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ABSTRACT

The process of phagocytosis was investigated by observing the interactions between the
ameba Chaos chaos and its prey (Paramecium aurelia), by studying food cup formation in the
living cell, and by studying the fine structure of the newly formed cup using electron
microscopy of serial sections. The cytoplasm surrounding the food cup was found to contain
structures not seen elsewhere in the ameba. The results are discussed in relation to the
mechanisms which operate during food cup formation.

INTRODUCTION

One of the most familiar, yet dramatic events in
introductory biology is the entrapment of a living
celiate by a fresh water ameba. Students of cell
physiology have long been interested in the process
by which an ameba forms a food cup in response
to an appropriate stimulus (Rhumbler, 1898,
1910; Jennings, 1904; Schaeffer, 1912, 1916,
1917; Mast and Root, 1916; Mast and Hahnert
1935), and also in the processes of digestion and
assimilation which follow once the cup closes to
form a food vacuole within the cytoplasm. The
subject was reviewed by Kitching (1956) and
Bovee (1960). The early work by light miroscopy
was necessarily limited. However, a beginning
was made in the experimental analysis of this
highly “purposeful’” act of feeding, and conflicting
ideas regarding the underlying physical mecha-
nisms were advanced by Rhumbler, Jennings,
Shaeffer, and Mast.

The subject of food cup formation is of renewed
interest at present, partly because electron mi-
croscopy makes possible a more detailed analysis
but also because feeding in the ameba is a special
example of a more general biological problem:
that of the movement, transformation, uptake,
and turnover of cell membranes. In this sense, the

formation of the food cup in response to an external
stimulus may be related to the formation of pino-
cytosis channels and to cytoplasmic streaming in
general, subjects already studied extensively in
the ameba (Mast and Doyle, 1934; Holter and
Marshall, 1954; Chapman-Andresen, 1962; Gold-
acre, 1964; Wolpert et al, 1964; Abé, 1964 ; Griffin,
1964; Wohlfarth-Bottermann, 1964).

During phagocytosis (as during pinocytosis)
large amounts of the plasmalemma are consumed.
Recent studies in this laboratory demonstrate that
the giant ameba Chaos chaos, when grown under
optimal conditions on a diet of Paramecium aurelia,
forms more than 100 food cups during a single
24-hour cycle of growth. The formation of each
food cup (which when completed becomes a food
vacuole) requires the ingestion of about 10 per
cent of the plasmalemma. During a single cycle of
growth, therefore, the cell must consume more
than 10 times the amount of plasmalemma present
at any one time.

This study was designed to investigate the proc-
ess of food cup formation by observing the initial
interactions between the ameba Chaos chaos and its
prey, by observing the feeding process in the living
cell, and by studying the fine structure of the
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newly formed food cup using electron microscopy
of serial sections.

MATERIALS AND METHODS

(a) Experiments were done on specimens of the giant
ameba Chaos chaos (Pelomyxa carolinensis) taken from
mass cultures which were maintained in active growth
by daily feeding on Paramecium aurelia (Var. II),
The paramecia were obtained from a tank culture
grown continuously in a grass infusion with Aero-
bacter aerogenes as the principal food organism.

The experiments to be described were done with
single amebae or small groups of selected organisms,
and the paramecia used to induce food cup formation
were from the same stock culture used to maintain
the mass culture of amebae. The medium consisted of :
5 X 107 M CaCly, 5 X 1073 M MgSO,, 1.1 X 107*m
KH;PO,, 1.6 X 107*u K;HPO,. The pH was 6.6
to 7.0

In order to study efficiently the early formation of
the food cup, it was necessary to establish conditions
under which the amebae would feed quickly and
reproducibly. By selecting amebae of uniform size and
by controlling the degree of starvaton of the amebae,
this could be assured. Amebae wiere removed from
the culture 24 hours before the experiment and
placed in clean dishes. They were washed three times
to remove food organisms and debrs; they were then
agitated gently with air bubbles uintil they rounded
up. It was found that amebae 350 to 450 microns in
diameter, measured in the rounded state, would
often feed within 2 to 3 minutes after the paramecia
were added and would always feed within 5 minutes.
Amebae of this size were obtained by rejecting the
larger and smaller organisms from a randomly se-
lected population of 50 to 100 cells. This technique
eliminated the larger cells about to undergo division
and the smaller ones which had recently divided.

A concentrated suspension of washed paramecia
was prepared by centrifuging, for 2 minutes at 400 g,
20 ml taken from the top of a dense culture. The
pellet was resuspended in 1 ml of fresh medium,
recentrifuged for 2 minutes at 400 g, and allowed to
stand for 10 minutes before the supernatant medium,
containing the paramecia, was pipetted off. The final
concentration in the suspension added to the test
amebae was approximately 10* paramecia per ml.
(5) After the paramecium suspension was added to
the dish containing the test amebae, feeding was ob-
served a low magnification by use of a dissecting
microscotpe. Finer details were studied in some prepa-
rations in a shallow chamber under a coverslip by
phase-contrast microscopy at 200 or 500 magnifi-
cation,

Under controlled feeding conditions, the paramecia
collect in large numbers immediately around each
ameba. It is not unusual to see as many as 10 to 20
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of the ciliates arranged in a palisade around the
ameba, each making contact intermittently or con-
tinuously with the surface of the ameba. Under these
conditions, food cups form rapidly and repeatedly
until all or most of the paramecia have been ingested.

The local accumulation of paramecia around the
ameba is a striking phenomenon which calls for some
explanation. Direct observation showed that the
ciliates were not simply adherent to the ameba
surface, since most were seen to make and break
contact repeatedly before being trapped. It seemed
possible that the paramecia were attracted to the
ameba by some chemotactic or field effect. An experi-
ment was, therefore, designed to determine objectively
whether the paramecia were attracted by any type
of influence which would lead to initial contacts be-
tween paramecia and ameba at a rate higher than
could be expected by chance alone.

An ameba starved for 16 hours, having a diameter

of 350 to 450 microns, was placed in an embryo-
logical watch glass containing fresh medium. In the
same microscopic field as the ameba was placed a
washed white sand crystal, slightly larger than the
ameba. Paramecia were added and the numbers of
ciliates striking the sand crystal and striking the
ameba were counted in alternating l-minute time
periods for 26 minutes in each run. Only rapid first
hits were counted-——paramecia circling around the
objects to make second contacts were ruled out of the
game. The number of paramecia added was such that
this could be done easily. Because the influence of
the ameba would presumably extend to the crystal
within the field tested, the experiment was repeated
using separate dishes and equal numbers of ciliates,
Amebae in different states were used in the experi-
ment: well fed, starved for 24 hours, 48 hours, and
5 days, and amebae recently divided in half. In each
case, the number of first contacts with the ameba was
compared with the number of first contacts against
the sand crystal.
(¢) Tt seemed likely that the structure of the membrane
and cytoplasm surrounding the food cup might be
altered at a level beyond the limits of resolution of
the light microscope. To permit analysis by electron
microscopy of food cup formation at the very earliest
stages, a technique for rapid fixation by osmium
tetroxide was devised.

A moist chamber was constructed around a 20X
phase contrast objective and a fine glass capillary
tube connected to an OsO, source was run into the
chamber where it came in close proximity to an
ameba-paramecium preparation. At the moment of
food cup formation as seen through the microscope,
unbuffered 2 per cent OsO, (pH 6) was run into the
preparation. The technique was designed to stop the
process before the food cup had completely closed.
The paramecium was alive at the moment of fixation
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in all cases, and a fine channel connecting the outside
medium with the food cup could be detected in all
cases. Cytoplasmic flow and Brownian motion in the
ameba, and ciliary movement in the paramecium
ceased instantaneously, i.e., in less than 1 second from
the time of contact with the fixative.

The fixed amebae were dehydrated through 30 to
100 per cent ethanol solutions and embedded in
Araldite. Polymerization took place in gelatin capsules
at 40°C for 24 hours followed by 55°C for 48 hours.
Serial thin sections of the food cups were cut with a dia-
mond knife. Phosphotungstic acid or lead hydroxide
was used to stain the sections before they were ex-
amined in an RCA EMU-3C electron microscope.

OBSERVATIONS

1. Interactions between Ameba and Prey Or-
ganism

The sluggish ameba would seem to be at a dis-
tinct disadvantage during any attempt to capture
such a rapidly moving organism as a parame-
cium—yet a single ameba can capture more than
100 paramecia per day. Observation of the feeding
process by the methods outlined above suggests
the nature of the mechanisms by which the amebae
increase the probability of capture.

Within a few minutes after the addition of para-
mecia to medium containing several amebae, the
ciliates are seen by low power microscopy to gather
around the ameba much as suckling pigs to a sow.
The amebae adhere to the bottom of the dish and
assume a shape best described as randomly poly-
podal. The paramecia that have gathered seem to
nuzzle the pseudopods only to dart away, circle
around, and then return. Within 2 to 5 minutes
paramecia are entrapped within food vacuoles.
The trapping continues with more paramecia
nuzzling the ameba until all are ingested or until
the ameba reaches its capacity. It was found that
once feeding begins amebae appropriately starved
can take up as many as 10 paramecia in 5 min-
utes.

The sand crystal experiment was designed to
determine whether initial contacts between para-
mecia and an ameba occurred at a rate higher
than could be expected by chance alone. The
control contacts with the sand crystal were inter-
preted as occurring by chance. In no case did the
number of initial contacts with the ameba exceed
the number of initial contacts with the sand crys-
tal—this was so, no matter what the state of
starvation or whether the cell had previously been
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divided in two. These results show that there is no
appreciable chemotactic or field influence drawing
the paramecia to the ameba. What then accounts
for the ameba’s ability to concentrate its prey?

By phase contrast microscopy the feeding proc-
ess can be observed in greater detail. Some ciliates
approach the membrane at high speed, dent it,
bend double from the impact, and dart away
following a straight line. In most cases they do not
return. On the other hand, some paramecia slide
gracefully up to the ameba, nuzzle it, back off,
circle, and return to repeat the same activity. In
this second case, no mechanical denting is noted;
rather there is an outsurge of cytoplasm around
the point of slow nuzzling, and a food cup begins
to form. If the paramecium remains in contact
long enough a complete food cup is formed, trap-
ping the ciliate. If the paramecium breaks contact
and circles away, the cytoplasmic outsurge around
the point of stimulation ceases and the membrane
slowly smooths out until no trace of the food cup
remains. Attention to the cilia of the slow, nuzzling
paramecium, i.e. the ciliate which remains in con-
tact with the predator long enough to stimulate
the membrane to form a food cup, reveals that
clumps of granular material are affixed to one or
the other side of the paramecium. The clumps of
granules rotate with the moving cilia. The para-
mecium turns in the direction of the adhering
granules much as a row boat turns in the direction
of an oar which is fouled by weeds.

The mechanism by which the ameba concen-
trates its prey is now clear. The paramecia make
their initial contacts with the ameba by chance
alone, during random movement. As a result of
this chance contact, fouling of the cilia occurs.
This modifies their “swimming” pattern. Instead
of moving in straight, essentially random trajec-
tories, they gyrate about in the immediate vicinity
of the ameba. As a result, the probability of re-
peated contact is greatly increased. With repeated
contacts, the stimuli to food cup formation are
increased and the probability of capture is en-
hanced.

2. Food Cup Formation and the Dynamics of
Cytoplasmic Flow

The formation and closure of a food cup around
a food organism can occur within 2 seconds or
may take as long as 12 seconds. Formation begins

by a doughnut-shaped outsurge of cytoplasm lift-
ing the plasmalemma of the ameba outward
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Fieure 1 Schematic drawing of a food cup taken from electron micrographs of serial sections. The
proportions have been altered somewhat and only the principal features are represented. The dotted
lines divide the cup into four regions, from top to bottom: the fusing, upper, middle, and base regions.
Each number on the drawing corresponds to one of the electron micrographs that follow.
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Ficure 2 Electron micrograph of a typical region of ameba cytoplasm at some distance from the
region of food cup formation. It is included for comparison with the micrographs, to follow, of the cyto-
plasmic structures adjacent to the food cup. The vesicles, membranes, and sparse granules of a typical
region of the cytoplasm can be seen in addition to a portion of a nucleus (N), fat bodies (fb), and mito-
chondria (m). X 24,000.

around a central fixed region of plasmalemma.
The fixed region of plasmalemma is that region
which received the contact from the paramecium.
The cytoplasm beneath the fixed region of plas-
malemma shows no cytoplasmic movement and

appears to be in what has conventionally been
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called a gel state. After fixation with OsO,, this
region of cytoplasm at the base of the newly
formed food cup is found to be distinctly more
osmiophilic than the surrounding cytoplasm. The
nature of the structures in the “gelled” region will
be considered further in the section dealing with
the results of electron microscopy.
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Ficure 8 Electron micrograph demonstrating the deep folds of the membrane at the base of the food
cup, which form channels (Ck). In the lumen of the food cup (FC) are discharged trichocysts (¢) and
cilia (¢) of the paramecium. On the cytoplasmic side of the membrane bordering the channels is a fine
granular and fibrillar network (net). Clear or void regions (V) appear between the membrane and the
normal cytoplasm. Several old food vacuoles (F¥) appear in the region of normal cytoplasm. X 7,000.

8. Closure and Shrinkage of the Food Cup

The converging lips of the food cup move to
overlap one another. Shortly thereafter, their
movement stops and fusion of the approximated
membranes begins. Fusion begins from the in-
ward or food-vacuole end of the channel and
progresses outward. The process may be completed
in less than 1 minute, but in other instances has
been followed as long as 10 minutes. As will be
seen, the fine structure of the cytoplasm surround-
ing the channels of fusion presents some interesting
features.

The behavior of the food vacuole in relation to
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shrinkage, pH change, death of the organism,
and ultimate digestion was studied extensively by
Mast (1942). Reviews of the early work were done
by Kitching (1956) and Roth (1960). Roth de-
scribed the fine structure of food vacuoles at some-
what later stages, well after closure of the food
cup. Our observations show that after entrapment
the paramecium swims vigorously within the food
cup while the vacuole is slowly and continuously
shrinking in volume and diameter. At the time of
death of the ciliate, which occurs from 5 to 15
minutes after cup formation, the food vacuole
closely approximates the contours of the parame-
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Ficure 4 Higher magnification micrograph of the granular and fibrillar network that lines the cyto-
plasmic surface of the membrane along the channels shown in Fig. 3. The diameter of the fibrils is ap-
proximately 50 A. Discharged trichocysts (f) and cilia (¢) can be seen within the food cup. X 78,000.

cium. The great reduction in volume and in mem-
brane area during shrinkage of the food vacuole
presents an interesting problem. The results ob-
tained by electron microscopy supply information
on this question.

4. Fine Structure of the Food Cup

Fig. 1 is a schematic drawing of the food cup
sectioned in a direction perpendicular to the cell
surface. For simplicity of illustration, the propor-
tions have been altered somewhat and only the
principal features have been indicated. The food
cup has been divided into regions marked by semi-
horizontal dotted lines—the morphological char-
acteristics differ from region to region. The num-
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bers represent electron micrographs to follow,
each of which illustrate the fine structure en-
countered in the region depicted. A typical region
of cytoplasm at a distance away from the food cup
is shown in the electron micrograph of Fig. 2. It is
included for comparison with the cytoplasmic
structure surrounding the food cup.

The region of the food cup which corresponds to
that area of the plasmalemma in which the first
contact was made with the food organism has
been designated as the base. By phase-contrast
micrography this region is seen to remain fixed
relative to the subjacent plasmagel while the
surrounding cytoplasm surges forward to build up
the walls of the cup.
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Ficure 5 Specialized regions (SR) of cytoplasm at the base of the food cup. These are loosely con-
tained by unit membrane and have within them aggregates (ag) of vesicles and crystalline patches.
The various types of fibrils also found in the specialized regions are not in evidence in this field. At the
upper left is the food cup lumen (FC) containing the paramecium (P). X 12,000.

When serial sections of the basal region were
examined by electron microscopy, structures were
seen which were not found elsewhere in the cyto-
plasm. One group of structures unique to the food
cup have been called “specialized regions.” These
are circumscribed regions adjacent to the wall of
the food cup (Fig. 5). Serial sections reveal that
the specialized regions are generally elongated or
tubular in form, and are coiled or wound around
the base of the food cup. Unit membrane com-
pletely encases each such region, in sectioned pro-
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files, and it was, therefore, thought at first that
they were large vacuoles pinched off from the
plasmalemma lining the food cup. However, some
hundreds of serial sections failed to demonstrate
continuity between the membrane of the cup and
that of any such region. The space within the
regions was never found to communicate with the
space within the cup. Cilia and discharged tricho-
cysts from the paramecium, which were commonly
found in the cup space and which should appear
in any large vacuoles pinched off the cup, were
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Ficure 6 Electron micrograph showing the form of the specialized regions at the middle portion of the
food cup. A region is defined here by the small arrows. It is more flattened than the specialized regions
at the base, and in close proximity to the food cup membrane. Deeper in the cytoplasm are seen the
long membranous structures (mb) which are peculiar to the middle portion of the cup. The paramecium
(P) within the food cup is at the top of the field. X 12,000.

never observed within the specialized regions. Al-
though the regions appear vacuolar, in the sense
that the background density after staining is low
and in the sense that they are demarcated from
the remainder of the cytoplasm by membrane,
their content is distinctly different from that of the
void space within the food cup. They must, there-
fore, be formed rapidly from components present
in the cytoplasm.

Within the specialized regions are clusters of
small vesicles (Fig. 7) some of which are enclosed
by a single membrane and some by double or unit
membrane, patches of material with a repeating
pattern suggesting a paracrystalline order (Fig. 8),
and two types of fibrillar elements (Figs. 9 to 11).
One type of fibril (Fig. 9) has an irregular contour
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and a diameter ranging from 400 to 450 A, and
appears to be an aggregate of smaller fibrils. Figs.
10 and 11 show smaller fibrils, 175 to 225 A in
diameter. These thinner fibrils are spread ran-
domly throughout the region, as in Fig. 10, or are
seen to connect the patches of crystalline material
(Fig. 11).

Although the specialized regions are similar in
structure and location, different combinations of
the fibrillar, vesicular, and crystalline elements are
seen within different regions. One interpretation
is that fixation has caught the elements of a con-
tractile system in various states of aggregation and
dispersal.

In close association with the specialized regions
are numerous deep folds in the plasmalemma at
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Ficure 7 The vesicles (») which occur in clusters within the specialized regions. X 62,000.

Ficure 8 Micrograph showing the periodicity of structure within the crystalline patches (¢p) of the
specialized regions. The distance between the repeating elements comprising the pattern is 200 to 250 A,

X 90,000.

Ficure 9 A large fibril (fib) located within a specialized region. A crystalline patch (cp) is also present.

The fibril diameter is 400 to 450 A. X 62,000.

Ficure 10 Smaller fibrils (f) randomly distributed within a specialized region. The diameters are
approximately 150 to 250 A. ¢p, crystalline patch. X 16,000.

Ficure 11 Smaller fibrils (f) within another specialized region, in a somewhat less random array.
Here they appear to connect the crystalline patches (cp) within the region. X 18,000.

the base of the food cup. These folds or invagina-
tions appear in profile as long channels coursing
deep into the cytoplasm (Fig. 3). Bordering the
channels on the cytoplasmic side of the plasma-

lemma is a network of fine fibrils and granules
(Fig. 4). This network appears somewhat like the
dense material described by Peachey and Ras-
mussen (1961) at the free surfaces of epithelial
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Ficure 12

cells bordering on the lumen of the toad bladder,
and like the material described by Hayward
(1963) along pinocytosis channels in Amoeba pro-
teus. Between the dense network and the adjacent
cytoplasm is a zone devoid of all structured osmio-
philic material and of very low density after phos-
photungstic acid or lead staining (Fig. 3). Such
void regions are clearly defined and are bordered
by regions of cytoplasm which contain the normal
array of particulate and membranous structures
encountered throughout the rest of the cell, but
there is no limiting membrane between the void
area and the normal cytoplasm. These relation-
ships suggest that the void regions are formed by
the passage of water through the membrane of the
food cup.

The middle portion of the food cup also has
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The fusing region of the food cup. The channel (Ch) is formed by the apposition of the
overlapping parts of the lip or rim of the food cup. Only a part of the thickness of the region of fusion is
included in this field. The cytoplasm contains granules and small vesicles. Mitochondria (m) are very
rare in this region as are the other larger organelles of the normal cytoplasm. Note the absence of the
long membranous structures and the specialized regions which were seen elsewhere around the food cup.
P, paramecium; ¢, trichocyst. X 21,000.

“specialized regions” in the cytoplasm within the
wall (Fig. 6), but here the regions are more elon-
gated and are found in closer apposition to the
plasmalemma. Also characteristic of the middle
portion are long membranous sheets (Fig. 6)
coursing through the cytoplasm. They are oriented
along an axis corresponding to the direction of
cytoplasmic flow within the advancing pseudopod
which makes up the walls of the food cup.
During closure of the food cup the lip of the
pseudopodal process which forms the walls of the
cup converges opposite the base. Different parts
of the converging lip or rim overlap each other
and begin the process of fusion. Sections through
this region of fusion (Fig. 12) demonstrate a cyto-
plasmic arrangement different from those types
already described. Long folds in the cell mem-
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brane or plasmalemma appear as channels in thin
sections cut through the region. The cytoplasm
appears denser than normal cytoplasm and is
nearly devoid of all regular cytoplasmic organelles
such as nuclei, food vacuoles, endoplasmic reticu-
lum, etc. There are vesicles spread throughout
and clumps of granular aggregates. There is a sug-
gestion of a repeating or crystalline pattern in the
granular arrangement of the ground cytoplasm,
but the region has not been studied extensively
enough to permit a decision on this point.

DISCUSSION

1. Prey-Predator Interaction

Feeding by Chaos chaos on Paramecium aurelia de-
pends upon a definite interaction between the two
organisms. Both are adapted in a way which aids
the feeding process.

Many studies on fresh water amebae have shown
that the organisms will ingest a variety of food
objects (Mast and Hahnert, 1935; Schaeffer, 1916,
Mast and Root, 1916; Bovee, 1960). Therefore,
the stimulus to food cup formation is apparently
not highly specific in some species. Some studies,
however, have shown amebae to be capable of
selecting one prey species in greater quantity than
another from the same medium (Mast and Hahn-
ert, 1935). This indicates that the nature or be-
havior of the food organism itself must play a role
in the feeding process.

From our observations on Chaos chaos, there is
no evidence that the behavior of the paramecia is
influenced before the first contact with the ameba.
The paramecia make the first contact with the
ameba by chance during random movement.
Further contacts with the ameba, however, do not
occur by chance. They are influenced by the foul-
ing of the cilia which leads to restricted move-
ments of the prey around the ameba. The cilia are
fouled by a sticky granular material from the sur-
face coat of the ameba adhering at the time of the
first contact. Even though contact does not result
in adherence in the strict sense, it does lead to an
increased probability of repeated or prolonged
contact which provides the stimulus to food cup
formation. As a result, the over-all process of feed-
ing is facilitated. It is possible that this mechanism
is adaptive and that it underlies the preferential
uptake of certain prey species. Its value should be
greatest in situations of sparse food supply, when
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it would serve to concentrate “preferred” prey in
the immediate vicinity of the ameba.

The adhesive properties of cells have been
studied widely and in many different contexts.
What is relevant here is the concept of a “sticky
surface” on the ameba during feeding. Ray (1959)
described the feeding of Hartmanella sp., a soil
armeba, on various types of bacteria. She described
the adherence or agglutination of motile bacteria
on the surface of the ameba before pseudopod ex-
tension pinches off the food cup. Ray also demon-
strated in the same study that motility of the bac-
teria is necessary in order to have agglutination
occur. It appears that the bacterial flagella are
“fouled” in a manner analogous to that of the
paramecial cilia. References to further examples
of prefeeding adherence are cited by Ray, includ-
ing the adherence of bacteria to leukocytes and of
erythrocytes to Entamoeba histolytica. Bovee (1960)
reported that Thecamoeba sphaeronucleolus extends a
long pseudopod which adheres to the shell of the
prey as a necessary first step in a complex inges-
tion process. Prey adherence has been examined
in the suctorian Podophyra collini (Hull, 1961). The
interaction between prey and predator in the
suctorian feeding system has been found to be
more complex than that described here in the
ameba. It is interesting, however, that mechanisms
of contact and adherence appear to be involved
in both systems.

2. Stimulation of Food Cup Formation

Jennings in 1904 stated without detailed evi-
dence that the extension of a psuedopod toward
a food particle should be attributed partly to
chemical stimulation. Schaeffer (1916) believed
that, to induce food cup formation, a substance
must be soluble and actively diffusing from a
definitely localized region next to the ameba.
Edwards (1925) concluded that the pH of the
medium and its effect on the surface of the ameba
was an important factor in food cup formation.
Mast and Root (1916) showed that changes in
surface tension, as had been proposed by Rhumb-
ler (1898) and others, could not account for the
force involved in the formation of a food cup.
Schaeffer (1912) attached importance to move-
ment or vibration of an object for the induction
of a food cup. He believed that contact was not
necessary.

Different species of ameba and various food
organisms were used in the studies cited above.
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In this study on Chaos chaos and Paramecium aurelia,
it was observed that direct contact with the prey
is necessary and that the duration of contact must
be longer than that provided by a simple collision.
Paramecia in contact for less than a second do
not induce cup formation, but prolonged or re-
peated contact for 2 seconds or more causes a
rapid response. Dead paramecia are usually not
taken up even after prolonged contact with the
ameba, but it has been found that paramecia
immobilized or killed by brief heating will still in-
duce cup formation if used immediately. This indi-
cates that ciliary movement is not essential al-
though direct contact is and that only living cells
or cells freshly killed can induce cup formation.

The evidence available is not adequate to define
the inducing stimulus more precisely, but it sug-
gests that a labile substance on the cilia or pellicle
of the paramecium is responsible for inducing food
cup formation. From work done on the induction
of pinocytosis channels in ameba (Schumaker,
1958; Brandt, 1958; Marshall, Schumaker, and
Brandt, 1959; Rustad, 1959; Nachmias and Mar-
shall, 1961; Chapman-Andresen, 1962) it seems
reasonable to postulate that the inducer substance
acts by binding to specific charged sites on the
mucopolysaccharide surface coat of the ameba. It
would be desirable to demonstrate this more
directly as has been done in studies on pinocytosis,
since the two processes of food cup formation and
pinocytosis channel formation appear to involve
the same fundamental mechanisms.

The surface properties of the ameba depend
upon the characteristics of the slime coat. The
filamentous or fibrillar structure of the coat in
Chaos chaos was described by Pappas (1959) and
Brandt and Pappas (1960). Studies in this labora-
tory indicate that the surface coat has several
functions. It contains the anionic sites which are
important in the induction of pinocytosis. It func-
tions in the regulation of water and ion permea-
bility (Bruce and Marshall), and it participates in
the dynamic cycle of membrane turnover.

One question of some interest is that of the
linkage between the external stimulus and the
internal response. The problem is analogous to
that of excitation-contraction coupling in muscle.
Although there is as yet no direct evidence bearing
on this problem, it is possible that coupling de-
pends on the displacement of calcium ions from
binding sites on the surface and on their move-
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ment through the membrane to activate a cyto-
plasmic contractile system.

3. The Response to the Stimulus

The formation of a food cup requires the trans-
formation of an apparently quiescent portion of
ameba membrane and cytoplasm into an actively
moving region which surrounds the prey organ-
ism. The stimulus of the paramecium is required
not only for the initiation of this process, but for
its normal progression as well. The paramecium
is not an externally fixed or resistant object about
which the ameba flows. It is, in fact, often quite
free in the medium, making no contact with the
substratum, and intermittently breaking and re-
making contact with the ameba. Furthermore,
the membrane of the cup as it forms is not closely
fitted to the surface of the prey. Measurements of
the dimensions of the cup at the instant of closure
show that the volume enclosed is usually about 10
times that of the paramecium. It is clear, there-
fore, that surface wetting forces between the two
cells cannot adequately explain food cup forma-
tion in Chaos chaos. The process corresponds rather
to what Rhumbler (1910) called “circumvalla-
tion,” which Jennings (1904) perceived must de-
pend upon ameboid movement rather than on
simple surface forces.

In the living ameba, the cytoplasm underlying
the region of the plasmalemma that received the
stimulus is observed to be in a non-moving or
gelled state. Around this zone, the cytoplasm
surges outward to form the walls of the food cup.
After fixation with OsO,, the gelled region ap-
pears in phase contrast to be much darker than
any other part of the cell, indicating either that
the material at that site has been altered to be-
come more osmiophilic or that a considerable
amount of already osmiophilic material has been
concentrated in that region.

Serial sections of the fixed ameba studied by
electron microscopy reveal that there are distinc-
tive structures in the dense region at the base of
the cup. The base is distinguished by folds of the
cup membrane running deep into the cytoplasm
and also by unique specialized regions of cyto-
plasm containing aggregates of small vesicles,
crystalline structures, and fibrillar material. The
intricately crumpled or folded membrane along
with the newly formed specialized regions must
account for the increased osmiophilia seen by
light microscopy at the base. Thus, new osmio-
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philic structures have formed (the specialized re-
gions) and there has also occurred a concentration
of material which was already osmiophilic (the
folded membrane).

The evidence obtained by electron microscopy,
considered with that derived from direct observa-
tion of food cup formation in the living cells, makes
possible an integrating hypothesis concerning the
response to the stimulus. It is proposed that the
membrane area directly stimulated by the prey
organism becomes attached to the underlying
cortical “gel.” With that region held fast, the
surrounding cytoplasm flows outward around the
food object. The force responsible for cytoplasmic
flow need not be generated locally, but may be
provided by the same system which operates in
normal psuedopod formation. The food cup is,
therefore, a single pseudopod built up around a
central cavity, the base of that cavity being the
region of attachment of the plasmalemma to the
cortical “plasmagel.”” It is proposed that the spe-
cialized regions seen in fixed material by electron
microscopy represent the structures which are re-
sponsible for that attachment and for the subse-
quent contraction in volume and membrane area
of the food vacuole.

In an ameba fixed at the instant of closure of the
food cup, the structures seen in serial sections at
different levels, going from the base to the outer
region of fusion, represent successive stages in a
dynamic process. Considered in this light, the
specialized regions at the base which represent
the structures by which the membrane was initially
fixed to the underlying plasmagel are further dif-
ferentiated than are the structures which were
formed later in the process. As the food cup is
built up and as the lip converges towards closure,
the paramecium continues to stimulate the mem-
brane, often circling within the cup and making
contact with the entire inner surface. This causes
new regions of attachment to form as cytoplasmic
structure builds up from the base to encircle the
cup. The relative complexity of the cytoplasmic
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