tarity exists between the toxin and the
receptor protein comparable to an an-
tigen-antibody reaction, as suggested by
Changeux et al. (4). The tertiary struc-
ture of the toxin, which is held together
by the disulfide bonds, has to be intact
for activity.
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Direct Test of the Positive Pressure Gradient Theory

of Pseudopod Extension and Retraction in Amoebae

Abstract. When one pseudopod of an amoeba is sucked into a capillary con-
nected to a partial vacuum and subjected to a pressure reduction of 30 to 35
centimeters of water, extension of other pseudopods, exposed to atmospheric pres-
sure, is not prevented. This result is interpreted to mean that cytoplasmic stream-
ing cannot be the result of a positive pressure gradient generated along the length
of the stream, for if it were, streaming would have reversed its direction under the
applied pressure gradient of opposite sign and supposedly greater magnitude.

The mechanisms of pseudopod ex-
tension and retraction in large, free-
living amoebae have remained obscure
and controversial despite much re-
search.

According to the frontal contraction
model of pseudopod extension (1),
each advancing pseudopod tip is the
source of a contraction drawing the
viscoelastic endoplasm forward, where
it becomes everted while contracting
and solidifying to form the ectoplasmic
tube. The advancing rim of the ecto-

plasmic tube is thought to consist of .

cytoplasm that has just contracted. The
frontal contraction model received ex-
perimental confirmation when a weak
photoelastic effect near pseudopod tips
was predicted and observed (2).
Even if a motive force is applied at

pseudopod tips, the bulk of endoplas-

mic streaming might still be attributed
to a pressure gradient, as was postu-
lated in the classical explanations of
Pantin (3) and of Mast (4) and de-
fended recently by Jahn (5). In fact,
several investigators (6-8) have inde-
pendently suggested that more than
one force-producing mechanism could,
at the same time or under different
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~ circumstances, cooperate to produce

amoeboid movement.
We hope that the controversy re-

garding the possible role of hydrostatic.

pressure in pseudopod extension and
retraction can be resolved in a direct
and simple experiment. If a pressure
gradient is responsible for flow into
and out of pseudopods, then the re-
versal of that pressure gradient by suc-
tion on a pseudopod should cause the
flow to be reversed.

Chaos carolinensis, a giant carniv-
orous amoeba, was cultured in Mar-
shall’s medium (9) and fed Parame-
cium aurelia every few days. Specimens

Eye Camera
) Water Recorder
Zeiss manometer
photo-
microscope I
N Transistor Amplifier
Objective L[ Micropipette pressure and auto

transducer

. zero0

Condenser ——=1=
BCD to

Dichroic
e N B e W P
LED
t
Source digital display e
*—'9‘7/Minnr

display
Fig. 1. Block diagram of the experimental
arrangement. Abbreviations are: DVM,
digital voltmeter; BCD, binary coded deci-
mal output; LED, light-emitting diode. See
text and notes for details.

for study were allowed to fast in fresh
medium for 1 or 2 days to render them
maximally active.

Amoeba proteus was raised in
Prescott-James medium (I0) and fed
Tetrahymena pyriformis (11). Speci-
mens were also allowed to fast 1 to 2
days before experiments.

Micropipettes were pulled from
Vycor glass of 6.0 mm outer diameter
in a Bunsen flame. Final inner diam-
eters of 80 to 120 pum were used for
C. carolinensis and 30 to 70 um for
A. proteus. Micropipettes were con-
nected by Y tubes to a mouth pipette,
a pressure transducer, and a water
manometer for calibration (Fig. 1).

Amoebae were observed with either
a X6, 0.16 numerical aperture (n.a.)
objective (for C. carolinensis) or a X16,
0.32 n.a. objective (for A. proteus)
and photographed by a Zeiss photo-
microscope camera on Kodak Plus-X
35-mm film.

When suction was applied, the pres-
sure difference was recorded directly
in each film exposure by projection of
the illuminated digital display into the
object and image planes. The digital
display itself was a three-digit light-
emitting diode (I/2) connected to a
circuit which scanned the binary-coded
decimal output of the digital voltmeter
(13). The voltmeter registered the
amplified output of the pressure trans-
ducer (/4). When the camera was acti-
vated, the pressure difference recorded
by the pressure transducer was frozen
until the exposure had ended. A chart
recorder kept a complete record of
suction applied and the times at which
the pictures were taken.

Contact of the micropipette with the
uroid (tail) of either species of amoeba
did not elicit a detectable response.
The likelihood of response seemed to
increase when the point of contact
came closer to advancing pseudopod
tips. Contact at a tip either caused
streaming to stop or changed the direc-
tion of pseudopod extension.

Suction applied to the tail or to
retracting pseudopods of either species
had little effect on streaming until the
pressure exceeded the yield point of
the ectoplasmic gel so that cytoplasm
flowed easily into the tube. The pres-
sure required to do this varied greatly.
Once endoplasm had begun to flow
into the tube, the suction required to
keep it flowing decreased to 0.1 to 1.0
cm of water. At this point, when small
changes in externally applied suction
sensitively affected the rate of flow of
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endoplasm inside the capillary, one
would expect that a sharp increase in
applied pressure difference, for ex-
ample, 30 to 35 cm of water, would
establish a negative pressure gradient
in the cell, opposite in polarity to the
presumed positive pressure gradient
that, according to the tail contraction
theory, causes streaming in the amoeba.

Suction applied at the tail did not
cause a reversal of cytoplasmic stream-
ing in free pseudopods. The same was
true of suction applied to advancing
pseudopods. In the latter case the force
required to overcome gel resistance
was much less, and flow, once started,
could be maintained by a negative
pressure as small as 1 to 2 cm of water.
Thus, when the pressure was increased
to 30 to 35 cm of water, it seemed
justified to assume that the pressure
had been reduced in a region inside
the cell.

The experiment in Fig. 2 is typical
of over 20 experiments performed on
each of these two species. A polypodial
specimen of C. carolinensis was maneu-
vered so that the micropipette, held in
a micromanipulator, would snugly fit
around a slender advancing pseudopod.
Suction was applied, and the pressure
differences were registered automati-
cally at the top of each frame. The
time at which each frame was photo-
graphed is indicated at the lower left
corner. Arrows indicate the direction
of pseudopods that are advancing and
retracting. A cross indicates cessation
of movement. Throughout the experi-
ment, a pressure difference sufficient to
cause rates of flow several times faster
than normal did not cause reversal
of streaming. In fact, such pressure
differences rarely showed any detect-
able effect on the streaming pattern
except in the immediate vicinity of the
capillary orifice.

The results obtained with 4. proteus
were identical except for the lower
pressures required (half as great) and

Fig. 2. Sixteen sequential photographs of
the response of Chaos carolinensis to the
removal of cytoplasm by suction applied
to one of its pseudopods by a capillary of
93-um outer diameter. The pressure (in
centimeters of water) was registered auto-
matically at the top of each frame. The
time (in seconds) at which each frame was
exposed is printed in the lower left-hand
corner. Arrows mark advancing and re-
tracting pseudopods; those marked with a
cross had stopped moving. Scale is on last
frame (bright-field microscopy, X6, 0.16
n.a. objective, Kodak Plus-X film).
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the shorter time required to draw the
smaller volume of cytoplasm down the
capillary.

In both genera of amoebae, drawing
the endoplasm into a capillary sooner
or later ruptured the membrane
stretched ahead of it. This did not
affect the results, except that some
coagulation of cytoplasm mixing with
the calcium-containing medium prob-
ably increased resistance to flow and
thus the pressure required to maintain
rapid flow.

It was inconsequential whether the
endoplasm was removed by sucking on
an existing pseudopod or on a capillary
of small diameter inserted into the
body of the amoeba.

When suction was released, the cyto-
plasm in the tube tended to return to.
the amoeba, where it had little or no
effect on streaming elsewhere in the
cell. If a large volume of aspirated
cytoplasm was returned to the cell by
application of positive pressure, cessa-
tion of streaming was typical. This was
apparently not a sign of injury, how-
ever, because streaming resumed again
after several seconds.

The application of suction to the
endoplasm caused strain birefringence

that was visible in plane-polarized light.

The rheological behavior of strained
endoplasm in polarized light was com-
plicated and will be discussed fully
elsewhere. The demonstration of strain
birefringence shows that viscoelastic
behavior can be expected of amoeba
endoplasm.

Application of fluctuating positive-’

negative pressure gradients caused
oscillations in the velocity of flow only
in the immediate vicinity of the capil-
lary orifice.

Occasionally it was possible to cause
a positive pressure gradient by sucking
a pseudopod into a tube slightly
smaller in diameter than the pseudo-
pod, thus squeezing the pseudopod.
The result was forward flow of endo-
plasm into other pseudopod, making
them spherical instead-of cylindrical—
an effect observed by Kamiya (15) in
his double-chamber experiments.

The classical tail contraction or

* positive pressure gradient theory of

amoeboid movement assumes that the
motive force is generated by contrac-
tion of the tube of granular ectoplasm.
According to this theory, the inert
endoplasm is forced forward toward
weak points in the ectoplasmic tube,
which become the tips of advancing
pseudopods.

The present results show that suction
on any pseudopod (advancing or re-
tracting) does not prevent other pseu-
dopods from extending, even though
the applied suction far exceeds pub-
lished measurements of the motive
force (14).

These findings are not altogether
unexpected. Allen and Roslansky (16)
found that when a pseudopod was ad-
vancing of its own accord into a glass
capillary, a pressure difference of 1
to 2 cm of water halted local stream-
ing but had no effect elsewhere in the
cell. They noted in passing that flow
induced artificially in one pseudopod
had no effect on streaming in adjacent
pseudopods (17). Allen, Colledge,
and Hall (I8) noted that amoeba
cytoplasm could stream even in quartz
capillaries entirely isolated from the
intact cell. They interpreted this result
to mean that pressure could not be
responsible for streaming. The pres-
sure theory of Pantin (3) and Mast
(4), then popular, was thus put in
doubt.

Using the double-chamber method,
Kamiya (I5) found that the pressure
difference required to reverse the
streaming in C. carolinensis could be
as little as 0.05 cm of water and as
high as 1.5 c¢m, with values to 3.0 cm
when the amoeba received electrical
stimulation.

The forces applied in the present
study were ten times higher than this
measured motive force. Kamiya also
noted that flow into advancing pseudo-
pods under an artificial pressure gradi-
ent produced spheroidal rather than
cylindrical pseudopods. Using an in-
genious triple-chamber method for
measuring the motive force (then as-
sumed to be pressure from contracting
pseudopods) at two locations, Kamiya -
found independent variations. These
results suggest that motive force is pro-
duced independently in different pseu-
dopods.

At the same symposium at which
Kamiya reported his double-chamber
experiments, an intriguing observation
by F. Kanno was reported (19):

A proteus-like amoeba was sucked into a
capillary with a bore of about 50-70 wu
and allowed to establish vigorous uni-
directional movement. Then a smaller cap-
illary with a bore of about 12 x was thrust
about 10 u into its tail region and cyto-
plasm sucked out. Movement in a forward
direction continued even though over half
of the cytoplasm was withdrawn from the
cell. How do you think this should be
interpreted?
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Our present results and those of the
earlier authors are consistent with the
view that streaming does not depend
upon an .internal hydrostatic pressure
gradient. There remains the possibility
that local pressure gradients (for ex-
ample, those caused by frontal con-
traction) might be present. The fact
that pseudopod extension is initiated
at the pseudopod tip (I, 20-22), as
well as the photoelastic cycle at pseu-
dopod tips (2), argue that the motive
force is applied as tension to the visco-
elastic endoplasm at pseudopod tips.
Available evidence suggests that the
frontal contraction model applies at
least to the “Chaos-Amoeba group”
(23). Griffin (24) has suggested that
anteriorly flattened species of amoebae
(such as Amoeba verrucosa and A.
striata) are driven by a similar con-
traction. The views of Abé (25) con-
cerning A. striata would be similar if it
should turn out that “gel formation”
and cytoplasmic contraction are one
and the same process at the front ends
of amoebae.

As Griffin (26) has pointed out, a
totally different mechanism of pseudo-
pod extension is evident in the giant
herbivorous amoeba, Pelomyxa palus-
tris. Here the extremely simple mono-
podial movement is consistent with a
positive pressure gradient model. Many
other forms of pseudopods show in-
teresting functional and ultrastructural
diversity, which may reflect different
mechanisms of pseudopod extension
and retraction. The results presented
here should not be generalized to all
other types of cell movement. They do
indicate, however, a reasonable experi-
mental approach to answering the ques-
tion of whether hydrostatic pressure is,
or is not, the motive force for a given
biological movement phenomenon in-
volving cytoplasmic streaming.

ROBERT DAY ALLEN
DAviD FRANCIS*
_ ROBERT ZEH
Department of Biological Sciences,
State University of New York at
Albany, Albany 12203
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Suppression of Urethim-lnduced Lung Adenomas in Mice
Treated with Trehalose-6,6-Dimycolate (Cord Factor) and

Living Bacillus Calmette Guérin

Abstract. Trehalose-6,6-dimycolate (cord factor), a glycolipid from myco-
bacteria, suppressed the development of urethan-induced tumors in the lungs of
mice to a similar degree as living Mycobacterium bovis (strain BCG) bacilli. The
inhibition was apparently due to the host cellular reaction caused locally by

cord factor.

Experimental intravenous infection
with bacillus Calmette Guérin (BCG)
induces granuloma formation in the
lungs, spleen, and liver of mice, in-
creases antibody formation against un-
related antigens, and enhances the
activity of the reticuloendothelial
system (I). Nonspecific resistance
to heterologous bacterial infections as
well as to grafted tumors of animals
sensitized with BCG is apparently re-
lated to the above changes (2). Rele-
vant to these activities are also the
observations that experimental leuke-
mia can be cured in some cases (3),
that remissions in human leukemia can
be prolonged with BCG (4), and that,
according to the results of a recent
statistical study, leukemia mortality is
about two times less among BCG-vac-
cinated than among nonvaccinated
subjects (5). It has become evident
that a chemically defined glycolipid
from tubercle bacilli, trehalose-6,6-
dimycolate (cord factor), is able to
elicit a typical granulomatous response
in the lungs of mice after an intra-
venous injection of amounts as small
as 1 to 5 pg. The cellular composition

was indistinguishable from that in
granulomas formed after an infection
with living BCG. Repeated injections
of cord factor induced a more ex-
tensive cellular response than did one
injection of the same total amount of
cord factor, a reaction very similar to
that which appears after repeated in-
jections of intact tubercle bacilli and
which is known as the accelerated tu-
bercle formation (6, 7). Macrophages
from mice first treated intraperitoneally
with cord factor and another myco-
bacterial fraction (wax D) showed
increased acid phosphatase activity.
Such animals were resistant to infection
with heterologous bacteria and Ehrlich
ascites cells (unpublished data).

Cord factor (5 to 10 pg) when in-
jected into the foot pads of mice, in-
duced histological changes similar to
changes that followed injections of liv-
ing BCG. Both materials induced, in
the draining lymph nodes, hyperplasia
of the lymphoid tissue in the para-
cortical zone, accumulation of macro-
phages, and formation of granulomas
composed of macrophages, epitheloid
cells, and lymphocytes (8). Because no
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