LOSS OF ENDOCYTIC CAPACITY IN AGING PARAMECIUM

The Importance of Cytoplasmic Organelles

JOAN SMITH-SONNEBORN and STEVEN R. RODERMEL

From the Department of Zoology and Physiology, University of Wyoming,

Laramie, Wyoming 82071

ABSTRACT

Aged cells have significantly fewer food vacuoles and ingest fewer bacteria than
young cells. Loss of food vacuoles was explained by a decreasing difference in the
food vacuole formation and excretion rates; the formation rate declined more
rapidly than the excretion rate, approaching equivalence at 160 fissions, when the
proportion of cells with no food vacuoles, in the presence of excess food, abruptly
increased. A model for cellular aging is presented in which control of organelle
numbers and cyclical interactions between the nucleus and cytoplasm may be of

critical importance.

The classical studies of Sonneborn (40) showed
that paramecia age and die unless they undergo
the rejuvenation processes of either autogamy
(self-fertilization) or conjugation (cross-fertiliza-
tion). The life cycle of vegetatively dividing para-
mecia is characterized by a developmental se-
quence during which, subsequent to the sexual
process, cells undergo a predictable average num-
ber of vegetative divisions (150-200 fissions),
passing seriatim from a period of immaturity
(when the cells cannot mate or undergo auto-
gamy), to maturity (when the cells can mate or
undergo autogamy), to senescence (when there is
a decreased probability that a given cell will give
rise to a viable cell at the next division), and finally
to cell death (40, 33). Studies have also shown
that normal human cells in tissue culture grow old
and die (12, 15); many similarities have been
noted between human cells in culture and aging
paramecia (14).

The process of intracellular digestion in parame-
cia is characteristic of the process of intracellular
digestion found in most eukaryotic cells (7, 26). In
general, the process begins when exogenous parti-
cles or solutes, be they nutritive or nonnutritive,
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are internalized within the cell by means of an
endocytic vacuole, be it of the phagocytic or pino-
cytic variety. In paramecia, vacuoles are formed
from a specialized region at the base of the oral
apparatus, which undergoes rapid membrane ex-
pansion and invagination to be subsequently
pinched off as a food vacuole (1, 17). The vacu-
oles then circulate in the cytoplasm where diges-
tion of the intravacuolar contents occurs. All undi-
gested material is excreted from the cell by exocy-
tosis, during which the food vacuole membrane
fuses with the plasma membrane and is recycled
back to the oral apparatus by a network specially
designed for membrane recycling (1, 2).

In the present study, changes in endocytic activ-
ity (the rate of formation and excretion of food
vacuoles and number of bacteria ingested) were
monitored as a function of cellular age. The as-
sumption was made that the number of food vacu-
oles per cell is determined primarily by the relative
rates of formation and excretion of food vacuoles.
For example, if a newly divided cell contains 10
food vacuoles and if during its interfission period it
forms 200 and excretes 190, the difference (200 —
190 = 10) of 10 represents the number of food
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vacuoles added during the interfission period to
the initial pool of 10 vacuoles. The cell would thus
have a total of 20 food vacuoles immediately be-
fore division to provide an average of 10 vacuoles
for each of the two daughter cells. Had the initial
number been other than 10, and the relative rates
the same, the average value of 10 would be ap-
proached rather quickly with successive fissions.
Age-correlated changes in either the formation or
excretion rates would be expected to be reflected
in the average total number of food vacuoles per
cell. Therefore, the average number of food vacu-
oles, the rates of formation and excretion of food
vacuoles, and the net increase in food vacuoles
during the interfission period (the difference in the
number of food vacuoles formed and excreted)
was determined as a function of increased cellular
age. The data represent the first evidence for loss
of regulation of organelle numbers and reduced
bacterial ingestion with advanced clonal age, and
also provide a model for dilution of organelles
and/or unit substances as cells undergo life cycle
changes under constant external environmental
conditions.

MATERIALS AND METHODS
Culture Conditions and Techniques

STANDARD CULTURE CONDITIONS

Stock Cultures: cells of Paramecium tetraurelia, stock
51, mating type VII, were used. These have been kindly
supplied by Dr. T. M. Sonneborn, Indiana University;
these cells were used since autogamy can be induced by
starvation when the cells are about 20 fissions old, and
autogamy rarely occurs in daily isolation lines grown
under favorable conditions (40). The culture medium
was Cerophyl medium inoculated 24 h before use with
Klebsiella aerogenes, incubated at 27°C, and adjusted to
pH 6.7 immediately before use.

MAINTENANCE OF AGING CELL LINES

Our selective procedures differ from those of Sonne-
born (40) and are described below. Single cells were
maintained in plastic disposable spot plates (96 depres-
sions per plate). Autogamy indicates zero time, and was
routinely ascertained by acridine orange (0.3 mg/ml)
staining and fluorescence microscopy. This staining pro-
cedure allows visualization of the nuclear changes typical
of autogamy (35). When 100% of an observed sample
isolated from a given depression exhibited autogamy,
eight unstained sister cells were removed from that de-
pression with a micropipette under a dissecting micro-
scope, and each one was transferred as single isolates to a
depression containing fresh food. The following day, the
number of cells per depression derived from a single cell
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was determined; a single cell from each depression was
reisolated and given fresh food. Competent cells not
transferred were permitted to undergo autogamy and
served as the source for initiating new progeny lines. The
procedure of counting cells and reisolation of cells was
repeated daily. The log, of the number of cells derived
from a single cell is the daily fission rate. The number of
fissions per day divided into 24 h represents an estimate
of the time taken for one interfission period. The sum of
the number of daily fissions from the date of origin to a
given day is the fission age of the cell. The total number
of fissions from the origin of the clone to the death of an
isolated cell is the life span of that cell line. The average
life span of the clone is the mean of the life span of the
eight sublines in the isolation line. If a subline undergoes
autogamy in the isolation line, it is dropped from the
determination of the cell life span because it will start a
new generation.

NuMBER oF Foop VacuorLes PeEr CELL

The procedures of Lee (21) and Preer (29) were used
to estimate the number of vitally stained vacuoles. The
cells were maintained at 27°C and the pH was adjusted
to 6.7, since the temperature and the pH of the medium
have been shown to affect the number of food vacuoles
formed (21, 22). Samples of about 160 cells of the
desired fission age were obtained from daily isolation
lines and allowed to grow for 24 h in excess culture fluid
in standard plastic petri dishes to obtain mass cultures. A
dilute suspension of India ink was then added to the
culture to facilitate visualization of the food vacuoles.
The fission age increase of the cells in mass culture was
estimated from the increase in age of sister cells in the
daily isolation lines for the same time interval (2-4.5
fissions). Samples of cells from mass cultures were as-
sayed for correlation of observed fission rate with ex-
pected rate and stained for autogamy. Cultures which
exhibited either a deviant fission rate or cells in auto-
gamy were discarded. Since we wished to compare the
mean number of food vacuoles in old and young cells,
and since the interfission time is longer for older cells, a
fair estimate could only be obtained using synchronized
cells; mass cultures of young cells would contain more
recently divided cells than mass cultures of old cells.
Thus, dividing cells from the mass cultures were selected
under a dissecting microscope to obtain synchronized
cells. By sampling cells at hourly intervals, the number of
food vacuoles was determined throughout the cells’ in-
terfission cycles (until the cells were observed to be in
division again). The actual counts of food vacuoles were
made by fixing samples of cells with 1:1 absolute
ethanol:40% formaldehyde.! This fixative was found to
best preserve the intact food vacuole when a cover slip is
placed on a preparation of cells. The number of darkly

! Jenkins, R. A., University of Wyoming. Personal com-
munication.

THE JournNAL ofF CELL BioLoGy - VoLUME 71, 1976



stained membrane-bounded bodies was then counted in
a phase microscope.

RATE oF ForRMATION OF FooD
VACUOLES

Food vacuoles were labeled with either a dilute sus-
pension of India ink or carmine particles. Formation of
vacuoles was observed over a 10- or 20-min interval. To
determine the rate of formation of food vacuoles in living
cells, a single cell was placed in India ink-food and
inserted by capillary action into a microslide (rectangular
capillary tubes which are 0.1 mm path length, Vitro
Dynamic, Rockaway, N. J.), and formation of colored
vacuoles was observed under phase microscopy for 10
min. This cell was then blown out of the capillary, rinsed
into carmine-food, reinserted into the capillary, and ob-
served for the formation of red vacuoles. Two colors
were used since it was found that cells begin to excrete
newly formed food vacuoles approximately 10 min after
their formation. The total number of black vacuoles
formed after 10 min was added to the number of new red
vacuoles formed per unit time for the succeeding time
intervals after 10 min. This procedure was found to
minimize the influence of excretion on the apparent rate
of food vacuole formation. The total number of vacuoles
vs. time in minutes was plotted, and the slope of the
regression line was determined as the rate of formation.
Alternatively, cells were placed in one colored food for
10 min, the cells were fixed, and the total number of
colored vacuoles was counted. The total number of vacu-
oles divided by 10 was the value for the rate of formation
of food vacuoles per minute.

RATE oF EXCRETION OoF FooD
VACUOLES

Cells were incubated overnight in culture fluid supple-
mented with India ink to color all of the food vacuoles.
Samples of cells were removed and the average number
of colored vacuoles was determined, while other cells
were washed into uninoculated Cerophyl medium. The
number of colored food vacuoles in cells at various
intervals in uninoculated medium was determined. The
difference in the mean number of colored vacuoles pres-
ent and the mean number at a given time after the cells
were placed in uninoculated medium was the mean loss
of food vacuoles per unit time. The mean loss of food
vacuoles divided by the time interval was the excretion
rate of the food vacuoles.

DETERMINATION OF THE DIFFERENCE
BETWEEN FORMATION AND EXCRETION
RATES

The increase in the number of food vacuoles from the
number found immediately after cell division to the num-
ber present before the next division was determined in
cells with India ink-colored food vacuoles. The increase
in the number of food vacuoles was divided by the
interfission time to obtain the rate of increase in the
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number of food vacuoles per unit time. The rate of
increase in food vacuoles must equal the rate of forma-
tion minus the rate of excretion. (If a cell forms 300 food
vacuoles and excretes 300 food vacuoles, there can be no
increase in the number of food vacuoles.) When the
difference between formation and excretion rate is calcu-
lated using this procedure, a relatively accurate estimate
of the difference in the formation and excretion rates can
be obtained. This method is much simpler than attempt-
ing to determine both the formation and excretion rates
throughout the cell cycle for many clones.

DETERMINATION OF PARTICLE NUMBER
PEr FooDp VACUOLE

VOLUME OF FOOD VACUOLES: The volume of
food vacuoles was determined on newly formed food
vacuoles since the size of the vacuoles is known to change
after time in the cytoplasm (25). The unlabeled cells
were placed in India ink for 3 min, fixed with 1:1 abso-
lute ethanol:40% formaldehyde and observed without a
cover slip in a phase microscope. The diameter of the
food vacuole was estimated with an ocular grid. Obser-
vations of rotating food vacuoles in living cells indicate
that food vacuoles are normally spheroid; therefore, the
volume of the food vacuole was calculated using the
formula (4/3)mr®.

DENSITY OF BACTERIA PER FOOD VAC-
voLE: In order to determine the average bacterial
density within food vacuoles in which digestion had not
yet or just barely begun, electron microscopy of random
food vacuole sections, in which there were intact bacteria
and no evidence of bacterial ghosts, was carried out. Old
and young cells were fixed for 90 min in 0.1 M collidine-
buffered, 1% osmium tetroxide at pH 6.8, stained for 15
min in 0.5% uranyl acetate, dehydrated and embedded
in n-butyl ethyl methacrylate at 60°C for 12 h. Sections
were cut with a Porter-Blum ultramicrotome and viewed
on an RCA EMU 3G electron microscope. Magnifica-
tion, enlarger settings, and section thickness were kept
constant. In calculations of the bacterial density, a grid
was placed over an 8 X 10 photograph of the food
vacuole section, and the number of square centimeters
was counted. The number of bacteria per square centi-
meter was then determined, and this value was con-
verted to the number of bacteria per 10° um? in the
intact organism (2 cm = 1 um), thus providing the
density of bacteria per section of food vacuole.

CONCENTRATION OF INDIA INK PARTICLES
NEEDED TO LABEL cELLS: Dilutions of the stock
India ink solution (Higgins Black, Faber-Castell Corp.,
Newark, N. J., no. 4415) were carried out in bacterized
Cerophyl medium at pH 6.7. Young and old cells were
then fed the various concentrations of India ink particles
for an interval of 5 min, fixed, and observed under the
low power obfective of the phase microscope. The lowest
titer necessary to label food vacuoles was determined as
that titer at which no particles could be observed in
newly formed food vacuoles.
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NUMBER OF POLYSTYRENE BEADS INGESTED
PER FOOD VACUOLE: Cells of different ages were
incubated for varying lengths of time in the same concen-
tration of washed, inert 0.8 um polystyrene beads (Dow
Chemical, Midland, Mich.) suspended in uninoculated
Cerophyl medium (29). The cells were then fixed with
45% acetic acid, which was found to make the food
vacuole membrane highly labile, squashed with a cover
slip, and the number of beads per food vacuole was
counted.

DIRECT COUNTS OF THE NUMBER OF BACTE-
RIA PER FoOD vacUOLE: To estimate the number
of bacteria directly, it was necessary to avoid vacuoles in
the process of digestion. Therefore, cells were incubated
for 3 min in a very dilute suspension of carmine particles
in bacterized Cerophyl, stained with acridine orange (0.3
mg/ml), fixed with 45% acetic acid, and squashed. The
newly formed vacuoles were identified by the vacuoles
containing a few grains of carmine particles, and the
bacterial counts were made by estimating the number of
bacteria seen in each flattened and enlarged, still distinct
food vacuole using a 100X Zeiss objective and an ocular
grid.

RESULTS
Mean Number of Food Vacuoles

The mean number of food vacuoles in cells
grown under constant external environmental con-
ditions was determined as a function of cellular
age. Fig. 1 represents the results of 16 experi-
ments in which the mean number of food vacuoles
was determined for cells of varying ages. Each
point represents a minimum of 100 synchronized
cells examined. An average population of young
cells could be expected to have 22 food vacuoles
per cell, and an average population of old cells,
five food vacuoles per cell. Linear regression anal-
ysis of these data reveals a coefficient of correla-
tion (r), equal to 0.92, indicating a significant non-
zero relationship. The coefficient of determina-
tion, (1?), equals 0.84, implying that increasing
fission age “explains” 84 % of the variation found
in food vacuole numbers. This finding alone does
not necessarily imply reduced capacity of vacuole
formation in aged cells; an old cell could simply be
forming and excreting the vacuoles at faster rates.

Food Vacuole Formation Rate

The data indicate that aged cells have a reduced
rate of food vacuole formation (Table I, Figs. 2
and 3). Rates of formation of food vacuoles are
depressed in old cells not only when randomly
selected cells from mass cultures of young cells are
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FiGurRe 1 Mean number of food vacuoles with in-
creased cellular age. The number of food vacuoles in
cells grown under constant external environmental con-
ditions was determined as a function of cellular age. The
average number of food vacuoles in populations of
young cells was 22 per cell, in populations of old cells,
five per cell.

compared with randomly selected cells from mass
cultures of old cells (Table I), but also when the
rate of formation of synchronized young cells is
compared with the rate of formation of synchro-
nized old cells (Fig. 2). Cells 25 fissions old can
form an average of one food vacuole per minute,
whereas cells 160 fissions old exhibit one-fifth that
rate of formation (Table I). When synchronized
cells were observed forming food vacuoles at
hourly intervals after division, at no time did the
rate of food vacuole formation in aged cells exceed
the rate found in young cells (Figs. 2-3). The data
also provide evidence that the rate of formation of
food vacuoles increases during the interfission cy-
cle (Fig. 3); this increase is found in both the
young and old clones, even though the rate of
formation of food vacuoles is reduced in the old
clones.
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Total Number of Food Vacuoles Formed

During the Interfission Interval
The total number of food vacuoles formed dur-
ing the interfission interval was estimated for

TabLe 1
Rate of Food Vacuole Formation

Age (fissions)

25 45 65 85
1.03

115 130
0.47 048 020

160

Rate of food vacuole
formation® (no.
formed per min)

0.88 0.86 071

* Each value is a mean of 120 cells. The student’s t-test was used to compare
the differences observed. Those means not underlined by the same line are
very significantly different from each other (P < 0.05).

clones as clonal age increases to determine
whether the increased interfission time for aged
clones could compensate for the reduced rate of
formation of food vacuoles. Data in Table 1I pro-
vide evidence that aged cells form significantly
fewer food vacuoles during the interfission interval
than young cells; clones 30 fissions old form an
average of 282 food vacuoles, while clones 150
fissions old form only 225 food vacuoles.

Rate of Excretion of Food Vacuoles
from Unsynchronized Cells

Fig. 4 shows a representative experiment indi-
cating that the rate of excretion of food vacuoles
was estimated using the linear portion of the
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Figure 2 Rate of food vacuole formation in synchronized cells. Synchronized living cells were observed
in rectangular capillary tubes forming first black (India ink) and then red (carmine) food vacuoles. The rate
of formation of food vacuoles was always greater in the young than the old cells. The 6 and 7 h time points
have only old cells since the young cells had already divided.
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FIGURE 3 Increase in food vacuole formation during
the interfission period. The rate of formation of food
vacuoles seen in Fig. 2 was plotted vs. time after division.
The resulting lines were subjected to linear regression
analysis, and the data indicate a significant non-zero
relationship in both the young and old clones; the coeffi-
cients of correlation were 0.97 and 0.94, respectively.
The data were taken as evidence that the rate of forma-
tion of food vacuoles increases during the interfission
interval.

TABLE II

Mean Total Number of Food Vacuoles Formed per
Interfission Interval as Age Increases

Age (fissions)

30 60 90 120 150
0.88 0.84 0.71 050 0.50

Food vacuole for-

mation (FV/

min)*

Interfission time 320 325 350 410 450
(min)3

Mean no. food vac- 282 273 249 205 225

uoles formed§

* The sample size was 60 cells for each age examined.
FV = food vacuole.

1 The interfission interval was calculated from the daily
isolation line data (see Materials and Methods).

§ The mean number of food vacuoles was calculated by
multiplying the food vacuole formation rate by the inter-
fission time. Those means not underlined by the same
line were found to be significantly different (P < 0.05)
using the student’s ¢-test.

curves, and was found to be 0.80, 0.70, and 0.17

food vacuoles excreted per minute to clones 45,
127, and 161 fissions old, respectively (Table III).
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The excretion rate was found to decrease signifi-
cantly with increased clonal age.

Difference in the Number of Food
Vacuoles Formed and Excreted

The ability of aging clones to maintain a con-
stant increase in numbers of food vacuoles during
the interfission period depends on a mean con-
stant different in the total number of food vacu-
oles formed -and excreted; e.g., if a cell has 10
food vacuoles, forms 200, and excretes 190, then
the difference (200 — 190 = 10) represents an
increase of 10 food vacuoles for a total of 20
before the next cell division. Estimates of the
formation and excretion rates were made and the

20 o = 45 FISSIONS OL.D
® = |27 FISSIONS OLD
@ = |6l FISSIONS OLD

)

S

NUMBER OF FOOD VACUOLES

N | |

o 5 10 15 20 25 30
MINUTES IN UNLABELED MEDIUM

FiIGURE 4 Rate of food vacuole excretion with in-
creased cellular age. Cells were incubated overnight in
bacterized Cerophyl with India ink to color all of the
food vacuoles. The mean number of black vacuoles at
zero time and at various intervals of time after the cells
had been incubated in uncolored, uninoculated Cerophyl
medium was determined. The decline in food vacuole
number was exponential in both the young and old
clones. Using the linear portion of the curve, the rate of
excretion of food vacuoles after 20 min was calculated
and converted to food vacuoles lost per minute (initial
number of food vacuoles minus number of food vacuoles
after 20 min/20). The rates of excretion for cells 45, 127,
and 161 fissions old were 0.80, 0.77 and 0.17, respec-
tively.
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TasLE 11
Difference in the Number of Food Vacuoles Formed and Excreted during the Interfission Interval

in Aging Cells
Rate
Food vacuole Difference in no. FV formed minus
no. FV excreted during interfission
Age (fissions) Formation* Excretionf Interfission time (min) interval |
(FV/min)§

45 0.84 0.80 330 277 - 264 = 13

127 0.78 0.77 340 265 -262= 3

161 0.17 0.17 450 77— 77= 0

* Two groups of 20 cells for each age were examined.

1 Excretion rates were taken from Fig. 4.

§ The formation and excretion rates are expressed as the number of food vacuoles (FV) per
minute.

| The total number of food vacuoles formed was estimated by multiplying the food vacuole
formation rate by the interfission time (min). The total number of food vacuoles excreted was
calculated by multiplying the excretion rate by the total interfission time (min). The difference

between the total number of food vacuoles formed and excreted was then determined.

rates were used to calculate the total number of
food vacuoles formed and excreted during the
interfission interval. Table III represents the re-
sults of a typical experiment indicating a decline in
the difference in the number of food vacuoles
formed and excreted. Clones 45, 127, and 161
fissions old were found to increase their food vac-
uole number by 13, 3, and 0, respectively, during
the interfission interval. Note that two variables
contributed to the decline: (a) the total number of
food vacuoles formed was reduced, and (b) there
were relatively more food vacuoles excreted.
Since the difference in the number of food vacu-
oles formed and excreted should equal the number
of food vacuoles increased during the interfission
period, an independent and more accurate esti-
mate of the difference in the rates of formation
and excretion of food vacuoles could be made by
directly determining the increase in food vacuoles
in synchronized cells. The difference in the num-
ber of food vacuoles at predivision and postdivi-
sion (newly divided cells) should equal the in-
crease in food vacuole number during the interfis-
sion interval as well as the difference in the num-
ber of food vacuoles formed and excreted. Table
IV shows that clones 30 fissions old increase their
food vacuole number by 16.6 during the interfis-
sion interval, whereas clones 150 fissions old in-
crease their food vacuole number by only 6.4 food
vacuoles. Note that the estimates of the increase in
food vacuoles obtained by using the difference in
formation and excretion rates (Table III) correlate
well with the observed increases in food vacuoles

seen in Table IV. The assumption that the differ-
ence in formation and excretion should equal the
increase in food vacuole number therefore ap-
pears to be a valid assumption. If the rate of
increase of food vacuoles per minute is muitiplied
by 100 and is used as an index to compare clones
of increased age, the difference in the formation
and excretion rates is shown to decline (Fig. 5).
The correlation coefficient for these data is signifi-
cantly non-zero at the P = 0.02 level, indicating a
real decline in the difference between formation
and excretion rates as age increases.

Fig. 6 illustrates the consequences of varying
the decline in formation and excretion rates of
food vacuoles with increased clonal age. Clearly,
only when the rate of formation of vacuoles de-
clines at a rate faster than the rate of excretion can
the rate of increase in food vacuole numbers de-
cline to a point where the rate of formation even-
tually equals the rate of excretion (as seen in
Tables III and IV). When the two rates (excretion
and formation) become equal, there can be no
increase in food vacuole number, and, if the de-
cline in formation rate continues, the excretion
rate will exceed the formation rate, rapidly leading
to cells with no food vacuoles.

The above data imply that the inability of cells
to increase food vacuole number during the inter-
fission cycle with increased clonal age is a result of
a faster deterioration in the formation rate than
the excretion rate of food vacuoles. This would be
expected to lead to both a gradual decline in food
vacuole numbers and a rising frequency of loss of

SMITH-SONNEBORN AND RODERMEL Organelles and Aging 581



TaBLE 1V
Increase in Food Vacuole Number during the Interfission Cycle as Clonal Age Increases

Age (fissions)

30 60 50 150 196

Mean no. of food vacuoles*
Pre-division 29.8 20.9 17.2 12.6 5.8
Post-division 13.2 9.7 10.4 6.2 4.1
Increase in FV no.} 16.6 11.2 6.8 6.4 1.7
Interfission interval§ 285 340 360 390 630
Rate of increase in FV/100 min|| 5.8 33 1.9 1.6 0.3

* The sample size was at least 120 cells for each age (four groups of 30 cells).
1 The difference in the mean number of food vacuoles at predivision and postdivision represents the increase in food
vacuoles during the interfission cycle. Those means not underlined by the same line are significantly different from

one another using the student’s -test.

§ The interfission time was the observed interval of time from one cell division to the next (in minutes).

|| The increase in food vacuole number during the interfission interval was divided by the interfission time (min) to
obtain the rate of increase in food vacuole number in food vacuoles per minute. This value was multiplied by 100 to
emphasize the effect over a longer time interval. Linear regression analysis of the rate of increase reveals a very
significant non-zero relationship (P = 0.02) indicating a real decline with age.

all food vacuoles. The gradual loss is illustrated as
follows: even if an aged cell were to have as many
food vacuoles at the beginning of the interfission
cycle as a young cell (viz. 13), its depressed ability
to increase food vacuoles (viz. 6 food vacuoles)
could only provide the cell with a total of 19
vacuoles immediately before the next division,
and, upon division, the daughters would contain a
mean of only 9.5 food vacuoles, or a net loss of
3.5 food vacuoles per cell (13 — 9.5). As can be
seen by this example, the most important variable
is the ability to maintain a net constant increase in
food vacuole number during the interfission cycle;
this ability continuously declines as clones age,
resulting in the observed gradual reduction in food
vacuole numbers. When the rate of excretion ex-
ceeds the rate of formation, an abrupt appearance
of cells with no food vacuoles would also be ex-
pected. Table V shows that the number of cells
with no food vacuoles abruptly increases at an age
when the difference in the formation and excre-
tion rates is very small. Intraclonal variation in
formation and excretion rates would be expected
to produce some cells which have a rate of excre-
tion greater than the formation rate, thus provid-
ing an explanation for the cells with no food
vacuoles. Chance distribution at fission could also
account for a substantial amount of intraclonal
variation, particularly when the number of food
vacuoles becomes small.
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Number of Particles Ingested

The observation that old cells form fewer total
food vacuoles during the interfission period does
not necessarily imply that there is less ingestion of
bacteria. The possibility that aged clones form
larger food vacuoles, and thus accommodate more
bacteria per food vacuole, was investigated. Table
VI shows that the volume of newly formed food
vacuoles is not significantly different as clonal age
increases, though aged cells tend to have smaller
food vacuoles. In order to examine the possibility
that aged cells have a higher density of bacteria
per food vacuole, electron microscopy of newly
formed food vacuoles (vacuoles in which the bac-
teria were observed to be morphologically intact)
was carried out in young and old clones. Upon
determination of the number of bacteria per 10°
um?, cells 38 fissions old were found to contain an
average of 184 bacteria and cells 155 fissions old,
162 bacteria. Food vacuoles from 5 old cells and
10 young cells were compared, and the reduction
in bacterial density was significant at the 0.05 level
using the Mann Whitney U statistic (37). When
considered together, the observation that aged
cells do not have larger food vacuolar volume and
exhibit a reduced density of bacteria, the data lend
supportive evidence that aged cells ingest fewer
bacteria per food vacuole.

Though the findings described above imply that
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Ficure 5 Difference in formation and excretion rates
as a function of clonal age. The difference in formation
and excretion rates was determined as follows: the in-
crease in food vacuole number during the interfission
interval was observed as described in Table IV (by the
increase in the number of food vacuoles immediately
after division to immediately prior to the next division).
The rate of increase in food vacuoles per minute equals
the number of food vacuoles increased divided by the
interfission time (in minutes). Since the rate of increase
can be assumed to equal the formation rate minus the
excretion rate, the rate of increase is an estimate of the
difference between the two rates. The data provide evi-
dence that the difference in the rates of formation and
excretion declines with advanced clonal age. The coeffi-
cient of correlation represents a non-zero relationship
significant at the P = 0.02 level.

old cells concentrate fewer bacteria into their food
vacuoles than young cells, this was verified using
three different approaches: (a) The concentration
of India ink particles necessary to label food vacu-
oles was found to be dependent upon clonal age.
At a dilution of 1:1,500 of the stock India ink
solution in bacterized Cerophyl medium, all of the
food vacuoles of young cells are clearly colored
black when viewed under low power of the phase
microscope, whereas none of the food vacuoles in
old cells are discernible at this concentration of
black particles. (b) Ingestion of latex beads per
food vacuole was found to be dependent upon
clonal age. Table VII shows a comparison of the
number of beads internalized per food vacuole as
clonal age increases. The data reveal a significant
reduction in number of latex beads incorporated
per food vacuole with increasing clonal age. Cells

SMITH-SONNEBORN AND RODERMEL Organelles and Aging

7 fissions old can concentrate an average of 480
beads per food vacuole, whereas cells 162 fissions
old can only concentrate an average of 143 beads
per food vacuole under the same external environ-
mental conditions. (c) Ingestion of bacteria per
food vacuole was found to be dependent upon
clonal age. Direct counts of the number of bacte-
ria per food vacuole were made with squashed
preparations of cells in the phase microscope. Var-
iability in bacterial counts between experiments
was found. At least one important variable in the
determination of number of bacteria per food vac-
uole was the concentration of bacteria in the me-
dium. When the concentration of bacteria was
varied, increased bacterial concentration resulted
in increased numbers of bacteria per food vacuole
in both the young and old cells. Our results further
confirm the observations of Preer (29) that the
number of particles ingested per food vacuole is a
function of particle concentration, but that the
rate of formation of food vacuoles is not depend-
ent upon the titer of particles present in the me-
dium. These relationships are maintained in aging
cells. Nevertheless, in all four comparisons made
between young and old cells under constant exter-
nal environmental conditions, the young cells in-
gested significantly more bacteria per food vacuole
than aged cells (Table VIII). Since aged cells form
less total food vacuoles per interfission cycle, and
incorporated less bacteria per food vacuole, it
follows that both deficiencies contribute to the
ingestion of less total bacteria during the interfis-
sion interval. Estimates of the total number of
bacteria ingested per interfission interval show
that, in general, aged cells ingest one-half to one-
third the total number of bacteria per cell cycle
than young cells (Table VIII). Since bacteria are
the source of DNA precursors (3), these results
indicate that old cells have a reduced supply of
exogenously supplied DNA.

DISCUSSION

The present study provides basic information on
both food vacuole formation and impaired organ-
elle synthesis and function in aging cells. The rate
of formation of food vacuoles found in the present
study for young cells is consistent with values re-
ported by others, viz., 0.8 to 1.6 food vacuoles
formed per minute (3, 29). Our results, however,
provide the first evidence for a change in rate of
formation of food vacuoles during the interfission
cycle. It had previously been assumed that since
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FIGURE 6 Models varying the decline in formation and excretion rates as cellular age increases. The
graphs illustrate the consequences of varying the relative rates of decline in the formation and excretion
rates of food vacuoles as a function of cellular age. When both rates decline at a constant rate, the
difference between the rates remains constant. When the decline in formation rate is less than the decline in
the excretion rate, the difference between the two rates becomes larger. Only when the decline in the
formation rate is greater than the decline in the excretion rate, does the difference between the two rates
diminish, approach equivalence, and the rate of excretion ultimately exceed the formation rate. Only the

latter graph is consistent with our data.

TaBLE V
Starvation of Cells in the Presence of Excess Food

Percentage of cells with food vacuoles®

No. of food vacuoles

Age More than
(fissions) None One Two Three three
30 0 0 0 0 100
60 1 0 0 0 99
90 0 0 1 1 98
120 2 0 0 0 98
150 1 2 1 3 93
160 12 7 6 8 67

* A random sample of 200 cells of a given fission age was
examined for the number of food vacuoles present. Cells
with no food vacuoles were considered starving. Those
with one, two, or three food vacuoles would be likely to
yield daughters with no food vacuoles.

the number of labeled food vacuoles increases at a
constant rate during the interfission period, the
rate of formation of food vacuoles is constant (3).
The apparent constant increase in numbers of la-
beled food vacuoles during the interfission cycle
when cells are maintained in labeled bacteria is in
fact the result of an increasing rate of food vacuole
synthesis. The increase in the rate of food vacuole
formation is not observed since initially both la-
beled and unlabeled vacuoles are excreted,
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whereas, later in the cell cycle, only labeled vacu-
oles are present to be excreted. The net effect is
that fewer labeled vacuoles are excreted in the

TasLE VI
Volume of Food Vacuoles

Age (fissions)

40 80 120 160
380 290 256 260

Volume*
(um?)

* The sample size was 60 cells per age in three pooled
experiments. The average food vacuole volume of aged
cells was not significantly different from that of young
cells using the Mann Whitney U statistic.

TaBLe VII

Number of Polystyrene Beads per Food Vacuole as
Age Increases

Age (fissions)

7 51 85 109 162
No. beads 480 383 284 226 143
per food —_——
vacuole*

* Each value represents the mean number of beads per food vacuole in a
minimum of 48 food vacuoles for each age examined. The student’s t-test
was used to compare the differences observed. Those averages not under-
lined by the same line are very significantly different from each other (P <
0.05).
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TasLe VIII
Estimate of the Number of Bacteria Ingested per Interfission Interval

Food vacuole

Experiment No. bacteria per formed per Interfission Total no. vac- No. bacteria Total no. bacte-
no. Age (fissions) ml* min¥ time (min)§ uoles formed || per FV§ ria ingested**
1 44 0.86 330 284 984 2.8 x 10°
148 0.50 450 225 478 1.1 x 10°

2 39 0.77 370 285 398 1.1 x 10°
169 2 x 108 0.50 485 243 207 5.0 x 10¢

3a 32 0.77 330 254 574 1.5 x 108
160 2 x 108 0.46 450 207 218 4.5 x 10¢

3b 32 0.77 330 254 916 2.3 x 10°
160 4 x 108 0.46 450 207 323 6.7 x 10*

* In all experiments, the two clones compared were placed in the same suspension of bacterized Cerophyl medium. In
the first experiment, the concentration of bacteria was not determined. Bacterial concentration in subsequent
experiments was determined by bacterial plating. Since bacterial ingestion was an important variable, comparisons
between all experiments cannot be made.

1 The rate of formation of food vacuoles was determined by counting the number of colored food vacuoles formed in
10 min from mass cultures of cells. This value divided by 10 equals the number of food vacuoles per minute.

§ The interfission interval was the time interval from one cell division to the next.

|| The total number of food vacuoles is the value when food vacuoles formed per minute is multiplied by the
interfission time (min).

9 The total number of bacteria per food vacuole (FV) was counted directly in a minimum of 18 food vacuoles per
clone. Within each experiment, the differences in the number of bacteria per food vacuole were very significantly
different (P < 0.01) using the Mann Whitney U statistic (37).

** The total number of bacteria ingested represents the number of bacteria per food vacuole X the total number of

food vacuoles.

earlier interval than the later, thus masking a
change occurring in the rate of food vacuole syn-
thesis.

Endocytic activity, when monitored for both the
ability to form and excrete food vacuoles and the
capacity to ingest bacteria, was found to decrease
as a function of increasing clonal age. The data
offer the first evidence for a means to change the
intracellular environment under constant external
environmental conditions; during their interfission
intervals, aging cells ingest fewer bacteria than
young cells when exposed to the same external
environmental conditions.

A reduced rate of formation of food vacuoles
may be a result of: (a) reduced de novo synthesis
of food vacuole membrane and/or (b) reduced
recycled membrane. Regarding the latter possibil-
ity, there is extensive evidence that a major source
of membrane used to form new food vacuoles is
recycled food vacuole membrane (1, 2, 9, 20, 23,
24). Hence, once fewer food vacuoles are formed,
fewer food vacuoles can be excreted and therefore
recycled, tending to perpetuate the reduced num-

SMITH-SONNEBORN AND RODERMEL Organelles and Aging

bers of food vacuoles. Preformed cell structure has
already been considered important in cell heredity
(42), and in the current study, its role in cell
viability is emphasized. Regardless, the formation
and excretion rates must be precisely regulated in
favor of the formation rate and, as demonstrated,
the advantage of the formation rate over the ex-
cretion rate is gradually lost with increased clonal
age. The regulation of rates of synthesis and deg-
radation of macromolecules as well as organelles
may be considered a model of a cellular mecha-
nism to time the occurrence of life cycle changes.
When the opposing rates become equal, the com-
ponents will become diluted out, thus changing
the intracellular environment and then gene
expression. Unlike dilution models which require
exorbitant quantities of essential molecules to be
present in the fertilized cells to effect phenotypic
changes many cell divisions later (13, 27), this
model is relatively independent of initial concen-
trations of molecules or organelles and dependent
rather on relative synthesis and degradation rates
of the critical components.
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Our observation that aged cells ingest fewer
bacteria per food vacuole than young cells may
result from: (a) gullet damage; i.e., irreparable
gullet damage has been identified as a source of
intraclonal variation (10, 11, 34); (b) reduced or
inefficient ability to sweep bacteria into the gullet;
or (c) loss of membrane recognition. The latter is
consistent with the idea that cell membrane altera-
tions may occur in aging cells (45).

The observed reduction in incorporation of la-
beled precursors into nucleic acids both in aging
paramecia (19, 36) and in aging human celis (28)
could be a reflection of reduced endocytic capacity
{either phagocytic or pinocytic activity). Likewise,
loss of macronuclear DNA with increased clonal
age (19, 31, 32) could be a result of reduced
endocytic function or vice versa. However, reduc-
tion in both DNA and endocytic activity may be
results of another variable (e.g., the occurrence of
cell division before a sufficient increase in DNA
and food vacuole numbers).

It is well known that aged cells undergo auto-
gamy in the presence of excess food, violating the
usual rule that cells must be starved to undergo
autogamy (38, 40). The detection of aged cells
with no food vacuoles in the presence of excess
food would explain the ability of aged cells to
undergo the process; the aged cells are starving
despite the presence of excess food. However,
starvation alone is not a sufficient cause for auto-
gamy; cells must also be competent (40). Thus,
some aging cells may be incapable of undergoing
the process to rejuvenate themselves and suiffer
the consequences of starvation.

Starvation for nucleic acid precursors can
greatly increase mutation rates (4). Since parame-
cia cannot form their own nucleic acids from sim-
ple precursors (5), nucleotides for macronuclear
DNA are supplied by bacteria in those cultures
utilizing bacteria as the food source (3). There is
also evidence that starvation and aging can be
correlated with increased lysosomal activity in
other organisms (6, 7), in paramecia undergoing
autogamy (30), and in sensitive paramecia re-
sponding to killer particles (18). Since DNase is
prominent among the lysosomal enzymes, it is
possible that reduced endocytic capacity may lead
to released lysosomes and contribute to genetic
damage as has been postulated for other aging
systems (16). Aged paramecia do show micronu-
clear mutations after 80 fissions (43), and death at
autogamy and nonvigorous clones at earlier fis-
sions have been reported (8), but in the latter
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studies conjugation experiments have not yet been
done to prove that the results were due to nuclear
mutations. That induction of mutations may result
from organelle damage or reduced endocytic func-
tion is purely speculative, but the observation that
some cells in the population are starving makes
this plausible.

Our study shows that aged cells lose endocytic
capacity and therefore have a changed intracellu-
lar environment under constant external environ-
mental conditions. If our data are applicable to
multicellular organisms, it would be expected that
aged organisms would show reduced endocytic
capacity. Indeed, a significant reduction in endo-
cytic ability as a function of age has been found in
rats (44) and in man (46). Since the process of
vacuolization and digestion of cellular wastes (au-
tophagy) is a form of removal of wastes in both
dividing and nondividing cells of higher organisms,
reduction in endocytic or exocytic capacity could
contribute to the inability of cells to remove toxic
products, thereby affecting survival of both mitotic
and postmitotic aging cells. Loss of autophagic
ability in aging cells has already been suggested as
a contributor to cellular aging (7).

The present data emphasize that nonnuclear
damage could occur and be self-perpetuating and
suggest that organelle damage could lead to nu-
clear damage. As Sonneborn (41) pointed out,
“The concept of the genetic systems needs to be
broad enough or, if you will, complex enough to
include indirect as well as direct self-reproduction
and mutability. If the original genetic material was
the gene and it later created the cytoplasm, then
not only has the created become able -Pygmalion-
like- to control its creator, but together the two
have evolved, at least in cellular heredity, into a
genetic complex on a higher level of integration.”
He also stated that “the ultimate task will be to
reunite the nuclear and cytoplasmic components
of the genetic system in an integrated interreac-
tional conception of the genetic system of the cell
and to study the function of each in the work of
the whole” (39). It is our view that this complex
aspect of cell genetics must be involved in cell
differentiation and aging, and the role of the cyto-
plasm in cellular aging has been emphasized in the
present investigation.

The authors wish to express their sincere appreciation to
Martha Jo Wagner Paris, for editing the manuscript,
Meredith Russell and Michael Snyder for their excellent
technical assistance, and Dr. Lyman McDonald of our

THE JourNAL oF CeLL BioLoGy : VoLume 71, 1976



department for his statistical consultation. Gratitude is
also expressed to Dr. David Nanney, University of Illi-
nois and Dr. John Preer, Indiana University for sugges-
tions in preparation of this manuscript.

This work was supported in part from National Sci-

ence Foundation grant BMS 7501165 and the Arts and
Science Division of Basic Research, University of Wyo-
ming.

This paper is dedicated to T. M. Sonneborn on the

occasion of his seventieth birthday.

Received for publication 12 March 1976, and in revised
form 8 June 1976.

REFERENCES

1.

10.

11,

12.

ALLEN, R. D. 1974. Food vacuole membrane
growth with microtubule-associated membrane
transport in Paramecium. J. Cell Biol. 63:904-922.

. ALLeN, R. D, and R. W. WoLr. 1974, The cyto-

proct of Paramecium caudatum: structure and func-
tion, microtubules, and fate of food vacuole mem-
branes. J. Cell. Sci. 14:611-631,

. BERGER, J. D., and R. F. KiMBaLL. 1964. Specific

incorporation of precursors into DNA by feeding
labeled bacteria to Paramecium aurelia, J. Proto-
zool. 11:534-537.

. BRESLER, S., M. MoseviTsky, and L. VYACHESLA-

vov. 1970. Complete mutagenesis in a bacterial
population induced by thymine starvation on solid
media. Nature (Lond.). 225:764-766.

. BurzeL, Jr., H. M., and W. J. vAN WAGTENDONK.

1963. Autoradiographic studies of the differential
incorporation of glycine, and purine and pyrimidine
ribosides by Paramecium aurelia. J. Gen. Microbiol.
30:503-507.

. CristoraLo, V. J., and J. KaBAKIJIAN. 1975. Lyso-

somal enzymes and aging in vitro: subcellular en-
zyme distribution and effect of hydrocortisone on
cell lifespan. Mech. Ageing Dev. 1:19-28.

. DEDuvg, C., and R. Watnaux. 1966. Functions

of lysosomes. Annu. Rev. Physiol. 28:435-492.

. FukusHMA, S. 1975. Clonal age and the propor-

tion of defective progeny after autogamy in Parame-
cium aurelia. Genetics. 79:377-381.

. GoopaLy, R. J., Y. F. Lay, and J. E. THOMPSON.

1972. Turnover of plasma membrane during phago-
cytosis. J. Cell Sci. 11:569-579.

Hanson, E. D. 1955. Inheritance and regeneration
of cytoplasmic damage in Paramecium aurelia.
Proc. Natl. Acad. Sci. U. S. A. 41:783-786.
Hanson, E. D. 1962. Morphogenesis and regener-
ation of oral structures in Paramecium aurelia: an
analysis of intracellular development.J. Exp. Zool.
150:45-68.

HavrLick, L. 1965. The limited in vitro lifetime of
human diploid cell strains. Exp. Cell Res. 37:614-
636.

SMITH-SONNEBORN AND RODERMEL Organelles and Aging

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Havruck, L. 1968. Human cells and aging. Sci.
Am. 218(3):32-37.

HavrLick, L. 1975. Cell biology of aging. Biosci-
ence. 25:629-637.

HavrLick, L., and P. S. MoorHEaD. 1961. The
serial cultivation of human diploid cell strains. Exp.
Cell Res. 25:585-621.

HocuscHILp, R. 1971. Lysosomes, membranes and
aging. Exp. Gerontol. 6:153-166.

Juranp, A, and G. G. SELMAN. 1969. The Anat-
omy of Paramecium aurelia. St. Martin's Press, New
York.

Juranp, A., B. M. RubMaN, and J. R. PreEer.
1971. Prelethal effects of killing action by stock 7 of
Paramecium aurelia. J. Exp. Zool. 177:365-388.
Krass, M., and J. SMITH-SONNEBORN. 1976. Stud-
ies on DNA content, RNA synthesis, and DNA
template activity in aging cells of Paramecium aure-
lia. Exp. Cell Res. 98:63-72.

KLOETZEL, J. A. 1974. Feeding in ciliated protozoa.
1. Pharyngeal disks in Euplotes: a source of mem-
brane for food vacuole formation? J. Cell” Sci.
15:379-401.

Leg, J. 1942. The effect of temperature on food
vacuole formation in Paramecium. Physiol. Zool.
15:453-458.

Lek, J. 1942. The effect of pH on food vacuole
formation in Paramecium. Physiol. Zool. 15:459-
465.

McKAaNNaA, J. A. 1973. Cyclic membrane flow in
the ingestive-digestive system of peritrich proto-
zoans. 1. Vesicular fusion at the cytopharynx.J. Cell
Sci. 13:663-675.

McKanna, J. A. 1973. Cyclic membrane flow in
the ingestive-digestive system of peritrich proto-
zoans. II. Cup-shaped coated vesicles. J. Cell Sci.
13:677-686.

MULLER, M., and 1. Toro. 1962. Studies on feeding
and digestion in protozoa. III. Acid phosphatase
activity in food vacuoles of Paramecium multimi-
cronucleatum. J. Protozool. 9:98-103.

MuiLLer, M., P. RoHricH, and 1. Toro. 1965.
Studies on feeding and digestion in protozoa. VII.
Ingestion of polystyrene latex particles and its early
effect on acid phosphatase in Paramecium multimi-
cronucleatum and Tetrahymena pyriformis. J. Proto-
zo0l. 12:27-34,

NannEey, D. L. 1974. Aging and long-term tem-
poral regulation in ciliated protozoa. A critical re-
view. Mech. Ageing Dev. 3:81-105.

Petes, T. D., R. A. FARBER, G. M. TARRANT, and
R. HoLLiDAY. 1974. Altered rate of DNA replica-
tion in ageing human fibroblast cultures. Nature
(Lond.). 251:434-436.

PreER, J. R. 1975. The hereditary symbionts of
Paramecium aurelia. Soc. Exp. Biol. 29:125-144,
SaxeNa, D. M., and A. JuranD. 1973. Acid phos-
phatase activity in macronuclear fragments: com-

587



31.

32.

33.

34.

35,

36.

37.

38.

39.

588

parison between conjugation and autogamy. Arch.
Protistenkd. 115:403-407.

Scuwartz, V., and H. MEISTER. 1973. Eine alters-
veranderung des makronuclus von Paramecium. Z.
Naturforsch. Teil. B. Anorg. Chem. Org. Chem.
Biochem. Biophys. Biol. 28¢:232.

Scawartz, V., and H. Meister. 1975, Einige
quantitative daten zum problem des alterns bei Par-
amecium. Arch. Protistenkd. 117:85-109.

SieGeL, R. W. 1961. Nuclear differentiation and
transitional cellular phenotypes in the life cycle of
Paramecium. Exp. Cell Res. 24:6-20.

SieGEL, R. W. 1970. Organellar damage and revi-
sion as a possible basis of intraclonal variation in
Paramecium. Genetics. 66:305-314.
SMITH-SONNEBORN, J. 1974. Acridine orange fluo-
rescence: a temporary stain for paramecia. Stain
Technol. 49:77-80.

SMITH-SONNEBORN, J., and M. Krass. 1974.
Changes in the DNA synthesis pattern of Parame-
cium with increased clonal age and interfission time.
J. Cell Biol. 61:591-598.

SokaL, R. R., and J. F. RoHLF. 1969. Biometry,
the Principles and Practice of Statistics in Biological
Research. Freeman Press, San Francisco.
SonneBORN, T. M. 1950. Methods in the general
biology and genetics of Paramecium aurelia. J. Exp.
Zool. 13:87-143.

SoNNEBORN, T. M. 1951. Beyond the gene —two

THE JourNaL ofF CELL BIOLOGY * VOLUME 71, 1976

40.

41.

42.

43.

44,

45.

46.

years later. In Science in Progress, Seventh Series.
G. A. Baitsell, editor. Yale Press, New Haven.
167-203.

SonnNEBORN, T. M. 1954. The relation of autogamy
to senescence and rejuvenescence in Paramecium
aurelia. J. Protozool. 1:38-53.

SonNEBORN, T. M. 1954, Patterns of nucleocyto-
plasmic integration in Paramecium. Caryologia.
Vol. Suppl. 1:307-325.

SonneeorN, T. M. 1963. Does preformed cell
structure play an essential role in cell heredity? In
The Nature of Biological Diversity. J. M. Allen,
editor. McGraw-Hill, New York. 165-221.
SonNEBORN, T. M., and M. SCHNELLER. 1960. Age
induced mutations in Paramecium. In Biology of
Aging. B. L. Strehler, editor. Waverly Press, Balti-
more. 286-287.

StiFreL, C., G. Biozzi, and B. BENACERRAF. 1956,
Etude des modifications du pouvoir phagocytaire du
systeme réticuloendothélial en fonction de I'age
chez le rat et le lapin. C. R. Séances Soc. Biol. Fil.
150:1075-1078.

SuLLivan, J. L., and A. G. DeBusk. 1974. Mem-
brane glycoproteins and cellular aging. J. Theor.
Biol. 46:291-294.

WaGNER, H. N., T. Micita, and N. SoLOMON.
1966. Effect of age on reticuloendothelial function
in man. J. Gerontol. 21:57-62.



