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ABSTRACT Stereologic analysis was made of cell surface membrane (PM) and two interrelated
cytoplasmic membrane systems, the vacuole membranes (VM) and small vesicle membranes
(SVM). Volumes and surface areas of the three membrane compartments were measured
during steady-state pinocytosis, when membrane recycling is rapid, and during phagocytosis,
when a shift to a lower rate of membrane uptake by endocytosis occurs (B. Bowers, 1977, Exp.
Cell Res. 110:409). Total membrane area in the three compartments was 3.2 pm?/um® of
protoplasmic volume and was constant throughout the experiments. In pinocytosing cells, 32%
of the membrane was in the PM, 25% in the VM, and 43% in the SVM. The vacuole compartment
occupies ~20% of the total cell volume, and the small vesicle, ~3%. As the endocytic uptake of
membrane from the surface decreased, there was an increase in PM area and a marked decrease
in SVM area. The VM area remained constant even though “empty” vacuoles were almost
completely replaced by newly formed phagosomes within 45 min. This demonstrates directly
a rapid flux of membrane through this compartment. A modeli, taking into consideration these
and other data on Acanthamoeba, is proposed to account for the observed membrane shifts.
The data suggest that the vacuolar (digestive) system of Acanthamoeba is central to cellular

control of endocytosis and membrane recycling.

Evidence from several different kinds of studies suggests that
the bulk of cell surface membrane in free-living endocytic cells
is in a reversible equilibrium with cytoplasmic vacuolar system
(4, 6, 12, 15-18). The rate of cell surface turnover in these cells
is very high, on the order of minutes (4, 17, 18). The dynamics
of the membrane flow and the cytoplasmic membrane relation-
ships are complex so that a complete definition of the pathway
of membrane flow in a single system is not yet available. Even
fewer clues exist as to how the cell modulates the process. We
are using the small amoeba, Acanthamoeba castellanii as a
model system for exploring these questions. Acanthamoeba is
especially useful because it is easy to culture, it pinocytoses
continuously and at a high rate, and the membrane composi-
tion appears to be simpler than that of mammalian cells (8).
The present study seeks to establish basic information about
the volume and membrane area in three interrelated membrane
compartments that appear to comprise the bulk of the recir-
culating membrane in Acanthamoeba. The compartments ex-
amined were: plasma membrane, vacuolar membrane (the
amoeba digestive system), and an associated membrane system
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of small vesicles. We have made a morphometric analysis of
electron micrographs of pinocytosing cells to establish a base
line. We then determined shifts in the distribution of membrane
in the three compartments when phagocytosis at a maximum
rate was superimposed on pinocytosis. Phagocytosis pre-empts
the pinocytic mechanism so that the rate of fluid uptake
decreases (1). The total volume of uptake remains virtually
constant regardless of whether the cell is taking in large (solid)
or small (liquid) quanta. The rate of surface uptake, on the
other hand, is decreased in phagocytic cells because the average
volume of the phagosomes is large compared to that of the
pinosomes; hence the surface to volume ratio is smaller. These
experiments, in addition to establishing the volumes and sur-
face areas of those compartments directly involved in the
endocytic process, give information about the flow of mem-
brane through the cell by measuring the shift of membrane
when the surface turnover is altered by this nonperturbing
method.

A brief report of part of this work has been given elsewhere
(5).
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MATERIALS AND METHODS
Materials

Routine cell counts were performed on a cell counter (Particle Data Inc.,
Elmhurst, I1L.). Cell volumes were determined with a cell counter equipped with
a multichannel analyzer and plotter (Coulter Electronics, Inc., Hialeah, Fla.).
Polystyrene beads (0.93 um diameter) were obtained from Dow Chemical Co.,
(Indianapolis, Ind.). Acanthamoeba castellanii (Neff strain) was cultured as
described by Korn (7).

Uptake Experiment

20 ml of a cell suspension (10° cells/ml) in culture medium were equilibrated
for 15 min at 30°C on a reciprocating shaker. 1 ml of a concentrated suspension
of “light” yeast in 0.1 M sodium phosphate buffer was added. The light yeast
fraction was prepared as described by QOates and Touster (13) and facilitated
removal of uningested yeast after saturation of the cells. The uptake of the yeast
particles was monitored by light microscopy. A control flask contained no added
yeast, but was otherwise treated identically with the experimental flasks. After 45
min, the cells were washed free of uningested yeast by two low-speed centrifu-
gations and resuspended in fresh culture medium. The cells were re-equilibrated
for 15 min and ~500 polystyrene beads/cell were added. Cell samples taken at
15-min intervals were assayed for yeast content and bead uptake. The bead
content was determined spectrophotometrically as described previously (21).

Morphometry Experiment

Cells in culture medium (10°/ml) were incubated on a shaking water bath at
30°C. They were sampled at 0 time (represents value for pinocytosing cells) and
15, 30, and 45 min after the cells were presented with saturating loads of particles
(lipid-extracted yeast). The cells were fixed for 1 h at room temperature in 3 or
5% glutaraldehyde in 0.1 M phosphate buffer, pH 6.8, enrobed in agar, postfixed
in 1% OsO; in the same buffer, and embedded in Epon 812 (9). Three separate
experiments (A, B, and C) with identical experimental protocol were performed
and analyzed. Particle uptake was monitored with the light microscope.

Morphometry Methods

Initial requirements for random sampling of the cell population are easily met
with Acanthamoeba. There is no cell polarity and a random sample of the
population is included in each block.

For microscopy pale silver to gray sections were picked up on 200-mesh grids.
All cell profiles in which the entire perimeter could be photographed were
recorded at X 2,100 from a single section per block. 45-85 profiles per time point
were analyzed with a coherent multipurpose test system (19) on micrographs
enlarged to a final magnification of 10,500. These micrographs were used to
determine cell surface, vacuole surface, and volume relationships. Vesicles (de-
fined as membrane profiles <0.5 um in their longest dimension) were too small
to be seen at this magnification. Vesicle surface and volume were measured in a
second stage of analysis in which micrographs were taken at 15,500 and enlarged
to a final magnification of 46,500, A test grid with higher density of test lines was
used for the second-stage analysis. Micrographs were taken sequentially across
all cell profiles in a single section per block, taking care not to overlap images.
35-45 micrographs were analyzed for each time point in the second stage of
analysis. For both stages of analysis the reference volume was the protoplasm.
Surface densities (S.,) and volume fractions (¥,) were computed by summing the
individual counts for each profile and taking the ratio of the sums (10) using the
formulas (19):

where z = test line length in pm, I; = intersections of test line with membrane,
and P, = points in protoplasm; and

P,
V==",
P,

where P. = points in compartment and P, = points in protoplasm.

For the individual experiments, the jackknife technique (I11) was used to
reduce the bias in the estimate of the ratios and to compute the standard errors.
The method is as follows:

(a) Compute ratio using all micrographs; get value r.

(b) For each micrograph, compute ratio with that micrograph removed.
Obtain value 7: for each micrograph.

(c) For each micrograph define P, = nr — (n — 1)r;, where n is the total
number of micrographs. P; is called a pseudovalue.
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(d) Using values P;, compute the mean and the standard error in the usual
way:

Y P,

Mean = £,
n

- 2
Standard error = M—
a(n—1)

RESULTS
Definition of Membrane Compartments

The three membrane-bounded compartments measured in
this study are illustrated in Figs. 1 and 2. The first, the surface
membrane and the included cell volume, is unambiguous. At
the outset we could not predict whether the cell volume would
be constant during the period of the experiment. It was possible,
for example, that the ingestion of large numbers of particles
would result in an increase in total cell volume. We therefore
choose to refer surface areas to the “protoplasmic” volume
which would be expected to change very little during the 45-
min period of the experiment. 45 min is ~5% of the doubling
time of the cells (12-14 h). Protoplasmic volume included the
nucleus, and the cytoplasmic ground substance with organelles,
but excluded the space of the vacuolar and vesicular systems
described below.

The second compartment, a large vacuole system, is always
present in the cells under our culture conditions. As seen in the
light microscope, axenically cultured amoebas normally con-
tain 15-20 vacuoles up to 3 um in diameter. Acid phosphatase
activity has been demonstrated in the vacuoles (14) and it is
clear that they represent the digestive system of the amoeba.
For purposes of these experiments any membrane profile di-
ameter >0.5 um was considered part of the vacuolar system
(Fig. 1).

A third compartment, comprised of small vesicles, included
all membrane profiles with a diameter <0.5 um (Fig. 2). These
were almost all considerably <0.5 um in diameter so that there
were few profiles whose assignment was ambiguous. The vesicle
compartment is certainly of multiple origins, although it ap-
pears to be composed mainly of small pinosomes and vesicles
that fuse with or bud off vacuoles (2). The vesicles occur in a
variety of three-dimensional shapes ranging from tubular to
spherical.

Other membrane systems within the cytoplasm, namely the
endoplasmic reticulum, the contractile vacuole, and Golgi ap-
paratus are morphologically distinct (3) and were included as
part of the protoplasmic volume.

Phagocytic Uptake

Amoebas, like multicellular organisms, behave as individu-
als. For any given experiment the percentage of cells that take
up particles may vary. Because the sample for morphometric
analysis is small, we determined the pattern of uptake in each
experiment to be sure that the cell response was reasonably
uniform. The pattern of uptake at 45 min is shown for the three
experiments in Fig. 3. The graph shows that 96-99% of the cells
in these experiments took in many particles. The variation in
number of yeast per cell is in part caused by variation in size
of individual amoebas rather than failure of a maximum rate
of uptake. A different plot of the data from each of the time
points is shown in Fig. 4. This graph shows that the cell
population was essentially saturated with particles between 30
and 45 min after the initiation of uptake. The 15-min time
point shows the most variation in both sets of data. Exp A is



FIGURE 1

Low magnification section of Acanthamoeba illustrating the plasma membrane and the vacuolar membrane compart-

ments. The vacuolar compartment has been subdivided for stereological analysis into empty vacuoles (EV) and yeast-containing

vacuoles {(YV). N, nucleus; CV, contractile vacuole. X 6,820.

FIGURE 2 High magnification micrograph of a portion of the cytoplasm illustrating the vesicle compartment (v). The counts of
“vesicles” excluded Golgi-associated and contractile vacuole-associated vesicles. This image also illustrates the morphological
similarity of membranes from the three compartments. The endoplasmic reticulum (er) membrane stains less strongly and appears
thinner in cross section. PM, plasma membrane; Y, yeast in phagosome. X 32,200.

more typical of uptake curves of Acanthamoeba. The cells in
exp B were slow to being uptake and the cells in exp C, faster,
but at 45 min the total uptake was very similar (Fig. 3).
Interpretation of the morphometric data relies on earlier
data that showed that pinocytic uptake, and, as a consequence,
surface turnover, is reduced in phagocytosing cells (1). Fur-
thermore, the assumption has been that “saturated” cells have

ceased taking in particles. It was possible, however that the
appearance of saturation resulted from uptake and release of
particles at the same rate so that, in fact, the membrane was
still turning over at an appreciable rate because of a phagocytic
component. To rule out this possibility, cells were first saturated
with yeast, then washed free of uningested particles and ex-
posed to latex beads to test further particle uptake. The results
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Exp A

PERCENT OF TOTAL CELLS COUNTED

N

7

YEAST/CELL AT 45 MINUTES

FIGURE 3 Internalized yeast were counted in 100-200 cells in the
light microscope for each of the time points. Histograms of the 45-
min time points are shown. The data show that >95% of the cells in
each experiment were loaded with particles by 45 min so that they
represent a relatively homogeneous cell population for analysis.

“]

AVERAGE NUMBER OF YEAST/CELL

MINUTES

FIGURE 4 A plot of the average number of yeast per cell, obtained
from light microscope counts as in Fig. 3, shows the overall uptake
pattern in the three experiments. The cells reach the same level of
saturation after 45 min, although the early kinetics of uptake is
different in the three experiments. Note that the curves exactly
paraliel the morphometric data on the fractional volume of yeast-
filled vacuoles, obtained with a much smaller sample in the electron
microscope analysis (see Fig. 6).

show that, with respect to yeast uptake at least, saturation
means cessation of uptake (Fig. 5) and is not simply a steady-
state turnover of particles.

Morphometry

Volumes of the measured compartments, as volume fraction
of protoplasmic volume, are shown in Fig. 6. The percentages
given below have been recalculated as percent of total cell
volume rather than protoplasmic volume and are based on the
average values for the three experiments. The space of the
vacuolar compartment accounts for 20% of the total cell volume
in pinocytosing (0 time) cells, whereas the vesicle compartment
volume is only 3% of the cell volume. As the cell fills with
particles, “empty” vacuoles disappear in a reciprocal fashion.
The loss of empty vacuoles is slower than the rate of phagosome
acquisition, however, so that an increase in total vacuolar
volume of 9% is observed during the experiment. The increase
in vacuolar volume parallels, and presumably accounts for, the
increase in total cell volume. Only the volume of the vesicle
compartment decreased, from 3% of the total cell volume in
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FIGURE 5 The number of yeast taken up per cell was counted with
the light microscope and the average for 100 cells computed (4).
After 45-min exposure to yeast, the cells were washed free of
uningested yeast and reincubated with 0.9-um polystyrene beads
(@) for an additional 45 min. The uptake of polystyrene beads was
measured spectrophotometrically after extraction with dioxane (20).
As a control, cells were carried through the same incubation and
wash procedures in the absence of yeast particles, and the uptake
of beads in these cells was measured after 45 min (O).

Cell Volume

Cell Volume b

Total Vacuole

03}
02}
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Ceit Volume Cell Votume
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FIGURE 6 The volume fractions (V,) plotted are the ratios of the
compartment volume to the “protoplasmic” volume, rather than to
total cell volume, in order to have a constant denominator. The
protoplasm is defined as the nucleus plus the cytoplasmic ground
subsstance and its included organelles. Three experiments (A, B,
and C) are shown and standard error bars are included in the plots.
Values plotted in the “combined” panel are the average of the
jackknifed estimates of the values from the three experiments. The
circled points are statistically significantly different from the 0 time
value (P = 0.05).



pinocytosing cells to 1% in saturated phagocytic cells.

Data on surface densities are given in Fig. 7. The largest
fraction of membrane in pinocytosing cells is found in the
small vesicle compartment. It accounts for 43% of the total
membrane of the three compartments. The plasma membrane
is 32% of the total and vacuolar membrane, 25%.

An unexpected finding was that the plasma membrane area
increased by ~24% in phagocytosing cells. The increase was
seen in each experiment and is statistically significant. This
result indicates a temporary imbalance between surface re-
placement and surface internalization caused by endocytosis,
and suggests that the two events are not tightly coupled.
Because both the cell surface and the cell volume increased
during the experiment, we examined the cell surface to total
cell volume ratios to determine if a change in this relationship
occurred (Table I). With the exception of one point in exp A,
(at 30 min) the ratio is the same, within limits of the analysis,
for a given batch of cells. The average values for the three
experiments show no statistically significant differences be-
tween time points. However, each of the three experiments
shows the same slight increase in surface to volume ratio that
returns toward the value in pinocytic cells after saturation,
suggesting that the shift may be real.

TaBLE 1
Cell Surface to Total Cell Volume Ratios

0.8"

06+
041

0.2

Exp C Combined

MINUTES

FIGURE 7 The surface densities (S,) are the ratio of the compart-
ment surface area to the protoplasmic volume (see Fig. 6 legend).
In some cases the individual values for each of the three experiments
(e.g., empty vacuole membrane) were significantly different from
the 0 time value, but there was enough variability between experi-
ments that the averaged value for all three experiments did not
show a P value <0.05.

Time, min
0 15 30 45
exp A 067005 077007 082+005 065+0.04
exp B 094006 101008 097010 092+0.06
exp C 0.94 + 0.07 096 + 0.10 1.04 + 0.08 0.99 x 0.07
avg 0.85 & 0.09 091 £ 007 0.94 % 0.06 0.86 £ 0.10

Values are + standard error of the mean. There are no statistically significant
differences between values within any experiment, except the 30-min point
for exp A has a P value of 0.036 when compared to O time, and 0.008 when
compared to 45 min. The average values are not significantly different from
one another.

The membrane area of the vacuolar system remains essen-
tially constant during the experiment and the same approxi-
mately reciprocal relationship is seen between particle-filled
and empty vacuoles as was seen in the volume measurements.
About 80% of the membrane in the vacuolar system surrounds
particles after 45 min of phagocytosis. Because most of this
represents membrane that has entered the cytoplasm from the
cell surface, the implication is that the vacuolar membrane is
not a permanent intracellular membrane, but turns over with
the surface membrane. The disappearance of empty vacuoles
cannot be accounted for by their fusion with phagosomes, as
the majority of phagosomes remain tightly wrapped by mem-
brane during the course of the experiment (Table II). The
morphometric data indicate that the vacuoles fragment. The
surface/volume ratio of individual empty vacuoles on the
average increased during the experiment. For the 0-, 15-, 30-,
and 45-min samples, the ratios averaged for the three experi-
ments were 3.2, 3.7, 5.1 and 3.9, respectively. In contrast the S/
V ratios for the yeast-containing vacuoles were constant at 1.8
for each of the samples.

The surface of the small vesicle compartment declines
sharply during phagocytosis (Fig. 7). After 45 min of phago-
cytosis, the membrane area in vesicles decreased by almost
40%. The membrane in this compartment undergoes much
larger fluctuations than membrane in the other two compart-
ments, and thus appears not to be so closely regulated by the
cell. This finding is also consistent with the idea that vesicles
provide a pool of membrane that is replacing surface mem-
brane.

The total membrane surface area, i.e., the sum of the three
compartments, is the same for each time point. There is one
exceptional value: the total membrane at 45 min in exp A is
significantly less than that found in the preceding three time
points, a finding for which we have no explanation. The
constancy of total membrane found within the experiments
serves as a check on the validity of the method, and also
indicates that there is no appreciable loss of membrane with
intensive phagocytosis. The total membrane surface area for
the three compartments was 3.2 + 0.3 um®/pm® of protoplasmic
volume (average of the four time points for three experiments).

The volumes of glutaraldehyde-fixed Acanthamoeba cells
from cultures grown to a density of 1 X 10° cells/ml were
determined with a cell counter calibrated for volume measure-
ments. The average volume was 2,540 um®, corresponding to a
cell diameter of 17 um. The surface area of a smooth sphere 17
pm in diameter is 908 pm®. The surface area determined by
morphology in these experiments is 2,388 pm? using S/V of
0.94 and the measured average cell volume. Thus the actual
cell surface area is ~2.6 greater than that calculated for a
sphere of the same volume.
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TaBLE H
Membrane Tightness around Phagosomes

Percent of total phagosomes
in time period

Semi- No. profiles
Tight tight Loose counted

exp A

15 min 57.3 205 22.2 171

30 min 47.9 236 285 330

45 min 53.6 17.9 28.5 358
exp B

15 min 66.0 18.5 15.5 103

30 min 83.1 10.6 6.3 160

45 min 83.7 12.8 35 455
exp C

15 min 65.0 23.8 1.1 180

30 min 63.1 245 12.5 241

45 min 63.7 205 15.7 254

“Tight” is defined as >50% of the membrane profile in close contact with the
particle. “Semi-tight” is <<50% of the membrane profile in close contact, and
“loose” is none of the profile in contact with the particle. Examples of “tight”
and “loose” profiles are shown in Fig. 1.

DISCUSSION

At least two unexpected observations emerge from this study.
The first is that the surface area of the cell increases as the cell
becomes saturated with particles and stops phagocytosis. This
shows clearly that the cessation of particle uptake is not caused
by any constraint on the availability of surface membrane for
endocytosis. Rather, further uptake appears to be limited by
saturation of the internal vacuolar compartment (1). This
compartment is maintained at a constant surface area despite
a shift in the rate of endocytosis and in the type of endocytosis.
A slight increase in the volume of the compartment occurred.
In a similar experiment, Ryter and de Chastellier (15) demon-
strated a reciprocal relationship between empty vacuoles and
phagosomes in the vegetative cells of Dictyostelium. A constant
surface area in the vacuolar compartment was maintained
throughout the exchange, but in this case, the volume of the
compartment appears to have approximately doubled during
phagocytosis. This phenomenon is not limited to amoebas,
however, because Steinman et al. (17) found both a constant
surface area and volume in the secondary lysosome compart-
ment (equivalent of the vacuolar system in amoebas) in steady-
state pinocytosing macrophages. These authors point out that
the volume of the compartment may vary with culture condi-
tions, but the surface area has not been measured in other
conditions. Thus, the data so far suggest that the cell may in
some way monitor or control the total membrane in this
compartment.

A second observation of interest is that the largest fraction
of membrane appears to reside in the small vesicle compart-
ment in pinocytosing cells and that this compartment exhibits
much larger fluctuations than either the plasma membrane or
the large vacuoles. The volume of this compartment is negli-
gible. The numerical estimates of the small vesicle compart-
ment are subject to some error because the sizes of the elements
measured range from 2 to 10 times the section thickness. The
magnitude of the error is currently difficult to assess accurately
(20, 22), although useful models have been derived (20). The
two sources of error, overestimation of small structures because
of finite section thickness and underestimation because of
imperfect visibility, to some extent cancel each other, but in
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absolute terms the values for the small vesicle compartment
will be less reliable than the other two. A correction factor
would apply equally to each measurement, however, so that
the shifts in this compartment are correctly reflected by the
data.

The vesicle compartment represents membrane in transit
both to and from the plasma membrane. Flow from the surface
via small vesicles has previously been documented in Acantha-
moeba using horseradish peroxidase (HRP) as a tracer (2, 4).
The return of membrane to the surface by way of small vesicles
is not shown directly in these experiments, but is the most
reasonable interpretation of the morphometric data. The mor-
phometric experiment shows that at least 95% (exp C) of the
vacuolar membrane can be replaced in 45 min. This value
represents a minimum rate of turnover and is direct evidence
for a rapid flux of membrane through the cell. There are
several possible routes by which membrane might leave the
vacuolar compartment.

(a) The empty vacuoles do not appear to fuse with the
phagosomes. Table II shows that 54-85% of the phagosomes
are tightly wrapped with membrane after 45 min of phagocy-
tosis, and there is no trend toward loosening the membrane
with time. The percentage of phagosomes that do show some
loosening of the membrane coincides with the proportion
(about one-third) found in cytochemical experiments to show
acid phosphatase activity after 1 h of yeast uptake (14). We
have also observed (B. Bowers, unpublished results) that when
HRP was given simultaneously with yeast and the cells were
washed free of HRP and reincubated for 2 h, cytochemically
demonstrable HRP almost disappeared after 2 h. The small
amount of reaction product observed was confined to tight
phagosomes and none was found in loose phagosomes. Thus,
loosening of the membrane probably reflects the addition of
membrane-enclosed hydrolytic enzymes.

(b) The empty vacuoles do not fragment into units that are
not recognizable as membrane in electron micrographs, nor
does the membrane appear to be degraded. During the period
of greatest loss of empty vacuole membrane, the total morpho-
logically identifiable membrane in the three compartments is
constant. If the membrane is degraded, then it must be replaced
by a steady synthesis of new membrane. If that were the case,
the sudden decrease in membrane turnover as the cell becomes
saturated with particles should result in membrane accumula-
tion, which was not observed.

(c) Itisunlikely, although difficult to rule out, that an empty
vacuole of equivalent surface area adds to the plasma mem-
brane in exchange for each phagosome taken in. Such a
mechanism does not account for the small vesicle compartment
nor is the plasma membrane balance as precise as this mecha-
nism would imply.

{d) An alternative possibility, that vacuoles fragment into
smaller vesicles as they proceed through their life cycle, best
fits the data. Morphological studies have shown large numbers
of vesicles attached to and associated with vacuoles, as well as
the appearance of vacuolar fragmentation (2, 6). Surface to
volume ratios of vacuoles increase at a time when few new
vacuoles are being formed, indicating that the average vacuole
is becoming smaller. Finally, the pattern of decrease in the size
of the vesicle compartment is consistent with a major compo-
nent being contributed by membrane flowing to the plasma
membrane, as the decrease continued at a time when the
pinocytic contribution should be stable at a lower rate or
increasing.

Fig. 8 summarizes a model of membrane dynamics that fits



FIGURE 8 Model describing shifts in membrane compartment
areas. (A) In the pinocytosing cell the small size of the pinosome
and the rapid processing of soluble metabolites results in a large
membrane flux (large arrowhead). (B) With the initiation of phag-
ocytosis, membrane influx is reduced (small arrow), but outflow
continues at the same rate for a short time as the remaining empty
vacuoles are processed. This results in a slight increase in plasma
membrane area. (C) At saturation the influx and efflux of mem-
brane reach a new equilibrium at a slower rate of turnover.

the currently available data. The continued decline in the small
vesicle compartment is interpreted to be the result of the
decrease in rate of pinocytosis that occurs when phagocytosis
is superimposed on the cell plus the decreased rate of processing
of digestive vacuoles. Fig. 5 shows that the cells retain yeast
particles for a period of hours, whereas “empty” digestive
vacuoles are displaced (turned over) within 45 min (Figs. 6 and
7). This suggests that the vacuoles are processed more rapidly
than phagosomes containing digestible particles, which seems
reasonable as their content is largely water and the low molec-
ular weight solutes of the culture medium. An important
corollary of this interpretation is that modulation of the flow
of membrane appears to be related to the digestive process and
not the endocytic process.

The molecular significance of the constancy of vacuolar
dimensions in the cell cannot be meaningfully interpreted at
the present time, but the observations reported here serve to
focus attention on some important properties of the internal
membrane systems of endocytic cells.

Received for publication 18 August 1980, and in revised form 17 Novem-
ber 1980.
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