over an injured area requires from 20 to 40 hours, with 

the velocity being extremely low when recovery begins at 
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five to ten hours after treatment. Until the chloroplasts 

are again embedded in the cortical layer they are carried 

by the flowing endoplasm, rotating vigorously about their 

own axes (Hayashi, 1964), as do chloroplasts normally found 

loose in the endoplasm. 

Centrifugation has also been used to produce Nitella 

cells with no central vacuole (Kamiya and Kuroda, 1956). 

A cell is spun at 1200 to 1500 revolutions per minute for 

about ten minutes. The endoplasm is displaced radially 

outward and accumulates at the outer end of the cell. The 

cell is then tied off with a silk thread to produce a cell 

with no vacuole (Kamiya and Kuroda, 1956). The endoplasm 

continues to stream, although the velocity is reduced by 

about 30 per cent in an internodal cell of Nitella (Kamiya 

and Kuroda, 1956) . 

Ewart (1903) examined the effects of a magnetic 

field on cyclosis and concluded that a magnetic field had 

no effect if the long axes of the cells were parallel 

to the lines of force. If the cells were oriented so 

that the streaming cut the lines of force at right angles, 

the rate of flow was slowed (Ewart, 1903) . Ssawostin 

(1930) reported that the flow rate is decreased by 15 to 

30 per cent if the cell is oriented with its long axis 

parallel to a magnetic field of 7,000 Gauss. Ssawostin 

(1930) also reported that if the stream is at right angles 
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to the lines of force, there is equal probability of 

decreased or increased velocity. The amount of velocity 

increase (as much as 50 per cent) is larger than that of 

decrease (usually less than 30 per cent), and the increase 

is likely to be less dependent on the strength of the 

magnetic field. 

Numerous workers have studied the effects of elec

tricity on cyclosis with sometimes contradictory results. 

The study of electrical effects is separated into two cate

gories: that of stimuli sufficient to cause occurrence 

of an action potential and that of stimuli which are not 

sufficient to produce an action potential (subthreshold). 

Kishimoto and Akabori (1959) report that a sub

threshold current applied to Nitella flexilis for an hour 

does not appreciably affect the velocity of cyclosis. A 

direct current applied to a cell causes migration of ions 

to the different poles, thus upsetting the water balance 

of the cell and affecting the degree of hydration of the 

protoplasm (Kamiya, 1959). Various cell organelles also 

tend to migrate to the poles (Kamiya, 195 9). 

The action potential is defined by Giese (1968) as 

"the temporary change in electric potential between stim

ulated and resting portions of a cell." It follows stim

ulation and passes from one end of the cell to the other 

(Giese, 1968). Occurrence of an action potential stops 
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cyclosis (Findlay, 1959; Kamiya, 1959). There is some 

dispute as to whether the stoppage of cyclosis obeys the 

all-or-none law. That is, some experimenters report that 

a low voltage action potential causes the flow to slow down 

(Kishimoto and Akabori, 1959), while others contend that 

the passage of an action potential causes cessation of 

cyclosis in any case (Sibaoka and Oda, 1956). The effect 

is reversible, requiring a period of approximately 20 

minutes for recovery (Sibaoka and Oda, 1956). Kamiya (1959) 

points out that cessation of cyclosis can occur only by 

the instantaneous gelation of the endoplasm or a temporary 

disruption of the mechanism of cyclosis. Kamiya (1959) 

also points out that the viscosity of protoplasm, calcu

lated by Brownian motion techniques, does not change during 

the temporary halt of cyclosis. Therefore, the passage 

of an action potential must cause temporary disruption of 

the mechanism of cyclosis. 

The effect of adenosine triphosphate (ATP) introduced 

into the surroundings of plant cells has not received much 

study. Takata (1958) reports that the protoplasmic stream

ing in Acetabularia, after application of 5 x 10"** molar 

ATP to its sea water environment, becomes four times as 

active as before. The increased rate lasts about 10 

minutes, at which time the initial rate is resumed. If 

the concentration of ATP is increased to 2 x 10"^ molar. 
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the streaming rate increases briefly, but it stops after 

a period of four to five minutes after application (Takata, 

1958). 

Velocity profiles of the flowing endoplasm in plant 

cells yield much information about the nature and loca

tion of the motive force. A schematic diagram of a longi

tudinal section of a leaf cell of Nitella with a super

imposed velocity profile is shown in Figure 4. 
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Figure 4.--Velocity Profile for 
Nitella Leaf Cell (From Kamiya and Kuroda, 1956) 

Note the absence of a velocity gradient within the 

endoplasm. The dotted lines near the cortical layer indi

cate an area of indeterminable velocity. Kamiya and Kuroda 

(1956) report that the velocity of the endoplasm becomes 

very high near the cortical layer but immediately drops 

to zero when the cortical layer is reached. The sigmoid 

velocity profile of the sap in the vacuole indicates that 

the sap is being dragged passively by the flowing endoplasm 
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(Kamiya and Kuroda, 1956). The absence of a discontinuity 

of velocity between the endoplasm and the vacuolar sap 

indicates that the vacuolar membrane (tonoplast) is also 

dragged along passively by the endoplasm (Kamiya and Kuroda, 

1956) . 

The velocity profile in a cell with no vacuole is 

quite different to that of a normal cell. A velocity 

profile of such a cell is shown in Figure 5. The velocity 

of streaming in the cell before treatment was 78 micra per 

second. 
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Figure 5.—Velocity Profile of 
Nitella Cell With No Vacuole 
(From Kamiya and Kuroda, 1956) 

Note the similarity of the sigmoid velocity profile 

here to the profile in the cell sap in a normal leaf cell 

as shown in Figure 4. 

Kamiya and Kuroda (1956) have performed an experiment 

which shows that the sigmoid velocity profile is to be 
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expected if a fluid is driven passively by a shearing force 

exerted at its outer boundary. They used two colors of 

margarine. A cylinder of each was placed into a tube which 

had been cut down a median longitudinal section to form 

two halves. The temperature was then raised so that the 

butter melted, and the tube halves were then displaced 

longitudinally with respect to each other. The margarine 

was cooled, and when solidified, it was itself cut on a 

median longitudinal section. The boundary between the two 

colors of margarine exhibited a sigmoid profile, just as 

does the vacuolar sap or the endoplasm in a cell with no 

vacuole. The conclusion is that the endoplasm in a cell 

of Nitella is driven passively by a shearing force gener

ated in the vicinity of the cortical layer. 

Kamiya and Kuroda (1957a, b, c; 1958b) have con

ducted a series of experiments in which endoplasm was taken 

from Nitella cells and observed in isotonic medium. The 

cells are partially held in a chamber which applies a nega

tive hydrostatic pressure. The free end of the cell is 

then amputated (Kamiya and Kuroda, 1957a). The negative 

hydrostatic pressure serves to keep the cell from col

lapsing when cut. The endoplasm streams out of the cell 

from the opening and is collected in a dish containing 

the isotonic medium. There is no velocity gradient in the 

falling endoplasm (Kamiya and Kuroda, 1957b), indicating 
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that the flow is passive. The chloroplasts and nuclei in 

the endoplasm continue to rotate rapidly (Kamiya and Kuroda, 

1957b). 

Once the endoplasm is collected in the dish, it can 

be kept alive for a period of up to 50 hours (Kamiya and 

Kuroda, 1957a) , and experiments can be performed to deter

mine behavior and properties. There is no mass streaming 

in endoplasm isolated in this manner, although the chlo

roplasts and nuclei continue to rotate rapidly about their 

own axes (Kamiya and Kuroda, 1957b). There is a small, 

very rapid stream in the direction opposite the direction 

of rotation of nuclei and chloroplasts (Kamiya and Kuroda, 

1957b; Kuroda, 1964) . Kuroda (1964) states that the endo

plasm alone is incapable of movement, and she proposes that 

remnants of the cortical layer are adhered to the chlo

roplasts, thus giving them the ability to move. 

The role of the cortical layer in protoplasmic stream

ing appears to be very important. Kamiya and Kuroda (1956) 

have shown conclusively that the motive force is generated 

at the interface between the cortical layer and endoplasm, 

and that the endoplasm flows passively due to that force. 

The centrifugation experiments of Hayashi (1957) place 

the motive force of cyclosis at the cortical layer due to 

the high accelerations needed to stop the flow in that 

region. The absence of flow at an injured area of the 

cortical layer (Kamiya, 1960; Hayashi, 1961) indicates 
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that the cortical layer is necessary for movement to occur. 

The observation that isolated endoplasm which contains no 

cortical gel does not exhibit mass flow (Kamiya and Kuroda, 

1957b) also serves to indicate the importance of the cor

tical layer in protoplasmic streaming. 

There also exists much evidence that microfilaments 

or microfilament systems are causal agents in protoplasmic 

streaming. Motile filaments are reported by Kamitsubo 

(1966) to exist in the region where the cortical layer 

has been removed by centrifugation. He reports that the 

fibrils exhibit active movement "such as undulation or 

rotation." There is, however, no streaming of the proto

plasm around them. A linear fibrillar structure returns 

before the cortical gel is repaired, and velocities of 

streaming are "excessively high" along the fibrils, while 

flow in the area between the fibrils is stagnant (Kamitsubo, 

1966). No active oscillation of the fibrils in the linear 

structure is noticed (Kamitsubo, 1966). Kuroda (1964) 

has reported motile fibrils which undergo undulatory 

motion in drops of isolated endoplasm. However, in spite 

of the presence of the motile fibrils, no mass streaming 

exists within the isolated endoplasm. 

Recent experiments with drugs affecting different 

types of biological systems show conclusively that micro

filament systems do play an essential role in protoplasmic 
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streaming (Wessels, et̂  aĴ . , 1971). These experimenters 

used two drugs, cytochalasin B and colchicine, which affect 

different types of biological systems. Cytochalasin B 

is known to disrupt microfilament systems, while colchicine 

is known to disrupt microtubules (Wessels, et. aj^. , 1971). 

Also used was cyclohexamide, which suppresses protein 

synthesis. It was found that cytochalasin (30 micrograms/ 

ml.) completely stops protoplasmic streaming in Nitella 

within one hour. Recovery of streaming is achieved if the 

cytochalasin is washed out of the medium. Protein synthe

sis apparently has no effect on cyclosis, since the pres

ence of cyclohexamide has no effect. Colchicine also 

has no effect on cyclosis in concentrations of 10~^ molar. 

The drug experiments of Wessels and his co-workers < 

lead to more information about the mechanism of protoplas- A 
n 

mic streaming. First, protein synthesis is not necessary * 

for protoplasmic streaming to occur. Second, micro- i9 

I 
tubules or microtubule systems are definitely not involved 

in streaming. The most important conclusion is that 

microfilaments or microfilament systems are necessary 

for protoplasmic streaming, and streaming cannot occur 

when such systems are disrupted. One must conclude that 

any model for the mechanism of protoplasmic streaming 

must, to be creditable, include microfilaments or a 

microfilament system as an integral part. 
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Current Theories 

Since the protoplasmic streaming in Chara was dis

covered by Corti in 1774, many different theories have been 

proposed to account for protoplasmic streaming. Some of 

these theories have since been discounted, and no attempt 

will be made to review older, no longer accepted theories. 

References are available in Seifriz (1943) and Kamiya 

(1959) . 

One of the classical theories, proposed by Corti 

(1774) when he discovered the phenomenon, is protoplasmic 

contractility. Protoplasm has been shown to be elastic, 

and is therefore contractile (Seifriz, 1943). A wave of 

contraction is postulated to pass around the cell, thus 

narrowing the area for protoplasm and forcing the proto

plasm to flow in front of the wave. The main drawback to 

this theory is that no such waves of contraction can be 

observed in cells which have cell walls (Seifriz, 1943). 

It is generally accepted, however, that protoplasm does 

exhibit contractility, and this property is the basis for 

some of the more recent theories of protoplasmic movement 

(Allen, 1961b; Goldacre and Lorch, 1950). 

Sol-gel transformations have been postulated to pro

vide the motive force for protoplasmic streaming (Seifriz, 

1943). This theory, first applied by Mast (1926) to 

amoebae, supposes that volume changes during the sol-gel 

H 
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transformations provide the force for protoplasmic stream

ing. At the time this theory was proposed, the magnitude 

of the volume changes was not known (Seifriz, 1943), It 

now appears that the volume changes of the sol-gel trans

formations as proposed by Mast (1926) have the wrong 

algebraic sign and could not provide the motive force. 

Kavanau (1963b) proposes that cyclosis is a process 

of jet propulsion. He postulates that the observed move

ment of the granules of protoplasm and the clear portion of 

protoplasm is an optical illusion. The endoplasmic retic

ulum (ER) is proposed to have the ability to propel proto

plasm through its tubules, thus creating a flow. The 

granules move with the ER due to their high affinity for ^ 

it. The streaming of the protoplasm is postulated to be a 

a countercurrent phenomenon induced by surface forces 

which are developed at nonequilibrium interfaces (Kavanau, 

1962a, 1962b). Kavanau (1963b) points out the fact that the 

ER is not observable with the light microscope, and there

fore cannot be seen to pump the protoplasm through its 

tubules. He makes no mention of the type of ER which is 

proposed to undergo the process, although in one paper 

(Kavanau, 1962b) he states that it is possible that the 

Golgi complex "may be a specialization of the endoplasmic 

reticulum for 'pumping' as opposed to synthesis." This 

implies that the rough endoplasmic reticulum (RER) is the 

n 
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type proposed to do the work of streaming, since the RER 

is thought to form the Golgi complex and is involved in 

protein synthesis. Kavanau (1963b, p. 34) also refers to 

the ER as "double-membrane lamellae." It is an accepted 

fact that the ER is not double membrane limited but is 

limited by single membranes. The jet propulsion theory 

has not met with widespread approval, probably due in part 

to such inconsistencies. 

Goldacre and Lorch (1950) have proposed a model 

based on the contractility of protoplasmic gels which has 

been well accepted. They presume that in the gel state, 

the fibrous proteins are extended. As the proteins fold 

by some undescribed mechanism, the gel is caused to con

tract. The contraction causes a flow of protoplasm 

within the cell. The contracted gel then liquefies and is 

forced to flow. The sol is reconverted to gel, and the 

cycle begins again. This theory is merely a detailed ver

sion of the previous contractility theories and has the 

same deficiencies as these theories. 

Kamiya (1959, 1960) has presented evidence as to 

the motive force of cyclosis and its location. He has 

evidence that the force is a shearing force exerted at 

the interface between the endoplasm and the cortical layer 

(ectoplasm), He has not, however, proposed a molecular 

model for the development of the shearing force. 
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Allen (1961b) has proposed the most widely accepted 

new theory of protoplasmic streaming. It is based on the 

ability of the endoplasm to contract and transmit a tensile 

stress. The flowing endoplasm is assumed to exhibit local

ized contractions which pull the other endoplasm around the 

cell toward the point of contraction. The endoplasm so 

moved then contracts, propagating the wave farther a3;ound 

the cell. Allen (1961b) makes no attempt to account for 

the propagation of the wave in only one direction. It 

seems that if a local contraction were to occur in the 

endoplasm, the endoplasm should flow from both directions 

to fill the volume decrement, but this is not the case. 

This point and the inability to place the motive force 

at the cortical layer seem to be the major shortcomings 

of Allen's theory. 

Amoeboid Movement 

For convenience and similarity of form and behavior 

the shuttle movement of protoplasm (slime mold) is grouped 

with amoeboid movement. Much of the literature presented 

will show similarities in behavior of the two systems, 

and it will be shown later that the mechanism of movement 

of the two forms is basically the same. 

Experimental Data 

The intent here is to present data which are currently 
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accepted as valid and use the conclusions from these data 

to support the new molecular model. For complete reviews 

of the literature, including discounted theories, the 

reader is directed to Mast (1926) , Seifriz (1943) , and 

Kamiya (1959). 

A series of pressure-temperature experiments has 

been carried out which yields data on amoeboid movement. 

When an amoeba is subjected to high pressures or low tem

peratures, the effect is the weakening of the ectoplasmic 

tube and loss of the ability to move (Zimmerman, et al., 

1954). As the temperature is decreased, the pressure level 

required to produce a given effect is lowered (Landau, et. 

al., 1958). Pressure effects are, in general, reversible; ^ 
< 

but at lower temperatures recovery from pressure effects » 

takes longer (Landau, 1960). n 
c 

Kamiya (1953) has developed an ingenious double cham- -
3 

ber apparatus for measurement of the force of protoplas- 3 
i 

mic movement in slime molds. The slime mold is placed 

in the apparatus such that it fills a small capillary tube 

which is the only connection between the two chambers. 

The chambers are designed such that a differential pressure 

of known value can be maintained between them. When no 

pressure difference is maintained between the chambers, 

the slime mold behaves rather normally, flowing first to

ward one chamber and then reversing, with a characteristic 
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rhythmicity (Kamiya, 1950b). The portion of the slime 

mold in the connecting capillary is then observed under a 

microscope and the pressure difference between the chambers 

is maintained so that the protoplasm does not flow. The 

pressure required to keep the protoplasm stationary 

(balance pressure) is plotted versus time and represents 

a plot of the motive force versus time. The resultant 

plot is found to have a somewhat regular period (two 

minutes), with the amplitude varying between specimens 

and conditions but having an order of magnitude of one to 

ten centimeters of water. Kamiya (1959) reports one case 

in which by use of the double chamber apparatus the rate 

of flow in a slime mold was artificially accelerated to 

more than two millimeters per second without harming the 

Plasmodium. This is the highest rate of protoplasmic 

movement ever reported. More recently Kamiya (1964) 

has adapted the double chamber for use with amoebae and has 

found that the motive force in an amoeba does not manifest 

itself as regular waves. 

There exists a great volume of literature dealing 

with the electrical properties of the slime mold. Due 

to its large size (up to one meter square), the slime mold 

is a good specimen for electrical studies since electrodes 

do it little or no damage. Iwamura (1952) reports that 

the impedance of a slime mold, as determined using an 
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alternating current Wheatstone bridge, varies periodically 

with time, as do the velocity and the motive force. This 

implies that a periodic electrical phenomenon may occur 

along with the periodic motive force. Iwamura (1952) also 

reports that responses to an electrical stimulus do not 

obey the all-or-none law. That is, a low voltage stimulus 

can cause slight slowing of protoplasmic flow; while if 

the all-or-none law applied, a stimulus sufficient to cause 

any effect would slow the flow greatly or stop it com

pletely. 

The existence of rhythms, both in velocity and elec

trical properties, has been the subject of much study. 

Several workers (Kamiya and Abe, 1950; Kishimoto, i958a, 

1958b; Burr, 1955) have measured the electric potential 

existing between the two ends of a slime mold and reported 

it to vary periodically as does the velocity. Stewart 

(1964) seems to be the only one in disagreement, stating 

that no periodicity is found. Kamiya and Abe (1950) 

have used the double chamber apparatus in conjunction with 

potential measuring devices to determine if there exists 

a relationship between the reversal of motive force and 

the change in electric potential. They found that the 

period was the same, and that in all cases the changes in 

motive force led the changes in electric potential by 15 

to 40 per cent of the period. The time lag was found to 
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diminish with rising temperature. Both Kishimoto (1958b) 

and Burr (1955), however, report the motive force changes 

to lag the electrical potential changes. Burr (1955) 

comments on this disagreement and states that further study 

is needed before it can be resolved. It is known that 

periodic protoplasmic flow can occur in the absence of an 

electrical potential (Burr, 1955). Also, a periodic elec

trical potential can exist in the absence of protoplasmic 

flow (Kishimoto, 1958a). The conclusion is that neither 

the electrical potential nor the motive force is the cause 

of the other, but that they are related in some manner. 

Further study to ascertain the true periodic relationships 

between motive force and electric potential is indeed in

dicated as necessary. 

Velocity profiles in the endoplasm of both amoebae 

and slime molds can yield valuable data on the nature and 

location of the motive force. Rinaldi (1963) has made 

long exposure time photographs of moving amoebae, in which 

the protoplasmic granules show up as streaks. The velocity 

profile of the flowing endoplasm of an amoeba was found to 

be in the form of a truncated parabola, with the maximum 

velocity existing near the center of the ectoplasmic tube. 

The velocity was found to decrease to zero at the walls of 

the ectoplasmic tube. The velocity gradients in the endo

plasm were found to be greatest in the tail region and least 
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in the anterior portion of the organism. Rinaldi (1963) 

also noted the rapid acceleration of endoplasmic inclusions 

from the interstices of the tail ectoplasm and concluded 

that the motive force for amoeboid movement is located in 

the tail region. Allen and Rolansky (1959) have reported 

the same type of velocity profiles for Chaos chaos but have 

postulated a mechanism which places the motive force in 

the anterior portion of the amoeba (Allen, 1961b). 

Kamiya (1950a, 1950b) and Kamiya and Kuroda (1958a) 

have made studies of velocity profiles in the ectoplasmic 

tubes of the slime mold. The velocity profiles obtained by 

these studies were also in the form of truncated parabolas, 

with the maximum velocities existing near the center of 

the tube. Kamiya and Kuroda (1958a), using the double 

chamber apparatus, have artificially induced flow in slime 

mold by external pressure differences and measured the 

resulting velocity profiles. The profiles are identical to 

those of normal flow. This is a strong point for those who 

contend that protoplasmic flow in the channels of slime 

mold is passive and induced by pressure gradients alone. 

The behavior of the outer membrane of amoebae has 

been the subject of much research. Mast (1926) reported 

that the upper surface of a translating amoeba moves for

ward, much as a "sack rolling down an inclined plane" but 

said that a point on the membrane does not move all the 
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way around to its original position. Abe (1961) and 

Griffin and Allen (1960) reported that a particle attached 

to the surface of an amoeba has been observed to move 

completely around the amoeba several times. Goldacre and 

Lorch (1950) contend that the membrane is being dissolved 

continuously at the rear of an amoeba and continuously re

formed at the front. Griffin and Allen (196 0) and Abe 

(1962) disagree with this theory, citing the movement of 

particles around the amoeba as evidence. The current con

cept of the membrane of an amoeba is that there is not a 

continuous destruction and reformation, but a rolling 

motion as the amoeba moves. 

Polarization studies of amoebae and slime molds have 

revealed similarities between the two organisms and are 

informative as to the location of the motive force in 

amoebae. There is, however, some disagreement in the 

interpretation of results. Allen (1961a) reports bire

fringence in the endoplasm of amoebae and concludes that 

it is flow birefringence. Nakajima (1964) reports ecto

plasmic birefringence in slime mold and states that the 

birefringent structures are oriented perpendicular to the 

flow. This gives one a clearer interpretation of the ecto

plasmic tube structure as a tube composed of linear proteins 

oriented radially from the centerline of the tube. These 

observations are also reported by Abe (1964) . Allen 
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(1961c) reports the strongest birefringence to exist in 

the tail of an amoeba. This indicates that the tail pos

sesses the highest degree of order. 

The effects of mechanical shock on protoplasmic 

movement have not received much study on amoebae due largely 

to the small size and delicacy of these organisms. Me

chanical shock has, however, been applied to slime mold 

by Seifriz (1943). He has reported that a drop of water 

falling on a slime mold will produce immediate gelatini-

zation of the endoplasm and cessation of flow. The effect 

is reversible, and the duration of the stoppage is pro

portional to the momentum of the drop when it strikes the 

Plasmodium. A drop of water (mass = 36 mg.) falling through 

a distance of 15 centimeters causes the flow to stop for 

1.25 minutes in the thin peripheral protoplasm of a slime 

mold (Seifriz, 1943). Allen and his co-workers (Allen, 

et al., 1960) have reported streaming in protoplasm which 

is disassociated from the giant amoeba Chaos chaos. The 

protoplasm is obtained by drawing an amoeba into a fine 

capillary tube and then breaking the tube in such a manner 

that the amoeba is ruptured, but some of the protoplasm is 

retained in the remaining part of the capillary. The proto

plasm thus obtained has been observed to circulate within 

the tube for up to an hour. The endoplasm flows in loops 

not unlike the protoplasm of plants undergoing cyclosis. 
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The endoplasm is postulated to undergo localized contraction 

which maintains the flow. 

The effects of ATP on slime molds and amoebae have 

received much study in attempts to locate and determine the 

nature of the motive force. Kamiya (1959) reported that 

introduction of ATP (5 x 10""* molar) into the medium in 

which a slime mold is immersed increases the streaming 

velocity by a factor of about 1.90. Concurrent changes in 

viscosity make determination of ratio of increase of motive 

force impossible, but it is certain that the ATP increases 

the motive force. At an ATP concentration of 25 x 10""* 

molar, the viscosity changes offset the motive force in

creases, and the velocity remains the same. Above this . 

ATP concentration, viscosity changes are dominant, and a 

velocity decreases occur. i 
S 

Goldacre and Lorch (1950) have used microinjection -
1 

of ATP into amoebae to determine the effects on protoplas- •» 
< 

mic streaming. They found that when ATP was injected into 

the tail region that the flow was accelerated toward the 

front. When the microinjection was placed in the tip of 

an advancing pseudopodium, it immediately began to retract. 

Goldacre (1964) has reported that ATP injected at the tail 

region causes contraction and liquefaction of the gel. This 

is supported by Ts'o and his colleagues (Ts'o, et. al. , 

1955) who report a liquefaction of protoplasmic gels by 
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application of ATP. Goldacre (1964) reports that the re

sults of tests designed to show local concentrations of 

phosphate ions in amoebae prove that the highest local 

concentrations occur in the tail region. This indicates 

that the energy-releasing hydrolysis of ATP, together with 

its release of phosphate ions, is occurring in the tail. 

Goldacre (1964) concludes that since the hydrolysis of ATP 

occurs in the tail, the seat of the motive force must also 

be in the tail. 

Wolfarth-Bottermann (1964) proposes that there exists 

a mechanism for conversion of chemical to mechanical 

energy. He also suggests that the mechanism is related to 

some ATP-sensitive protein. Such an ATP-sensitive pro

tein system has been isolated from slime mold by Ts'o and i 

his co-workers (Ts'o, et al., 1955). Wolfarth-Bottermann i 
2 
m 

(1964) also reports the isolation of protoplasmic fibrils « 
3 

with ATPase activity from both slime molds and amoebae. » 
i 

It appears that any model proposed for protoplasmic move

ment in amoebae and slime molds must be based on a micro

filament system which is ATP sensitive. 

Current Theories 

Kavanau (1963a) has proposed that amoeboid movement 

is partly a process of jet propulsion. According to this 

theory, the ER is specialized for propelling the proto

plasmic matrix through its tubules. The resulting forces 
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would propel the ER in one direction and the matrix in the 

other. The ER is postulated to propel itself in the di

rection of flow, thus creating a "ramrod" effect and ex

tending the pseudopodium. The numerous protoplasmic 

granules which are seen to flow in the direction of motion 

are hypothesized to flow with the ER and against the matrix 

due to the high affinity of the membrane limited inclusions 

for the membranous elements of the ER. This theory has not 

met with widespread acceptance. 

Stewart and Stewart (1959) have proposed the "dif

fusion drag force hypothesis" to account for protoplasmic 

movement in slime molds. They postulate that concentration 

gradients of thermodynamic activity are set up by the 

normal metabolic processes. When the reactants in these 

processes diffuse down the concentration gradients, the 

drag forces exerted by the molecules on the protoplasm 

cause the protoplasm to flow in the direction of diffusion. 

The metabolic reactions are further postulated to vary 

with time in an oscillatory manner. This supposedly 

accounts for the oscillatory nature of the flow, 

Allen (1961b) has proposed the "fountain zone con

traction theory." According to this theory, the endoplasm 

is pulled through the ectoplasmic tube by a contraction 

of the ectoplasm at the fountain zone (See Figure 3). 

The newly contracted ectoplasm extends the tube in the 
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direction of motion. The clear hyaline cap at the tip 

of the advancing pseudopodium is said to be formed by 

syneresis as the gel contracts (Allen, et al., 1962). 

The endoplasm is postulated to have the degree of structure 

necessary to withstand the tensile stress of being pulled 

toward the front of the cell. A reverse flow of the syn-

eretic fluid is required to furnish the fluid for the sol

ation of the posterior end of the ectoplasmic tube so that 

it can flow forward. This theory has been well accepted, 

although there is evidence to refute its validity. Goldacre 

(1964) points out that if such contractions do occur in 

the fountain zone, the external medium should be sucked 

into the amoeba when the tail is punctured. This is not 

the case, however, and the protoplasm always escapes from 

the cell (Goldacre, 1964). Rinaldi and Jahn (1963) point 

out that the small granules often seen to zigzag through 

the gelled tube travel in the same direction as the endo

plasm. This denies the reverse flow of syneretic fluid 

which is required by Allen's theory. Jahn (1964) also 

states that the endoplasm in the tail cannot withstand the 

tensile stresses which would be imposed by the theory of 

Allen. 

Mast (1926) first proposed a model for amoeboid move

ment based on contractility. The postulate was that the 

tail ectoplasm contracts, thereby reducing the volume 
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locally and causing the endoplasm to flow under the in

fluence of a pressure gradient. After the ectoplasm con

tracts, it solates and becomes the flowing endoplasm. When 

the endoplasm reaches the front of the cell, it is trans

formed to ectoplasm, thus extending the ectoplasmic tube 

in the direction of flow. The process is considered to 

be continuous and cyclic. There is much evidence to sup

port this theory, and it is probably the best accepted 

model at the present time. Goldacre and Lorch (1950) have 

expanded on this theory by providing a molecular model by 

which the gel contracts by the folding of its linear pro

teinaceous constituents. The proteins in the endoplasm 

are postulated to be folded and those of the ectoplasm 

straightened and arranged in a regular lattice. 

The bulk of the evidence seems to point to the tail 

region of the amoeba as the seat of the motive force. 

The active acceleration of particles located in the tail 

(Rinaldi, 1963) indicates that region as the seat of the 

force. Goldacre's (1964) report of high phosphate ion 

concentrations in the tail region lends support for this 

theory. The effects of ATP reported by Goldacre and Lorch 

(1950) indicate the tail region as the seat of the motive 

force. The velocity profiles which are identical to flow 

artificially induced by a pressure gradient indicate that 

the flow of endoplasm is a passive flow induced by a 

pressure gradient. 
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Conclusions 

There are several important conclusions on the nature 

of protoplasm and the motive force of protoplasmic move

ment which can be drawn from the literature. Some of these 

will be used axiomatically in the development and defense 

of the model, while others will be supported by the model 

and defended in terms of the model. 

Protoplasm can be considered to be a colloidal sys

tem of proteinaceous constituents. It is a non-Newtonian 

fluid, and it is therefore capable of transmitting 

stresses. Forces of attraction developed over long dis

tances and requiring no enzymes for their disruption are 

responsible for the non-Newtonian nature of protoplasm. 

Protoplasm is capable of existing in two different states, 

which apparently are the result of differences in the 

degree of hydration of the proteins involved. The gel 

state (ectoplasm) is quite rigid, while the more fluid 

portion (endoplasm) has at least some of the properties 

of a fluid. Since the forces which give the ectoplasm 

its rigid nature are not sufficiently strong to impart 

such qualities to the endoplasm, and because equilibrium 

exists between the two phases, kinetic theory considera

tions dictate that the ectoplasm configuration is a lower 

energy state than that of the endoplasm. 

The existence of an equilibrium condition between 
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the two phases of the protoplasm implies several things. 

Drawing an analogy to a liquid water-water vapor equilib

rium will aid in the explanation of the implications. In 

such an equilibrium there is a constant interchange of 

molecules between the two phases. Any molecule of the 

lower energy phase (liquid water) which attains sufficient 

thermal energy to overcome the bonding forces will escape 

into the high energy phase (water vapor). At the same 

time that this process is occurring, any molecule of the 

high energy phase which does not have sufficient thermal 

energy to overcome the attractive forces of the low energy 

state will be bound by the liquid. In an equilibrium con

dition, the rate at which the molecules escape the low 

energy state is equal to the rate at which molecules are 

captured by the low energy state, with the result that the 

relative amounts of the two phases remain constant. By 

analogy, a molecule of the ectoplasm which attains suf

ficient thermal energy to overcome the forces which bind 

it will escape into the endoplasm. Since an equilibrium 

must be maintained, a molecule from the endoplasm with a 

relatively low thermal energy will be captured by the ecto

plasm. The process is continuous, and the relative 

amounts of endoplasm and ectoplasm remain constant as 

a result. 

Several conclusions on the mechanism of cyclosis 
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are possible, based largely on the works of Kamiya. The 

motive force (per unit area) of cyclosis in Nitella is 

approximately 1.6 dynes per square centimeter under normal 

conditions. The mechanism of the motive force is located 

at the interface between the endoplasm and ectoplasm, and 

the cortical layer is of prime importance to it. The 

force is of a shearing nature, and its mode of develop

ment is probably mechanical rather than chemical. There is 

little doubt that ATP is the energy source, so some sort 

of chemical to mechanical energy conversion device is 

indicated. The device must be dependent upon a micro

filament system or systems for its operation. The endo

plasm of a cell undergoing cyclosis flows passively, being 

driven at its outer extremity by the shearing force. Any 

model for cyclosis which is valid must incorporate all of 

the above facts and explain other experimental observa

tions. It appears that the shearing force hypothesis of 

Kamiya is the best for satisfying the conditions. It 

now remains to explain how such a shearing force can be 

developed on a molecular scale. 

The motive force of amoeboid movement is not so 

easily located, thus making its modeling more difficult. 

Examination of velocity profiles of movement in amoebae 

and slime molds indicates that any of the four discussed 

theories (jet propulsion, diffusion drag force, front 
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gel contraction, and contraction hydraulic) could possibly 

be valid. Kamiya's double chamber experiments indicate 

that the flow is driven by pressure gradients, so the jet 

propulsion and diffusion drag force hypotheses are re

futed. The energy source for amoeboid movement is ac

cepted to be ATP. The hydrolytic breakdown of ATP should 

occur at the site of the motive force. Since Goldacre has 

shown that the highest concentration of phosphate ions 

(possibly released by the hydrolysis of ATP) occurs in 

the tail of an amoeba, the motive force is indicated to 

be located in the tail. Examination of the evidence 

indicates that the motive force is located in the tail and 

that the flow is driven by pressure gradients. There is, 

however, considerable disagreement among investigators. 1 
» 

The motive force acts in such a manner as to raise the j 
» 

pressure in the tail, thus causing the protoplasm to flow \ 
* 

forward. The model for protoplasmic streaming in amoebae j 

and slime molds must be developed so as to fulfill these 

conditions. 



CHAPTER III 

DEVELOPMENT OF THE MOMENTUM TRANSPORT 
MODEL FOR PROTOPLASMIC STREAMING 

Nonequilibrium Thermodynamics 

Applicability to Biological Systems 

Considerations based on the postulates of nonequi

librium thermodynamics can lead to further insight into 

the nature of the mechanism of protoplasmic streaming. 

There does exist, however, some doubt as to the validity 

of the application of the postulates of nonequilibrium 

thermodynamics to biological systems on the cellular 

level. 

The postulate of local equilibrium (Fitts, 1962) 
I 

is one of the sources of doubt. In essence this postulate i 

states that for a system in which irreversible processes | 
* 

are occurring, all thermodynamic functions of state exist 

for each element of the system. Also, these thermody- ! 
i 

namic functions are the same functions of the local state 

variables as those for a corresponding equilibrium system. 

Implied here is the existence of a continuous medium. 

There exists doubt as to the validity of an analysis based 

upon a continuum assumption, since the processes of concern 

are known to have purely molecular mechanisms. Also, the 

small size of biological cells does not suggest the 

existence of a continuum. It is common, however, for 
48 
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processes which are really occurring on a molecular scale 

to be described by continuum variables. An example is 

heat transfer, which although it occurs on a purely 

molecular scale, is commonly treated as a macroscopic 

phenomenon. 

The postulate of a linear relation between the forces 

and fluxes of irreversible processes (Fitts, 1962) is also 

a source of doubt. The linear relation is not always 

applicable, as is pointed out by Prigogine (1955, p. 34); 

and the relation can be nonlinear. 

The doubts that exist about the applicability of 

nonequilibrium thermodynamics to biological systems arise 

from the assumptions of local equilibrium and a continuous 
1 

system. Although these doubts are well founded, the 1 

widely applied to biological processes, especially trans

port phenomena. 

The postulates will be used here with the under

standing that they may not be fully valid. They do, how

ever, yield qualitative data and insight into the nature 

of the system. Further experimentation is required to 

determine the applicability of continuum thermodynamics 

to specific microscopic biological processes. 

Development of Relations 

The material presented here will follow the 

postulates of nonequilibrium thermodynamics have been i 
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development of Fitts (1962) with Prigogine (1955) as a 

strong influence. 

For an arbitrary system with no electrical forces, 

r chemical components, and s chemical reactions, the 

entropy production per unit volume can be expressed as: 

s r 
(3-1) T$ = (a-Hpi) :̂ u - pl^Fy. ĵ k - iJi'VTyi' - q"-Vln T ̂ 0 

k ^^ i 

Neglecting the effects of body forces, temperature grad

ients, and assuming mechanical equilibrium. Equation 

(3-1) becomes 
s dX ^ 

(3-2) T$ = T:VU - PJAFJ, --k - p^-Vy >̂  0 

k ^^ i 

Postulating a linear relationship between forces and 

fluxes yields 

s r 
1 * (3-3a) f = Li i^u - iLi k+iAFj, - Ih-^ s+l-fî yi 

(3-3b) p ^ ^ = Li+^ iVu - 5;L^+I k+l^Fj, - };L^+I s-f-1+î î 
at k i 

where w=l,s. 

s r 
(3-3c) J. = Lg+i+j iVu - iLg+i+j k+iAFj^ - Ih^ + i+j s + l-f-î yj 

•̂  k 1 

where j=l,r. 

Curie's Theorem (Fitts, 1962) requires that the 

phenomenological coefficients L be even ordered tensors 

To preserve tensorial homogeneity. Equations (3-3) become 
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s 

(3-4a) t = L^ ^fu - IL^ ,^^^AF^ 
k 

(3-4b) P ^ " = tw+1 l = ' t l - I L „ + 1 k+lAFj^ ( w = l , s ) . 
k 

{3-4c) J. = -iL^+i^j s+l+i'V'i (3 = l''^)-

Equation (3-4a) indicates the possibility of a 

nonequilibrium coupling phenomenon between chemical 

reaction(s) and shear stress due to the change in Gibbs 

Free Energy (AF. ) of the components of the system. If 

Equation (3-4a) is valid, it indicates the possible exis

tence of a conversion system which changes chemical energy 

directly to mechanical energy. 

One can deduce from Curie's Theorem (Fitts, 1962) 

that the phenomenological coefficients are functions of the 

properties of the system. The coupling coefficient 

between Gibbs Free Energy change and shear stress (Equation 

3-4a) is a second order tensor. This implies that the 

material which mediates the coupling phenomenon has an 

anisotropic structure. The material involved in the 

nonequilibrium coupling is specialized for its role in the 

phenomenon. The property values of the material are 

distributed such that the interference between irreversible 

processes does occur. A familiar example of a second order 

phenomenological coefficient is the heat transfer coeffi

cient of wood. Wood is observed to have an ordered struc

ture, so by analogy the material involved in the energy 
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conversion system is indicated to be ordered. 

Application to Cyclosis 

There is little doubt that the chemical reaction 

which provides the energy for cyclosis is the hydrolytic 

breakdown of ATP. Assuming that this is the only chemical 

reaction of consequence. Equation (3-4a) becomes 

(3-5) T = Lĵ ĵ Vu - L^2^F • 

Since the phenomenological coefficient L,^ is 

seen to be the fluid viscosity, the effects of which tend 

to slow down the flow, the Gibbs Free Energy change must 

drive the flow if, in fact. Equation (3-5) is valid. 

Conclusions 

There are two important ideas which can be drawn 

from the nonequilibrium thermodynamic analysis. First, 

the analysis suggests that the Gibbs Free Energy change 

brought about by a chemical reaction can result in the 

development of a shear stress by a nonequilibrium coupling 

phenomenon. Second, the material must be anisotropic 

since the phenomenological coefficient of concern is a 

second order tensor. These results will be used in the 

development of the model. 
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The Momentum Transport Model for 
Protoplasmic Streaming 

The mechanism for the development of the shearing 

force of cyclosis is hypothesized to lie in the cortical 

layer. The energy source for the mechanism is proposed to 

be the hydrolytic breakdown of ATP which occurs in 

proximity to the mechanism. 

On a molecular scale, the only manner in which the 

postulated shear stress could be exerted on the moving 

endoplasm is for the cortical layer to transfer momentum 

in the direction of the flow to the flowing endoplasm. A 

structure capable of momentum transfer in the correct 

direction is shown schematically in Figure 6. 

Radial Momentum 
Flowing vcH^ /' y^ Component 
Endoplasm / ^ 

Axial Momentum 
Component 

Figure 6.--Postulated cortical layer structure 

It is hypothesized that the hydrolysis of ATP occurs 

in the vicinity of the plasma membrane, ATPase (the 

enzyme mediating the hydrolysis of ATP) is known to exist 

at the plasma membrane (Brown and Bertke, 1969) . When 

energy is released by this reaction, the molecules of the 

cortical layer are excited. Any molecule or group of 
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molecules which gains enough vibrational energy to overcome 

the forces which bind it in the cortical layer will escape 

into the endoplasm. As it escapes the cortical layer, it 

is constrained to enter the endoplasm with a net axial 

momentum component, thus adding momentum to the stream. 

The void thus created in the cortical layer will be 

filled by a lower energy molecule from the endoplasm, in 

accordance with the postulated endoplasm-ectoplasm 

equilibrium. The continuous process of the molecules 

leaving the cortical layer with a net axial momentum 

results in the addition of momentum to the stream, suffi

cient to overcome the viscous retardation stresses. The 

resulting fluid motion at the ectoplasm-endoplasm interface 

would be identical to that of a driving shear stress at 

that boundary and will hereafter be referred to as such. 

The radial momentum component merely increases the 

hydrostatic pressure within the cell. The shearing force 

developed in this manner is postulated to be the motive 

force of cyclosis. The molecules involved here are 

postulated to be either proteinaceous macromolecules or 

aggregations of such molecules. 

Energy Considerations for the Momentum Transport Model 

The device postulated to be the mechanism of the 

motive force of cyclosis is an example of a chemical to 

mechanical energy transducer. It is presented in the form 



55 

of a "black box" device, with some energy input and some 

work output. The work rate out of the device is merely 

the product of the shearing stress, the streaming velocity, 

and the surface area over which the stress is applied. 

Energy considerations based on the transducer itself 

are not possible at this time, due to the lack of state 

data on protoplasm. If the bonding energies of proto

plasmic gels were known, a detailed energy analysis could 

be effected. The bonding energies between protein 

molecules, however, are only known approximately, and 

even then the number of side chains involved is an impor

tant parameter (Nemethy and Scheraga, 1963). The size 

and mass of the molecules involved must also be known in 

order to facilitate exact calculations. More state data 

for protoplasm is sorely needed for quantitative proof of 

the validity of the momentum transport model for proto

plasmic streaming. 

Compliance of the Model with Observations 

There are many experimental observations which lend 

support to the proposed mechanism. It places the motive 

force of cyclosis at the correct position, that is, at 

the interface between the endoplasm and the ectoplasm. 

Since the matrix which ejects the molecules is the cortical 

layer, the important role of the layer indicated by the 

literature is verified. 
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Mechanical shock would tend to cause disorientation 

of the molecules of the cortical layer. If the inclination 

of the molecules becomes random because of the shock, the 

net momentum interchange will be reduced to zero. In 

some cases, mechanical shock could reorient the molecules 

in the opposite inclination, thus bringing about reversal 

of flow. Electrical shock would be much the same, 

bringing about a disruption of the electrostatic bonds 

which are assumed to give structure to the cortical layer. 

The mechanism proposed here would not be affected 

by gravity since the molecules are postulated to be 

ejected from the cortical layer with momentum sufficient 

to render gravity forces negligible. This is in good 

agreement with reports that the motive force of cyclosis 

is independent of gravity. 

The increased streaming rate caused by addition of 

ATP is well explained by the proposed mechanism. Since 

the shearing stress which drives cyclosis is the result of 

a coupling phenomenon and requires the hydrolysis of ATP, 

higher concentrations of ATP will increase the hydrolysis 

rate and thereby increase the motive force. The lowering 

of velocity upon adding excessive concentrations of ATP 

has already been explained in terms of viscosity increases. 

The apparent importance of microfilament systems 

in cyclosis is also accounted for by the mechanism. In 
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the postulation of the cortical layer structure, it is 

presumed that the "molecules" which are ejected from the 

matrix are not single protein molecules but molecular 

chains or aggregates. Microfilaments are structures of 

this type, and drugs which affect microfilaments would 

be expected to affect such aggregates. It is proposed 

that some of the molecules ejected from the matrix 

coalesce with several similar molecules in order to attain 

a lower energy state, thereby resulting in the formation 

of microfilaments which are often seen in streaming cells. 

Application to Amoeboid Movement 

In amoeboid movement, as described previously, the 

posterior end of the ectoplasmic tube is continuously 

being transformed into endoplasm. According to the 

present theory, energy furnished by the hydrolysis of ATP 

would be supplied directly into the posterior of the tube. 

The molecules would become excited and be ejected into the 

endoplasm. Since the linear constituents of the tube 

are oriented perpendicular to the tube centerline, the 

result of their ejection would be a local increase in 

pressure within the tube. This pressure increase would 

cause the endoplasm to flow in the observed manner. The 

streaming of protoplasm in slime molds is postulated to 

occur in the same manner, that is, the pressure gradient 

driven flow with pressure gradients developed by ejection 
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of material from the ectoplasm. 

The postulate that the actual movement of protoplasm 

in amoebae and slime molds is driven by pressure gradients 

is not a new theory. This is in direct accord with the 

contraction-hydraulic theory. Thus all the data which 

support the contraction-hydraulic theory also support the 

theory presented herein. The mode of development of the 

pressure gradients presented here, however, differs from 

the previous theories. The mechanism of force generation 

is in principle the same for cyclosis and amoeboid move

ment. Thus a unified theory of motion is applicable to 

both. This is attractive in light of the many examples 

of identical cellular processes encountered among the many 

types of cells. 

Summary 

A molecular mechanism which applies equally well to 

cyclosis and amoeboid movement has been postulated. The 

model postulated that the ejection of vibrationally excited 

molecules from the ectoplasm manifests itself as the force 

which drives the phenomenon of concern. The force, 

considered on a macroscopic scale, is the result of a 

nonequilibrium coupling to the hydrolytic breakdown of 

ATP. The anisotropic nature of the postulated ectoplasm 

structure is indicated by the second order tensor coupling 

coefficient. 
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The postulated mechanism for cyclosis develops a 

shearing stress at the interface between the endoplasm and 

ectoplasm, in accord with experimental observation. The 

mechanism is shown to be affected by external factors in 

agreement with observational evidence on cyclosis. 

The mechanism for amoeboid movement is basically 

the well accepted contraction-hydraulic theory, the dif

ference being in the mechanism for development of pressure 

gradients. The proposed ectoplasm structure here is veri

fied by polarization microscopy (Nakajima, 1964). 

The proposed mechanism should lend itself to the 

explanation of other forms of protoplasmic movement in 

accord with the idea that all forms have a common basis. 

In the extension of this theory to other forms, more evi

dence will possibly come to light to aid in its clarifi

cation and better description. 

A summary of the four previously discussed theories 

of protoplasmic streaming and the momentum transport model 

is presented in Table 1. The theories are compared, with 

the criteria being their satisfaction of experimental 

observations, 
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The momentum transport model for protoplasmic 

streaming is seen to satisfy numerous experimental obser

vations. It explains cyclosis and amoeboid movement 

equally well. 



CHAPTER IV 

CONCLUSIONS 

A molecular model for protoplasmic movement has been 

proposed. The model has support from both experimental 

observations and physical principles. The conclusions 

which can be drawn are as follows: 

1. The proposed mechanism is compatible with 

the thermodynamic principles. 

2. The proposed mechanism satisfies more experi

mental evidence than does any previous model. 

3. The mechanism is unified, explaining cyclosis, 

amoeboid movement, and shuttle streaming with equal 

creditability. 

4. Quantitative thermodynamic property data on 

protoplasm is needed to facilitate energy considerations 

to further test the proposed model. 
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