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Introduction 

Studies on the biological effects of D 2 0 began shortly after Urey 
(1933) first reported on the identification and isolation of deuterium. 
These early studies, though handicapped by the exceedingly small 
amounts of heavy water which were then available, soon indicated that 
surprisingly large effects may result when D 2 0 is partially substituted 
for H 2 0 in protoplasmic systems (cf. Lewis, 1934). The mechanisms of 
mitosis proved to be particularly susceptible to inhibition by this type 
of isotopic substitution, as was shown, very early, by Lucké and Harvey 
(1935) and Ussing (1935) and, considerably later, by Gross and Spindel 
(1960) and Marsland and Zimmerman (1963). 

It was noted by Marsland and Zimmerman that the mechanism of 
karyokinesis, namely, the spindle-aster complex, or mitotic apparatus, is 
much more susceptible to D 2 0 blockage than is the mechanism of fur-
rowing, by which cytokinesis is achieved. A 70% substitution of D 2 0 
for H 2 0 in the environing sea water sufficed to "freeze" the structure 
and activity of the mitotic apparatus and to block the movement of 
chromosomes in the dividing eggs of Arbacia punctulata. But even 
greater substitutions, up to 95%, were ineffective in blocking the prog-

1 Based on experiments performed partly at the Bermuda Biological Station 
and partly at the Marine Biological Laboratory, Woods Hole, Massachusetts. 

2 As originally planned this presentation was to have included an evaluation of 
current contractile hypotheses as to the mechanisms of ameboid movement. Time 
and space precluded this. Instead, a broad interpretation of the tube-wall contraction 
hypothesis, upon which the evaluation was to have been based, is presented in my 
introductory statement as chairman of the third part of this Symposium. 

3 Work supported by grant series CA 00807, from the National Cancer Institute 
of the National Institutes of Health, U. S. Public Health Service. 
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ress of the cleavage furrows. In deuterated eggs, moreover, the cortical 
cytoplasm, which is generally acknowledged to be the site where the 
energy of furrowing is developed, displayed a distinctly firmer, or 
stronger, gelational state, when tested by the pressure-centrifuge tech-
nique (Marsland and Zimmerman, 1963). 

It has been proposed (cf. Marsland, 1956) that the mechanisms of 
furrowing and of ameboid movement are fundamentally similar. Both 
represent contractile gel systems and both are activated by a continuing 
cycle of sol <=± gel reactions. Consequently, it is of interest to compare 
the effects of deuteration upon the two systems. Moreover, the equilibria 
of gel systems generally are known to be particularly sensitive to the 
pressure factor, and the effects of pressure upon the gel systems of both 
the ameba and the dividing cell have been studied quite extensively (cf. 
Marsland, 1956). Accordingly, pressure has been utilized as a tool in 
this analysis of the effects of deuteration on the form and movement 
of the ameba. 

The progressive solation imposed upon protoplasmic gels by increas-
ing pressure and by decreasing temperature (Marsland, 1956) clearly 
indicates that a positive volume change (-j- ΔΓ) must be inherent in the 
formation of such gel structures and that such gelations are endergonic 
processes. Moreover, it seems likely that hydrogen bonding plays a sig-
nificant role in the formation and maintenance of protoplasmic gel struc-
tures (Marsland et al., 1962). Consequently it is to be expected that the 
substitution of deuterium for ordinary hydrogen in a significant fraction 
of the water in and around the cell, should introduce significant changes, 
not only in the plasmagel structure of the ameba, but also in the cycle 
of sol *± gel reactions which is presumed to energize the movement. 

Materials and Method 

DEUTERATED MEDIA 

Heavy water, having a D 2 0 content of 99.8 mole % was obtained 
from the Bio-Rad Laboratories, Richmond, California. This was utilized 
in the preparation of dilute Brandwein solution (Bandwein, 1935), here 
specified as D 20-Brandwein. Experimental immersion media, in which 
the D 2 0 content was 30, 50, and 70%, respectively, were prepared by 
mixing 1.5, 2.5, and 3.5 ml of D 20-Brandwein with 3.0, 2.0 and 1.0 ml, 
respectively, of ordinary H 20-Brandwein, and then bringing the final 
volume of each experimental solution up to 5 ml by the addition of 
0.5 ml of culture fluid in which 50-100 amebae were suspended. For 
the 90% D 2 0 medium, 0.5 ml of ameba suspension was added to 4.5 
ml of D 20-Brandwein; and for the 98.8% medium, 0.5 ml of the 90% 
medium, containing the amebae in suspension, was transferred to a fresh 
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4.5 ml sample of pure D 20-Brandwein. For the sake of brevity a Brand-
wein solution in which a certain percentage, say 90%, of the H 2 0 con-
tent has been replaced by D 2 0 will be designated as 90% D 2OBrand-
wein. 

AMEBAE 

Excellent cultures of Amoeba proteus were obtained from Professor 
J . A. Dawson of the College of the City of New York. These were main-
tained in an incubator at 18°C. Specimens from the original cultures 
continued to yield consistent results for about 4 weeks and the same was 
true for amebae from subcultures, prepared every 2 weeks by the method 
of Brandwein (1935). 

PRESSURE APPARATUS AND TECHNIQUES 

The microscope-pressure chamber equipment has been described pre-
viously by Marsland (1950). This equipment permitted the amebae to be 
observed at magnifications up to 600 diameters, while exposed to pres-
sures, which in these experiments, ranged up to 12,000 psi. The pressure 
pump, a modified hydraulic jack, permitted the pressure to be built up 
at the rate of 4000 psi/sec. The period of compression, at the end of 
which a count was made to determine the number of specimens which 
had maintained a plainly lobose form, was standardized at 20 min. Each 
count, made at a magnification χ 30, included some 80 to 100 specimens 
and required about 2 min. Decompression, achieved by the release of a 
needle valve, was virtually instantaneous. 

The specimens in the deuterated media were confined within a small 
cylindrical glass chamber (6 χ 6 mm), placed within a larger plastic 
cylinder (2 cm diameter χ 1 cm height) which was filled with D 20-Brand-
wein and covered with a plastic diaphragm. This arrangement prevented 
the amebae from migrating too far from the center of the window of the 
pressure chamber, where they would be outside the microscopic field. 
Also it prevented dilution of the experimental media by the distilled 
water which filled the main volume of the pressure chamber. The ex-
periments were performed at room temperature, which was kept at 
21° ± 1°C. 

Results 

PRELIMINARY OBSERVATIONS 

Amebae immersed in even the most heavily deuterated media dis-
played a remarkable tolerance to the treatment (Fig. 1). At the maximum, 
which was 98.8% D 20-Brandwein, active locomotion continued for 8 
days, beyond which it did not seem profitable to extend the observations. 
At the end of the eighth day, 94% of more than a hundred specimens 
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originally isolated in the medium still displayed an actively extended 
form and vigorous locomotion. Apparently no divisions occurred during 
the period since the number of specimens found at the end was equal, 
at least approximately, to the number originally isolated. 

Probably some ingestion occurred in the maximally deuterated medi-
um, although this was not observed directly. Food vacuoles were ob-

FIG. 1. Form and movement of Amoeba proteus in heavily deuterated Brandwein 
medium. (A) Low-power field showing typical form of amebae on the eighth day of 
immersion in 98.8% D00-Brandwein solution (98.8% of H 2 0 replaced by D 20 ) . 
All the specimens showed vigorous ameboid streaming. (B) Single specimen, same 
clay, same conditions; locomotion very active. (C) Branching form of specimen after 
6 days in 90% D20-Brandwein. (D) Newly formed food vacuole observed in specimen 
on fourth day of immersion in 90% D20-Brandwein. The large food vacuole at the 
posterior extremity contained a polychaetous worm, the cilia and bristles of which 
were still very actively motile. Magnifications: χ 30 for Α; χ 100 for B, C, and D. 
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served during the first 3 days of isolation. It must be noted, however, 
that very few food organisms (mainly Chilomonas and Colpidium) were 
available since very few were carried over during the two-stage transfer 
of the amebae into the final 98.8% D 20-Brandwein. Ingestion was ob-
served on the fifth day in 9 0 % D 20-Brandwein, wherein the number of 
food organisms was considerably greater (Fig. ID). 

In less heavily deuterated media (30, 50, and 70% D 2 0 ) , the form and 
the velocity of streaming and locomotion of the amebae were not appre-
ciably altered. In fact these specimens seemed quite indistinguishable 
from control amebae similarly isolated in H 20-Brandwein. And even 
when the concentration of D 2 0 was higher (90 and 98.8%) the altera-
tions in form and activity were rather subtle. There appeared to be a 
tendency for the pseudopodia to be more slender, more numerous, and 
more apt to originate near the posterior extremity of the body. More-
over, it consistently appeared that the cylindrical stream of cytoplasm 
(endoplasm or plasmasol) was unusually broad relative to the surround-
ing shell of nonflowing cytoplasm (ectoplasm or plasmagel). In other 
words, a reduced gel/sol ratio (Mast and Prosser, 1932) seemed to be a 
characteristic of the heavily deuterated amebae. Streaming and locomo-
tion appeared to be accelerated although, in the absence of monopodial 
forms, measurements of these rates were not obtained. 

PRESSURE EXPERIMENTS ON THE FORM STABILITY OF AMEBA 

Pressure-centrifugation studies (Brown and Marsland, 1936; Marsland 
and Brown, 1936; Landau et al., 1954) have shown that high pressure, in 
the range up to 8000 psi, imposes a progressive weakening of the gel 
structure of the peripheral cytoplasm of the ameba. This pressure-induced 
solation, or weakening, of the plasmagel structure is regularly accom-
panied by a number of visible changes in the form and activity of the 
ameba—as studied in the microscope-pressure chamber. At relatively 
low pressures (2000-4000 psi), the exact level being dependent upon ex-
perimental temperature, all pseudopodia stop extending and begin to 
retract. At low pressures the retraction is incomplete, however, and short, 
slender, pseudopodial vestiges are maintained in a degree that depends 
upon the pressure level and the temperature. Higher pressures (4000-7000 
psi, again depending on temperature) impose more drastic changes upon 
the ameboid form (Fig. 2). Forms which are relatively compact initially, 
slowly round up into inert spheres. More elongate forms, lacking well-
extended pseudopodia, may, on the other hand, round into two con-
nected spheres, which finally pinch off separately. But if there are well-
extended elongate pseudopodia initially, each breaks into a series of beads 
or balls, which finally become disconnected (Fig. 3). Usually the bead or 
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ball at the distal extremity of the pseudopodium is slightly larger than 
the others. 

Clearly, the foregoing changes of ameboid form indicate a loss of 
rigidity (or increase of fluidity) imposed upon the plasmagel system by 
the pressure conditions. At higher temperatures, however, it requires 
higher pressures to effect such changes in ameboid form, undoubtedly 
because the initial rigidity or strength of plasmagel system is greater 

FIG. 2. Criteria for determining the resistance of deuterated amebae to solation 
by high pressure. These specimens, in 90% D20-Brandwein solution, have been in 
the microscope-pressure chamber for 8 min, sustaining a pressure of 6000 psi. Stand-
ard procedure was to make a count at the end of a 20-min compression period, as-
certaining the percentage of specimens resistant to the "sphering action" of the 
pressure. (A) denotes a fully rounded specimen; (B) an intermediate form (excluded 
from the count); and (C) a lobose, or nonrounded form. The count, at the end of 
this experiment, was 61% lobose/39% rounded. 

(Landau et al., 1954). Accordingly, the magnitude of pressure required to 
cause a certain loss in the form stability of the ameboid cell may be taken 
as an index of the gelational state of its plasmagel system and used for 
an evaluation of the effects of deuteration on the gel system. 

STABILIZATION OF AMEBOID FORM BY D 2 0 

a. Resistance oj Deuterated Amebae to Pressure-Induced Rounding. 
As shown by previous work (Landau et al., 1954), the percentage of 
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specimens in a given population of amebae which is capable of maintain-
ing some degree of lobose form in resistance to the sphering tendency de-
creases regularly as the pressure increases—other conditions being equal. 
Thus it has been possible to compare the form stability of specimens 
immersed in Brandwein solutions containing various concentrations of 
D 2 0 with that of amebae immersed in ordinary nondeuterated Brand-
wein. 

In each of these experiments about 100 amebae were immersed in a 
deuterated (30, 50, 70, and 90% D 2 0 ) or nondeuterated medium, trans-
ferred to the microscope-pressure chamber, and allowed to equilibrate 

FIG. 3. Instability of ameboid form displayed by amebae exposed to relatively 

high, sustained, hydrostatic pressure. The critical pressure, at which a beading of 

elongate pseudopodia (lower, right drawing) occurs, varies according to the D 2 0 

content of the medium (Table I) and according to the experimental temperature. 

Individuals in a population of amebae differ considerably as to their susceptibility 

to pressure-induced rounding, but the population as a whole, if from a vigorously 

growing culture, displays a statistically predictable behavior (cf. Fig. 4). 

for 20 min. Then the pressure was built up to a particular level and 
maintained at this level for 20 min. The amebae were kept under con-
tinuous observation at χ 30 magnification. At the end of the standard 
20-min compression period, a count was made to determine the per-
centage of specimens that were resistant to the sphering action of the 
pressure, i.e., specimens which still maintained a plainly lobose form. 

The results of these experiments are summarized graphically in Fig. 
4. For sake of comparison, this figure also includes a graph in which the 
previous measurements of Brown and Marsland (1936) on the gelational 
strength of the plasmagel system of Amoeba proteus are plotted as a 
function of pressure in the same experimental range. 

The criteria used to differentiate between lobose and rounded forms, 
are indicated in Fig. 2. In each count, three categories of form [(1) defi-

5-IOmin. 

- 5 min. 



180 DOUGLAS MARSLAND 

nitely lobose, (2) intermediate, and (3) definitely rounded] were distin-
guished, but only the first and third were considered in calculating the 
percentages. It was assumed that specimens in the intermediate category, 
which seldom represented more than 15% of a total count, probably 
would have divided themselves between the other two categories in pro-
portion to the respective percentages. 

Several of the points recorded among the 30% D 2 0 data represent 
average values derived from only two experiments. All other values rep-

AMOEBA PROTEUS 
2I± l ° C 

• =30% D 20 
Δ = 70% D 20 

NO HEAVY WATER 
PURE CULTURE FLUID 

NINETY PER CENT 
HEAVY WATER ( D 20 ) 

4 5 
P R E S S U R E 

6 7 8 9 
1000 L B S / SQ.IN. 

FIG. 4. Relation between form stability and pressure magnitude, derived from 
amebae immersed in media of increasing D 0 0 concentration. Form stability appears 
to be related to the structural state of the plasmagel system. This may be inferred 
from a comparison with the gel strength-pressure curve (Brown and Marsland, 1936) 
which is also plotted. 

resent averages of at least three experiments involving not less than 
250 amebae; and a majority of the points involved four or five experi-
ments. The maximum variation of values obtained with reference to any 
particular point was ± 6 % , except in three experiments performed on 
amebae from an aging culture. 

A few experiments utilizing 50% D 20-Brandwein were also carried 
out, but only in the 3000-6000 psi range. At each pressure the 50% D 2 0 
values fell between the 30 and 70% D 2 0 values. These data were in-
complete, however, and they are not included on the graph. 

Figure 4 shows very clearly that the resistance of the deuterated 
ameba to the sphering action of high pressure is relatively great, as com-
pared to the resistance of nondeuterated specimens. Moreover, the stabil-
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izing effect is increased with each increase in the concentration of D 2 0 , 
as is also shown by plotting the data in a different manner (Fig. 5). And 
last, the loss of form stability in all the specimens, both deuterated and 
nondeuterated, appears to be related to a weakening of the gel structure 
of the plasmagel system, since all the curves are very nearly parallel to 
each other and to the gel strength-pressure curve. 

b. Effects of D20 on Pseudopodial Beading. At relatively low pres-
sures, elongate extended pseudopodia merely shrink and equilibrium 
appears to be reached when the pseudopodial length and diameter have 
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FIG. 5. Relation of D O 0 concentration, pressure magnitude, and the capacity 

of the ameba to maintain its pseudopodia. 

been reduced to a greater or lesser degree depending on the pressure 
magnitude. At higher pressures, on the other hand, elongate pseudopodia 
become unstable. They begin to bead or ball and within some 2-3 min 
each has broken up into a linear series of discrete spherules, as is shown 
in Fig. 3. Apparently the plasmagel wall of the tubular pseudopodium 
suffers a drastic loss of gel structure. Now the pseudopodium behaves as 
a fluid cylinder and breaks, under the agency of surface forces, into a 
series of separated beads. Thus the pressure magnitude required to elicit 
the beading reaction may be used as an index of the effects of deuteration 
upon pseudopodial gel structure and stability. 

A summary of the observation on pseudopodial beading at varying 
magnitudes of pressure and in media of increasing concentrations of 
D 2 0 is given in Table I. Here again a stabilizing effect of D 2 0 upon 
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plasmagel structure is plainly discernible. At higher concentrations of 
D 2 0 , significantly higher pressures are required before a critical loss of 
gel structure occurs and the pseudopodium becomes unstable. 

T A B L E I 

EFFECTS OF D 2 0 ON PSEUDOPODIAL STABILITY IN Amoeba proteus^ 

Pressure 
Concentration of D 2 0 in ι medium 

(psi) No D 2 0 30% 50% 70% 90% 

3000 — — — — — 
3500 — — — — 
4000 + — — — 
4500 — — — 
5000 + + + — — 
5500 + + — — 
6000 + + + 4 - + 
6500 ++ + 
7000 ++ + + 
α Symbols:—, No pseudopodial beading; -|-—, slight beading in some experiments, 

not in others; - j - , definite beading, all experiments; -f-f-, rapid beading of all elongate 
pseudopodia. 

POSTPRESSURE MASS CONTRACTION PHENOMENON 

This reaction, which has been described previously (Landau et al., 
1954), was observed in all experiments in which the pressure magnitude 
was great enough to cause a significant percentage (10-15%) of the 
specimens to become rounded and more or less spherical during the 20-
min compression period. Apparently the reaction represents a generalized 
contraction of a peripheral plasmagel layer, which appears to be re-
constructed very quickly after the pressure has been released. In any 
event, starting about 20 sec after decompression, 100% of specimens 
develop a hyaline halo, as the granular cytoplasm quickly shrinks in-
ward away from the cell membrane. At first the hyaline fluid, filling the 
space between the membrane and the contracting granular cytoplasm 
is perfectly clear, being devoid of mitochondria and other granular ele-
ments (Landau and Thibodeau, 1962), and usually the "elevated" cell 
membrane displays a smoothly spherical contour. Within another 30 sec, 
however, bulbous protuberances begin to appear in the contour and 
vigorous streams of granular cytoplasm begin to pour out from the 
central mass into the protruding lobes. Thus a number of pseudopodia 
are formed, extending haphazardly in various direction. Soon, however, 
one or two of the pseudopodia become dominant and a definitely orien-
ted type of locomotion ensues. Generally speaking, the mass contraction 
is quicker and more vigorous, forming a broader hyaline zone, when 
higher pressures (above 6000 psi) are used, but it is plainly discernible 
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at lower pressures, provided these are great enough and maintained long 
enough to induce a definite rounding of the specimens. The reaction 
occurred in all media, deuterated as well as nondeuterated; although 
higher pressures were required to induce a rounding of the deuterated 
cells. 

POSTPRESSURE RECOVERY 

Pressures of 5000 psi and less, applied for the standard 20-min period, 
did not impose any plainly discernible irreversible effects upon either the 
deuterated or nondeuterated amebae. As to form and locomotion, at 
least, the pressurized specimen appeared to be normal when examined 
24 hr after treatment. With higher pressures, particularly in the range 
above 8000 psi, the recovery was incomplete. All the specimens showed 
some pseudopodial activity and locomotion soon after decompression, 
but 24 hr later quite a few were rounded and motionless. 

Discussion 

It has been proposed (Landau et al., 1954) that furrowing, or cleav-
age, in animal cells and movement in ameboid cells generally are 
achieved by basically similar mechanisms. According to this hypothesis, 
both furrowing and ameboid movement are dependent upon the contrac-
tion of a strongly gelled peripheral layer of the cytoplasm and in both 
cases metabolic energy is transformed into mechanical energy by a con-
tinuing cycle of sol ±^ gel reactions. 

Generally speaking, the effects of deuteration upon the two systems 
tends to support this hypothesis. Neither system is inhibited by very 
high concentrations of D 2 0 . In fact, some evidence (Marsland et al., 
1962) indicates that furrowing may be enhanced by heavy deuteration 
and some of our current observations indicate that ameboid movement 
may also be strengthened to some degree by such treatment. Other con-
tractile processes, on the other hand, appear to be inhibited completely 
by heavy deuteration, as in the case of the movement of chromosomes by 
the mitotic apparatus (Gross and Spindel, 1960; Marsland and Zim-
merman, 1963). 

The increased resistance of pressure-induced rounding, which be-
comes more and more evident as the concentration of D 2 0 is raised, 
undoubtedly represents an effect upon the gel structure of the plasmagel 
system. Resistance to surface forces which tend to round the cell falls 
off with increasing pressure along a curve that closely parallels the gel 
strength-pressure curve as determined by Brown and Marsland (1936) 
and by Landau et al. (1954). This is true for both deuterated and non-
deuterated specimens, but with each increase of D 2 0 concentration, the 
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initial resistance to rounding is greater and the residual resistance at each 
higher level is proportionately higher. Also the strengthening action of 
D 2 0 upon the gel system of dividing egg cells has been evaluated by the 
pressure-centrifuge measurements of Marsland and Zimmerman (1963). 

Two other kinds of evidence likewise point to a stabilizing action of 
D 2 0 upon the structure of the plasmagel system of the ameba. First is 
the increased resistance to pseudopodial beading (Table I) which is ob-
served with each increment in the concentration of D 2 0 ; and second, is 
the lower gel/sol ratio observed in the more highly deuterated media. 
The beading of a cylindrical mass of liquid certainly indicates a certain 
degree of fluidity and, conversely, a resistance to beading must indicate 
some sort of structural impediment, in this case, probably, a residuum of 
structural integrity in the plasmagel part of the pseudopodium. 

The reduction in the gel/sol ratio by D 2 0 appears to be similar to 
the reduction that occurs with increasing temperature (Mast and Prosser, 
1932). Temperature is known to augment the structural strength of the 
plasmagel system (Marsland and Landau, 1954; Landau et al., 1954), 
and it may be presumed that D 2 0 has a similar action. As a sort of physio-
logical adaptation, an ameba with a fortified gel structure does not re-
quire as thick a layer of plasmagel, either to stabilize the form of its 
pseudopodia or to generate mechanical energy for movement. 

Deuteration, even when heavy, appears not to interfere very drasti-
cally with such aspects of metabolism in the ameba as must provide the 
energy for movement. If, as has been proposed (Kriszat 1949; Zimmerman 
et al., 1958), a significant part of this energy is derived from the hydrolysis 
of adenosine triphosphate (ATP), it must be granted that the deuterolysis 
of this high-energy phosphate compound provides an effective substitu-
tion. This is especially apparent when it is considered that the move-
ment continues with undiminished vigor even when 98.8% of the H 2 0 
in the medium and in the ameba has been replaced by D 2 0 . 

Regardless of whether more, or less, energy is available for forming 
and sustaining the gel structure, the fact remains that the plasmagel 
system, as a result of deuteration, is firmer, stronger, and more resistant 
to the solating effects of high pressure. It seems highly probable that part 
of this stabilization results from the substitution of relatively stronger 
D-bonds for Η-bonds, as has been proposed by Gross and Spindel (1960). 
However, little or nothing is known about how the substitution of D 2 0 
for H 2 0 would affect the stability of the "water shells," or hydration 
spheres, which, in the sol state, are presumed to surround and protect the 
bonding sites of a prospective gel structure. Consequently, it is not yet 
possible to predict how other types of bonding, e.g., salt bridges and 
disulfide linkages, would be affected by the deuteration of a sol-gel system. 
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Summary 

Specimens of Amoeba proteus immersed in deuterated Brandwein 
solutions (in which 30 to 98.8% of the H 2 0 content was replaced by 
D 2 0 ) continued to sustain pseudopodial activity and locomotion for more 
than 8 days. At lower concentrations (up to 70% D 2 0 ) the deuterated 
amebae could not be distinguished, on the basis of form or activity, from 
control specimens. At higher concentrations (90-98.8% D 2 0 ) there was a 
tendency for the pseudopodia to be unusually slender, elongate, and 
tortuous; and very frequently they took origin from the posterior ex-
tremity of the cell. If anything, the rate of streaming and locomotion was 
enhanced; and the gel/sol ratio was definitely reduced by heavy deutera-
tion. 

Deuteration was found to have a stabilizing effect upon the plasmagel 
structure of the pseudopodia. This effect was enhanced as the concentra-
tion of D 2 0 was increased. Higher pressures were required to solate the 
plasmagel to the point of instability, at which the pseudopodium behaves 
as a cylindrical mass of fluid and breaks into a number of separated beads. 
In 90% D 20-Brandwein, it required 6500 psi to evoke a definite beading 
of the pseudopodia, as compared with 4000 psi for specimens in H 2 0 -
Brandwein solutions. 

A stabilization of the plasmagel system was also evident when resist-
ance to the sphering action of high pressure (percentage of specimens 
capable of maintaining a definitely lobose form) was plotted as a func-
tion of pressure, utilizing amebae immersed in media containing 0, 30, 
70, and 90% D 2 0 , respectively. Generally speaking, the resistance-pres-
sure curves were parallel to one another and to the gel strength-pres-
sure curve (Brown and Marsland, 1936). Each increment of D 2 0 con-
centration, however, shifted the pressure values upward by approximately 
500 psi. 

An interpretation of the stabilizing effects of D 2 0 is discussed, with 
particular emphasis on the possibility that a substitution of relatively 
stronger D-bonds for ordinary Η-bonds at the intermolecular linkage 
points of the gel structure may account, at least in part, for the observed 
phenomena. 
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DISCUSSION 

DR. HOFFMANN-BERLING: I was interested in what you call "mass contraction," 
which fits very well into the scheme that the contractile material is distributed 
everywhere but that contractility is limited by some unidentified means to certain 
portions. 

You attribute the transformation from gel to sol to the higher stability of the 
deuterium bond compared to the hydrogen bond, and you locate the site of the 
alteration on the structural proteins of the plasmagel itself. Perhaps one should 
keep in mind that the effects could as well be of an indirect origin; for instance, 
deuteration and/or high pressure may affect membranes which either keep in or 
keep out certain ions, let us say, calcium; the ions may be the agent on which the 
physical state of the cytoplasm depends. 

DR. MARSLAND: I certainly would grant you this possibility. I think my data 
are merely suggestive of the possible mechanism. 

DR. ALLEN: I am not familiar with the work on muscle contraction concerning 
D 20 . Could somebody tell me what D 2 0 does to contractile systems in general, let 
us say, muscle? Does it, for example, tend to favor or inhibit contraction? 

DR. ANDREW G . SZENT-GYÖRGYI: It has an inhibitory effect. 

DR. ALLEN: It struck me that if there were an inhibiting action, these data would 
fit in very well also with the front-contraction idea, according to which inhibition of 
contraction would reduce the gel/sol or A JA ratio. That is, if the normal con-
traction involved a Δ/ of 30%, let us say, and dropped to 15%, then the "sol," as 
you call it (or endoplasm), would occupy a greater portion of the cross-sectional area 
of the pseudopod. 

I think it should also be said that all the pressure data that you have obtained 
can be interpreted in at least two ways. If one considers the effect of pressure only 
on sol gel equilibria, then one could consider that pressure acts only through this 
equilibrium. 

On the other hand, if the ameba is considered as a contractile system, then it 
might be worthwhile to consider as a model what pressure does to muscle. There 
it promotes contraction, or at least it clearly increases the contractile tension. Accord-
ing to the front-contraction idea, if pressure were to cause an increase in the extent 
of contraction, then blunt pseudopodia would form owing to an increase in the gel/sol 
or At/Ag ratio. This is exactly what happens under hydrostatic pressure. On the 
other hand, if contraction were inhibited by D 90 , then you would expect this agent 
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to antagonize the action of pressure, so that its effects on the deuterated cells would 

be reduced. This is also what you found. Therefore, I think your data cannot dis-

criminate between the front- and tail-contraction theories. 

DR. MARSLAND: Not all of my observations came from the pressure work. If 

you increase the temperature, the gel/sol ratio goes down. My interpretation would 

be based on the fact that we know that increasing temperature does strengthen the 

structural characteristics of the gel. In order to maintain a stable pseudopodium, 

therefore, you do not need as thick a layer if you have a stronger gel. In line with 

that, I would consider the D 2 0 effect on the gel/sol ratio as being comparable to 

the temperature effect where we had measured the definite increase in gel structure. 

DR. ALLEN: Is it not an amazing coincidence that all of the endoplasmic or "sol" 

material that passes down the length of an ameba to the front turns into a gel tube 

and that the ratio of the cross-sectional areas of a pseudopod can vary over such a 

tremendous range (from just over 1 to 6 or more)? How do you account for the fact 

that all this material becomes incorporated into the gel tube? 

DR. MARSLAND: The thicker the gel wall, I would say, the slower would be the 

extension of the tip, because more material is going into the wall. 

DR. ALLEN: Why do pseudopodia maintain a characteristic shape? Why doesn't 

the tip of a pseudopodium simply spread out in all directions in all cases? 

DR. MARSLAND: It is guided by the gel structure. 

DR. ALLEN: What makes it solidify in exactly the amount required to form, say, 

a cylindrical tube? 

DR. MARSLAND: Goodness knows: If I could answer that, I would have the secret 

of ameboid movement. 

DR. ALLEN: This is an important matter, and illustrates how many assumptions 

of a basic nature are required to explain such a "simple" process as ameboid move-

ment. 

DR. MARSLAND: Let me reverse it. How do you explain it? 

DR. ALLEN: If all the endoplasmic material becomes contracted in the process of 

forming the ectoplasmic gel, having a greater stiffness than the endoplasmic material, 

then I think one needs no further assumptions to explain why tube formation keeps 

pace with the rate of endoplasmic flow. 

DR. MARSLAND: All the material is converted into gel by either theory. 

DR. ALLEN: Not necessarily. 

DR. MARSLAND: I cannot see why it should not be. 

DR. ALLEN: It seems to me you are tacitly assuming that the rate of formation 

of gel is exactly equal to the rate at which the endoplasm moves forward. There must 

be a delicate control of one of these processes to prevent endoplasm from forming ecto-

plasmless blobs at the front end. 


