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INTRODUCTION

The extent to which environment,al conditions media
te the behav ior
~f' certain organisms of basica lly cellul ar con:;titution
, e.g., the protoz oa,
has been the subjec t of considerable inve!ltigation
for more than two
hund1ed y2ars, ever since the classic exper iment al obser
vation s of Kuhn e
( 1864), Engelmann (1869, 1879, 1906), and Verwo
rn (1889a,b, 1896,
l91J) on a variet y of microorganisms. Prom inent among
such investig::.tion~ have been numerous researches on amebas. As organ
isms of cellul ar
c•on:;titution havin g morphological o,ganelles of tempo
rary durati on, e.g.,
their pseudopods, water-expulsion vesicles ("con tractil
e vacuo les"), and
gnstrioles ("food vacuo les"), the a.me bas have been
considered as perhaps the more primi tive and unspecialized of cells
availa ble for such
~tudies. Therefore, their motile responses to enviro
nmen tal conditions,
11ntural or experimental, have been assumed to be biolog
ically basic re• Supported by NIH Research Grant 6462, NSF Grant
5573, and ONR Contra ct
\'ONR 4756.
t Present address: Depa1tment of Physiology and Cell Biolog
y, Univer sity of
Kansas, Lawrerice, Kansas.
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spouses, indicative of the fundamental responses upon which the behavior
of higher animals may be constructed biologically, and perhaps evplutionarily as well.
Opinions as to the nature of these responses range from comments
implying an incipient wisdom on the part of amebas or other cellular
_organisms (e.g., Penard, 1902, 1947; Jennings, 1904; Kepner and Whitlock, 1921; Thomas, 1957; and others), to a purely mechanistic assessment (e.g., Mast, 1941; Jahn and Bovee, 1964).
Jennings states (1904, p. 336), for example: "The writer" (i.e., Jennings,
himself) "is thoroughly convinced, after long study of the behavior of
this organism, that if Amoeba. were a large animal so as to come within
the everyday experience of human beings, its behavior would at once call
forth the attribution to it of staks of pleasure and pain, of hunger, desire
and the like on precisely the same basis as we attribute these things to
a dog. This natural recognition is exactly what Miinsterberg (1900) has
emphasized as the test of a subject. In conducting objective investigations
we train ourselves to suppress this impression, but th0rough investigation
tends to restore it stronger than at first." Goldacre (1964) \calls Amoeba
proteus a "goal seeking organism" which "discovers where food is, and
stays there" and which "avoids noxious substances," but he1 suggests that
there are mechanistic bases for the behavior.
·
1
Jahn (Jahn and Bovee, 1964, p. 62) has recently expressed
the mechanistic pole of opinion by stating: "All inanimate objects and all living
organisms which do not have a central nervous system and are completely
devoid of the power of reason behave in a completely logical manner."
So far as we know, amebas belong in this category.
Nonetheless, behavior of amebas, as Jennings (1904) points out, is very
complex. Perhaps it has internal oscillatory reference ("feedback")
mechanisms (Schaeffer, 1931; Goldacre, 1958; Bovee, 1964). At any rate,
its behavior is inextricably interrelated with its protoplasmic movements,
whether it be reacting positively or negatively to stimulus, and whether
it be involved in feeding (i.e., phagocytosing), pinocytosing (i.e., fluid
and solute uptake), digesting, locomoting, dividing, "breathing" (i.e.,
respiration and associated activities), "eliminating" (i.e., expulsion of
water or fecal vesicles). Hence, the study of its motile behavior predominates and is related t.0 nearly its entire scope of behavior.
Jennings (1904), despite his statements cited above, employed the
objective route in his studies of the influence of environmental factors on
amebas and many other "lower" organisms, following the experimental
pathways established by Kiihne (1864), Engelmann (1869), and Verwom
(1889a). He tested a variety of physical and chemical agents on the
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behavior of amebas, and he added to the ground work of those researche rs
and their predecessors. However , he. left open any decision on the degree
and nature of complexi ty of ameboid behavior and the bases for its control and direction .

II.

PHYSICOC HEMICAL BASIS FOR MOTILE BEHAVIO R

Any attempt to understa nd in mechanis tic terms the bases for motile
behavior of amebas requires a specific knowledg e concernin g the machinery which produces ameboid movemen t.
For more than 100 years it has been repeated ly assumed, at first naively,
that ameboid movemen t is fundame ntally similar to that of muscle, the
latter, according to Ecker (1849) among others, being a specializ ed version of the former. This assumpti on was perhaps first supporte d in the
heuric~ics of Ehrenber g ( 1838) who believed in and sought for cytoplasmic organelles in cellular organism s analogou s to the organs .of metazoan
animals. It has failed to vanish as a concept even with the developm ent
of more mechanis tic ideas and the developm ent of concepts based on a
primitive and universal "sarcode " (Duj ardin, 1835) or "protopl asm"
(von Mohl, 1846), und later purely physical processes of surface tension
phenomena (e.g., Berthold , 1886; Blitschli, 1891) as foundatio ns for behavior at the cellular level.
Nearly 100 years ago Engelma nn (1879) recognized that the mechanis m
of all protoplas mic movemen ts, including ameboid and muscular , must
be mediated by molecula r aggregate s, which he called "inotagm en," and
their associatio ns and dissociat ions. In some form or other his assumption has since been repeated ly proposed (e.g., Schaeffer, 1931; Goldacre
and Lorch, 1950; Bovee, 1952; Landau, 1959; and others). With the
rapid developm ent of biochemi stry and physical chemistr y in the past
45 years the molecula r associati on and dissociat ion mechanis m is now
well documen ted not only for the motile behavior of muscle, but increasingly so for ameboid and for all other forms of protoplas mic movemen ts
which have and are being intensive ly investiga ted.
The discovery that motion could be engender ed in vitro via energy
from extraneo usly supplied adenosin e triphosph ate (ATP) on the part
of actomyos in threads, precipita ted from solutions thereof extracted
from vertebra te muscle (Szent-G yorgyi, 1947), gave renewed impetus to
the search for the biochemi cal mechanis m of ameboid and other protoplasmic movemen ts. Kriszat (1949) and Kappner (1961) demonstr ated
that extraneo usly provided ATP accelerat ed the movemen ts and locomotion of the giant ameba (Chaos chaos), and Goldacre and Lorch (1950)
did so for Amoeba proteus. Loewy (1952) discovere d, and Ts'O and his

I•'
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co-workers (1956a,b, 1957a,b) and especially Nakajima (1956, 1960,
1964) and Hatano and Oo;;awa (1967) have elegantly and elaborately
investigated, the biochemistry of the /3-actomyosin ("myxomyosin") of
the amcboid mycetozoan Physarurn polycephalurn. Bovee (1952) predicted that an actomyosinoid machinery which utilized ATP as the energy source would be found responsible for amcboid movements and
locomotion, and Landau (1959), Kamiya (1959), Nakajima (1964),
Bovee (1964), Jahn and Bovee ( 1964, 1965, 1967), and others have
elaborated on how such a mechanochemical actomyosinoid system can
drive ameboid movements. Simard-Duquesne and Couillard (1962) extracted an actomyosinoid ATP-reactive protein complex, essentially a
j3~actomyosin of low ionic strength, from Amoeba proteus, verifying the
earlier prophecy of its presence by Bovee ( 1952). They also demonstrated
that cell models (i.e., glycerine treated dead cells) of Amoeba proteus
contract if exposed to ATP, as had been shown earlier for the smaller
species of ameba, H arirnannella sp. (Hoffmann-Berling, 1956).
In the meantime actomyosinoid proteins have a!so been identified from
the fibrils and protoplasm of cilia (Gibbons and Rowe, 1965; Renaud
et al., 1966, 1968), flagella (Engelhardt and Burnasheva, 1957; Mohri,
1964; Nelson, 1966), egg cells (Sakai, 1962), mitotic spindles (Kane, 1967;
Stephens, 1967), plant cells (Kasantzev et al., 1964), blood cells (BettexGalland and Li.ischer, 1959; Marchesi and Steers, 1967), tissue cells (Hoffmann-Berling, 1956), and, in fact, in virtually whatever kind of protoplasm has been critically examined for their presence.
That these actomyosinoid proteins are distributed throughout the
ameba (Amoeba proteus) has been shown by G_uindon and Couillard
(1964), and that they form distinct fibrils where contraction is most
active, near the rear, has been demonstrated both directly (Goldacre,
1964) and by electron microscopy (Komnick and Wohlfarth-Bottermann,
1965), especially after being exposed to extraneously available ATP
(Daneel, 1964). The chemical inhibitors which interrupt respiration and
the metabolic steps in the biochemical transfer of energy to the ATP
reservoir, via glycolysis of sugars and the tricarboxylic acid cycle, also
interrupt the ameboid motile machinery (Mattenheimer, 1958; Zimmerman, 1959, 1964). Ameboid movement is also interrupted by such physical
or chemical treatments which disrup~ or coagulate fibrils or prevent their
formation (Brinley, 1928a; Fowler, 1941; Landau et al., 1954; Zimmerman et al., 1958; Abe, 1963; Zimmerman, 1964; Landau, 1965).
It has long been known that this fibrillar contractile ectoplasm ("gel")
of amebas is made tougher, more viscous,. and more contractile by certain
chemicals, e.g., salts of calcium and magnesium (Mast, 1941; Heilbrunn,
1958) while others tend to render it more fluid and flaccid, e.g., salts of
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potassium and sodium (Pitts and Mast, 1933; Heilbru nn, 1958). The
divalent ions (Ca++ and Mg++) tend to counter act the effects of the monovalent ions (K+ and Na•). This seeming "ion antagon ism" and its role
in ameboid moveme nts was long unexpla ined. It is now known, through
physical chemist ry studies on actomyo sins, that Mg++ is involve d in the
synthesis of actin and actomyo sin fibers, and the activati on of ATP
splitting in the syntheti c proces1;, (Katz, 1962; Ikkai and Ooi, 1966; Perry,
1967) ; it is also known that Ca++ is the principa l "trigger " which sets
.
off the motion of actin and myosin fibrils in counter relation to one another
t
resultan
the
ATP is meanwh ile split to provide the energy which drives
in
vivo
contract ion (Davies , 1963, 1965; many others). This occurs in
in
muscle cells (Chamb ers and Chambe rs, 1961; Podolsk y, 1965) and
live
in
as
well
as
1947)
yorgyi,
(Szent-G
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are
there
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whereve
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presuma
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(1962)
Duquesn e and Couilla rd
actomyo sinoid systems (Kamiy a, 1959).
These are only the major effectors of the system, howeve r; and, there
y
are other and multiple compon ents, certainl y in muscle, and probabl
to
small
in
proteins
in other actomyo sinoid systems . There are other
in
relat,ively large amounts , detected in muscle, and potentia lly present
in.
,B-actin
and
other systems , e.g., tropomy osin, troponin , metin, a-actini n,
The first three. may be involved in Ca++ regulati on (lwakur a, 1966;
of
Briggs and Fuchs, 1965; Katz, 1965) and therefor e the regulati on
of
contract ion, ·while the actinins are enzymic mediato rs of synthes is
is
synthes
such
1966),
ma,
Maruya
1966;
Cohen,
actin fibrils (Grant and
The
system.
sin
actomyo
the
of
function
and
being basic to the origin
actomyosin system is undoub tedly even more complex than these known
protein compon ents imply, and there is much left to be discover ed about
the organiz ation and function of the actomyo sin system.
Even so, the basic operatio n of the actomyo sinoid system of amebas
of
can be reasona bly postulat ed by extendin g the brief descript ions
ry,
stationa
a
Bovee (1952) and Landau (1959). It has been shown that
n
rounded ameba is in a precario usly equilibr ated state of isometr ic.tensio
sinoid
(Marsla nd, 1964), with a periphe ral fibrous network of actomyo
gel, and an internal content of less fibrous, more nearly fluid actomyo
and
ents
compon
other
ence
conveni
tary
momen
for
g
sinoid sol (ignorin
inclusions). Any local alteratio n of conditio ns, internal or external , which
permits dissolut ion of a portion of the fibrous gel, convert ing it to sol,
allows isotonic contract ion to begin in the gel, driving sol through the
weakened zone of gel, forming a hemisph erical bulge of sol under the cell
membra ne and its mucopo lysacch aride coating ("plasm alemma ") at the
is
weakened point. A ,B-actomyosin solution of low ionic strength such as
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pres ent in· the sol, pref eren tiall y prec
ipita tes as a coac erva te · netw ork of
gel (Tak ahas hi and Yasu i, 1967)
on alrea dy exis ting acto rhyo sin gel
(Tad a and Ton omu ra, 1967). This
new gel thus form ed at the rim of
the weak ened spot is incre ased , form
ing a tube as so] is cont inuo usly
push ed by the gel cont racti ons, resu
lting in exte nsio n of a pseu tlopo d.
Beca use cont racti ons begu n in such
a coac erva te /3-ac tomy osin gel proceed to max imum in the pres ence of
ATP (Eva ns and Bow en, 1967 ), all
old and new gel ente rs into the cont
racti le proc ess, at first isom etric ally
(Bov ee, 1952) then isoto nica lly deve
lopin g a mea sura ble pres sure upon
the sol (equ ivale nt to 1-1.5 cm H
O;
Kam iya, 1964), until max imal
2
com pact ion is deve lope d (Jah n and
Bove e, 1969). At max imal com paction, whic h occu rs at the rear end of
the loco moti ve ame ba, the gel dissoci ates at the inter nal gel-s o] inter
face due to acto myo siri disso ciati on
and actin depo Jym eriza tion via myo
sin-A TPa se actio n as ATP is used
up (Oos awa et al., 1966). This is due
to the tend ency of acto myo sin gel
to disso ciate as its ATP resid ues
(AD P and AM P) deta ch from the
acto myo sin fibri ls (Oos awa et al., 1966
; Nak amu ra and Ton omu ra, 1967),
and as the bind ing catio ns, espe ciall
y Ca++ and Mg++, are Jost into the
sol with expr esse d wate r (Ikk ai and
Ooi, 1966). Thu s sol is conv ertib le
to activ ely cont racti le gel ante riorl y,
and the cont racte d gel mus t conv ert
to inac tive sol post erior ly. The ame ba,
once set in moti on, is able and is
oblig ated to cont inue to loco mote by
cons truct ing a tube of itsel f, driv ing
itsel f thro ugh the tube as it simu ltane
ousl y both dest roys and leng then s
it. Unle ss the loco moti ve proc ess is inter
rupt ed by stim ulus , it cont inue s,
pres uma bly until avai lable ATP ener
gy reser ves are exha uste d (Jah n
and Bov ee, 1970
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MOV EME NTS DURING FEED ING
AND PINO CYTO SIS

Inge stion of nutr itive mate rials , eithe
r of prey into mem bran e lined
macr oves icles ("foo d vacu oles " or
"gas triol es") or by pino cyto sis into
mem bran e lined micr oves icles , also invo
lves the ame boid moti le mac hinery. Con tact of a pseu dopo d with prey
may stop loco moti on temp orar ily,
anal ogou sly, at least , to shoc k stop page
by phys ical and chem ical agen ts.
Flow is neod irect iona l whe n resu med
afte r cont act with prP,y as new
pseu dopo ds mov e past the prey and
fuse arou nd it to form an encl osin g
vesic le (Gra ve, 1964, and othe rs).
If mate rials capa ble of unde rgoi ng
pino cyto sis in solu tion are enco unte
red by a mov ing ame ba (Am oeba
prot eus) , the ame ba stop s and send s out
man y shor t pseu dopo ds, with in
the ends of whic h mem bran ous chan
nels desc end from the surfa ce and
at the fund us of whic h smal l mem
bran e-lin ed vesic les are pinc hed off,
encl osed by cyto plas m (Ma st and Doy
le, 1934; man y othe rs).
An ame ba, in pres ence of food orga
nism s or mate rials capa ble of
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even human ). While this may be "explai
energy
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ition
compet
in
"digestive process es" over "motile process es"
le memsource, studies on Amoeba proteus indicat e that much of availab
complex
ar
brane at the body surf ace is ingeste d as part of the vesicul
of the
during feeding or pinocyt osis. It is estimat ed that up to 70%
or pinoameba' s surface membr ane may be so ingested during feeding
, locoutilized
so
is
50%
than
more
if
that
cytosis (l\Iarsh all, 1966) ; and
during
1963),
resen,
an-A,.d
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motion stops for 4 hours or more
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grated
which the membr ane is ultimat ely disinte
(Marction
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shall, 1964, 1966). It is eviden t there is a heavy drain on th1:; cytopla
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tosis
New membr ane is interpo lated at the surface in feeding or pinocy
new
of
e
(Marsh all and Nachm ias, 1960; Marsha ll, 1966), by advanc
the
around
pseudopods during gastrio le formati on, and at the surface
smic
openings as the pinocy totic channe ls are dragge d inward by cytopla
among
and/or membr ane recession during pinocy tosis. The imbala nce
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precurs
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Andresen, 1963). Some possible explan ations for the cessatio n of
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(Czarsk a and Gr'tbec ki, 1966) and the
ly myosin
structu ral protein s of cell membr anes is contrac tile, and probab
memnew
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up
(Booij, 1966; Baier and Zobel, 1966). The myosin used
conleaving
brane format ion exerts a drain on the actomy osin pool,
siderab ly less myosin availab le for the locomo tor mechan ism.
vary
The shape and size of vesicles formed in gastrio le format ion
such as
greatly with the type of food. Ingesti on of a large long ciliate,
being
ciliate
the
,
partial
only
be
may
nsi,s,
Spii-ostomum by Chaos caroline
a
Amoeb
1943).
tein,
(Golds
le
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the
severed by closure of the "lips" of
yon
Stylobr
ted
flagella
of
colony
large
proteus has been seen to ingest a
relative ly
(Bovee, 1959) or the polych aete worm Aeolosoma sp. in a
huge globula r vesicle (Bovee, 1959).
conSome other amebas exert tractio n on prey or food particle s once
cytotting
tact is made, and they appear to suck the food into tight-fi
Brodsk y,
plasmic gastrio les which later become spheric al (Chatto n and
1960;
1909; Coman don and de Fonbru ne, 1936; Wenric h, 1939; Bovee,
when
and others) . The suction is of ten so strong as to tear the prey apart
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severnl ameLas compete for the same prey, e.g:, M ayorella verspertilio
feeding on the ciliated protozoan .. V0.1:ticella (I:vanic, 1936). Suction is
also evident in the ingestion of bacteria, algal filaments, flagellates, and
other food by both large amebas, e.g., Pelomyxa pc1,lustr.is (Kudo, 1957),
and small ones, e.g., H artmannella spp. (Ivanic, 1936), Entamoeba spp.
(Wenrich, 1939) or Cochliopodiwn sp. (Bovee et al., 1964). How the
traction or suction is developed is not known, but inwardly directed canalicular movement ,of .the surface membran e is eviclent, accompanied by
counter-s treaming currents of protoplas m which suggest active shearsliding mechanisms (Jahn and Bovee, 1967) ...
During the canalicul ar formatio n which occurs in pinocytosis, the form
of the canal or ingestive tube which descends within the tip of a blunt
pseudopod also is variable in shape and depth depending on what substance is being ingested; e.g., channels formed by Amoeba proteus in
pinocytozing salt solutions are ,finely tubular and tortuous, those formed
while taking in tobacco mosaic virus are cylindric al to flask-shaped, while
those formed in a.solution containin g the amino acid methionine are ovate,
and of about the same size and shape as the gastrioles formed by the
same ameba when it ingests its common prey ciliate, Tetrahymeria pyriformi's (Holter, 1959). The latter coincidence, if it is one, is unexplained.
Perhaps methionine is among the amino acids present in the mucus known
to be exuded by Tetrahymena into the medium as 'it swims (Jahn et al.,
1965; Tokuyas u and Scherbau m, 1965). It is known that methioni ne is
present in the free amino acid pool of Tetrahymena (Loefer and Scherbaum, 1963).
Intake, either by gastriole formatio n or by pinocytosis, apparent ly
employs the same· basic mechanism (Marshal l, 1966). It has been better
studied in Amoeba proteus than elsewhere. It is a two-phas e process
(Rustad, 1959) involving an initial attachme nt of positively charged ions
to sites on the negative ly charged mucopol ysacchar ide coat (Brandt,
1958; Brandt and Pappas, 1960, 1962), followed by canalicul ation of the
membran e, and the pinching off of vesicles at the fundus of the canal.
Some nonprote in substances, e.g., basic dyes, attach to negative sites, but
do not trigger canalicul ation (Rustad, 1959); others, e.g., ferritin, both
attach and trigger canalicul ation. The attachme nt is a nonenergy consuming process; but canalicul ation, which involves membran ous and
cytoplasmic movements, consumes energy (Rustad and de Terra, 1958),
indicatin g activatio n and employm ent of the motile mechanisms. Also,
metabolic inhibitor s which interfere with reloading of ATP energy reser..-es, either by blocking glycoly,;:i,;: or the cytochro me reactions . block
pinocytotic intake (Chapman-Andresen, 1966; Cohn, 1966), and ATP
relieves the blockage by dinitrophenol (Cohn and Parks, 1967a). The
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EFFEC TS OF STIMU LI ON AMEBO ID MOVEM ENT

fundam ental
While "·e thus now have some real unclerstandin 6 of the
m of the
proble
mechanism for ameboid movement, there still remains the
been experieffect:,; of stimuli upon the mechanism. Various stimuli have.
mentally used, some results of which are indica ted below.
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and travels toward the cathode (Mast, 1931b). If moving not directly
toward either pole it gradually turns to travel toward the cathode, contraction occurring at the anodal end of the cell. After a few minutes in
a stronger continuous direct current, however, an ameba slows and stops,
then bursts (Jennings, 1904; Mast, 1931b; Hahnert, 1932). The general
cffects of the continued stronger direct current on the motile mechanism
suggest that the electric current somehow interrupts the motile mechanism
· at the stage of new gel formation, i.e., prevents the fibrillar association of
actin and myosin which precedes ATP splitting and contraction. This
is evident from the facts (Mast, 1931a) that neither a new plasmagel
sheet nor new anterior gel is added; and the forward-pushed sol bulges
out the piasmalemma anteriorly; posterior gel contracts forcibly and
separates from the more posterior gel, undergoing discoloration (to a
yellowish tinge), disintegration, and dissolution, and this is followed by
death of the ameba.
In an alternating current field. where the cathode and anode reciprocally alternate 60 times/Eecond, similar contractile effects occur at both
poles in line with current flow, while in both directions perpendicular to
current flow the sol bulges out the plasmalemma, forming pseudopods
lacking gel (Mast, 1931b; Hahnert, 1932).
Some other more recent evidence suggests that the distribution of those
metallic ions invo1ved in the operation of the actomyosin machinery are
altered by the electric field, resulting in an anterior (cathodal) paucity
of certain of them needed for gel synthesis and contraction (Jahn, 1966;
Jahn and Bovee, 1970). In a very direct current, the ultimate effect of
the redistribution of ions is to orient the motile machinery so that contraction is at the anodal end of the cell, cau-sing progression toward the
cathode, without interrupting otherwise the operation of the motile system, and without killing the ameba.
·
C. Reactions to Radiations
I. Response to the Visible Spectrum
Am1cbas respond to light, but some of the data are confusing. Amoeba
protens has been said to respond either negatively to light {Davenport,
1897; MDst, 1910) or, sometimes, positively (Schaeffer, 1917a; Mast,
1931a). The small ameba Flamella citrensis is so photonegative that
it literally kills itself by locomoting for hours in bright light (Bovee,
1956). Still another ameba, Polychaos timidum, also locomotes rapidly
and promptly in bright light until it encounters opaque debris, into which
it plunges and remains. If the debris is scattered, it repeats the procedure
(Bo·:ee, 1950). Other amebas become more or less active in what ap-
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another smaller peak at 30°C (Schwittala, 1925). These data have hot
been correlated with the light intensity peaks, but resemble them. The
effccts on amebas of infrnred radiation, per se, is not known, Sublethal
ncnr-ultra,·iole t and the shorter radiations (i.e., Schumann, X-ray, a-,
{3-, or y-radiation) are all detrimental, slowing and stopping movement
and locomotion (Bovie, 1915; Wilber and Slane, 1951), except for a brief,
temporary acceleration immediately after exposure (Wichterman, 1957).
Pinocytosis (i.e., water intake) and contractile vacuolar activity (i.e.,
water expulsion) are accelerated by mild ultraviolet radiation (Rinaldi,
1959), however. Damage to the mechanism, even if potentially lethal,
may be repaired by transfusion of undamaged cytoplasm from an~ther
ameba of the si;ime or closely related species (Daniels, 1955).

D. Response to Mechanical Forces

1 \

Responses to contact with a physical object cause no known specific
response by amebas. Local pressures with a microneedle cause stoppage, .
and withdrawal of the pseudopod or portion t"uched (Jennings, 1904;
V erworn, 1913; Mast, 1932; and others). So does mechanical shock connyed through the water (Folger, 1926), the reaction to which resembles
and interacts with that to sudden change of light intensity (Folger, 1925,
1927), with "adaptation" to repeated shocks of the same intensity followed by resumption of movement (Fol!:,er, 1926).
If the water is agitated by shaking the flask (Angerer, 1936), or by
vigorous and repeated movements of large ciliated organisms, e.g., rotifers
(Bovee, 1959) Amoeba proteus at first accelerates, then slows and contracts and stops. A brief vigorous manual agitation of the water with a
needle causes many amebas to round up, then extend slender radiate
pseudopods, going afloat (Bovee, 1951a, 1953). High hydrostatic pressure also causes amebas to stop and contract (D. E. S. Brown and Marsland, 1936; Marsland and Brown, 1936; Marsland, 1964; and others).
Vibrations of frequency faster than sound cause initial acceleration of
ameboid movement, and change of direction, then solatio.n and disruption
of Amoeba proteus (Harvey et al., 1928), if applied through the water,
bursting being due to enlargement of the water expulsion vesicle, because
of interruption of the voiding mechanism, if the vibrations are greater
than 1 MHz (Mugard and Renaud, 1967). Whether slower vibrations
within the range of sound affect motile behavior of amebas seems not to
have been critically investigated until very recently. It has been reported
that flagellar movements (Bovee, 1960) and ciliary movements (Schaeffer,
1920; Christiansen and Marshall, 1965) cause amebas to move toward
prey, but only one attempt seems to have been made to determine what
frequency or frequencies of beat, if any, cause the effect. Kolle-Kralik
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to certain food su bstiinces (Schaeffer, 1917a) and prey (Jennings, 1904),
and uot to others, but the mechanisms are unknown.
Studies on pinocytosis suggest that contact with certain organic substances stimulB,tes movement and pseudopodal formation and/or pinocytotic canaliculatio n with accompanyi ng ingestion (Chapman-A ndresen,
1962). The most effective substances are y-globu]ins and serum proteins
(Brandt, 1958), with long-chain fatty acids also being effective (Cohn
and Parks, 1967b). These are positively charged, i.e., cationic, when at
pH within the range of that where Amoeba ')lroteus normally lives (pH
6.7 to 8.0). Other substances, e.g., basic amino acids, become inducers at
pH levels where they become positively charged (Chapman-A ndresen,
1962). Some cationic substances which do not induce pinocytos.is, e.g.,
batciic dyes, compete with inducers for attachments sites at the surface of
the ameba, and the total amount of inducer undergoing pinocytosis is
reduced (Rustad, 1959). Just what causes the cationic inducer to trigger
membranous and cytoplasmic movements which result in pinocytotic
caniculation and vesiculation is not known. It is not the gross size of the
molecules, inasmuch as small ions such as K+, Na+, or Ca++ (Edwards,
1925; Mast and Doyle, 1934; Brandt, 1958) as well as basic proteins
and long-chain fatty acids act as inducers. Neither is it simply the positive charge, and the attachment of the molecule, because thorium oxide
attaches, but does not undergo pinocytosis alone. The problem requires
more investigation .

2. Reactions to Water and Osmotic Changes
The fact that all cells· are mostly water and _must live in water is so
evident that it is usually taken for granted and seldom investigated .
Thus the important active and mediating roles of water in the motile
behavior of cells, including amebas, are usually ignored while emphasis
is placed elsewhere. Szent-Gyorg yi (1960) has focused attention on water
in motile behavior by suggesting the "structural water . . . is half the
living machinery, and not merely medium or space-filler. " Allen and
Roslansky (1958, 1959) have shown that ameboid sol may increase in
viscosity as it accuMulates adsorbed water duriPg its flow toward the
anterior end of the ameba, suggesting an important structural role in the
preparation of sol for its conversion to gel; and a sudden conversion and
contraction of sol to gel, i.e., by hydrostatic pressure, results in rapid
syneresis of water from the gel (Marsland, 1964).
Sudden change in the amount of water in the surrounding medium
<'Ma!:!t, 19?6), and/or of the osmotic pressure therein {Chalkley, 1929),
halt.;, normal ameboid movement and locomotion of Amoeba, with only
~1 1rn ,,.,('.tJ,•(';t'y th~rre<>f i~ .~i:.rv~vors,, with either increMed Un hypotonicity)
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behavior has been suggested between physiologically available monovalent metallic cations, e.g., Na+ and K+, versus the divalent metallic·
cations, e.g., Ca++ and Mg>+ (Brinley, 19286; Heilbrunn and Daugherty,
1932). The monovalent ions red 11ce the viscosity of the sol, and the
elasticity of tLe gel, while the divalent cations, especially Ca++, increase
sol viscosity and gel elasticity (Brinley, 1928b; Angerer, 1942; Kanno,
1964). Locomotor rate :s also enhanced by external addition of Ca++ if
the external amount of available Na++ remains the same. These latter
effects are iPterrelated with pH so that movement reaches a peak of pH
6.5, drops at pH 7.0, and rises again to a pe&.J,; near pH 8 (Pitts and
Mast, 1934b).
Local applications of K+ or Na+ may induce new pseuJopod formation,
more so near the advancing end of the ameba than at the rear (Kanno,
1964) ; and Ca++ prevents this. Calcium-free solutions (Kriszat, 1952)
and chemical chela:ers of Ca++ also lower sol viscosity and the gel
strengths (Pollack, 1928; Zimmerman et ul., 1958; Zimmerman, 1964;
Kanno, 1964). So also do chemicals which disrupt SH-SH links, e.g.,
mercaptoethanol (Zimmerman, 1964). Immersion in solutions o.f or
injections of NaCi or KC! into the ameba liquefy the sol and halt
movement, whereas subsequent injections of small amounts of Ca++ into
f 1ch treated amebas (Amoeba proteus and Amoeba dubia) resto:-e
motility (Chambers and Reznikoff, 1926). Clearly, ionic rutios of available K+ (and/or Na+) versus Ca'• (and/or Mg++) are related to the
functions of the motile mechanism and to the pH (Mast, 1941).
c. Other Chemicals. Numerous other chemicals have been applied to
umebas, and space available here permits but brief review of their effects.
In general, alcohols and paraffin oils inhibit motile behavior and lower
the cytoplasmic viscosity (Marsland, 193;-l; Daugherty, 1937; Goldacre,
1952), more so as the length of the carbon chain is increased (Marsland,
1933). Some organi.c fatty acids such as oleic and linoleic, however, induce
pinocytotic movements (Cohn and Parks, 1967b).
Various chemicals which are metabolic inhibitors in the biochemical
mechanisms of the ameba also reduce motile activity and responses associated with it, including sublethal concentrations of cyanide, azide,
arsenite, ethyl alcohol, 2,4-dinitrophenol, and dinitro-o-cresol (Zimmerman, 1959), or morphine (Zimmerman, 1965).
Proteins and their component amino acids in the solution may or may
not elicit arneboid movements, depending on the kind of protein
(Schaeffer, 1917a; Chapman-Andresen, 1962; and others). This· is also
the case with organic and fatty acids and nucleic acids (Cohn and Parks,
1967a). Extraneously provided ribonucleic acid (RNA) has little visible
effect on ameboid motile behavior. The RNA, however, "protects" the
1
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Carbohy drates have no noticeable effect on the motile behavior of
amebas, except in osmotica lly effective concentr ations.
Adcno~ine triphosph ate (ATP), the energy source for cellular metabolism, including actomyos in motile ::;ystems, in general raises cytoplasmiC'
viscosity (Kriszat, 1954; Zimmerm an, 1959), but local applicati ons or
injections may convert gel to sol and temporar ily inhibit gel formation
(Goldacre, 1964). High concentr ations cause severe concentr ations,
vacuolation, and syneresis and may be lethal (Kriszat, 1954; Zimmerman,
1959). Those concentr ations of ATP which have no visible detectabl e
effect on the motile behavior of Amoeba proteus, e.g., 0.0005 M ATP,
nonetheless are taken up from solution (Zimmer man, 1962) and increase
the gel strength and resistance to the solating effects of increased temperature and/or elevated hydrosta tic pressure (Zimmer man, 1959).

V.

, I

I
'I

INTERACT IONS OF PHYSICAL AND CHEMICA L FACTORS

From the available data it is apparent that physical and chemical
factors in the environm ent affect the motile behavior of amebas. This is
no startling conclusion, inasmuch as it is equally apparent for all other
organisms. However, the effects of physical forces are generally the same,
and motile response by the ameba is much the same to each. Also, each
physical force reinforces the effect of another, e.g., light and electricit y, or
mechanical shock and light. These in turn are related to chemical concentrations, especially of available cations, and pH of the environm ent,
e.g., the bimodal curves of locomotor rate for light, temperat ure, and pH,
especially as related to available calcium.
Hence, whatever the mechanism of response may be in amebas, it
affects the motile mechanis m by summing and integrati ng the impacts
of stimuli through its biochemical and biophysic al mechanisms. Therefor e,
some older observati ons on the effects of chemicals on ameboid motile
behavior can and should be reassessed in biochemical and biophysical
terms, e.g., as for Paramecium as a core conducto r (Jahn, 1961).
By way of examples, Brinley's report (1928a,b) that 0 2 depletion or
KCN slows and stops ameboid movements in a similar manner is now
known to be due to blockage of H transfer through the cytochro meoxida;;e chain, which in turn impedes reloading of the ATP energy pool,
a~ well as inactivat ing S-S bonding requisite in actomyo sin systems.
The apparent "antagon ism" of K+ versus Ca++ is probably based on the
~hifts in tht ratio of those cations at critical sites ("cardina l sites," Ling,
1962) in the motile mechanisr.1 which permit or inhibit Ca++ activatio n
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of the actomyosin ATP splitting which powers the ameboid movement;
i.e., the Gibbs-Donnan equilibrium is involved.

VI.

THE RoLE OF THE GrnBs-DoNNAN EQUILIBRIUM IN

AMEBOID MOTION
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One possible key to understanding the interactions of physical and
chemical agents in the environment upon ameboid movement is th~ application of the Gibbs-Donnan equilibrii..;m. This concept decrees that at
the interface between a membrane (living or not) and a solution containing, e.g., K• and Ca++, the ratio of monovaleut ions to divalent ions on
the membrane will vary with the ratio of monovalent to the square root
of the divalent ions in the solutio!1s, i.e., K+/ (Ca++) 1 12, regJ,rdless of the
dilution. Because K• can bind only one membrane site while Ca++ binds
two sites, and all sites must be occupied at all times, any simple dilution
of any mixture of K• and Ca++ in the external medium will decrease the
K•/Ca++ ratio on the membrane, b11t increase the absolute amount of
Ca++ there (Danielli, 1937). Inasmuch as the living membrane is a
negatively charged protein rnrface and is essentially an energy using
ion exchanger (Tasaki, 1968), the concept may be extended to all membrane and fibrillar protein surfaces of the ameboid cytoplasm, including
the actomyosin networks, with the assumption that they, too, are energyusing ion exchangers, with the energy used to maintain the selectivity
of the exchanger.
Thus, any agent, physical or chemical, which rauses an adsorption or
release of ions at these :mrfaces sufficient to locally inhibit or promote
the synthesis of the actomyosin gel network and the onset of its contraction, due to competition for binding site.; by the available cations,
will also alter the motile behavior.
The concept that protoplasm must be considered as a physical ion
exchanger has received considerable attention (Ling, 1962; Jahn, 1962b,
1966, 1967; Eisenman, 1963; Tasaki, 1968). The exchanger is selective
for certain cations, usually K>, and also follows the square root rule of a
Gibbs-Donnan equilibrium mentioned above. Furthermore, Danielli
(1944) states that protein gels, e.g., ovalbumin, bind Ca++ firmly at certain
sites (and he suggests Ca+++ COO- • Ca• COO linkage) so that the Ca++
bound thereby is essentially nonionized and is not as readily available
for surface exchanges in the Gibbs-Donnan mechanism as is Ca++ bound
otherwise. The amount of Ca bound in this manner decreases as the pH
is decreased from neutrality. Therefore, if we assume this is also true of.
cytoplasm, as the pH of cytoplasm is lowered by lowering the external
pH, the nonionized calcium must go into solution as calcium ion and
must enter into the Gibbs-Donnan equilibrium, thereby increasing the
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amount of calcium associated with the protoplasm as ionizable calcium.
Furthermore, a lowering of pH also decreases the dissociation of fixed
carboxyl groups, thereby decreasing the numbe; · of sites available for
ionic association with K+ and Ca++.
· Protoplasm can be treated not only as an ion exchanger, but as ·an
actomyo;:;inoid ion exchanger. W c assume that calcium binding sites
responsible for triggering contraction of the actomyosinoid complex are
easily ionizable and follow the Gibbs-Donnan equilibrium (Jahn, 1966).
On this basis, alteration of external pH may alter the Gibbs-Donnan
ratio of ions available for exchange between external protein surfaces
and fluid, and also may alter the effective ratio of cations in the complex
so as to augment or retard the functions of the internal motile actomyosinoid machinery, and resultantly, the locomotor rate, e.g., in Amoeba
proteus. This can explain why adding acid to a balanced salt solution
(containing Ca++ and phosphate) to establish a pH of 6.2 elicits a maximal
locomotor rate and increases relative rate of gel formation and the gel/
sol ratio in the cytoplasm. However, a similar explanation cannot as yet
be made with confidence for the effects of pH changes above neutrality,
because estimations of how the more firmly bound calcium changes with
pH are not available. Nonetheless, an acceleration does occur at pH 7.5
in a balanced salt solution containing Ca++ and phosphate (Pitts and
Mast, 1934h).
The effects of electricity are the result of altering the relative positions
of cations in · solution and their redistribution in the cell. Diffusion
mobility rates are I{+> Na+> Ca'+, whereas mobilities in an electric
field are K+ > Ca++ > Na+. Inside, K+ is electrically driven away from the
anodal end. of the cell faster than Ca++, effectively increasing sites available to Ca++ and promoting contraction at the anodal end. Also, if the
protoplasm is functioning as an ion exchanger, the slower cation, which
internally is Ca++, may actually be driven backward (hhn, 1966), i.e.,
toward the anode, raising its actual as well as its relative concentration
at the anode, and further accelerating the resultant anodal contraction.
The K+, arri-;ing at the cathodal end, occupies sites available there on
the membrane and on proteins in the sol normally preempted by Ca++ and
Ig+\ effectively preventing formation of any new gel fibrils. Thus, the
cycle ~f motile activity is interrupted cathodally, and the sol "balloons"
under the rel! merr.brane and plasmalemma as a gel-less pseudopod.
~
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VII.

THE ROLE OF THE CELL MEMBRANE IN INITIATION AND
MEDIATION OF RESPONSE

Because amebas have no evident specialized external structures for
response other than the cell surface, so far as is known, it may be argued
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that the initiation of behavior presumably is a function of reactions
occurring at the cell membrane and/Jr its mucopolysaccharide coati:1g,
tlie plasmalemn1a, since those are its interface with the environment. The
effect, of chemical substances certainly must start at the membrane, but
the function of the membrane may be only that of a permeability barrier, with the observed effects being initiated directly en the cytoplasm
after penetration. Visibly determinable sensory sites and organelles are
lacking at the membrane, and if they exist they are at the molecular
level. Regardless of readions at the membrane it seems probable that
radiant energy, sound, electricity, mechanical shock, and changes in tempe:ature may also affect the cytoplasm directly. For example, visible
and ultraviolet light, which affect the viscosity of the· protoplasm,
probably have a direct effect on the actomyosinoid structure and may
also have an additional effect mediated by the cell membrane. Furthermore, the effect of an applied electrical potential is both directly on the
protoplasm and indirectly via mediation by the cell membrane (Jahn,
1962b, 1966). However, the effects of externally applied ions probably
start at the ion exchange mechanism of the ~ell surface (Jahn, 1962b,
1967).
Therefore descriptive terms for specific responses by amebas, i.e., taxes
or kineses, are not only inaccurate, but may so anthropomorphically
impede the thinking of the investigator as to obscure the approaches to a
basic understanding of ameboid motile behavior. In no case has a specific
ta,-ris or kinesis been adequately demonstrated for amebas, i.e., there are
no special organelles which act as chemical transducers able to distinguish
specific wavelengths or quanta of radiant energy, nor to distinguish
specific chemicals. Hence, researchers who have attempted to determine
specific taxes or kineses, or even generalized ones, have contributed
little to understanding of ameboid beha, ior. Unless the mechanisms
which mediate the "response" are identified, as well as how they act upon
the surface membrane and the internal protoplasmic organization, little
progress is to be made by studying kineses or taxes, despite an accumulation of data.
To suggest, as Folger (1925) has, that an ameba "adapts" to intense
light and retains some of that adaptation for 24 hours (i.e., approximately an ameba's lifetime on an optimal growth and division cycle
t,~~i.•J ~hr,uld not ;;ugge;.t either "learning" "imprinting" to an inYesti;t,:~v,r, l,1Jt ra1J1<:r ~ho11M impiy a relafr:ely long-tenu di:3ruptirn1 of tll\'
,,ptiurn.1 fond.ioning of r;ome pan or pan;; of the protopla;;mir machinery.
Thi;; latt<:r ai;,;urnption ii; bolstered by observations that Amoeba proteus
;;ucc,:,;;;fully but temporarily regains its normal motile behavior after
expmmrcH of the cytoplasm to intensities and durations of X-rays which
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~uh,e(J11ently nre lethal (Wichterman and Honneger, 1955). Also, such
damaged amcbas recover completely from the effects of the radiation
if they receive infusions of normal nonirradiated cytoplasm from another
healthy ameba of the same species (Daniels, 1959); they recover tempornrily if the donor is an amcba of a related, but different species
(Daniel:::, 1962). Evidentiy, the X-rays destroy something which helps
maintain the motility and survival of the organism, without immediately
impeding its ability to respond and move. Furthermore, there appear to
be "templates" in the cytoplasm which, when damaged, can be repaired
or replaced only by acquisition of functional templates obtained from un~
damaged cytoplasm of the same species (Bovee, 1964).
Both motility of the cytoplasm and the locomotion of amebas are in
~ome way interrelated with membrane turnover and membrane function~
ing. The membrane turnover in a starved, rapidly locomoting ameba is
\"Cry low, about 1% per hour (Marshall, 1966), that is, very little new
membrane is formed as the new pseudopod extends, and that amount
probably just behind the advancing tip, where it is stretched (Jahn,
1964). When membrane turnover is high, e.g., 70% per hour as in pinocytosis (Marshall, 1966), locomotion ceases and does not reoccur for
several hours, during which time the ingested membrane is dissociated
and returned to the cytoplasmic pool of membrane precursers. Since a
principal protein component of cell membrane may be the ATPase
myosin (Booij, 1966) which is also the principal protein component and
enzyme of the motile system, a distinct interrelationship and perhaps near
identity of membrane proteins and locomotor proteins is indicated.
The study of the initiation of ameboid motile behavior, then, becomes
ultimately a study of the biophysics of cell membranes and of the enclosed protoplasmic corn,tituents, and also of the interactions between
membrane and cytoplasm-a topic much too detailed to be reviewed
here.
However, a number of concepts may be relevant and should be investigated. Some of these are as follows: (1) How energy, presumably
electric, is transported across membranes and within or along consistent
molecules in the cytoplasm (Jahn, 1962a, 1963; Ling, 1962), i.e., how the
effects of electromotive forces are transmitted across membranes; (2)
whether K+ or Na+ ions contribl!te to tra'1smembrane electromotive force
(.Jahn, 1962a); (3) :-:dective binding of ions or organic mo;ecules by
membranes and cytophsm, resulting in their transfer and accumulation
or their exclusion (Ling, 1962; Eisenman, 1963); (4) the possfoility of
trunsmembrane or cytoplasmic systems for actively transportin 6 chemirnls against an 01,motic gradient (i e., "pumps" mvolved in cellular
"adaptation") (Klein, 1964); (5) the probability that chemical reactions
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are more likely to occur at membranes or other surfaces becaus'3 0f the
existence of the triplet atomic state in water and certain other molecular
constituents of the meri,brane (J. S. Brown and French, 1959); (6)
proton charge transfer as it affects movements of H+ and OH- at the_
membrane or in cytoplasm (Pautard, 1962); (7) Gibbs-Donnan ratios
of cations at the membrane arid in cytoplasm (Jahn, 196?b, 1966); (8)
roles of' oxidation-reduction reactions at the membrane in transport of
energy and substances across it, and the roles of bond angles of ions in
tnese reactions (Marsh and Jahn, 1964; Jahn, 1962a); (9) resonance
phenomena of conjugated protein8 and other molecules in protoplasm
whic3 have extended 1r-electron systems (Reid, 1960); (10) phase shifts
in membrane constituents and alterations of their coacervate organization
(Clowes, 1916; Booi;, 1966; Troshin, 1966; Tasaki, 1968); (11) "active"
stress syst~ms (Gmitro and Scriven, 1966) depending on variables other
than strain which permit. chemical and other forms of energy to be transformed directly to mechanical energy; (12) connective transport (Gmitro
and Scriven, 1966) and "feedback" oscillatory mechanisms (Bovee, 1964;
Goldacre, 1964, 1966; Gmitro and Scriven, 1966) which convey energy
signals; and (13) irreversible cyclic processes which may be obligately
traversed when "triggered," following biochemical "memory" routes in
the cell machinery (Katchalsky et al., 1966).
Both endothermic and exothermic reactions are involved, at various
stages, in the support, maintenance, and execution of ameboid motile
behavior. Inevitably, these must occur within the confines of the laws
of thermodynamics and many answers must be sought in that realm.
Also, because protoplasmic flow involves a flow of a fluid, mainly
water, in the cell, some answers must be in terms of hydrodynamics, as
well as in the biochemical roles of actomyosin in the motile machinery
of the ameba.

VIII.

NUCLEAR "CONTROL" OF AMEBOID MOTILE BEHAVIOR

Still .the impression remains, as Jennings has suggested, that an ameba
is an organism which controls its responses. Similar allusions have been
made by others (e.g., Schaeffer, 192u; Bovee, 1964). From the above it•is
inferred that membrane activities have much to do with direction of
ameboid motile behavior; but, if so, what maintains (i.e., "controls")
the membrane, and the motile machinery?
It is well known that a cell deprived of its nucleus loses its ability to
move and soon dies, and this is true of amebas as well as other cells.
Therefore, it has been assumed that the nucleus "controls" the behavior
of the ameba, including its movement.
However, because an enucleated ameba or the amputated enuclea~e
half of a dissected ameba can move about for some time, and the
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amputated clear end of a centrifuged ameba (Chaos carolinenses), devoid
of all visibly identifiable inclusions other than a few membranous
vesicles, is able to move and send out pseudopods (Kassel, 1959), movement per se is a function of the main homogeny of cytoplasmic constituents ("matrix") rather than under specific direction by the nucleus,
or by specific cytoplasmic entities of morphological identity.
In no case docs the enucleate ameba continue to move long or survive.
However, if a nucleus is restored to an enucleate ameba while it is still
active, it recovers completely (Comandon and de Fonl-irune, 1942;
Brachet, 1959, 1961). Just any nucleus will not suffice, however. It must
be that of the same, or a closely related ,species. For example, the nucleu!l
of Amoeba proteus may be transplanted to Amoeba discoides, and vice
versa, but the nucleus of Amoeba dubfo, a similar but more distinct
species, is incompatible in cytoplasm of the former two species, and vice
versa (Danielli, 1955, 1959).
In the case of the viable nuclear transplants, i.e., A. proteus-µ A.
discoides, the motile behavior becomes modified after nuclear transfer,
being intermediate between that expected of f'ither species (Danielli,
1955, 1959), and remains that way in all individuals derived thereafter
as a clone from that organism.
The nucleus does, then, influence ameboid motile behavior. How, is not
yet known, but some clues are available.
By use of radioactivity labeled constituents Goldstein and Prescott
(1968) have shown, via nuclear transplants, that two major groups of
proteins exist in the nucleus of Amoeba 'µroteus. One of these groups is
freely and rapidly exchangeable through the nuclear membrane to the
cytoplasm and vice versa. The other group of proteins tends largely to
remain in the nucleus, but about 25% of it migrates to the cytoplasm in a
24-hour period (i.e., on~ intercycle between divisions).
The freely moving group of proteins is not RNA, and the~e is apparently a pool of the proteins in the cytoplasm. The more slowly
moving proteins exit slowly from, but seldom reenter, the nucleus. The
functions of these two groups of proteins are not yet known, but it is
suggested (Goldstein and Prescott, 1968) that . the rapidly shuttling
proteins convey environmental signals from cytoplasm to nucleus, and
nuclear signals to the cytcplasm. The slowly moving proteins, which are .
not themseh·es RNA, app::1ar to transport nuclear RNA from th& n;.icleus
to cytoplasmic sites, whei.'e synthesis or repair of cytoplasmic proteins
may occur.

IX.

SUMMARY

Protoplasmic movement and its product, loc0motion, constitute the
principal machinery by which an ameba ( or other cell capable of
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"ameboid" movement) exhibits behavior. The motile mechanism may be
activated ("stimulated") either by surface membrane reactions to energy
sources of the environment, or directly. These reactions transfer energy
especially via trnnslocations of cations, and especially Ca++ and Mg•+, to
the actomyosin complex, binding it into a fibrillar network, and triggering its motion and contraction. Alterations of energy flow which alter
ratios of various cations adsorbed by the system, or changes in proportions of available cations, may alter, locally or generally, the degree and
rate of movement and locomotion.
No clearly identifiable responses of a specific nature called "kineses"
or "taxes" are known to exist in amebas,, nor any process equivalent to
"learning" or "imprinting." Even "adaptatio11," where seemingly existent,
may be the result of relatively long-term disruption of greater or lesser
degree in the critical balances necessary to maintain optimal thermodynamic efficiency in the motile effector system.
While functional motile behavior is due largely to cytoplasmic
machinery, "control" and "maintenance" of the system are related to
nuclear activities. "Control" is perhaps mediated by way of environmental "signals" carried by proteins which shuttle rapidly between
nucleus and cytoplasm, and "maintenance" is carried out by slower
moving proteins which transport messenger RNA from nucleus to cytoplasmic _sites.
Motile behavior of amebas is more likly to be understood through the
approaches of molecular biophysics than through classic behavioristic
avenues.
REFERENCES

'l

r

'.
r

l
I_

efr-~

Abe, S. (1963). The effect of p-chloromercurobenzoate on ameboid movement,
flagellar mpvement and gliding movement. Biol. Bull. 124, 107-114.
Allen, R. D., and Roslansky, J. D. (1958). Anterior posterior gradient of refractive
index in the amoeba and its significance to ameboid movement. J. Biophys.
Biochem. Cytol. 4, 517-524.
Allen, R. D., and Roslansky, J. D. (1959). The consistency of amoeba cytoplasm
and its bearing on the mechanism of ameboid movement. J. Biophys. Biochem.
Cytol. 6, 437-446.
Anderson, J. D. (1951). Galvanotaxis of slime mold. J. Gen. Physwl. 35, 1-16.
Angerer, C. A. (1936). Effects of mechanical agitation on relative viscosit:, of
amoeba protoplasm. J. Cell. Comp. Physiol. 8, 329-345.
Angerer, C. A. (1942). The action of cupric chloride on the protoplasmic viscosity
of Amoeba dubia. Phy8iol. Zool. 15, 436-442.
Baier, R. E., and Zobel, C. R. (1966). Structure of a model membrnne of myosin.
Abstr. 10th M eel. Biophys. Soc. p. 131.
Barnes, T. C., and Jahn, T. L. (1934). Properties of water of biological interest.
Quart. Rev. Biol. 9, 292-341.
Berthold, G. (1886). "Studien i.iber Protoplasrriechanik," pp. 1-332. Felix, Leipzig.
Bettex-Galland, M., and Li.ischer, E. F. (1959). Extraction of an ectomyosinJike
protein from human thrombocytes. Nature (London) 184, Suppl. 5, 276-277.

Bittnr, E. E.
Honner, J. 1
Prince tor
Booij, H. L
Symp. h
Bovee, E. C
scope, C
Amoebno
Bovee, E. C
radiosa !
zoo/. 2, :
llovee, E. C
Trans. A
Bovee, E. C.

Bov:e~:i_¾1a;

Iowa. A
llo\'fie, E. _c
from cit
llo,·ce, E. C.j
Bo\'ce, E. d
thecate 1
sphaeron
Bovee, E. C
nmebae
Biology"
York.
Bovee, E. C
Cochliop
BO\·ie, W. T
59, 149-:
Brnehet. J. 1
675-87.
Brnchet, J. (
Cell" (J
New Yo1
Brndley, S. <
ing the a

Brunett, P. V
. 313.

Brnllllt, P. ,

cytosis ii
8, 675--6f
Brnndt, P. \\
in Amoe
Bril(g:!, N., 1
calcium.
Brinley, F.
Physiol.
Brinley, F. ,
indicatec

~IWb~

,;(

llO\'EE

ncehnni~m may be
reactions to energy
,ns transfer energy
Ca" and :\Ig·+, to
work, and trigger'{ flow which alter
changes in proporlly, the degree and

re called ''kincses"
)ces:S equiYalcnt to
:;;eemingly exi:;;tent,
)f greater or lesser
11 optimal thermoy to cytopla:;;mic
.em are related to
, way of environ~ rapidly between
ied out by slower
rn nucleus to cyto\rstood through the
assic behavioristic

ameboid monment.
107-114.
gradient of refractive
,ovement. J. Biophys.
of amoeba cytopl,asm
J. Biophys. Biochem.
Physiol. 35, 1-16.
relati,·e Yiscosit_\· of

protoplasmic dscosity
membrane of myosin.
of biological interest.
1-332. Felix. Leipzig.
of an actomyosinlike
i, Suppl. 5, 276-277.

"

MOTILE BEHAVIOR 01" AMEDAS

i'

25

Bi:tar, E. E. (l!l6-I). "C(•ll pH." Bulterwort.h, London nnd Washington, D. C.
Bonner, J. T. (Hl66). "The Cellular Slime Molcfa," 2nd ed. Princeton Univ. Press,
Princeton, New Jersey.
Baoij, H·. L. (1966). Thoughts about the mechanism of membrane movements.
Sy111p. fol. Soc., Ce!/ Biol. 5, 301-317.
Bo,·cc, E. C. (1950). ''Some Obserrntions, lla~cd on the TTse of the Phase Microscope'. CorH'Prning the Taxonomy and Morphology of Certain Free-Living
Amoeba~.'' PhD. Thesis, University of Califon1in., Library, Los Angeles, California.
Bo,·cc. E. C. (1951a). The non-existence and suggei;ted abolishment of Amoeba
radiosa as a ~eparate ,rnd taxonomically valid sp~cies. Proc. Amer. Soc. Protozoa/. 2, 5.
Bo,·ec, E. C. (1951b). Some observations on I'richamoeba osseosaccus Schaeffer.
Trans. Amer . .Microsc. Soc. 70, 47-56.
Borec, E. C. (1952). A possible explanation of the gel-sol changes in ameboid movement based on _t_l,1c muscle contraction theories of Sz~nt-Gyi:irgyi. Proc. Iowa
Acad. Sci. 59, 428-434.
Bo,·ce. E. C. (1953). Morphological identification of free-living Amoebida. Proc.
lou·a. Acad. Sci. 60, 599-615.
Bol'(:e, E. C. (1956). Observations on the morphology,.and activities of new ameba
from citrus wastes, Flammella cilrensis n. sp. J. Protozool. 3, 151-155.
Bol'cc.. E. C. (1959). Unpublished data.
11·.
, )
.1
Bovee, E. C. (1960). Studies on the feeding behavior of amebf., ). Ingestion of
thecate rhizopods and flagella.tes by verrucosid amebas;' ·espe'ciaily Thecamoeba
sphaeronucleolus. J. Prolozool. 7, 55-61.
Bo\'ee, E.·C. (1964). Morphological differences among pseudopodia of various small
amebae and their functional significance. In "Primitive Motile Systems, in 11Cell
Biology" (R. D. Allen and N. Kamiya, eds.), pp. 189-220. Academic Press, New
York.
Bo\'ce, E. C., Wilsci'n,' 'D. E., and Jahn, T. L. (1964). Feeding behavior of an ameba.
·
Cochliopodium sp;'..\imer. Zo'ol. 4, 3Q6.'.-1307". '
Bovie, W. T. (1915). The effects of Schumann rays on living organisms. Bot. Gaz.
59, 149-153.
Brarhct. J. (1959). Cytoplasmic dependenc'e in· amoebae. A 1111. N. Y. A cad. Sci. 78,
675-87.
l!ruchet, J. (1961). Nucleocytoplasmic interactions in unicellular organi~;;;~., fn "The
Cell" (J. Brachet and A. E.Mirsky, eds.), Vol. 2, pp. 771-841. Academic Press,
· ..
· '
New York.
Bradley, S. G., Sussman, M., anq _Ennis, M. L. (19,56). Environmental factors affecting the aggregation of cellular slime molds. J. Protozoa/. 3, 33-38.
Brandt, P. W. (1958). A study of the mechanism of pinocytosis. 'Exp. Cell Res. 300.,
313.
Brnndt, P. W., and Pappas, G. D. (1960). An electron microscope study of pinocytosis in Amoeba. I. The surface attachmen~. r,liase. J. Biophys. Biochem. (.,'ytol.
8, 675-687.
Brandt. P. W., and Pappas, G.D. (1962). An electron microscope study of pinocytosis
in Amoeba. II. The cytoplasmic uptake phase. J. Cell Biol. 15, 55--72.
Briggs. N., and Fuchs, F. (1965). Activation of the metin-actomyosin system by
·
calcium. Physiologist 8, 121.
Brinley, F. J. (1928a). Effects of cyanide on the protoplasm of ameba. J. Gen.
Physiol. 12, 201-206.
Brinley, F. J. (1928b). The effect of chemicals on the viscosity of protoplasm as
indicated by Brownian movement. Protoplasma 4, 177-182.

:.,tj

·!

--~
•.'I
.j'

••

j''t

'f"

l

t
..

..
:t
J

.t~ '

t

•
.)

I

I
'

l·

r
i.

I

l'

r

l

I
fl
j;

It
:,
I

I:
I!

;·
I

!·

;t

;~
t{

~ ,,

tsttt·•

m , 1t1111t\fnri ·

·n
tti¥aomwtts1rtw···-eesw,1:tr·,mrtrttrten-1¥trt&b:t·e·rmtrM1ttr11ttt:trt··

26

1·:z

'1i&tt tli i
I

THEOD ORE L: JAHN AND EUGEN E C. DOVEE

locomotion oi Amoeb a
Brown, D. E. S., and Marslnnd, D. A. (1936). Viscosity and
.
159-165
8,
.
Phy~iol
Comp.
Cell.
J.
e.
at high hydrost atic pressur
and relative photospectra
tion
Absorp
(1959).
S.
C.
French,
nnd
S.,
J.
Brown,
la. Plant Physiol. 34,
stabilit y of the different forms of chlorophyll in Chlorel
305-309.
Verh. Deut. Zool. Ges. 1,
Biitschli, 0. (1891). Ober die Struktu r des Protoplasmn.
14-19.
a in relation to changes
Chalkley, H. W. (1929). Changes in water content in Amoeb
.
535-574
2,
in its protoplasmic structur e. Physiol. Zool.
between the form of the
Chalkley, H. W., and Dnniel, G. E. (1933). The relation
(Leidy) . Phy~iol.
li,·ing cell and the nuclear phases of division in Amoeb a proteus
Zool. 6, 592-619.
into the Nature of the
Chambers, R., and Chambers, E. L. (1961). "Explo rations
husetts.
Living Cell." Harvar d Univ. Press, Cambridge, Massac
in cell physiology. I. The
Chambers, R., and Reznikoff, P. (1926). Micrurgial studies
protoplasm of Amoeb a
the
action of the chlorides of Na, K, Ca, and Mg on
.
proteus. J. Gen. Physiol. 8, 369-401
e. C. R. Trav. Lab.
Chapman-Andresen, C. (1962). Studies on pinocytosis in amoeba
Carlsberg 33, 73-264.
. Some obsen•ations
Chapman-Andresen, C. (1963). Pinocytosis in Amoeb a proteus
ol. 1, 267-270.
Protozo
on the utilization of membrane during pinocytosis. Proyr.
pinocytosis in
on
rs
inhibito
lic
metabo
of
effect
Chapman-Andresen, C. (1966). The
834.
4,
Rep.
Res.
Cell
amoebae. Scand.
Chytrid inee du genre
Chatton , E., and Brodsky, A. (1909). Le parasitisme d'une
Arch. Protiste nk.
ative.
compar
Etude
in.
Dujard
limax
Sphaerita chez Amoeb a
17, 1-18.
of phagocytosis in the
Christiansen, R. G., and Marshall, J. M. (1965). A study
.
443-457
25,
Biol.
Cell
J.
chaos.
ameba Chaos
Phys. Chem. 20, 407-451.
Clowes, G. H. A. (1916). Protoplasmic equilibrium. J.
mouse macrophages. I.
in
osis
pinocyt
of
on
regulati
Cohn, Z. A. (1966). The
124, 557-571.
Metabolic requirements as defined by inhibitors. J. Exp. Med.
in mouse macroosis
pinocyt
of
ion
regulat
Cohn, Z. A., and Parks, E. (1967a). The
213-232.
125,
Med.
Exp.
J.
on.
formati
vesicle
g
inducin
. phages. II. Factors
macromouse
in
osis
pinocyt
Cohn, Z. A., and Parks, E. (1967b). The regulation of
nucleoand
ides
nucleos
by
on
formati
vesicle
of
phages. Ill. The inducation
tides. J. Exp. Med. 125, 457-466.
de l'ingestion d'OscilComan don, J., and de Fonbru ne, P. (19~6). Mechanisme
C. R. Soc. Biol.
ique.
tograph
cinema
t
tremen
Enregis
,
Amibes
liares par des
123, 1170-1172.
la division ovservees a
Comandon, J., and de Fonbrune, P. (1942). Anomalies de
et ses varieties colchipartir de noyaux atypiques chez Amoeb a sphaerunucleus
.
460-461
ciniques. C.R. Soc. Biol. 136,
and plasma membr ane
Czarska, L., and Gr~becki, A. (1966). Membr ane folding
Amoeb a proteus. Acta
in
rmation
transfo
ratio in the movem ent and shape
.
Protozool. 4, 201-239
te im Cytopl asma von
Daneel, S. L. (1964). Identifizierung <let kontrak tilen Elemen
.
368--369
15,
haften
issensc
Amoeb a proteus. Naturw
the reaction of Pelomy xa
Daniel, G. E., and May, G. H. (1950). Observations on
Physiol. Zool. 23, 231field.
al
electric
current
carolinensis subject to a direct
236.
ion concentrations and
Danielli, J. F. (1937). The relation between surface pH,

in terfacial
Dunielli, J. F.
at surface!
Daniclli, J. F.
ing differe
Dnnielli, J. F.
hensive ce
D11niels, E. '
carolinens
Zool. 117,
Daniels, E. V
Surviva l
plasm. J.
D11niels, E. "'
Sci. 78, 6
Dnnicls, E. '
Microfusi
strains of
D11ugherty, I
Zoo!. 10,
Davenp ort, I
York.
D11vies, R. E
contrncti,
part of t
D11vies, R. E
Paul etc
Dujard in, F.
[2] 4, 3,
Ecker, A. (
niederst1
Edwnrds, J.
Biol. Bu
Ehrenb erg,
Felix, L,
Eigen, M., a
in wnte1
Eisenm an, (
and relr
21, 155Engelh ardt,
cells. Bi
En11:clmnnn,
gesamt1
Engelmann,
"Hand t
Leipzig
Engelmann,
P/lueye
Engelm ann
Akad. 1

O\'EE

comotion of Amoeba
65.
and rl'l:\li\·c photoa. Pla11t Physiol. 34,
. Deut. Zoo/. Ges. 1,

.in relation to changes

,,·ccn thl' form of the
teus (Lridy). Physiol.

to the Nature of the

its.

Iell physiology. I. The
·otoplnsm of Amoeba

bae. C. R. Trav. Lab.

,s. Some obsen·ations
Pro_tozool. 1, 267-270.

tors on pinocytosis in

Chytridinee du genre
h-e. Arch. Protistenk.

: phagocytosis in the

. Chem. 20, 407-451.
mse macrophages. I.
[ ed. 124, 557-571.
osis in mouse macro' ed. 125, 213--232.
.osis in mouse macrocleosides and nucleo-

le !'ingestion d'Oscilue. C. R. Soc. Biol.

division ovsen·ees a
)t ses varieties colchi1d plasma membrane
moeba proteus. Acta

e im Cytoplasma von

reaction of Pelomyxa
hysiol. Zoo/. 23, 231-

' concentrations and

..

27

MOTILE BEHAVIOR OF AMEBAS

intl'rfncial tension. Proc. Uoy. Sue., Ser. B 122, 155-174.
l)anielli, J. F. (1\JH). The biolo~irnl action of ion~ and the concentration of ions
at surfaces. J. Exp. Biol. 20, 167-176.
D,mirlli, J. F. (1955). The transfer of nuclei from cell to cell as a method of studying differentiation. Exp. Cell Res. 3, Suppl., !JS---lOL
Danielli, J. F. (1959). The cell to cell transfer of nuclei in amoebae and a comprehensive cell theory. Ann. N. Y. Acad. Sci. 78, 675-687.
Daniels, E. W. (1951). Studies of the effects of X-irradiation upon Pelonyxa
cnrolinensis with special reference to nuclear division and plasmotomy. J. Exp.
Zool. 117, 189-209.
Daniels, E. W. (1955). X-irradiation of the giant ameba Pelomyxa illinoisemis. I.
Survival and cell division after exposure. Therapeutic effects of whole protoplasm. J. Exp. Zoo/. 130, 183-197.
Daniels, E. W. (1950). Micrurgical studies on irradiated Pelomyxa. Ann. N. Y. Acad.
Sci. 78, 662-674.
Daniels, E. W. (1962). Limits of transplantation tolerance in large amoebae. I.
Microfusion studies using Amoeba proteus. Pelomyxa illinoisemis and three
strains of Pelomyxa carolinensis. J. Protozool. 9, 183-188.
Daugherty, K. (1937). The action of anesthetics on amoeba protoplasm. Physiol.
Zool. 10, 4',3--483.
Davenport, C. B. (1897).. "Experimental Morphology." Vol. I. Macmillan, New
York.
Dnvies, R. E. (1963). A molecular theory of muscle contraction. Calcium dependent
contractions with hydrogen-bond formation plus ATP-dependent extensions of
part of the myosin~actin cross bridges. Nature (London) 199, 1068-1074.
Davies, R. E. (1965). The role of ATP in muscle contraction. In "Muscle" (W. M.
Paul et al., eds.), pp. 49-70. Pergamon Press, Oxford.
Dujardin, F. (1835). Recherches sur Jes organismes inferieurs. Ann. Sci. Natur. Zool.
[2] 4, 343--377 .
Ecker, A. (1849). Zur Lehre vom Bau und Leben der contractilen Substanz der
niedersten Thiere. Z. Wiss. Zool. 1, 218-245.
Edwards, J. G. (1925). Formation of food cups in Amoeba induced by chemicals.
Biol. Bull. 48, 236--239.
Ehrenberg, C. G. (1838). "Die Infusiorenthierchen als volkkommene Organismen."
Felix, Leipzig.
Eigen, M., and de Mayer, L., (1958). Self dissociation and protonic charge transport
in water and ice. Proc. Roy. Soc., Ser. A 247, 501>--533.
Eisenman, G. (1963). ·The influence of Na, K, Li, Rb, and Cs on cellular potentials
and related phenomena. Bal. Inst. Es,tud. Med. Biol. [Univ. Nae. Auton. Mex.l
21, 151>--183.
Engellrn.rdt, V. A., and Bumasheva, S. A. (1957). Localization of spermosin in sperm
cells. Biokhimiya 22, 554-560.
Engelmann, T. W. (1869). Beitriige zur Physiologie des Protoplasm. Pftuegers Arch.
gesamte Physiol. Memchen Tiere 2, 307-322.
Engelmann, T. W. (1879). Physiology der Protoplasma und Flimmerbewegung. In
"Handbuch der Physiologie" (L. Hermann, ed.), Vol. 1, pp. 343--408. Vogel,
Leipzig.
Engelmann, T. W. (1882). tl'ber Licht-und Farbenperception niederster Organismen.
P/luegers Arch. Gesamte Physio/. M e11schen T-iere 29, 387-400.
Engelmann, T. W. (1906). Zur Theorie der Contraktilitat. Sitzil.ngsber. l(gl. Preuss.
Akad. Wiss. pp. 698---724.

", ...

'

.

,t

.

..

:i

.

'

.

•.

',.

';

;t·
·1

.,.t
~

i

J
I

;(.,

l

J
!t

"

(1

11,

.,f
.-",::

,.

(

1 I•

,,,...__

--

-·

.~

t,, •.

28

l

l

THEODORE L. JAHN AND EUGENE C. BOVEE

Evnns. T. C .. Jr., nnd Bowen, W. J., (1067). The binding of ATP to myosin B. Fed.
Proc., Fed. Amer. Soc. Exp. Biol. 26, 4!J!).
Folger, H. T. (1!)25). A quantitative study of reactions to light in Amoeba. J. Exp.
Zoo/. 41, 261-2!)1.
Folger, H. T. (1!)26). The effects of mechanical shock on locomotion in Amoeba
· prole11s. J. M orphol. Physiol. 42, 35!)-370.
Folger, H. T. (1927). The relation between the responses by Amoeba to mechanical
shock and to sudden illumination. Biol. Bull. 53, 405-412.
Folger, H. T., Thomas, H., and Alsup, F. (1!)37). The relationship between the
reactions of Amoeba to light und alternating current. Anal. Rec. 70,
Suppl., 43.
Fowler, C. (1941). pH, volume, gel/sol, CV action, A. proleus. Biol Bull. 80, 265-274.
Gerisch, G. (1962). Zcllfunktionen und Zellfuntionwechsel in der Entwicklung von
Dictyostelium di,scoideum. VI. Inhibitorcn der Aggregation, ihr Einfluss auf
Zcllkontaktbildung und morphogenetisiche Bcwegung. Exp. Cell Res. 26, 462484.
Gerisch, G. (1964). Die Bi!dung der Zellverbandes bei Dictyostelium minulum. I.
Obersicht uber die Aggregation und den Funktionswechsel der ,Zellen. Wilhelm
Roux' Arch ..Entwicklwigsmech. Orga11isme11 155, 342-357.
Gibbons, I. R., and Rowe, A. J. (1965). Dynein: A protein with adenosine triphosphatase activity from cilia. Science 149, 424-425.
Giese, S. C., and Leighton, P. A. (1935). Quantitative effects of quartz ultraviolet
rndiation .. in Paramecium. J. Gen. Physiol. 18, 557-571.
Gmitro, J. I., and Scriven, L. E. (1966). A physicochemical basis for pattern and
rhythm. Symp. Int. Soc., Cell Biol. 5, 221-255.
Goldacre, R. J. (1952). The action of general anaesthetics on amoeba and the meci,·anism of the response to touch. Symp. Soc. Exp. Biol. 6, 128-144.
Goldacre, R. J. (1958). Regulation of movement and polar organization in Amoeba
by intracellular feedback. Proc. 1st Int. Congr. Cybernetics, 1956 Vol. 1, 715-728.
Goldacre, R. J. (1964). On the mechanism and control ameboid movement. In
"Primitive Motile Systems in Cell Biology" (R. D. Allen and N. Kamiya, eds.),
pp. 237-256. Academic Press, New York.
Goldacre, R. J. (1966). Homeostasis and its obverse. Proc. Roy. Phys. Soc. 29, 63-71.
Goldacre, R. J., and Lorch, I. J. (1950). Folding and unfolding of protein molecules
in relation to cytoplasmic stre.,ming, ameboid movement and osmotic work.
Nature (London) 166, 497-500.
Goldstein, L. C. (1943). An unusual food reaction of Chaos chaos Schaeffer. Amer;
Midl. Natur. 29, 252-254.
Goldstein, L. C., and Prescott, D. M. (1968). Proteins in nucleocytoplasrriic interactions. Ii. Turnover and changes in nuclear protein distribution with time and
growth. J. Cell Biol. 36, 53-61.
Grant, R. J., and Cohen, L. B. (1966). A factor affecting network formation in
F-actin imlutions. Fed. Proc., Fed. Amer. Soc. Exp. Bwl. 25, 223.
Grave. E. V. (1964). Reisenamobe fiingt ein Pantoffeltier. Mikrokosmos 53, 321325.
Greeley, A. W. (1901). On the analogy betwren the effects of loss of water and
lowering of temperature. Amer. J. Physiol. 6, 122-128.
(
G~indoa, A., and Couillard, P. (1964)_ Locali~ation .per histochemie de l'ATP-ase
de type myOJine chez Amoeba proteu..~. Heu. Can. Biol. :23, 123-128.
Gutt.es, E., al'd Cuttei:, S. (1963). Arrest of pl11ti,nodial motility during mitosis in
Ph11sarum polyapll(Jlum. Exp. Cell Iles. 30, 242-244.

Hahnert, W.

proleus.
Harrington,
different
Harvey, E.

E.;

H1\rvcy,
the effec
Hutano, S.,
plasmodi
striated
lfrilbrunn,
Hcilb_runn, Ij
c1um an~
5, 254-2~

l

1

Hcilbrunn,
amoeba
Hitchcock,
322-324.
Hoffmann-B

Biochim.

1

Holter, H.
N. l".A
Hopkins, D.
other )if
Hulpieu, H.
321-361.
Ikkai, T., an

Biochem
Ivanic, M.
cytosto

(lfarlm
Iwnkura, H.
from sm
Jncobs, M.

Spring

Jnhn, T. L.
activat.i
volume 1
Jahn, T. L,
active tr
J11hn. T. L.
ion nnta
Jnhn, T. L.
Res. 3, '.
Jahn, T. L.
terns in

Press, N

Jahn, T. L.
relation
Jahn, T. L.
by elect

79--90.

I.

',:--.J,..:,..;.,.~~--·:;;t..• ....

...

.....

I.,

••./

Q

(,,.

C,

V

V

·~~-

".

MOTILE BEHAVIOR OF AMEDAS

:. BOVEE

Hahnert, W. F. (1932). A quantitative study of reactions to electricity in Amoeba
proteus. Physiol. Zoo/.. 5, 491-526.
Harrington, N. R., and Leaming, E. (1900). The reactions of Amoeba to light of
different colors. Amer. J. Physiol. 3, 9-16.
Harvey, E. N. (1934). Biological effects of heavy water. Biol. Bull. 66, 91-96.
Harvey, E. N., Harvey, E. B., and Loomis, A. L. (1028). Further observations of
the effect of high-frequency sound waves on living matter. Biol. Bull. 55, 459-469.
Hatano, S., and Oosawa, F. (1967). Extraction of an actin-like protein from the
plasmodium of a myxomycetc and its interaction with myosin A from rabbit
striated muscle. J. Cell. Physiol. 68, 197-202.
Hcilbrunn, L. V. (1058). The viscosity of protoplasm. Protoplasmalolooia 2, i-109.
Hcilbrunn, L. V., and Daugherty, K. (1932). The action of sodium potassium, calcium and magnesium ions on the plasmagel of Amoeba proteus. Physiol. Zool.

ATP to myosin 13. Fed.
light in Amoeba. J. Exp.
, locomotion in Amoeba

~- Amoeba to mcdumical

rl'iationship bl'!wccn the
11rrcnt.. A11al. Rec. 70,

,s. Biol. Bull. 80, 265-274,
in d,,r Entwicklung von
•gation, ihr Einflus.,, nuf
E:rp. Cell Res. 26, 462-

ictyosteli11111 mi1111t11111. I.
hsel der Zcllen. Wilhelm

>7.
1

with adenosine triphos-

ects of quartz ultraviolet
cal basis for pattern and

m amoeba and the mech. 6, 128-144.
· organization in Amoeba
itics, 1956 Yol. 1, 715-728.
ameboid movement. In
en and X. Kamiya. eds.),
fwy. Phys. Soc. 29, 63-71.
ding of protein molecules
ment and osmotic work.
os chaos Schaeffer. Amer.
nucleocytoplas mic interlistribution with time and
ng network formation in
. 25,223.
r. Mikrokosmus 53, 321-

icts of loss of water and
histochemie de l 'ATP-ase
o/. 23, 123-128.
otility during mitosis in

29

i

,·I
l

5, 254-274.
Heilbrunn, L. V., and Daugherty, K. (1933). The action of ultraviolet light on
amoeba protoplasm. Proloplasma 18, 59!Hil9.
Hitchcock, L., Jr. (1961). Color sensitivity of amoeba revisitP.d. J. Protozool. 8,
322-324.
Hoffmann-Berling, H. (1956). Der Kontraktile Eiweiss undifferenzier ter Zellen.
Biochim. Biophys. Acta 19, 453-463.
Holter, H. (1059). Problems of pinocytosis with special regard to amoebae. Ann.
N. Y. Acad. Sci. 78, 524-537;
Hopkins, D. L. (1926). The effect of hydrogen ion concentration on locomotion and
other life processes of Amoeba proteus. Proc. N al. A cad. Sci. U. S. 12, 311-315.
Hulpieu, H. R. (1930). The effect of oxygen on Amoeba proteus. J. Exp. Zool. 56,
321-361.
Ikkai, T., and Ooi, T. (1966). The effects of pressure of F-G transformation of actin .
Biochemistry 5, 1551-1560.
Ivnnic, M. (1936). Recherches nouvelles sur !'ingestion des aliments au moyen de
cytostomes chez quelques amibes d'eau douce (Amoeba vespertil-i,o Penard) et
(Hartmannella maasi lvanic). Cellule 45, 179-206.
Jwakura, H. (1966). New contractile protein of smooth muscle. I. Native tropomyosin
from smooth muscle. Tokyo J. Med. Sci. 73, 49-57.
Jucobs, M. H. (1940). Some aspects of cell permeability to weak electrolytes. Cold
Spring Harbor Symp. Quant. Biol. 8, 30-39.
Jahn. T. L. (1961). The mechanism of cilia[}· movement. I. Ciliary reversal and
activation by electric current; the Ludloff phenomenon in terms of core and
volume conductors. J. Protozool. 8, 369-380.
Jahn, T. L. (1962a). A theory of electronic conduction through membranes, and of
active transport of ions. J. Theor. Biol. 2, 129-138.
Jahn. T. L. (1962b). The mechanism of ciliary movement. II. Ciliary reversal and
ion antagonism. J. Cell. Comp Physiol. 60, 217-228.
Jahn, T. L. (1963). A possible mechanism for the amplifier effect in retina. Vision
Res. 3, 25-28.
Jahn, T. L. (1964). Relative motion in Amoeba proteus. In "Primitive Motile Systems in Cell Biology" (R. D. Allen and N. Kamiya, eds.), pp. 279-302. Academic
Press, New York.
Jahn, T. L. (1966). Contraction of protoplasm. II. Theory: Anodal vs. cathodal in
relation to calcium. J. Cell. Physiol. 68, 135-148.
Jahn, T. L. (1967). The mechanism of ciliary movement. III. Theory of suppression
by electrical potential of cilia reversed by barium ions. J. Cell. Physiol. 70,
79-90.

ii

•

·.•'

, •r

THEODORE L. JAHN AND EUGENE C. BOVEE

iI

l
1,
I
t·

I
I
l

I

..'

Jahn, T. L., and Bovee, E. C. (1964). Protoplasmic movement and locomotion of
protozoa. Biochem. Physiol. Protozoa 3, 62-129.
Jahn, T. L., and Bovee, E. C. (1965). Locomotion of microorganisms. Ann. Rev.
Microbial. 19, 21-58.
Jahn. T. L., and Bovee, E. C. (1967). Motile behavior of protozoa. In "Research
in Protozoology" (T. T. Chen, ed.), Vol. 1, pp. 39-198. Academic Press, New
York.
J1thn, T. L., and Bovee, E. C. (1969). Protoplasmic movements within cells. Physiol.
Rev. 49, 793-862.
Jahn, T. L., Bovee, E. C .. Dauber, M., Winet, H., and Brown, M. (1965). Secretory
!lctivity of the oral apparatus of ciliates: Trails of adherent particles left by
Paramecium mullimicronucleotwm and Tetrahymena pyri/ormi,s. Ann. N. Y.
Acad. Sci. 118, 912-920.
James, T. W. (1959). Synchronization of cell division in amoebae. Ann. N. Y. Acad.
Sci. 78, 501-514.
Jennings, H. S. (1904). "Behavior of Lower Organisms," pp. 1-366. Columbia Univ.
Press, New York.
Kamiya, N. (1959). Protoplasmic streaming. Protoplasmatolooia 8, No. 3a, 1-199.
Kamiya, N. (1964). The motive force of ameboid motion. In "Primitive Motile
Systems in Cell Biology" (R. D. Allen and N. Kamiya, eds.), pp. 257-278.
Academic Press, New York.
·
Kane, R. E. (1967). The mitotic apparatus. Identification of the major soluble component of the glycol isolated mitotic apparatus (MA). J. Cell Biol. 32, 243-253.
Kanno, F. (1964). An analysis of amoeboid movement. III. Ionic effect on the
mechanical properties of surface structure of Amoeba. Annot. Zool. Jap. 37,
63-73.

Kappner, W. (1961). Bewegungsphysiologische Untersuchungen an der Amoebe Chaos
chaos L. Protoplasma 53, 504-529.
Kasantzev, E. N., Tageeva, S. V., and Tairbekov, M. G. (1964). The mechanism of
movement of cytoplasmic structures in plant cells. Abstr. ·10th Int. Bot. Congr ..
1964 p. 156.
Kassel, R. (1959). Particulates of amoebae. Ann. -N. Y. Acad Sci. 78, 421-431.
Katchalsky, A., Oplatka, A., and Lite.n, A. (1966). The dynamics of macromolecular
systems. 3-25. In "Molecular Architecture in Cell Physiology" (T. Hayashi and
A. G. Szent-Gyorgyi, eds.), pp. 3-25. Prentice-Hall, Englewood Cliffs, N. J.
Katz, A. M. (1962). The influence of cations on SH reactivity of actin. Abstr. 2nd
Meet. Amer. Soc. Cell Biol., 1962 Abstr., p. 89.
Katz, A. M. (1965). Purification of a relaxing protein factor from actin extracted
at room temperature. Fed. Proc., Fed. Amer. Soc. Exp. Biol. 24, 208.
Kepner, W. A., anrl Whitlock, W. C. (1921). Food reactions of Amoeba proteus. J.
Exp. Zool. 32, 397-425 .
Klein, R. L. (1964). Effects of transport inhibitors on K movements in Acanthamoeba
sp. Exp. Cell Res. 34, 231-248.
Kolle-Kralik, U., and Ruff, P. W. (1967). Vibrotaxis von Amoeba proteus (Pallas)
in Vergleich mit der Zilienschlagfrequenz der Beutethiere. Protuitologica 3,
319-324.
Komnick, H., and Wohlfarth-Bottermann, K. E. (1965). Das Grundplasma und die
PlaEmafilamenten cler Amceb11, Chaos ,;haos nach enzymatischer behandlung
der Zellmembran. ~- Zellforsch. Mikrosk Anat. 66, 434-456.

J{risznt, G. (194
chaos). Ark.
Kriszat, G. (195
Zool. 3, 107J{risznt, G. (1954
Amoebcn (C
Kudo, R. R. (1
Illinois stock.
J{udo, R. R. (19
Lions. J. Prol
Kiihne, W. (1
Engelmann,
Landnu, J. V. (
78, 487-500.
Lnndllu, J. V. (1
Biol. 24, 33
Landnu, J. V., Z
8Ure experim
!ln<l moveme
l,c,pow, S. S. (19
lln<l snnke ve
Ling, G. N. (19
duction Hyp
Locquin, M. (1
cournnts prot
2, 209-214.
Loefcr, J. B., an
J. Protozool.
Locwy, A. G. (
mrxomycete.
l\forchcsi, V. T.,
structural pr
M11r8h, G., and
of bioclectric
8th Ann. Me
Mnrshnll, J. M.
Med. 77, 30
Mnrshall, J. M.
Int. Soc., Gel
Marshall, J. M.,
amoebae. Sc·
Mm,ilnnd, D. A.
paraffin oils o
Marsland, D. A.
related phen
Allen and N
Mnrslnnd, D. A.,
stntic pressur

Maruyama, K. (l

from myofibri

0
\J

v

I
MOTILE BEHAVIOR OF AMEDAS

VEE

and locomotion of

;anisms.

A1111.

Rev.

JZoa. In "Rt>search
~demic Pre;;;;. "1'i cw
ithin el'll:,. Pliy.,iol.

I. (1965). &_,eretory
11 particle:, left by

innis.

A1111.

N. L

·. Ann. N. Y. Acad.

i6. Columbia Univ.
8, No. 3a. 1-199.
"Primitive Motile
eds.), pp. 257-278.

major soluble com-

! Biol. 32, 243-253.
onic effect on the
iot. Zoo/. Jap. 37,
der Amoebe Chaos
The mechanism of
h Int. Bot. Congr.,

i. 78, 421-431.
of macromolecular
·" (T. Hayashi and
>0d Cliffs, N. J.
if actin. Abstr. 2nd

om actin extracted
l. 24, 208.
4moeba 'f}roteus. J.
sin Acanthamoeba

,a proteu.s (Pallas)
. Protistologica 3,
undplasma und die
tischcr bt!handlung

31

Kritizat, G. (1040). Die Wirkung von adenosintriphosph at auf Amoeben (Chaos
cnaos). Ark. Zool. 1, 81-86.
Kriszat, G. (1052). Die Wirkung von Calcium auf Amoeben (Chaos chaos), Ark.
Zool. 3, 107-114.
Kriszat, G. (1054). Die Wirkung von Para-Chloromercu ribenzoesiiure u_nd ATP auf
A111oebcn (Cluws chaos). Ark. Zool. 6, 195-201.
Kudo. R. R. (1046). Pelomyxa carolinensi.s Wilson I. General observations on the
Illinois stock. J. Morphol. 78, 317-348.
J\udo, R. R. (1057). Pelomyxa palustris Grreff I. Cultivation and general observations. J. Protozool. 4, 154-163.
Kiihne, W. (1864). "Untersuchungen iiber das Protoplasma und die Contractilitiit."
Engelmann, Leipzig.
Landau, J, V. (1059). Sol-gel transformations in amoebae, Ann. N. Y. Acad. Sci.
78, 487-500.
Landau, J. V. (1965). High hydrostatic pressure effects on Amoeba proteus. J. Cell
Biol. 24, 332-336.
Landau, J. V., Zimmerman, A. M., an_d Marsland, D. A. (1954). Temperature-pres sure experirrien ts on Amoeba proteus; plasmagel structure in relation to form
and movement. J. Cell. Comp. Physiol. 44, 211-232.
Lepow, S. S. (1936). Some reactions of slime mold protoplasm in certain alkaloids
and snake venoms. Protoplasma 31, 161-179.
·
Ling, G. N. (1962). "A Physical Theory of the Living State. The Association Induction Hypothesis." Ginn (Blaisdell), Boston, Massachusetts.
Locquin, M. (1949). L'utilization de rayonnement f3 du radium pour l'etude des
courants protoplasmiques dans Jes plasmodes de myxomycetes. Trav. Bo_t. (Alger)
2, 209--214.
Loefer, J. B., and Scherbaum, 0. H. (1963). Free amino acids in Tetrahymenidae.
J. Protozool. 10, 275-279.
Loewy, A. G. (1952). An actomyosin-like substance from the plasmodium of a
myxomycete. J. Cell. Comp. Physiol. 40, 127-156.
Marchesi, V. T., and Steers, E., Jr. (1967). Isolation and characterization of a
structural protein from red cell ghost membranes. J. Cell Biol. 35, 87A (abstr.).
Marsh, G., and Jahn, T. L. (1964). The non-existence of the short-circuited state
of bioelectric systems and the incompetence of the short-circuiting theory, Abstr.
8th Ann. Meet. Biophys. Soc. p. FG12.
Marshall, J. M. (1964). Intracellular transport in the amoeba Chaos chaos. Excerpta
Med. 77, 30 (abstr.).
Marshall, J. M. (1966). Intracellular transport in the amoeba Chaos chaos. Symp.
Int. Soc~, Cell Biol. 5, 33-43.
Mnrshnll, J. M., and Nachmias, V. T. (1960). Protein uptake by pinocytosis in
amoebae. Science 132, 1496.
Marsland, D. A. (1933). The site of narcosis in a cell. The action of a series of
paraffin oils on Amoeba clubia. J. Cell. Comp. Physiol. 4, 9-33.
Marsland, D. A. (1964). Pressure temperature studies on ameboid movement and
related phenomena. In "Primitive Motile Systems in Cell Biology" (R. D.
Allen and N. Kamiya, eds.), pp. 173-188. Academic Press, New York.
Mnrslnnd, D. A., and Brown, D. E.G. (1936). Amoeboid movement at high hydrostatic pressure. J. Cell. Comp. Physiol. 8, 167-178.
Maruyama, K. (1966), Some physico-chemical properties of KCI extracted F-actin_
from myofibrils (rabbit skeletal muscle). Biochem. Z, 345, 108-121.

,f,,
t

.
'

.,.,,

.

l

.r
. .,

Ir
i

"
f

.

'

J.

1:
[·

j

~

<I

I,

I,

,\

t

1

,.'
t

('

J

'i

-~

j4

·,

f1

lfj

,.

:t

'
-~,["
I

'j

l

r
t

,J

32

I

'I! '

j
i.

'.

THEODOR E L. JAHN AND EUGENE C, BOVEE

Mast, S. 0. (1910). Reactions of Amoeba to light. J.. Exp. Zool. 9, 265-277.
Mast, S. 0. (1926). Effect' of chemically pure water on form·and activity in Amoeba
prote·us. Anal. Rec. 34, 134.
Ma~t. S. 0. (1931a). The nature of response to light in Amoeba proteus (Leidy).
Z. Vergl. Physiol. 15, 139-147.
Mast, S. 0. (1931b). The nal.urc of the aclion of electricity in producing the respontie
nnd injury in Amoclm 71rote11s (Leidy) and the effect of electricity on the viscosity of protoplMm. Z. Verot.' Physiol. 15, 309-328.
Mast, S. 0. (1932). Localized stimulation, transmission of impulses, and .the nature
of response in Amoeba. Physiol. Zool. 5, 1-15.
Mast, S. 0. (1941). Motor response in unicellular animals. fo 1'.'Protozoa in.Biological
Research" (G. _N. Calkins and F. 0. Summers, eds.), pp. 271-351. Columbia
Univ. Press, New York.
Mast, S. 0., and Doyle, W. L. (19:H). I n,u.,I i•on ;,f J\ 11id by Amoeba. Prolopla.~ma

20, 555-560.
Mast, S. 0., and Prosser, C. L. (1932). Effect of temperature , salts, and hydrogen
ion concentratio n on rupture of the plasmagel sheet, rate of locomotion, and
gel/sol ratio in Amoeba proleus. J. Cell. Comp. Physiol. 1, 333-354.
Mast, S. 0., and Stahler, N. (1037). The relation between luminous intensity, adaptation to light, and rate of locomotion in Ameoba proteus (Leidy), Biol. Bull.
73, 126--133.
Mattenheim er, H. (1958). Polyphosph ates and polyphosph atases in ameba. Acta
. " ....
Biol. Med. Ger. 1, 405-413. ' · ·
Mohri, H. (1964). Extraction of ATP-ase from sea urchin and fish sperm tails. Biol.
Bull. 127, 181.
Miinsterberg, H. (1900). "Grundziige der Psychologie," Vol. I. Barth, Leipzig.
Mugard, H., and Renaud, L. (1967). Etude de l'effet des ultra-sons sur Amoeba
proteus (Chaos diffl,uens). Protistologica 3, 347-350.
Nakajima, H. (1956). Some properties of a contractile protein in a slime mold.
Seitai No Kaguku 1, 49'-52.
Nakajima, H. (1960). Some properties of- a contractile protein in a myxomycete
plasmodium . Protoplasm a 52, 413- 436.
Nakajima, H. (1964). The mechanochemical system behind streaming in Physarttm.
In "Primitive Motile Systems in Cell Biology" (R. D. Allen and N. Kamiy3,
eds.), pp. 111-124. Academic Press, New York.
Nakamura, H., and Tonomura, Y. (1967). Superprecip itation and enzymatic activity
of actomyosin as affected by the mode of polymerizat ion and nucleotide of
actin. J. Biochem. (Tokyo) 61, 242-250.
Nelson, L. (1966). Contractile proteins of marine invertebrate sperm. Biol. Bull.
130, 378-386.
Oosawa, F., Kasai, M., and Hatano, S. (1966). Polymerizat ion of actin flagellin. Ciba
Found. Symp. pp. 273-307.
Pautard, F. G. E. (1962). Proton transfer and supercontra ction in actomyosin.
Nature (London) 183, 1391-1392.
Penard, E. (1902). "Faune rhizopodique du bassin de Leman." Kundig, Geneva.
Penard, E. (1947). Habituation . J. Roy. Microsc. Soc. [~) 67, 43-45.
Perry, S. V. (1967). The structure and interactions of myosin. Progr. Biophys. M ol.
Biol. 17, 325--380.
Pitts, R. F., and Mast. S. 0. (1933). The relation between inorganic salt concentration, hydrogen ion concentratio n and physiological processes in Amoeba proteus.

I. Rate of I
s1tl t solution
l'iUs, R. F., an
tmtion, hy
pruleus. II.
solutions of
Pitts. R. F., an
trntion, hy
prutcus. III
gen ion con
Po,lolsky, R. J.
"l\-luscle"
l'oilnck, H. (19
protoplasm.
lki1l. C. (1960)

q

1

Hclnutn, A. S. (
A11n N. l'.)
!{1•11111HI. F. L., !

tcin forminj
F. L., i
tcin formin(
Hinnldi. R. A.·
violet radia
H1111t11d. R. C. 1
cytosis. Nai
Hustnd, R. C.,
inhibitors o
Snkni, H. (196
Pggs. IV. I
from these
~nmurl, E. M.
the life cy
JJiol. 3, 31:
SchnrlTcr, A. A
:;rhneffer, A. P
feeding. Bi
Sl'!rnrfTcr, A. ,
Nr.w Jerse:
8l'haeffer, A. P
1-116.
SchnefTer, A. i:
74, 47--51.
!-lchmilt, F. D
Srhwittala, A.
Amoeba.
J. Morpho
Srifriz, W. (1
106--200.
Srifriz, W., a.r
plasm. A111

H<'llllUtl,

-

DO\'EE

111. 9, 20S--2ii.
1d acti\'ily in .4111ocb11

ocba pro/cu.~ (Ll'idy).
,ro,h1l'init tlw rP~pons,•
•l'lri,·ity on the \'is,·ospulses. nnd the nature

Protozoa in Biological
,p. 271-351. Columbia

Amoeba. Protoplasma

~. snits. and hydrogen
te of locomotion, and
1, 333-354.
1inous intensity, adap11s (Leidy). Biol. Bull.
tnscs· in n.meba. Acta

I fish sperm tails. Biol.

I. Barth, Leipzig.
1ltra-sons sm· Amoeba
tein in a slime mold.
ein in a myxomycete

treaming in Physarum.
A.lien and X. Kamiy:1.

and enzymatic activity
10n and nucleotide of

·ate sperm. Biol. Bull.

of actin flagellin. Ciba

·action in actomyosin.

Kundig. Genp,·a.
:. 43-4-5.
.. Pro,,lr. Bf,jp.~j-L Jli:,Z.

1."

,organic salt concentrases in Amoeba proteus.

-

-

---------------------------.;;;::-----,

MO'l'ILI!: llEHAVIOU 01•' AMEDAS

33

J. Hnl1· of l,ll'omotion. l(Pl/sol rntio nnil hyr!rol(1·n ion concentration in bnlnnced
s:ilt solutions, J. Ceil. Cmn71. l'h11.~iol. 3, 44\l--462.
Pitts, IL F'., and Mast, S. 0. (1!)31a). The relation between inorganic snit concentrntion, hydrogen ion concentration and physiological processes in Amoeba
prut.cus. II. Rnlc of lol'omotion gel/sol ratio, nnd hydrogen ion concentration in
solutions of single snits. J. Cell. Comp. Physiol. 4, 237--256.
Pitts. R. F., and Mast, S. 0. (1934b). The relation between inorganic salt concent•·ntion, hydrogen ion concentration and physiological processes in Amoeba
proteus. III. The interaction between salts (antagonism) in relation to hydro. gen ion concentration and salt concentration. J. Cell. Comp. Physiol. 4, 435--455.
Podolsky, R. J. (1965). The role of calcium in the contractile cycle of muscle. In
"Muscle" (W. M. Paul et al., eds.), pp. 1:?">--130. Pergamon Press, Oxford.
Pollack, H. (1928). Micrurgial studies in cell physiology. VI. Ca++ ions in living
protoplasm. J. Gen. Physiol. 11, 539--545.
Heid, C. (1960). Quantum phenomena in bioiogy, Science 131, 1078--1084.
Helman, A. S. (1966). The participation of cells in disturbances of acid-bru,e balance.
Ann N. Y. Acad. Sci. 133, 160--171.
Henaud, F. L., Rowe, A. J., and Gibbons, I. R. (1966). Some properties of the protein forming the outer fibers of cilia. J. Cell Biol. 33, 92A--93A.
Rrmwd, F. L., Rowe, A. J ., and Gibbons, I. R. (1968). Some properties of the protein forming the outer fibers of cilia. J. Cell Biol. 36, 79--90.
Hinnldi, R. A. (195!)). The induction of pinocytosis in Amoeba protem by ultraviolet radiation. Exp. Cell Res. 18, 70--75.
Hustad, R. C. (l'J59). Molecul11r orientation at the surface of amoebae during pinocytosis. Nature (London) 183, 1058--1059.
Hustad, R. C., and de Terra, N. (1958). The effects of temperature and respiratory
inhibitors on pinocytosi~. J. Protozool. 5, Suppl., 14.
Snkai, H. (1962). Studies on sulfhydryl groups during cell division of sea urchin
eggs. IV. Contractile properties of the thread model of KCl-soluble protein
from the sea urchin egg. J. Gen. Physiol. 45, 411-438.
:-nmucl, E. M. (19'61). Orientation and rate of locomotion of individual amebas in
the life cycle of the cellular slime mold, Dictyostelium mucoroides. Develop.
Biol. 3, 317-335.
Schneffer, A. A. (1917a). Choice of food in Amoeba. J. Anim. Behav. 7, 220--258.
Sdincffer, A. A. (1917b). Reactions of Amoeba to light and the effect of light on
feeding. Biol. Bull. 32, 45--74.
S"hncffcr, A. A .. (1920). Ameboid Movement." Princeton Univ. Press, Princeton,
~cw Jersey.
S!'Lacffer, A. A. (1926). Taxonomy of the amebas. Carnegie Inst. Wash. Puhl. 345,
1-116.
S1·hneffer, A. A. (1931). On molecular organization in ameban protoplasm. Science
74, 47-51.
:-chmitt, F. D. (1929). Ultrasonic micromanipulation. Protoplasma 7, 332--340.
:-ehwittala, A. M. (1925). The influence of temperature on the rate of locomotion in
Amoeba. II. The rate of locomotion in A•moeba at different temperatures.
J. Morphol. 41, 45-62.
SPifriz, W. (193_6). Reaction of protoplasm to radium radiation. Protoplasma 25,
106--200.
Srifriz, W., and Urugachi, M. (1941). The toxic effects of heavy metals on protoplasm. Amer. J. Bot. 28, 191--197.

i

!

I•

II'
;

i:

I

I',,.
!l1,

I:

r

,
34

';

l·
I

1·
I.

I

}

THEODORE L. JAHN AND EUGENE C. BOVEE

Shnffer, 13. M. (1956). Acrasin, the chemotactic agr.nt in cellular slime molds. J.
Exp. Biol. 33, 645-658.
Simard-Duquesne, N ., and Couillard, P. (1962). Ameboid movement. I. Reactivation of glycerinated models of Amoeba proteus with ATP. II. Research of contractile proteins of Amoeba proteus. Exp. Cell Res. 28, 85-98.
Stephens, R. E. (1967). The mitotic apparatus. Physical chemical characterization
of the 22S protein component and its subunits. J. Cell Biol. 32, 255--275.
Szent-Gyorgyi, A. (1947). "Chemistry of Muscular Contraction." Academic Press,
New York.
Szent-Gyorgyi, A. (1960). "Introduction to Submolecular Biology." Academic Press,
New York.
Tada, M., and Tonomura, Y. (1967). Superprecipitation of myosin-B induced by
ATP as a nucleated growth process. J. Biochem. (Tokyo) 61, 123-135.
Takahashi, K., and Yasui, T. (1967). Morphological aspects of super precipitation
of myosin-B filament./. Biochem. (Tokyo) 61, 131-133.
Tasa.ki, I. (1968). "Nerve Excitation." Thomas, Springfield, Illinois.
Thomas, R. (1957). Activite psychique chez Jes unicellulaires. Trav. Lab. Inst. Bot.
Fae. Med. Pharm., Bordeaux pp. 1-3.
Tokuyasu, K., and Scherbaum, 0. (1965). Ultrastructure of mucocysts and pellicle
of Tetrahymena pyri/ormis. J. Cell Biol. 27, 67-81.
Ti:oshin, A. S. (1966). "Problems of Cell Permeability." Pergamon Press, Oxford.
Ts'O, P. 0. P .. Jr., Bonner, J., Eggman, L., and Vinograd, J. (1956a). Observations
on an ATP-sensitive protein system from the plasmodia of myxomycete. J.
Gen. Physiol. 39, 325--347.
Ts'O P. 0. P., Jr., Eggman, L., and Vinograd, J. (1956b). The isolation of myxomysin, ·an ATP-sensitive protein from the plasmodium of a myxomycete. J. Cell.
Comp. Physiol. 39, 801-812.
Ts'O, P. 0. P., Jr., Eggma.n1 L., and Vinograd, J. (1957a). The interaction of myxomyosin with ATP. Arch. Biochem. Biophys. 66, 64-70.
Ts'O, P. 0. P., Jr., Eggman, L., and Vinograd, J. (1957b). Physical and chemical
studies of myxomyosin, an ATP-sensitive protein in cytoplasm. Biochim.
Biophys. Acta 25, 532-542.
Verworn, M. (1889a), "Psycho-physiologische protisten-studien." Fischer, Jena.
Verworn, M. (18896). Die polare Erregung der Protisten du;ch den galvanischen
Strom. Pfl,uegers Arch. Gesamte Physiol., M enschen Tiere 45, 1-36; 46, 269--303.
Verworn, M. (1896). Untersuchungen iiber polare Erregung der lebendigen Substanz
durch konstanten Strom. IV. Mitteilung. Pftuegers Arch. Gesamte Physiol.
M enschen Ti.ere 65, 47-52.
·
Verworn, M. (1913). "Irritability." Yale Univ. Press, New Haven, Connecticut.
von Mohl, H. (1846). "Ueber die Vehrmehrung der Pflanzenzelle durch Theilung."
Flora, Jena.
Wenrich, D. H. (1939). Food habits of Entamoeba muris. Biol. Bull. 81, 324-340.
Wichterman, R. (1957). Biological effects of radiation on protozoa. Bias 28, 3-20.
Wichterman, R., and Honneger, C. M. (1955). Action of X-rays on two common
amebas, Chaos diffiuens and Chaos chaos. Proc. Pa. Acad. Sci. 32, 240-253.
Wiercinski, F. J. ~1955). The pH of animal cells. Protoplasmatologia 2, (B), 2c and
1-56
Wilber, C. G., and Slane, G. M. (1951). Rffect of ultraviolet on P. carolinemis. Trans
Amer. Microsc. Soc. 70, 265-271.

Wilson, B.
effect
Wright, B
steliu
Zimmerm

N. Y.
Zimmcrma
271-28
Zimmerma
of Am
Zimmerma
Amoe
pp. 1Zimmerm
and
pressu

r
t

!
EE
r

slime mollk J.

l<'nt. I. Rt'actirnR!'search of con-

I charnrtE'riza lion
2, 255--2i5.
Acadt'mic PrC'SS,
' AcadPmic Press,

$in-B induced by
, 1~135.
1per precipitation

MOTILE BEHAVIOR OF AMEBAS

35

\\"ilson, B. W., Buetow, D. E., Jahn, T. L., and Lcvcdahl, B. H. \1959). A differential
effect of pH on cell growth and respiration. Exp. Cell Res. 18, 456-465. ·
Wright, B. E. (1958). Effect of ster-oids on aggregation in the slime-mold Dictyostelium discoideum. Bacterial. Proc. 58, 115.
Zimmerman. A. M. (1959). Effects of selected chemical agents on amoebae. Ann.
N. r. Acad. Sci. 78, 631-646.
Zimmrrman, A. M. (1962). Action of ATP on Amoeba. J. Cell. Comp. Physiol. 60, ·
.
271-280.
Zimmerman, A. M. (1!164). The effects of mercaptoethanol upon form and movement
of Amoeba proteus. Biol. Bull. 127, 538-546.
Zimmerman, A. M. (1965). The influence of morphine n-allylonormorphine on
Amoeba protetu1. A pressure study. Int. Congr. Physiol. Sci., Abstr., 23rd, 1965
pp. 1-102.
Zimmerman, A. M., Landau, J. V., and Marsland, D. (1958). The effects of ATP
and dinitro-o-cresol upon the form and movement of Amoeba protetu1; a
pressure-temperature study. Erp. Cell Res. 15, 484-495.

~

..

·,

(

.

'

fl
f;

1..

I

I

v. Lab. 111st. Bot.

I

.

'I
: t

cysts and pellicle

,,

Press, Oxford.
'6ii). Obserrntions
i myxomycete. J.

A

l

1'

"'

I

i);•

~lation of myxolxomycete. J. Cell.

•

·j

?raction of myxo-

J
&-

ical and chemical
:>plasm. Biochim.

,

;~
.

~scher, Jena_den galvamschen
11-36; 46, 269-303.
(endigen Substanz
pesamle Physiol.

\

'..
l

'·

I

, Co~ecticut.
durch Theilung."

t

fl. 81, 324-340 .
. Bios 28, 3-20.
on two common
ci. 32, 240-253.
· 2, (B), 2c and

rolinensis. TrarnJ

·•·.-'\

(I

