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PINOCYTOSIS IN FIBROBLASTS

Quantitative Studies In Vitro

RALPH M. STEINMAN, JONATHAN M. SILVER, and ZANVIL A. COHN

From The Rockefeller University, New York 10021

ABSTRACT

Horseradish peroxidase (HRP) was used as a marker to determine the rate of
ongoing pinocytosis in several fibroblast cell lines. The enzyme was interiorized in
the fluid phase without evidence of adsorption to the cell surface. Cytochemical
reaction product was not found on the cell surface and was visualized only within
intracellular vesicles and granules. Uptake was directly proportional to the ad-
ministered concentration of HRP and to the duration of exposure. The rate of
HRP uptake was 0.0032-0.0035% of the administered load per 10° cells per hour
for all cells studied with one exception: L cells, after reaching confluence, pro-
gressively increased their pinocytic activity two- to fourfold. After uptake of
HRP, L cells inactivated HRP with a half-life of 6-8 h. Certain metabolic re-
quirements of pinocytosis were then studied in detail in L cells. Raising the en-
vironmental temperature increased pinocytosis over a range of 2-38°C. The Q,,
was 2.7 and the activation energy, 17.6. kcal/mol. Studies on the levels of cellular
ATP in the presence of various metabolic inhibitors (fluoride, 2-desoxyglycose,
azide, and cyanide) showed that L cells synthesized ATP by both glycolytic and
respiratory pathways. A combination of a glycolytic and a respiratory inhibitor
was needed to depress cellular ATP levels as well as pinocytic activity to 10-20%
of control values, whereas drugs administered individually had only partial ef-
fects. In spite of the availability of an accurate quantitative assay for fluid and
solute uptake, the function of pinocytosis in tissue culture cells remains unknown.

Pinocytosis, the interiorization of droplets of fluid
from the environment into cells, was described in
mammalian cells in vitro by Lewis long ago (34,
35). Most of the work has since focused on
mononuclear phagocytes (macrophages), possibly
because they exhibit such active pinocytic activity.
Relatively little is known about this phenomenon
in other cultivated cells, e.g., for many cells the
functional significance and metabolic parameters
of pinocytosis are unclear. In a previous study (53)
on pinocytosis in macrophages, the usefulness of
horseradish peroxidase (HRP) as a marker solute
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for quantitative work was demonstrated. Its two
main advantages were that the amount of celi-
bound HRP could be quantitated by a sensitive
(nanograms per milliliter) enzymatic assay, and its
distribution in cells could be discretely localized by
the cytochemical technique of Graham and Kar-
novsky (24). In this paper, the HRP model is
extended to the study of mouse fibroblasts in vitro.
We have obtained quantitative data on several
variables in pinocytosis including the effects of
temperature, cell growth characteristics, and meta-
bolic inhibitors.
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MATERIALS AND METHODS

Reagents

Fetal calf serum (FCS), newborn calf serum, minimal
essential medium (MEM), Dulbecco’s minimal essential
medium, HEPES buffer were obtained from the Grand
Island Biological Co., Grand Island, N. Y. Type 1l and
Type III 2-desoxyglucose (2-DG), adenosine triphos-
phate (ATP), dessicated firefly lantern extract, type Il
horseradish peroxidase (HRP), diaminobenzidine
(DAB), o-dianisidine, and Triton X-100 were obtained
from the Sigma Chemical Corp., St. Louis, Mo. Sodium
cyanide (NaCN), sodium azide (NaN,), and sodium
fluoride (NaF) were analytical grade reagents from
Matheson Coleman & Bell, Norwood, Ohio. Trypsin and
hen egg white lysozyme, twice crystallized, came from
the Worthington Biochemical Corp., Freehold, N. J.
Bovine serum albumin, Fx V (BSA), human serum
albumin (HSA), rabbit gamma globulin, Fx II (RGG)
were obtained from Miles Laboratories, Inc., Kankakee,
I11. Carrier-free sodium'?® iodide, 20 mCi/ml came from
New England Nuclear, Boston, Mass.

Cells

Three continuous fibroblast lines were maintained as
cell monolayers on Falcon (Baltimore Biological Labora-
tories, Baltimore, Md.) plastic petri dishes (35, 60, and
100 mm in diameter). L cells were provided by Drs. S.
Silverstein and A. Hubbard and were maintained in 5%
FCS-MEM supplemented with penicillin (100 U/ml) and
streptomycin (100 ug/ml). 3T3 and SV40-transformed
3T3 cells were given to us by Dr. L. Ossowski and were
cultivated in 10% FCS-Dulbecco’s MEM supplemented
with antibiotics. The 3T3 cells were originally considered
to be a fibroblast derivative (55), though some suggest
now that it is of endothelial origin (42). Calf embryo
fibroblasts were provided by Dr. N. M. y Lopez. Primary
cultures were made from embryonic thigh muscles in 10%
FCS-Dulbecco’s MEM with antibiotics. After three
passages the cultures consisted entirely of fibroblastic vs.
muscular elements. All monolayers were subcultivated
after removal from the petri dishes with purified trypsin
(100 ug/ml phosphate-buffered saline).

Quantitative Assays for Endocytosis

Crystalline, highly soluble HRP was administered to
cell monolayers, generally for 1 h at a final concentration
of 1 mg/ml of culture medium. The amount of HRP
pinocytosed in this interval is minute, relative to the
concentration of enzyme in the culture medium (v.i.), so
that care must be taken to remove noncell-bound HRP
from all parts of the culture vessel. Of particular impor-
tance is that HRP adheres to the surface of the culture
dish itself, and this compartment elutes only slowly dur-
ing the washing procedure (53). Accordingly, cells were

washed five times over a 15-20-min period in serum-free
culture medium and were then returned to the 37°C in-
cubator for 30 min in the presence of 5% FCS-MEM;
this step allowed remaining dish-bound enzyme to be
eluted. The monolayers were rinsed two more times in
phosphate-buffered saline and lysed in 0.05% (vol/vol)
Triton X-100 in water. The total time from removal of
medium containing HRP to lysis of the cells was thus
about 1 h, during which interval cells inactivated less
than 10% of the total cell-bound enzyme (v.i.). Aliquots
of the cell lysate were assayed for bound HRP by an en-
zymatic assay, which has hydrogen peroxide and o-diani-
sidine as substrates, and detects as little as | ng/ml of
HRP (53). The rate of production of oxidized o-dianisi-
dine (absorbing at 460 nm) was directly related to the
concentration of enzyme present (Fig. 1). All cells used
had negligible amounts of endogenous peroxidatic activ-
ity. Identical standard curves relating enzyme concen-
tration to rate of increase in absorbance 460 nm were ob-
tained when standards were assayed in the presence or
absence of cell lysates.

The enzymatic assay thus measures the amount of
HRP by weight interiorized, which can be expressed on a
per cell, per culture, or per unit of cell protein basis. Cell
protein was measured on the Triton lysates using a
modification of the Lowry method with hen egg white
lysozyme as standard (36). The standard deviation of cell
protein measurements in groups of eight replicate cul-
tures was 8%.

Endocytosis of soluble HRP was also quantitated in
suspension cultures of L cells maintained on a roller
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FIGURE | Detection of HRP by enzymatic assay. The
kinetics of oxidation of o-dianisidine (104 mM) in the
presence of H;O, (10-* mM) and varying concentrations
of HRP, Sigma type 11, is followed at 460 nm in 0.1 M
phosphate buffer, pH 5.0. The reaction proceeds linearly
for -3 min, and its rate is directly related to the
concentration of enzyme present.
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device. After exposure to enzyme, the cells were cen-
trifuged at 80 g at 4°C for 10 min, resuspended in wash
medium, transferred to a fresh tube, washed four more
times so that the last wash was free of enzymatic activity,
and lysed in detergent.

Radiolabeled proteins—BSA, HSA, RGG, and ly-
sozyme—were also used as soluble protein markers for
pinocytosis. 20 mg of each were radioiodinated with 1-2
mCi carrier-free ['?*I]Na, in 1 ml of 0.2 M sodium
phosphate buffer pH 7.4, using hydrogen peroxide (5 ul
of a 0.030% solution every 5 min three times) and 25 ul of
an insolubilized lactoperoxidase preparation (coupled to
Sepharose 2B with cyanogen bromide and kindly pro-
vided by Dr. S. Silverstein). After iodination, all prepara-
tions were dialyzed against normal saline to remove free
125, Specific activities of 0.01-0.10 4Ci/ug protein were
obtained. Cell monolayers were exposed to the marker
proteins at 1 mg/ml in culture medium, washed and lysed
as described for HRP, and assayed for total and
trichloroacetic acid-precipitable counts in a Packard
gamma scintillation counter, model 5220 (Packard In-
strument Co., Inc., Downers Grove, I11.).

Preparation and uptake studies on HRP-antiHRP
immune aggregates were performed as previously de-
scribed (54). Exposure was always in the presence of 5%
FCS, since complexes in the presence of fibroblasts and
absence of serum adhered firmly to the culture vessel
itself.

Inactivation of HRP by L Cells

Studies on the fate of HRP pinocytosed by L cells
were carried out in a fashion similar to that previously
employed in macrophages (53). Cultures were allowed to
pinocytose HRP, washed, and then followed for an
appropriate length of time in HRP-free cuiture medium.
At each time point, duplicate cultures were assayed for
enzyme remaining in cells, as well as enzyme in the
culture medium; this was an attempt to detect enzyme
being exocytosed from the fibroblasts. The HRP system
is suitable for detecting small amounts of exocytosed
enzyme, if such a process occurs. Small concentrations
(nanograms per milliliter) are stable in the presence of
serum proteins at 37°C for several days, even in the
presence of cells, since the rate of pinocytosis of soluble
enzyme is so slow.

Effects of Temperature on Endocytosis

The effect of temperature on the rate of pinocytosis of
HRP was most easily examined in cultures buffered with
25 mM HEPES rather than bicarbonate-CO,. This
buffer did not alter the rate of pinocytosis. The cuiture
vessels were surrounded by a few millimeters of water on
a stage, itself supported in a large reservoir. The water
temperature could then be kept below ambient tempera-
ture by adding ice chips, or above, by a suitable water
bath. Cells were equilibrated for 30 min before the ad-
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ministration of HRP. Data obtained at 4°, 19°, 30°, and
37°C with bicarbonate-buffered media were identical to
those obtained with the HEPES system. In order to ob-
tain measurable uptake of HRP at low temperatures,
we used a 1-h exposure of 2 mg/ml HRP and monolayers
which had just reached confluence on 60-mm dishes.

Metabolic Inhibitor Studies

All inhibitors were administered to L cells in fresh
culture medium for a total of 2 h; 1 h before and 1 h
during the addition of HRP. The 2-h treatment produced
no decrease in cell number or total protein, and cell
growth resumed normally after removal of the drugs.
Cyanide, azide, and fluoride decreased the enzymatic
activity of HRP 50% in the concentrations administered
to cells. However, this decrease in activity was entirely
reversible with a 10-fold dilution. Since the volume of
cells was at least 1/1,000th the final volume of the cell
lysate assayed, the presence of inhibitor would not in-
fluence the enzymatic assay.

Cellular ATP Determinations

Total L-cell ATP levels were determined by a lucife-
rin-luciferase assay, similar to the system of Stanley and
Williams (52), in which the production of light is related
to the amount of ATP present. Luminescence was
detected with a Mark Il Nuclear Chicago scintillation
counter (Nuclear Chicago Corp., Des Plaines, Il1.), set
for out-of-coincidence counting, 100% amplification, and
window limits of six to seven. Samples were counted for
two 6-s intervals and the second count was used, since
vial luminescence was lower. Standard ATP solutions
(10-2— 10~ ' mol/ml) were prepared from a 10-¢ mol/ml
frozen stock solution. For cellular ATP assays, mono-
layers were rinsed in PBS, placed in 2 ml cold distilled
water, scraped from the dish, frozen in dry ice acetone,
boiled 5 min, and centrifuged for 10 min at 160 g at 4°C,
and the supernate (25-50 ul) was assayed. The levels of
ATP/10¢ ceils varied from 4.5 nmol for sparse cultures
(200 pug protein/60-mm dish) to 1.7 nmol for overgrown
confluent cells (1,200 ug protein/60-mm dish). The
presence of metabolic inhibitors did not influence the
assay for ATP.

Cytochemistry

Monolayers which had been exposed to HRP were
generally washed quickly (two to three times in saline
over 1-2 min), and then fixed in 2.5% glutaraldehyde
buffer with 0.1 M Na cacodylate buffer, pH 7.4 at room
temperature for 5 min. The cells were washed three
times, and cell-bound HRP was localized with the
diaminobenzidine procedure of Graham and Karnovsky
(24), using a 10-min exposure to 50 mg% DAB in 0.05
M Tris buffer, pH 7.6 and 0.01% hydrogen peroxide. For
electron microscopy, cells were postfixed in 1% osmium
tetroxide in 0.1 M Na cacodylate, pH 7.4, followed by
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0.5% magnesium uranyl acetate in normal saline, pH 5.0,
each for 1 h at 4°C. Cells were dehydrated in graded
alcohols and embedded in Epon. The monolayers were
processed as cell pellets according to Hirsch and Fedorko
(28), or as monolayers for oriented sections according to
Ross (45).

RESULTS

HRP as a Marker Solute for the Study of
Pinocytosis in L Cells

CYTOCHEMISTRY: Previous studies with a
variety of endocytic markers in many cell types
(e.g., 17, 22) have demonstrated that these mate-
rials are interiorized into membrane-bound ves-
icles. After one or more fushions with acid hydro-
lase-containing granules, secondary lysosomes are
formed in which the endocytosed materials are se-
questered and/or digested, usually in the Golgi re-
gion. That HRP is interiorized by L cells by a simi-
lar endocytic process was demonstrated cytochemi-
cally in cells exposed to 1 mg/mi of enzyme. After
brief (5-10 min) exposures to HRP, the enzyme
was localized in small vesicles of varying size, often
near the cell surface (Fig. 2). These newly arising
pinocytic vesicles always contained just a periph-
eral rim of reaction product. If longer (60-min)
HRP exposures were used, reaction was found
throughout the vesicles and granules that consti-
tute the vacuolar apparatus. Most HRP-contain-
ing structures were replete with reaction product
but some exhibited a peripheral rim of reactivity
characteristic of newly arising vesicles (Fig. 3). If
cells exposed for 60 min to HRP were washed and
incubated for 0.5 h before fixation, reaction prod-
uct was restricted to dense granules localizing in
the perinuclear or Golgi region (Fig. 4). Presump-
tive pinocytic vesicles lacked HRP. These observa-
tions suggest that HRP is taken up in vesicles
which, after fusion with each other and with
pre-existing lysosomes, accumulate as granules in
the Golgi zone. These secondary lysosomes proba-
bly contain a higher concentration of enzyme than
that originally pinocytosed. Enzyme was never
found in other cell organelies (Golgi apparatus,
rough endoplasmic reticulum, mitochondria) or
bound to the cell surface (Figs. 2, 3, 4).

QUANTITATION OF HRP UPTAKE: Quantita-
tion of uptake by the enzymatic assay established
that HRP is continuously taken into cells as a
solute in pinocytic droplets, without itself altering
the rate of ongoing pinocytosis. In both sparse and

confluent L-cell cultures, uptake increased linearly
with the concentration of HRP in the medium over
a large range (100-2,000 ug/ml) (Fig. 5 A). This
suggests that HRP is imbibed as a solute in
pinocytic droplets without prior binding to the cell
surface. If surface binding had to precede en-
docytosis (adsorptive vs. fluid endocytosis [30]),
then one would expect some saturation in the
uptake rate with increasing concentrations of
enzyme in the environment. At any given concen-
tration of HRP in the culture medium, the uptake
of enzyme proceeded at a constant rate over a
several hours period of exposure, and the plot of
uptake vs. exposure time (Fig. 5 B) passed through
the origin. This means that there was no adsorp-
tion phase preceding uptake. The fact that uptake
was linearly related to HRP concentration and
exposure time suggests that HRP is not itself
altering ongoing pinocytic activity in L-cells.

To further verify that HRP does not itself
influence the rate of ongoing endocytosis in L-
cells, we measured the rate at which other soluble
proteins, radiolabeled with '?*I, were bound to
monolayers in the presence or absence of 1 mg/ml
HRP. Using a protein load and a washing proce-
dure similar to that employed for HRP, we found
that the binding of BSA, HSA, RGG, and lyso-
zyme was not altered by addition of HRP to the
medium, and that these proteins did not alter HRP
uptake (Table I). Of concern, however, was that
the apparent rates of uptake of these other solutes
differed considerably from one another and from
HRP, and even varied from one experiment to
another. Control studies showed that all four
radiolabeled proteins exhibited variable but signifi-
cant adsorption to the culture vessel and/or the
cells. This was demonstrated directly by exposing
dishes without cells to the four markers, and
indirectly by kinetic studies in which much of the
binding to cell monolayers (e.g., 80-90%) occurred
within 15-30 min, with little increase thereafter.

The rate of endocytosis of HRP by L-celis can
therefore be expressed with some degree of preci-
sion. In terms of the percent of the administered
concentration of HRP in the medium,
0.0032-0.0035% was interiorized by 10® growing
cells per hour. The value was of the order of 0.1
ng/ug cell protein/h when expressed per unit of
cell protein at a load of | mg/ml. Although the
percent of the administered load interiorized was
tiny, we could obtain no evidence that this cell-
bound material represented a susceptible subfrac-
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FIGURE 2 Pinocytic vesicles in L cells. L cells were exposed for 10 min to | mg/ml HRP, washed quickly,
fixed, and processed to localize cell-bound enzyme with the diaminobenzidine-H,O, substrate mixture. The
sections were not stained with lead or uranyl salts. Reaction product is found in vesicles of varying size,
often close to the cell surface. HRP cannot be detected on the cell surface itself, or in coated vesicles (*),
mitochondria, and rough endoplasmic reticulum. x 23,000.

020z AInF g1 uo Jasn Aysianiun 1s|19ex00Y Ad Jpd 616/9 L ¥ESGH/6v6/€/£9/Pd-Bl01LE/qDl/B10° SsaIdN//:SARY WOl papeojumoq



FIGURE 3 Distribution of HRP in the vacuolar apparatus. L cells were exposed for 60 min to 1 mg/ml
HRP and washed quickly before processing. The section was not stained with heavy metals. Reaction
product fills granules of varying size, and occupies the periphery of some vesicles, similar to those seen in
cells exposed only 10 min to enzyme. Presumably, the concentration of HRP in incoming pinosomes is
increased after fusions with lysosomes and shrinkage of their content. x 8,500.
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FIGURE 4 Accumulation of HRP in the Golgi region. L cells were exposed for 60 min to 1 mg/ml HRP,
washed, and maintained in HRP-free culture medium for 30 min before fixation and processing. The
section was unstained with heavy metals. Reaction product is now found only in dense membrane-bound
granules near the Golgi apparatus (GA). Presumptive incoming pinocytic vesicles (arrows) are negative. x
9,500.

tion of the total administered. Successive transfers
of medium containing HRP from one monolayer
to another yielded identical uptake rates for all
six such transfers attempted.

FATE OF HRP: In order for a soluble protein to
be useful as a marker for pinocytosis, it must be
digested relatively slowly by the cell. A prolonged

STEINMAN,

(1-h) washing procedure is required to remove
HRP which is bound to the culture vessel (53). The
relatively slow inactivation of HRP was demon-
strated directly by following the fate of enzyme
interiorized by both growing and confluent L-cells
(Fig. 6). The amount of cell-bound enzyme dimin-
ished exponentially with time until it was no longer
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detectable. The half-life was 6-8 h in seven experi-
ments, corresponding to an inactivation rate of
8-10% per hour. This disappearance rate is identi-
cal to that observed for HRP pinocytosed by
A 3x108 cells 13x108 cells
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FiGURE 5 Kinetics of HRP uptake. The uptake of
HRP into preconfluent (x—x) and confluent (O—O)
L-cell monolayers was quantitated using an enzymatic
assay. (A) During a 1-h incubation, the amount of HRP
bound to L cells is linearly related to the concentration of
enzyme in the culture medium, as would be expected of a
material being endocytosed as a solute in pinocytic
droplets. Uptake shows no evidence of saturation even at
high concentrations of enzyme (2 mg/ml). (B) At any
given concentration of HRP in the medium, in this case 1
mg/ml, the uptake of HRP increases linearly with the
time of exposure to enzyme, indicating that pinocytosis
of this marker proceeds continuously at a constant rate.
The linear relation passes through the origin, showing
that binding of HRP to the culture dish or to the cell
surface is undetectable.

mouse macrophages (53). Also, as in the macro-
phage studies, exocytosis of even small amounts of
enzyme (2 ng or more) from L-cells into the culture
medium was not detected.

Some Variables in the Activity of
Fibroblast Pinocytosis in Vitro

CULTURE MEDIUM: The uptake of HRP was
similar in the presence of varying concentrations
(1-40%) of fetal and newborn calf serum. Previous
studies had demonstrated that the rate of pinocytic
vesicle formation in macrophages was greatly
dependent on the concentration of newborn calf
serum in the culture medium (14). However, none
of the sera currently available to us stimulated the
formation of phase-lucent vesicles, either in L cells
or in macrophages.

Some properties of cells in vitro can be altered
by the addition of fresh culture medium or fresh
serum to replace medium previously conditioned
by the presence of cells. In quantitating endocytic
rates, it was simplest to add HRP to the cells in a
known volume of fresh medium. Use of medium
conditioned 1-4 days by L cells did not consist-
ently, nor significantly (more than 10-15% de-
crease) alter HRP uptake. Also the rate of pinocy-
tosis was unchanged when the frequency at which
culture medium was changed before assay was
varied from 1-, 2-, 3-, or 4-day intervals.

SUSPENSION CULTURES: The uptake of
HRP by suspension cultures of L cells was similar
to that by monolayers. This applied to cells either
maintained continuously in suspension or freshly
placed in suspension after trypsinization of mono-
layer cultures. However, performance of pinocyto-
sis assays on suspension cultures was technically
more difficult, in that multiple cell centrifugations
and resuspensions were required.

CELL CYCLE: At both light and electron mi-
croscope levels, it appeared that the uptake of
HRP into membrane-bound granules occurred to a
similar extent in all cells in the culture, even cells in
mitosis. Since the cells were heterogeneous with
respect to cell cycle phase, this observation sug-
gests that pinocytic activity persists throughout
most, if not all, of the cycle. However, the
cytochemical technique does not permit one to say
that individual cells are quantitatively similar,
since the amounts of enzyme within visualized
granules is conceivably quite different.

DENSITY OF CELLS ON THE MONOLAYER:
The rate of pinocytosis was examined in sparse
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TABLE 1
Influence of HRP on the Uptake of Other Soluble Proteins

Uptake of radiolabeled protein

Protein In absence of HRP In presence of HRP Uptake of HRP
ng ng ng
Bovine serum albumin (BSA) 30+ 6 27+ 8 32+ 1.5
Human serum albumin (HSA) 71x9 70+ 4 33+ 15
Rabbit gamma globulin (RGG) 135 + 11 146 + 15 32412
Hen egg white lysozyme 508 + 18 465 + 54 32x1.0

L cells were exposed to four different radiolabeled proteins in the presence or absence of 1 mg/ml HRP. After a 1-h
exposure to | mg/ml of protein, the monolayers were washed, as described in Materials and Methods, and then lysed
to determine the amount of bound radiolabel. The data are from a single set of replicate cultures using triplicates for
each point. All proteins were bound to a similar extent in the presence or absence of HRP, and none altered the level of
HRP uptake. The proteins all seem to be interiorized at different rates, but much of the bound label probably
represents material absorbed to the cells and/or the culture vessel.

and confluent (i.e., the entire dish surface is cov-
ered by cells) monolayers. A true stationary phase
does not exist in L cells in that the number of
cells, as well as the total protein in the monolayer,
continues to increase slowly after confluence is
reached (Fig. 7 A). Confluent cells were found to
be more active in their pinocytic activity. Two
approaches were used with similar resuits. In one,
cells were harvested from stock cultures, plated in
different numbers (2-16 x 10°/60-mm petri dish),
and tested 2 days later. In the other, cells were
plated initially in low numbers (2 x 10%/dish) and
then the monolayers were followed at frequent
intervals, with culture medium changes every 2-3
days.

During the rapid-growth phase, L cells pinocy-
tosed at a constant rate, i.e., 32-35 ng/10® cells/h
at an HRP load of 1 mg/ml (Fig. 7 B). Once
confluence was reached, the uptake both per cell
and per unit of cell protein began to increase
progressively and substantially (two- to fourfold)
with time (Fig. 7 B). This increase could not be
altered by increasing the frequency at which the
culture medium was changed. When medium from
confluent cultures was added to growing cells, their
pinocytic activity was not altered. The enhanced
rate of uptake of HRP in confluent cultures
remained concentration- and time-dependent, as in
growing cells (Fig. 5 A, B).

The morphology of cells in confluence differed
from cells in growth phase. The latter were flat-
tened along the surface of the culture vessel and
had many microvilli projecting into the culture
medium. Confluent cells covered a much smaller
area of the dish surface, and most of the basal
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FIGURE 6 Fate of HRP pinocytosed by L cells. After a
1-h exposure to enzyme, preconfluent (x—x) and con-
fiuent (O—O) monoiayers were washed and incubated in
HRP-free culture medium. The amount of HRP per
culture diminishes exponentiaily until enzyme cannot be
detected. The haif-lives varied from 6 to 8 h in several
experiments. Enzyme is probably being inactivated by
lysosomal hydrolases. Exocytosis of cell-bound HRP
into the culture medium is not detectable, and the cells
continue to grow, firmly adherent to the monolayer.

portion was not closely apposed to the dish. The
cell surface facing the culture medium was ex-
tremely irregular with many extensions (villi,
biebs, ruffles) of varying size and shape (Fig. 8 A).
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When exposed to HRP, even for brief intervals,
confluent cells contained typical HRP-reactive
vesicles and in addition some very unusual, HRP-
positive, membrane-bound structures (Fig. 8 B,
arrows). These “pinosomes’” had extended shapes
with many cytoplasmic protrusions into the center.
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FIGURE 7 (A) Growth curves of L-cell monolayers.
Cell protein, or more correctly, monolayer protein
(O—0), and cell number (x—x) increase exponentially
after the plating of 2 x 10° cells on 60-mm plastic petri
dishes in 5% FCS-MEM. The doubling times are 22 h
and 18 h, respectively. After confluence is reached (110
h), the cells continue to grow, but at a much reduced rate.
(B) Variation of HRP uptake with monolayer cell density
(protein). The rate of pinocytosis does not change
significantly in rapidly growing cultures, but after conflu-
ence is reached (arrow), it increases progressively several
fold. The data for confluent cells fit a straight line with a
correlation coefficient of 0.83.

Serial sectioning showed that they were entirely
intracellular, This would be expected from their
content of HRP, since soluble enzyme should be
washed out if an incoming endocytic structure had
not completely pinched off from the cell surface.
We suspect that these unusual endocytic “vesicles”
can arise in two ways: by fusion of the tips of
highly irregular cell surface projections, (e.g., Fig.
8 A); or by pinching off invaginated channels (Fig.
8 B).

The increased pinocytic activity of confluent
monolayers was reversible, but only slowly. Con-
fluent cultures were trypsinized and replated in
sparse (3 x 10° cells/60-mm dish) numbers, and
the cells were then exposed to HRP for 1 h at
varying time periods after replating. Enhanced
uptake of HRP appeared to persist unchanged for
some 10 h even though the monolayers were not
confluent and had resumed growth (Table II).
Only by 24-32 h did the pinocytic activity return to
normal. The increased pinocytic activity of re-
plated confluent cells was similar, regardless of the
density (subconfluent, confluent) at which they
were replated. Conversely, an increase in pinocytic
activity was immediately observed when rapidly
growing cells were trypsinized and replated at high
densities (800-1,000 ug protein/dish).

OTHER CELL TYPES: Other sources of fibro-
blasts pinocytosed at a rate identical to that
observed for growing L cells. In nanograms HRP
interiorized per micrograms cell protein per hour
at a load of 1 mg/ml HRP, the rates were 0.109 +
0.018, 0.105 + 0.013, and 0.103 + 0.009 for 3T3,
SV40-transformed 3T3, and calf embryo fibro-
blasts, respectively. Both the untransformed 3T3
and the calf embryo cells could be maintained in a
nongrowing confluent condition for several days,
but in these instances, no increase in pinocytic
activity was observed.

ANTIBODY: Previous studies on mouse macro-
phages (54) demonstrated that the formation of

FiGURE 8 Electron micrographs of confluent L cells. (A) A cell sectioned perpendicularly to the surface
of the culture vessel. It exhibits elaborate surface projections that characterize many heavily confluent cells.
x 12,500. (B) Another confluent cell which has been exposed to | mg/ml HRP for 60 min before washing
and cytochemical localization of enzyme. In addition to the granules and vesicles that are found in rapidly
growing cells, confluent ones occasionally exhibit much more complex structures lined by a rim of reaction
product (arrows). The interior of such structures is pierced by many cytoplasmic infoldings. Conceivably
they arise by fusion of deep surface invaginations which in turn may contain cytoplasmic protrusions (*). x

15,000.
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particulate immune complexes of HRP, with
either mouse or rabbit antiHR P, enhanced the rate
of uptake of enzyme several thousandfold. This
was attributed to the presence of a membrane
receptor on macrophages that recognized the F¢
region of the immunoglobulin in immune aggre-
gates. L cells can phagocytose nonimmune partic-
ulates (44), but they were unable to bind and
interiorize aggregates of HRP-antiHRP, using
both cytochemical and quantitative assays,

Metabolic Parameters of Pinocytosis

The logarithm of the rate of pinocytosis in L
cells increased linearly with the temperature of the
incubation medium (Fig. 9). The Q,,, i.e., the
increase per 10°C rise in temperature, is 2.7-fold.
The amounts of HRP bound to L-cell monolayers
at low temperatures (10°C or less) was very small,
and intracellular HRP was more difficult to visu-
alize cytochemically. However, we assume that
the same process, i.e., pinocytosis, was in fact being
quantitated at all temperatures studied, since the
data fit a single exponential without any break in
the plot over the entire 2-38°C range studied.
When the logarithm of the pinocytic rate is plotted
against the reciprocal of the incubation tempera-

TasLE II

Reversal of the Increased Pinocytic Activity of
Confluent Cells

Time after Uptake of
replating 1 mg/ml HRP
confluent cells load Cell protein
ng/ug protein/h ug/60-mm dish
2 0.218 165
4 0.198 172
6 0.229 183
10 0.185 217
18 0.136 304
24 0.118 400
32 0.105 575

Confluent cultures were trypsinized and replated as
sparse cultures (6 x 10° cells/60-mm dish). At varying
time points thereafter, the monolayers were assayed for
pinocytic activity and cell protein. The replated cells
quickly resume the level of rapid growth characteristic of
sparse cultures, as evidenced by the increase in cell
protein per culture. The increased pinocytic activity of
confluent cells persists for hours and does not fully return
to the level characteristic of growing cells for 24 h or
more.
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FIGURE 9 Effect of temperature on pinocytosis. The
logarithm of the rate of pinocytosis increases linearly
with temperature in degrees Centigrade (x—x). The Qy,
defined by the slope is 2.7. When the rate is plotted
against the reciprocal of the temperature in degrees
Kelvin (O—Q), an Arrhenius plot is obtained with an
activation energy, defined by the slope, of 17.8 kcal/mol.
The correlation with which these data fit a straight line is
0.97.

ture in degrees Kelvin (Fig. 9), an Arrhenius plot is
obtained in which the slope defines the energy of
activation of pinocytic uptake. This value is 17.9
kcal/mol.

From previous studies on phagocytosis (re-
viewed in reference 32) it can be presumed that a
critical temperature-dependent step in pinocytosis
involves the generation of energy as ATP. L cells
were therefore treated with four agents known to
diminish ATP supplied by glycolysis (2-desoxy-
glucose, sodium fluoride) or respiration (sodium
cyanide and sodium azide). The drugs were applied
for 1 hin fresh culture medium, and then HRP was
added to a final concentration of 1 mg/ml for 1
additional h in the presence of inhibitor. Three
parameters were then evaluated: uptake as deter-
mined by enzymatic assay; distribution of cell-
bound HRP assessed cytochemically; and cellular
ATP levels measured in a luciferin-luciferase as-
say. None of the drugs diminished cell numbers
during the 2-h exposure, and the cells resumed
growth normally after their removal from the
culture medium.

All four agents were able to inhibit HRP uptake.
We first established the doses that would produce

1974

0z0z AN €1 uo Jasn Aysianun Js|[84ex00Y Aq 1pd 6¥6/91 YESY/676/€/€9/sPd-81o1ie/qol/B10"ssaidny//:sdny woly papeojumoq



maximum inhibition (Table II1). This was 10-2 M
for NaF, 5 x 10-2 M for 2-DG (a ninefold excess
of the glucose concentration in the culture me-
dium), and 10-* M for cyanide and azide. An
additional two- to fivefold increase in the concen-
tration of the drugs above these levels did not
further diminish the uptake of HRP. This suggests
that the inhibition observed was due to a block ina
selected process, e.g., energy metabolism, rather
than some generalized toxic effect.

Additional studies showed that the inhibitors
were in fact decreasing the rate of pinocytosis.
Determination of uptake after varying times of
HRP exposure showed that inhibited cells pinocy-
tosed at a reduced level throughout the 1-h assay
period (Fig. 10). Cytochemically, cell-bound HRP
was distributed in granules accumulating in the
Golgi zone, i.e., as in normal pinocytosing cells
(Fig. 11 A, B). By both light and electron micro-
scope examination, it was difficult to distinguish
between normal and inhibited cells in terms of the
number and localization of peroxidase-containing
granules.

We tentatively concluded that energy derived
from either glycolytic or respiratory pathways
drives pinocytosis in L cells. When combinations
of drugs were used to block both sources of
metabolic energy, further inhibition of HRP up-
take was observed (Table IV). Pinocytic activity

TasLe 111
Dose Response of Drug-Induced Inhibition of HRP
Uptake
Concentration Inhibition of pinocytosis by
of inhibitor
M) NaF 2-DG NaNj NaCN
% % % %
10! — 42 — —
5x 10-2 — 40 — —
2x 102 63 10 — —
10-2 65 0 — —
5x 1073 53 — 44 38
10-3 35 — 43 38
5x 104 10 — 30 20
10—+ 0 — 10 8
5% 107% — — 0 0

Growing L celis were exposed for 1 h to varying
concentrations of metabolic inhibitors in 5% FCS-MEM.
HRP was then added for an additional hour at a
concentration of 1 mg/ml. Uptake was assessed by
enzymatic assay and compared with control cells.

HRP Uptake ng/culture

x
(o] a
A/l

0 30 60
Duration of exposure to HRP (min)

40 /x
I
P

Figure 10 HRP uptake in the presence of metabolic
inhibitors. The rate at which control cells pinocytose
HRP (x—x) is diminished in the presence of 10-2 M
NaF (O—O), or the combination of 5 x 10-2 M 2-DG
and 10-* M NaN,; (A—A).

was reduced about 80% but never totally abolished.
In contrast, the simultaneous administration of
two respiratory or two glycolytic inhibitors did not
enhance the inhibition of HRP uptake over either
drug alone. Cell monolayers treated with combina-
tions of respiratory and glycolytic inhibitors con-
tained little or no reaction product, as assayed by
light microscope cytochemistry (Fig. 11 C). How-
ever, in thin sections, HRP-positive structures
were found, suggesting that the residual uptake
quantitated in the enzymatic assay did in fact
represent enzyme interiorized by endocytosis.

Direct measurements of cellular ATP levels
substantiated the possibility that energy metabo-
lism was in many instances being blocked in the
drug-treated cultures (Table V). 2-DG, NaF, and
NaCN administered singly produced a 30-60% fall
in cellular ATP, but azide had little or no effect.
Any combination of a glycolytic and a respiratory
inhibitor (including azide), however, resulted in a
further drop, i.e., to 10-20% of the control cellular
ATP values. The decreases in ATP levels were
maximal within 15 min after addition of the
inhibitors.

The effects of the four inhibitors were examined
in confluent as well as growing cultures. Untreated
confluent cultures pinocytosed more actively than
their growing counterparts (see above) although
their ATP levels were lower (Table V). Both azide
and cyanide decreased HRP uptake in confluent
cells, but again, azide did not produce a significant
drop in cellular ATP. 2-desoxyglucose did not
block HRP uptake in confluent cells even though it
diminished ATP levels to a greater extent than in
growing cultures. Fluoride, in contrast, did de-
crease both parameters in confluent cultures. This
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FIGURE 11 Light microscope localization of HRP in control and drug-treated L cells. Phase-contrast
(left) and bright-field (right) micrographs were taken of L cells exposed to 1 mg/ml HRP for 1 h and
processed cytochemically. (A) Control cells exhibit many perinuclear granules with enzyme. x 2,800. (B)
Cells treated with 5 x 10-2 M 2-DG, before and during exposure to HRP, exhibit a similar number and
localization of reactive granules as seen in controls. Biochemically, 2-DG measurably (40%) diminished
HRP uptake. x 2,900. (C) Celis treated with a combination of 2-DG and NaCN contain little reaction
product at the light microscope level, though in thin sections, smail numbers of membrane-bound struc-
tures containing enzyme can be visualized. Biochemically, uptake of HRP was decreased by 80% of the
control. x 2,750.

020z AInF g1 uo Jasn Aysianiun 1s|19ex00Y Ad Jpd 616/9 L ¥ESGH/6v6/€/£9/Pd-Bl01LE/qDl/B10° SsaIdN//:SARY WOl papeojumoq



suggested that fluoride may be able to inhibit
pinocytosis by some other means than blocking
glycolysis. We therefore tried to reverse its effect
by adding 5 mM sodium pyruvate to the culture
medium. It has been suggested that if glycolysis is
the only process blocked by a drug, then some
compensation of ATP levels in inhibited cells
might be achieved with the increased availability of
citric acid cycle substrates (49, 63). Pyruvate did
not reverse the inhibition of HRP uptake by
fluoride, but in growing cells it did reverse the
effects of 2 DG (70-100% in six experiments).

DISCUSSION
HRP as a Marker for Pinocytosis

Horseradish peroxidase appears to be an excel-
lent marker with which to study the ongoing
pinocytosis of fluid and solutes in tissue culture
cells, such as fibroblasts (this study) and macro-
phages (53). A critical requirement for any marker
solute is that it be taken up in the fluid phase,
without adsorption to the cell surface. The level of
HRP uptake is directly proportional to the concen-
tration of enzyme in the medium, over a wide
range of solute concentrations. At any given
concentration, uptake proceeds linearly with time
for at least 3 h. Lowering the environmental
temperature dramatically lowers the binding of
HRP to cells. Cytochemically, HRP reaction
product was never visualized attached to the cell
surface, but in cells exposed to enzyme for just 5-
10 min, it was easily localized in small intracellu-

lar vesicles. These features of HRP uptake prove
that it is being interiorized in the fluid phase and
are clearly different from the characteristics of up-
take of materials which bind to the cell surface be-
fore engulfment. Adsorptive pinocytosis has been
best studied in amebae (11, 12, 29, 50), and gener-
ally leads to a more extensive uptake rate than
that recorded for solutes taken up in the fluid
phase. Adsorptive uptake is easily saturated with
increasing concentrations of solute in the medium,

TABLE IV
Effects of Metabolic Inhibitors on L Cell
Pinocytosis
Inhibition of
Inhibitor(s) HRP uptake
%
10-2M NaF 47
5x 10-2M 2-DG 35
10-*M NaCN 28
10-* M NaN, 31
NaF + NaCN 80
NaF + NaN, 77
2-DG + NaCN 84
2-DG + NaN, 83
NaF + 2-DG 49
NaCN + NaNj 30

Preconfluent L cells were exposed for 1 h to one or two
metabolic inhibitors in 5% FCS-MEM. | mg/ml HRP
was then added for an additional hour. The values given
are for a single representative experiment obtained on the
same set of replicate cultures.

TABLE V
Effects of Metabolic Inhibitors on L Cell Monolayers

Preconfluent cells

Confluent cells

Decrease in HRP Decrease in Decrease in HRP Decrease in
{nhibitor uptake cellular ATP uptake cellular ATP
% % % %
10-2M NaF 43 + 17 35+9 62 + 10 45+ 5
Sx 10-22DG 41 + 13 4+6 9+5 60 7
10-* M NaCN 30+ 10 27+ 7 3 x+6 38 +10
10~* M NaNj, 30 £ 12 3+3 43 + 14 59
2DG + NaCN 75+ 4 88 + 3 85+ 4 82+ 4
2DG + NaNj 78 + 11 92 +4 86 £ 6 83+3

The data are means and standard deviations of 4-10 determinations. Preconfluent monolayers had 300-700 ug protein
(per 60-mm dish) and confluent cells had 800-1,400 ug. ATP levels per 10° cells were 3.0-4.5 nmol for preconfluent

cells, and 1.7-2.6 nmol for confluent ones.
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and does not proceed linearly for long periods of
time. The initial binding of solute to the cell occurs
at low temperatures and can also be demonstrated
directly by morphological techniques (6, 7, 37).

The use of HRP is facilitated by several features
which make it, we think, the most advantageous
marker currently available. Excellent preparations
can be obtained commercially, and results are
similar to those obtained with highly purified
materials (53). The enzyme is readily soluble in
tissue culture media, is nontoxic, and behaves as a
uniform preparation when the same solution is
tested repeatedly on successive cell monolayers.
Like other proteins, it binds to the surface on
which cell monolayers are maintained, but this
dish-bound compartment can be eluted by an
appropriate washing procedure. Quantitative mea-
surements of uptake can be made in cell lysates
with a relatively simple and reliable (less than 5%
standard deviation of triplicate measurements)
enzymatic assay which detects as little as | ng/ml
of HRP in a cell lysate. Last, the Graham and
Karnovsky cytochemical procedure (24) permits
reliable light and electron microscope localization
of HRP to the vesicles and granules of the vacuolar
apparatus. In fact, current quantitative studies
suggest that all incoming pinocytic vesicles are
detectable in the electron microscope with this
technique.

Other test substances have been used for quanti-
tative work on pinocytosis, although usually de-
tailed studies on the effects of solute concentration,
exposure time, temperature, dish binding, and cell
number are not reported. Proteins, either radiola-
beled (21, 46, 47) or enzymatically active (2, 15,
57) are often employed. Uptake data with serum
albumins in both macrophages (21) and fibroblasts
(46, 47) are of a similar order of magnitude to
those reported for HRP. However, this marker
would not seem useful for short term quantitative
work. The variability in replicate measurements
may be considerable, and uptake may be obscured
by the adsorption of large amounts to the culture
vessel. Radiolabeled small colloidal particles, espe-
cially colloidal gold, have also been used as
pinocytic markers (15, 23, 60). These preparations
may vary considerably in the degree to which they
are interiorized by adsorptive vs. fluid mech-
anisms. In addition, colloidal gold may adhere to
the culture vessel, especially in the presence of low
serum concentrations (Z. A. Cohn, unpublished
observations). Finally, [*H]sucrose may be a suit-
able test material. This disaccharide does not ap-
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pear to permeate cell membranes and clearly en-
ters the vacuolar system (16, 58). Quantitative
work has been hampered by rather high back-
ground levels of uncertain etiology, i.e., as much
as 50% of the total binding in | h can be accounted
for as background “uptake™ (4, 58). Also, it is
still uncertain at what rate sucrose may escape
the vacuolar confines and if sucrose can be de-
graded by cells. For example, sucrose-laden vac-
uoles in macrophages disappear spontaneously in
apparently healthy cells cultivated overnight (Z.
A. Cohn, unpublished observations).

The Influence of Cell Density
on Pinocytosis

L-cell monolayers maintained at high density
after reaching confluence pinocytosed more ac-
tively (up to fourfold) than rapidly growing pre-
confluent cells. The enhanced rate of HRP uptake
could not be attributed to some factor in the
culture medium. In contrast, confluent cultures of
3T3 cells and calf embryo fibroblasts did not
increase their pinocytic activity. L cells are distinc-
tive in that they continue to grow on reaching
confluence and occupy less and less of the culture
vessel’s surface area. The cell surface becomes
extremely irregular and exhibits many projections
(ruffies, blebs) as well as invaginations. The latter
are unusual in mammalian cells (with the possible
exception of the vermiform invaginations of Kupf-
fer cells [reviewed in reference 62]), but are
frequently found in ameba where they participate
in pinocytosis (6, 29, 37). Lewis observed the
association of pinocytic vesicle formation with
areas of cell surface activity, but it is not clear if
the enhanced pinocytic activity of confluent L cells
is the cause or the result of the altered surface
morphology. Several other etiologies are of course
possible. L cells may pinocytose more actively in
the G, phase of their cell cycle, which is the
predominant stage at which confluent cells are
found. The influence of cell-to-cell contacts, nutri-
tional requirements, and altered energy metabo-
lism on pinocytic activity of confluent cells is also
unknown.

Comparison of Mouse Fibroblasts
and Macrophages
Three different continuous mouse fibroblast

lines, as well as recently explanted calf embryo
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fibroblasts, all interiorize HRP at similar
rates—107°% of the administered load per micro-
gram cell protein per hour. The significance of this
constancy among the various fibroblasts is unclear,
but on a unit of cell protein basis, their pinocytic
activity is 10 times less than that of macrophages
from unstimulated mouse peritoneal cavities (53).
The fibroblasts we studied contain 10 times as
much protein per cell, so that on a per cell basis,
the pinocytic activity of fibroblasts and macro-
phages in vitro is quite similar.

In both celi types, exogenously added HRP is
restricted in distribution to the vacuolar apparatus,
where its enzymatic activity disappears completely
and in an exponential fashion at identical rates, the
I being about 7 h. We interpret this similarity to
indicate that the lysosomes in both types of mouse
cell are similar, i.e., in the nature and content of
enzymes capable of inactivating HRP and in the
rate at which they are delivered to incoming
HRP-containing vesicles. At this time, however,
the presumptive hydrolase(s)-destroying HRP ac-
tivity has not been identified. We also found that
HRP pinocytosed by L cells is not detectably
exocytosed into the culture medium. A similar lack
of exocytosis of HRP (53) and other markers (15)
in macrophages has been documented.

The most impressive difference in the macro-
phage and fibroblast as endocytic cells in vitro
appears not to involve pinocytosis but rather
phagocytosis of particulates, especially those
coated with antibody. Macrophages possess an F,
receptor activity which allows them actively to
bind and interiorize particles coated with immuno-
globulin G, e.g., particulate HRP-antiHRP aggre-
gates at equivalence (54), whereas fibroblasts
clearly lack this capacity as indicated by using
either the HRP-antiHRP marker (this study), or
antibody-coated red cells (43).

Effect of Temperature

In this study, the principle application of HRP
as a marker solute was to study the metabolic
parameters of pinocytosis in L cells. Pinocytosis is
an endothermic phenomenon in which the Q,, over
a wide range of temperatures (2-38°C) is 2.7,
corresponding to an activation energy of 17.6
kcal/mol. We failed to find a temperature at which
the activation energy for pinocytosis was sharply
altered. Our data are insufficient to rule out the
existence of a relatively small change in activation
energy (31). The lack of a distinct ““transition
temperature” for pinocytosis is apparently in con-

trast to a number of other activities of the cell
surface, e.g., respiration, growth, and transport in
bacteria (41, 61), agglutinability of transformed
tissue culture cells by lectins (38), ATPase activity
in lamb kidney (25), and exocytosis of histamine
from mast cells (33). The existence of these
biological transition temperatures is attributed to a
a phase change in the membrane lipids, analogous
to the transition temperatures detected by a variety
of physicochemical criteria in lipids and mem-
branes (reviewed in references 10 and 51). It is not
known if a true tramsition temperature can be
detected in membranes of L cells over the range of
2-38°C that we studied, but if one does exist, it
would not appear to influence the cells’s ability to
form pinocytic vesicles. This would not be surpris-
ing since the presumably bulk movements of
membrane during pinocytosis may be very differ-
ent from the movement and/or activity of func-
tional moieties within the membrane.

The precise meaning of an activation energy of
17.6 kcal/mol for pinocytosis is not clear. Activa-
tion energies for a variety of biological processes in
whole tissues and organisms have been catalogued
(reviewed in reference 31) and fall within a range of
4-34 kcal/mol. Similar values have been obtained
more recently for more restricted cellular activities
(25, 26, 33, 41, 59, 61). A number of physical and
chemical changes are probably involved in pinocy-
tosis, and the activation energy must reflect the
requirements of the rate-limiting process. But the
latter is entirely unknown and could include such
aspects as the production of energy needed for
pinocytosis, alterations in the viscosity of mem-
brane lipids (18), or the function of a contractile
mechanism (60).

Effects of Metabolic Inhibitors

The metabolic requirements for endocytosis
have frequently been studied through the use of
inhibitors. We concentrated on agents presumed to
block energy production, since this approach has
been used profitably to show that cellular ATP was
required for phagocytosis. This ATP could be
generated either by glycolysis, e.g., in most normal
neutrophilic leukocytes (48), or by respiration,
e.g., in alveolar macrophages (40), and in neutro-
philes unable to glycolyze because of an enzymatic
defect (3) or the presence of a glycolytic inhibitor
(49). A consistent picture for pinocytosis has not
yet emerged although morphological methods pri-
marily have been used, e.g., vesicle counts in the
light microscope (13), or detection of appropriate
markers in the electron microscope (8). It has even
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been suggested that pinocytic vesicles can be
interiorized in the absence of metabolic energy (8).

The L cells we studied generated ATP by both
glycolysis and respiration. In contrast, the 3T3
fibroblasts studied by Vlodavsky et al. were almost
entirely dependent on respiration for their content
of ATP (56). Combinations of drugs that inhibited
both pathways were required to depress L-cell
ATP levels to 10-20% of control values. The
failure to inhibit either parameter completely
could be due to residual glycolytic or respiratory
activity, and/or to some other supply of ATP, e.g.,
via creatine phosphate or substrate phosphoryla-
tion. In any case, the severe depletion of cellular
ATP was associated with a similar 80-90% inhibi-
tion of HRP uptake.

Studies with single metabolic inhibitors pro-
duced more complicated findings. The average
data from several experiments indicated that most
of the agents produced a 30-50% fall in both
cellular ATP levels and HRP uptake. However,
several exceptions were noted. First, in any one
experiment, the decrease in ATP vs. HRP uptake
could be quite different. Second, azide by itself did
not lower ATP levels but did diminish pinocytosis,
so that azide can presumably influence pinocytosis
in some other way. Likewise, fluoride blocked
pinocytosis, but this effect could not be reversed by
addition of substrate (pyruvate) to enhance pro-
duction of ATP via respiratory means (49). Fi-
nally, 2-desoxyglucose substantially decreased
ATP levels (60%) in confluent L cells but did not
block pinocytosis. Conceivably, the threshold level
of ATP required for pinocytosis in confluent cells
is really quite low, or there is possibly a restricted
compartment of ATP that is utilized. At a first
glance, then, the observations with single inhibitors
would not support a one-to-one relationship be-
tween ATP levels and HRP uptake. But clearly the
system is a complex one in which we are lacking
information on the stores of substrate in L cells,
the penetrability of the various agents, other
possible effects of the drugs, etc.

Functions of Pinocytosis

Although the HRP system has provided a good
deal of quantitative information on the pinocytic
process in vitro, the functional significance of
pinocytosis in vitro, and in vivo in many cell types,
is not clear. Lewis (34) felt that pinocytosis served
a nutritional role in mammalian cells. From our
data on growing fibroblasts, it is obvious that
pinocytosis of proteins, followed by digestion in
lysosomes to appropriate building blocks, is not
serving a bulk nutritive function. The rate of
increase in cell protein (doubling time of 22 h) far
exceeds the influx of exogenous protein from the
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environment. Medium with 5% fetal calf serum
contains about 3 mg/ml of protein; therefore, 1 ug
of cell protein, pinocytosing at a rate of 10~°% of
the administered concentrations per hour per mi-
crogram cell proteins would interiorize only 10-2
ug during the time it doubles in protein content.
Eagle and Piez (20) obtained direct evidence that
exogenous macromolecules did not provide build-
ing blocks for growth of cells in culture, when they
showed that radiolabel in exogenous proteins was
not incorporated to any significant extent (less
than 3-6%) in the newly synthesized proteins of the
cell. However, in both Eagle’s and Piez’s and our
study, cells were maintained in media replete with
small molecule nutrients which they readily trans-
port directly across the cell surface. It would be
interesting to find out if media deficient in certain
nutrients could be restored by macromolecules,
and if such a deficiency resulted in a stimulation of
pinocytic activity. It is also possible that certain
low molecular weight nutrients require pinocytosis
for entry into the cell. A small molecule might be
bound in the environment to a large molecular
carrier; the latter would enter the cell by pinocyto-
sis, be digested, and release the nutrient into the
cytoplasm. However, physiological examples of
such an event are not known. Many amebae fail to
transport sugars and amino acids across their cell
surfaces but do obtain these small molecular
weight nutrients via pinocytosis (5, 11, 12, 29).
Fusion with lysosomes probably brings about an
alteration of the vacuolar membrane, which,
though derived from the apparently impermeable
plasma membrane, now permits transport of the
nutrient into the cytoplasm.

Rather than focusing on the content of pinocytic
vesicles, it may be fruitful to consider the cell
membrane surrounding these vesicles. It has been
suggested that in many secretory cells, cell mem-
brane added to the cell surface during the exocyto-
sis of membrane-bound secretory vesicles is re-
turned to the intracellular space by pinocytosis
(e.g., see references 1, 9, 19, 27, and 39). Quantita-
tive proof of this hypothesis has not yet been
obtained, though its occurrence at least in qualita-
tive terms is being frequently documented. We are
currently quantitating the portion of the cell
surface area which may be interiorized as pinocytic
vesicle membrane per hour. We have been im-
pressed that L cells may interiorize the equivalent
of 25% of more of their surface area each hour. It
is possible that the function of the pinocytic
process involves this large influx of membrane,
e.g., allowing cells to restore and remodel their
plasma membrane, as well as to reutilize and
recirculate components used in its formation. Such
studies will be presented in a subsequent communi-
cation.

1974

0z0z AN €1 uo Jasn Aysianun Js|[84ex00Y Aq 1pd 6¥6/91 YESY/676/€/€9/sPd-81o1ie/qol/B10"ssaidny//:sdny woly papeojumoq



We are grateful to Drs. L. Ossowski, A. Hubbard, N. M.
y Lopez, and S. Silverstein for providing us with cells.
We benefited from helpful discussions with Drs. F. Brink
and S. Silverstein.

This research was supported in part by United States

Public Health Service grants Al 07012 and AI 01831,
and a special fellowship to Dr. Steinman from the
Leukemia Society of America.

Received for publication 21 June 1974, and in revised
form 14 August 1974.

REFERENCES

. ABRAHAMS, S. J,, and E. HoLTZMAN. 1973, Secre-

tion and endocytosis in insulin-stimulated rat adre-
nal medulla. J. Cell Biol. 56:540-558.

. BacH, G., R. FRIEDMAN, B. WEISSMANN, and E. F.

NEUFELD. 1972. The defect in Hurler and Scheie
syndromes: deficiency of a-L-iduronidase. Proc.
Natl. Acad. Sci. U. S. A. 69:2048-2051.

. BAEHNER, R. L., S. A. FEIG, G. B. SEGEL, H. M.

ANDERSON, and E. R. Jafre. 1971. Metabolic,
phagocytic, and bactericidal properties of phospho-
glycerate kinase deficient polymorphonuclear leuko-
cytes. Blood J. Hematol. 38:833.

. BECKER, G., and M. J. AsHW0OD-SMITH. 1973. En-

docytosis in Chinese hamster fibroblasts. Inhibition
by glucose. Exp. Cell Res. 82:310-314.

. Bowers, B., and T. E. OLszewskl1. 1973. Pinocyto-

sis in Acanthameba castellanii. Kinetics and mor-
phology. J. Cell Biol. 53:681-694.

. BRANDT, P. W. 1958. A study of the mechanism of

pinocytosis. Exp. Cell Res. 15:300-314.

. BRaNDT, P. W, and G. D. Paprpas. 1960. An

electron microscopic study of pinocytosis in amoeba.

I. The surface attachment phase. J. Biophys. Bio-
chem. Cytol. 8:675-687.

. CASLEY-SMITH, J. R. 1969. Endocytosis: the differ-

ent energy requirements for the uptake of particles
by small and large vesicles into peritoneal macro-
phages. J. Microsc. (Oxf.). 90:15-30.

. CECCARELLI, B., W. P. HuUrLBUT, and A.

MAURO0.1973. Depletion of vesicles from neuromus-
cular junctions by prolonged tetanic stimulation. J.
Cell Biol. 54:30-38.

. CHAPMAN, D., and D. F. H. WALLACH. 1968. In

Biological Membranes. Physical Fact and Function.
D. Chapman, editor. Academic Press, Inc., New
York. 125-202.

. CHAPMAN-ANDRESEN, C. 1962-1963. Studies on pi-

nocytosis in amoebae. C. R. Trav. Lab. Carlsberg.
33:73-264.

. CHAPMAN-ANDRESEN, C. 1973. Endocytic Processes.

In The Biology of Ameba. K. W. Jeon, editor.
Academic Press, Inc., New York. 319-348.

. ConN, Z. A. 1966. The regulation of pinocytosis in

mouse macrophages. . Metabolic requirements as

STEINMAN,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

defined by the use of inhibitors. J. Exp. Med.
124:557-571.

Coun, Z. A, and B. BEnsoN. 1965. The in vitro
differentiation of mononuclear phagocytes. II. The
influence of serum on granule formation, hydrolase
production, and pinocytosis. J. Exp. Med.
121:835-848.

Conn, Z. A., and B. BENsON. 1965. The in vitro
differentiation of mononuclear phagocytes. II1. The
reversibility of granule and hydrolytic enzyme for-
mation and the turnover of granule constituents. J.
Exp. Med. 122:455-466.

Conn, Z. A., and B. A. EHRENREICH. 1969. The
uptake, storage and intracellular hydrolysis of car-
bohydrates by macrophages. J. Exp. Med.
129:201-225.

CoHN, Z. A., M. E. FEDORKO, and J. G. HIRSCH.
1966. The in vitro differentiation of mononuclear
phagocytes. V. The formation of macrophage lyso-
somes. J. Exp. Med. 123:757-766.

CoNE, R. A. 1972. Rotational diffusion of rhodopsin
in the visual receptor membrane. Nat. New Biol.
236:39-43.

DoucLas, W. W, and J. NaGgasawa. 1971. Mem-
brane vesiculation at sites of exocytosis in the
neurohypophysis, adenohypophysis and adrenal me-
dulla: a device for membrane conservation. J. Phys-
iol. (Lond.)218:94 P-95 P.

EAGLE, H., and K. A. Piez. 1960. The utilization of
proteins by cultured human cells. J. Biol. Chem.
235:1095-1097.

EHRENREICH, B. A, and Z. A. ConN. 1967. The
uptake and digestion of iodinated human serum
albumin by macrophages in vitro. J. Exp. Med.
126:941-958.

GORDON, G. B,, L. R. MILLER, K. G. BENSCH. 1965.
studies on the intracellular digestive process in
mammalian tissue culture cells. J. Cell Biol. 25(2, Pt.
2):41-55.

GossELIN, R. E. 1956. The uptake of radiocolloids
by macrophages in vitro. J. Gen. Physiol.
39:625-649.

GraHam, R. C. Jr,, and M. J. KARNOVSKY. 1966.
The early stages of absorption of injected horserad-
ish peroxidase in the proximal tubules of mouse
kidney: uitrastructural cytochemistry by a new tech-
nique. J. Histochem. Cytochem. 14:291-302.
GrisHaM, C. M., and R. E. BARNETT. 1973. The role
of liquid-phase transitions in the regulation of the
(sodium + potassium) adenosine triphosphatase.
Biochemistry. 12:2635-2637.

Hays, R. M., N. FRANKL, and R. SOBERMAN. 1971.
Activation energy for water diffusion across the toad
bladder: evidence against the pore enlargement hy-
pothesis. J. Clin. Invest. 50:1016-1018.

HEUSER, J. E,, and T. S. REeSE. 1973. Evidence for
recycling of synaptic vesicle membrane during trans-
mitter release at the frog neuromuscular junction. J.

SILVER, AND COHN Pinocytosis in Fibroblasts 967

0z0z AN €1 uo Jasn Aysianun Js|[84ex00Y Aq 1pd 6¥6/91 YESY/676/€/€9/sPd-81o1ie/qol/B10"ssaidny//:sdny woly papeojumoq



28.

29.

30.

31

32

33.

34

35,

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

968

Cell Biol. 57:315-344.

Hirsch, J. G., and M. E. FEDORKO. 1968. Ultra-
structure of human leukocytes after simultaneous
fixation with glutaraldehyde and osmium tetroxide
and “postfixation” in uranyl acetate. J. Cell Biol.
38:615-627.

HovrTer, H. 1959. Pinocytosis. Int. Rev. Cytol.
8:481-504.

Jacques, P. J. 1969. Endocytosis. In Lysosomes,
Biology and Pathology. Vol. 2. J. T. Dingle and H.
B. Fell, editors. North Holland Publishing Co.,
Amsterdam. 395-420.

Jonnson, F. H., H. EYRING, M. J. POLISSAR. 1954,
The kinetic basis of molecular biology. John Wiley
& Sons, Inc., New York. 187-285.

KARNOVSKY, M. L. 1962. Metabolic basis of phago-
cytic activity. Physiol. Rev. 42:143-168.

Lacu~oFr, D., and H. WaN. 1974, Temperature de-
pendence of mast cell histamine secretion. J. Cell
Biol. 61:309-811.

Lewis, W. H. 1931. Pinocytosis. Bull. Johns Hop-
kins Hosp. 49:17-36.

LeEwis, W, H. 1937. Pinocytosis by malignant cells.
Am. J. Cancer. 29:666-679.

Lowry, O. H., N. J. ROSEBROUGH, A. L. FARR, and
R. J. RanDaALL. 1951. Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193:265-
275.

MARSHALL, J. M., and V. T. NacHmias. 1965. Cell
surface and pinocytosis. J. Histochem. Cytochem.
13:92-104.

Noonan, K. D, and M. M. BURGER. 1973. The
relationship of concanavalin A binding to lectin-
initiated cell agglutination. J. Cell Biol. 59:134-142,
Orci, L., MALAISSE-LAGAE, M. Ravazzora, M.
AMHERDT, and A. E. RENOLD. 1973. Exocytosis-
endocytosis coupling in the pancreatic beta cell. Sci-
ence (Wash. D.C.) 181:561-562.

OREN, R., A. E. FARNHAM, K. SalTO, E. MILOFSKY,
and M. L. KARNOVSKY. 1963. Metabolic patterns in
three types of phagocytizing cells. J. Cell Biol. 17:
487-501.

OVERATH, P., H. U. SCHAIRER, W. STOFFEL. 1970.
Correlation of in vivo and in vitro phase transitions
of membrane lipids in Escherichia coli. Proc. Natl.
Acad. Sci. U. S. A. 67:606-612.

PORTER, K. R., G. J. TopARO, and V. FONTE. 1973.
A scanning electron microscope study of surface
features of viral and spontaneous transformants of
mouse balb/3T3 cells. J. Cell Biol. 59:633-642.
RABINOVITCH, M. 1969. Uptake of aldehyde-treated
erythrocytes by L2 cells. Exp. Cell Res. 54:210-216.
RABINOVITCH, M. 1970. Phagocytic recognition. In
Mononuclear Phagocytes. R. van Furth, editor. F.
A. Davis Company, Philadelphia, Pa. 299-313.
Ross, R. 1971 The smooth muscle cell. [I. Growth
of smooth muscle in culture and formation of elastic

46.

47.

48.

49.

50.

51

S2.

53.

54.

55.

56.

57.

58.

59.

60.

fibers. J. Cell Biol. 50:172-186.

RYSER, H. J.-P. 1968. Uptake of protein by mamma-
lian cells: an under-developed area. Science (Wash.
D. C.). 159:390-396.

Ryser, H,, J. C. Aus, and J. B. CAULFIELD. 1962.
Studies on protein uptake by isolated tumor cells. I1.
Quantitative data on the adsorption and uptake of
[13t.serum albumin by Ehrlich ascites tumor cells. J.
Cell Biol. 15:437-449.

SBARRA, A. J,, and M. L. KARNOVSKY. 1959. The
biochemical basis of phagocytosis. 1. Metabolic
changes during the ingestion of particles by polymor-
phonuclear leukocytes. J. Biol. Chem. 234:1355-
1362.

SBARRA, A. J., and W. SHIRLEY. 1963. Phagocytosis
inhibition and reversal. I. Effect of glycolytic inter-
mediates and nucleotides on particle uptake. J.
Bacteriol. 86:259-265.

ScHUMAKER, U. N. 1958. Uptake of protein from
solution by Amoeba proteus. Exp. Cell Res. 15:314-
331

SINGER, S. J. 1971. The molecular organization of
biological membranes. In Structure and Function of
Biological Membranes. L. I. Rothfield, editor. Aca-
demic Press, Inc., New York. 145-222.

STANLEY, P. E,, and S. G. WiLLIaMs. 1969. Use of
the liquid scintiliation spectrometer for determining
adenosine triphosphate by the luciferase enzyme.
Anal. Biochem. 29:381-392.

STEINMAN, R. M., and Z. A. Coun. 1972, The
interaction of soluble horseradish peroxidase with
mouse peritoneal macrophages in vitro. J. Cell Biol.
§5:186-204.

SteinMaN, R. M., and Z. A. Coun. 1972. The
interaction of particulate horseradish peroxidase
(HRP) - anti-HRP immune complexes with mouse
peritoneal macrophages in vitro. J. Cell Biol.
55:616-634.

Toparo, G. J.,, and H. GREEN. 1963. Quantitative
studies of the growth of development into established
lines. J. Cell Biol. 17:299-313.

VLODAVSKY, [., M. INBAR, and L. SacHs. 1973.
Membrane changes and adenosine triphosphate con-
tent in normal and malignant transformed cells.
Proc. Natl. Acad. Sci. U. S. A. 70:1780-1784.
VoN FIGuRra, K., and H. KRESSE. 1974. Quantitative
aspects of pinocytosis and the intracellular fate of
N-acetyl-a-D-glucosaminidase in Sanfilipo B fibro-
blasts. J. Clin. Invest. 53:85-90.

WAGNER, R., M. ROSENBERG, and R. ESTENSEN.
1971. Endocytosis in Chang liver cells. Quantitation
by sucrose-*H uptake and inhibition by cytochalasin
B. J. Cell Biol. 50:804-817.

WERB, Z., and Z. A. CoHN. 1971. Cholesterol
metabolism in the macrophage. 1. The regulation of
cholesterol exchange. J. Exp. Med. 134:1545-1569.
WiLLs, E. J., P. Davigs, A. C. ALLISON, and A. D.

THE JOURNAL OF CELL BlOoLOGY - VOLUME 63, 1974

0z0z AN €1 uo Jasn Aysianun Js|[84ex00Y Aq 1pd 6¥6/91 YESY/676/€/€9/sPd-81o1ie/qol/B10"ssaidny//:sdny woly papeojumoq



HasweLL. 1972. Cytochalasin B fails to inhibit
pinocytosis by macrophages. Nat. New Biol.
240:58-60.

61. WILsoN, G., and C. F. Fox. 1971. Biogenesis of

microbial transport systems: evidence for coupled
incorporation of newly synthesized lipids and pro-
teins into membrane. J. Mol. Biol. 55:49-60.

62.

63.

Wissk, E., and W. TH. Daewms. 1970. Fine structural
study on the sinusoidal lining cells of rat liver. In
Mononuclear Phagocytes. R. van Furth, editor. F.
A. Davis Company, Philadelphia, Pa. 200-210.

ZigMonD, S. H. 1972. Studies on polymorphonu-
clear leukocyte locomotion and chemotaxis. Ph.D.
Thesis. The Rockefeller University, New York. 45.

STEINMAN, SILVER, AND COHN Pinocytosis in Fibroblasts 969

0z0z AN €1 uo Jasn Aysianun Js|[84ex00Y Aq 1pd 6¥6/91 YESY/676/€/€9/sPd-81o1ie/qol/B10"ssaidny//:sdny woly papeojumoq



	Pinocytosis in fibroblasts: Quantitative studies in vitro
	949.tif

