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PERSPECTIVES AND SUMMARY

Endoeytosis is a widespread cellular function that regulates the quantal
uptake of exogenous molecules from the cell’s environment via plasma-
membrane-derived vesicles and vacuoles. Both soluble (pinocytosis) and
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ENDOCYTOSIS 671

particulate (phagocytosis) substances may be interiorized, destined either
for the vacuolar apparatus and intracellular digestion or transport through
the cytoplasm and subsequent exocytosis. Although most, if not all, eukar-
yotic cells demonstrate these primitive functions, they are particularly
prominent in leucocytes, macrophages, capillary endothelial and thyroid
epithelial cells, yolk sac, and oocytes. Here they are involved in host de-
fense, immunological reactions, macromolecular transport, hormone trans-
formations, and the regulation of metabolic pathways, and perhaps in
cellular nutrition as well.

Many cells generate pinocytic vesicles at constant but different rates,
enclosing fluid and solutes at the concentration at which they are found in
the extracellular milieu. Those solutes that bind to the plasma membrane
are interiorized by adsorptive pinocytosis at rates often many thousandfold
above the uptake of fluid-phase reactants. In some instances the interaction
of a multivalent ligand, such as concanavalin A, with the plasma membrane
leads to the stimulation of vesicle flow. Both soluble and particulate materi-
als may bind to more specific receptors on the cell surface. These include
the binding sites for ligands such as low-density lipoprotein on human
fibroblasts and the immunoglobulin and complement receptors on leuco-
cytes and macrophages. The attachment of a particle to the plasma mem-
brane is a prerequisite for interiorization and leads to a localized
perturbation of the membrane beneath the attachment site. This is charac-
terized morphologically by the aggregation of actin-like filaments and is
associated with the formation of pseudopods that enclose the particle. In
order for ingestion to be completed with the formation of a phagocytic
vacuole, ligands must be circumferentially distributed on the particle and
make continuing contact with the plasma membrane. This insures tight
apposition of particle and membrane leaflets, and leads to the subsequent
fusion of the membrane and the formation of an intracytoplasmic phago-
some. The mechanism by which membrane fusion occurs to form endocytic
vacuoles and, later, the phagolysosome is unknown.

Endocytosis is a temperature-dependent process with a Qlo of approxi-
mately 3.0 and the interiorization of the fluid-phase marker, horseradish
peroxidase, has an activation energy of 18 kcal/mole. Agents that depress
either glycolysis and/or aerobiosis reduce the rate of endocytosis, depend-
ing upon the predominant pathway in the cell examined. The intracellular
level of ATP is roughly correlated with the influence of the inhibitor em-
ployed, although exceptions are noted. The consumption of ATP may in
part be related to the involvement of the contractile proteins in the en-
docytic event. This is suggested by the presence of actin, myosin, and an
actin-binding protein in phagocytic cells, the association of actin with the
plasma membrane, the ability of the cytochalasins to inhibit phagocytosis,
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672 SILVERSTEIN, STEINMAN & COHN

and the general association of these elements with membrane motility. In
contrast, agents that depolymerize cytoplasmic microtubules do not appre-
ciably alter either pinocytosis or phagocytosis.

Large amounts of plasma membrane may be interiorized through en-
docytosis, either continuously as in pinocytosis or in discrete phagocytic
events. This may occur rapidly and through the utilization of preexisting
membrane. Stereological measurements indicate that macrophages and L-
cell fibroblasts interiorize 186% and 54% of their surface area, respectively,
as pinocytic vesicles each hour without alteration in cell volume or surface
area. Such evidence suggests that extensive recycling of membrane back to
the cell surface is taking place continuously. Studies employing enzymatic
iodination of the cell surface indicate that the membrane surrounding in-
gested latex particles is representative of the plasma membrane, whereas
other investigators, using transport systems as markers, have suggested a
more selective interiorization of membrane constituents. The membrane,
interiorized about nondigestible latex beads, shows extensive degradation of
iodinated surface polypeptides and inactivation of the plasma-membrane
enzymes 5’-nucleotidase and alkaline phosphodiesterase I. Most iodinated
polypeptides of the phagolysosome are degraded synchronously to the
amino acid level, although a few persist for long periods in the membrane.
Little is known about the composition of the pinocytic-vesicle membrane
and the turnover of its components. Plasma-membrane lipid components
appear to be largely conserved in the interiorized membrane.

A variety of cellular alterations occur as a consequence of phagocytosis.
Peroxide formation, the hexose monophosphate shunt, oxygen consump-
tion, and phosphatide turnover are all stimulated, whereas little change is
noted in the level of cyclic nucleotides. Selected areas of macromolecular
synthesis are also enhanced, as characterized by the induction of lysosomal
hydrolases, heme oxygenase, apoferritin, and the secretion of a group of
neutral proteinases. In addition, there is evidence that net plasma-mem-
brane assembly occurs in proportion to the amount of membrane interi-
orized about nondigestible particles, but some hours after the phagocytic
event.

Many of the phenomena considered in this review lack a defined bio-
chemical base, and considerable effort will be required to unravel the com-
plexities of the interaction between plasma membrane and cytoplasm.
However, advances have been made in defining useful in vitro systems in
which cells, particles, and markers are well studied and the physiology of
the process delineated. Such systems are basic to our understanding of the
overall role of endocytosis in the economy of cells, as well as representing
useful tools for the broader analysis of the plasma membrane.
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ENDOCYTOSIS 673

INTRODUCTION

Until recently, endocytosis has been studied by relatively small groups of
biologists, e.g. those interested in microbial killing in certain white blood
cells, nutrition in unicellular organisms, and transport across blood-vessel
walls. It is evident, however, that endoeytosis occurs in all animal-cell types,
can result in the uptake of an enormous spectrum of materials, and plays
essential roles in the physiology of cells and whole organisms. For example,
endocytosis is involved in the transport of proteins from mother to child at
various stages of development, in cholesterol metabolism, in removal of
senescent and damaged cells and altered molecules, and has been implicated
in the turnover of plasma membrane and in various secretory phenomena.

Most biologists have concentrated on the organelles involved in en-
docytosis and on the fate of ingested materials. This review focuses mainly
on the interiorization process itself; it is here that important controls are
exerted and information can be obtained that is useful to the related areas
of membrane biology and cell motility.

Types of Endocytosis

Endocytic activity has always been divided into two categories--phagocyto-
sis, or eating, and pinocytosis, or drinking. Most investigators use the term
phagocytosis to describe the uptake of large particulates, i.e. those visible
by light microscopy, and possibly some viruses. Uptake occurs by close
apposition of a segment of plasma membrane to the particle’s surface,
excluding most, if not all, of the surrounding fluid (see section on factors
regulating phagocytosis). The term pinocytosis is used to describe the
vesicular uptake of everything else, ranging from small particles (lipo-
proteins, ferritin, colloids, immune complexes), to soluble macromolecules
(enzymes, hormones, antibodies, yolk proteins, toxins), to fluid and low-
molecular-weight solutes. It is likely that these materials are all interiorized
in vesicles with an electron-lucent content, and it is assumed that extracellu-
lar fluid is included in this content. So the terms phago- and pinocytosis are
probably accurate in distinguishing between particle- vs fluid-containing
vacuoles, but it remains to be determined if these two processes differ in
their initiation and metabolic requirements, or if there are many different
classes of pinocytosis.

The terms fluid and adsorptive endocytosis (or pinocytosis), initially used
by several workers (1-5), are useful in describing and analyzing the uptake
of many biologically important materials, such as those cited above. These
terms point to the fact that substances can enter the cell in the fluid content
of an endocytic vesicle (fluid-phase pinocytosis) and/or be bound to the
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674 SILVERSTEIN, STEINMAN & COHN

inner aspect of the vesicle membrane (adsorptive pinocytosis). In both
types, the rate of uptake is determined by the size of the vesicle and the rate
of its l’ormation, and may be influenced by the presence of the endocytosed
marker. In fluid-phase endocytosis, uptake is directly related to the concen-
tration of solute in the extracellular fluid, whereas in adsorptive endocyto-
sis, uptake in addition depends on the number, affinity, and function of
cell-surface binding sites. Adsorptive uptake is both a selective and concen-
trating device whereby cells can interiorize large amounts of a specific solute
without ingesting a correspondingly large volume of solution.

Morphology of Endocytic Vacuoles

Endocytic vacuoles assume a wide variety of shapes and sizes in electron
mierographs (Figure 1). The forming phagocytic vacuole, or phagosorne, is
readily visualized by morphologic techniques (see section on factors regulat-
ing phagocytosis). The cell surface applies closely to the particle, so that the
initial phagosome usually corresponds in size and shape to that of the
particle (Figure l a). Sometimes the cell "nibbles" portions of larger par-
ticulates continuously or takes in small particles in tight aggregates. Pino-
cytic vesicles probably arise by many mechanisms, although it is harder to
visualize the initial steps by which they form. Fusion of membrane folds and
invaginations of spherical, tubular, or cuplike structures (Figure 1 b,¢) all
occur. These different forms may result from differences in the stimuli that
initiate the endocytic process or from specializations of the membranes of
the cells in which they occur.

Of considerable interest is the coated vesicle (Figure 1 c). The cytoplasmic
surface of many endocytic vacuoles is smooth, but electron micrographs
show that most cell types contain an additional population of vesicles in

a b c

Figure 1 Endocytic vacuoles assume many shapes and sizes as they arise from the
plasma membrane. In phagocytosis (a), the cell surface applies closely to the incom-
ing particle. Examples of pinocytic vacuoles are shown in b and c. In thin sections,
the cytoplasmic aspect of the vacuole may be smooth (b) or coated with tiny bristles
(c).

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
7.

46
:6

69
-7

22
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 R

oc
ke

fe
lle

r 
U

ni
ve

rs
ity

 o
n 

08
/1

5/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


ENDOCYTOSIS 675

which regularly spaced, short bristles protrude into the cytoplasm. From
initial descriptions (6, 7), it was postulated that these coated3 structures
were involved in the selective uptake of proteins and particles by adsorptive
pinocytosis. Recent work on lipoprotein uptake in human fibroblasts (8)
and maternal protein uptake into oocytes (9) has supported and extended
this idea. The proteins in question were conjugated to ferritin, which has
an iron-laden core visible by electron microscopy. The ferritin conjugates
attached predominantly to coated regions of the plasma membrane, which
then seemed to invaginate (coated "pits") to form coated vesicles (Figure
1 c). Very little conjugate bound to noncoated areas of the plasma mem-
brane, and unconjugated ferritin or ferritin linked to nonspecific proteins
did not bind. These studies suggest that receptors for adsorptive uptake may
be segregated within coated regions of the cell surface, although conceivably
the binding process induces clustering of the binding site and formation of
the coat. In the fibroblast, coated areas account for only 2% of the cell’s
surface area (8), whereas in the developing oocyte, most of the plasma
membrane is coated (9).

It is important to point out that coated vesicles may be involved in
functions other than endocytosis. Friend & Farquhar (10) described a popu-
lation of Golgi-associated vesicles that were not labeled with exogenous
tracers and that stained cytochemically for thiamine pyrophosphatase, a
reactivity shared with the inner Golgi saccule (10, 11). Franke and co-
workers have found that coated vesicles have a secretory role in lactating
mammary epithelium (12) and seem to contribute to new plasma-membrane
formation during cytokinesis in plant and animal cells (13, 14), a suggestion
that has also been made regarding developing nerve-growth cones (15).
Rodewald’s observations indicate that maternal immunoglobulin binds to
the luminal plasma membrane of neonatal intestinal cells, enters these cells
in smooth-surface invaginations, and is discharged from coated vesicles into
the intercellular space. Presumably, these vesicles fuse with the plasma
membrane on the intestinal cell’s lateral borders (16).

Recently, preparations enriched in coated vesicles have been obtained by
cell fractionation. The coat or bristles seen in thin sections correspond to
a "cage" or "soccer-ball-like" network on the vesicle surface (17, 18).
Pearse has identified a major protein, molecular weight 180,000, which she
feels makes up the cage and has termed it clathrin (18, 19). She proposes
that the coat serves to shuttle vesicles between different membrane-limited
cellular compartments.

3The term coat has also been used to describe oligosaccharide groups as well as
morphologic structures (hairs, bristles) on the exterior vs cytoplasmic aspect of the
plasma membrane, but this notation is not used here.
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676 SILVERSTEIN, STEINMAN & COHN

Fate of Endocytic Vacuoles
The term vacuolar system or apparatus is used to describe both endocytic
vacuoles and the other organelles with which they may interact. It is sum-
marized diagrammatically in Figure 2. Most incoming vesicles fuse with
preexisting, membrane-bound granules called lysosomes (pathways 2-4 in

4

Figure 2 Diagram illustrating the various pathways for the flow and fusion of the
membranes of the cell surface and vacuolar apparatus. Routes 1-4 represent experi-
mentally defined pathways, whereas 5-7 are more speculative.

1. Fluid-phase pinocytic vesicle, which traverses the cytoplasm without fusing
with lysosomes and discharges its contents on another surface of the cell. This is
one of the routes followed in endothelial and mesothelial cells.

2. Adsorptive pinocytosis in which solute is initially bound to the cell surface
through either specific or nonspecific determinants. After interiorization the vesicle
moves through the cytoplasm and fuses either with the plasma membrane as in step
1, or with primary lysosomes (P. L.) or secondary lysosomes (S. L.). The primary
lysosome is thought to arise either from the Golgi cisternae or from a region of the
endoplasmic reticulum located near the inner aspect of the Golgi cisternae [a region
Novikoff (11) termed GERL:Golgi--associated region of endoplasmic reticulum
from which lysosomes are thought to arise].

3. Fluid-phase pinocytosis in which the vesicles fuse with each other to form a
larger structure and subsequently with lysosomes to form a new population of
secondary lysosomes or add substrate to existing secondary lysosomes.
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ENDOCYTOSIS 677

Figure 2). Since the lysosome contains a broad spectrum of degradative
enzymes, this pathway results in thorough degradation of the vacuolar
content, e.g. iodinated proteins are digested to the level of monoiodotyroo
sine (20-22). The macromolecular contents of the endocytic vacuole [e.g.
colloidal gold (23), inulin (Z. A. Cohn, unpublished observations), horse-
radish peroxidase (21, 24), bovine serum albumin (22), and polyvinylpyr-
rolidone (22)] are rarely if ever regurgitated intact back into the extracellu-
lar space, following fusion with lysosomes. When nondegradable mate-
rials are interiorized, as occurs when a genetic deficiency of a lysosomal hy-
drolase exists (25), they seem to be retained within lysosomes, which are
then termed residual bodies, although these structures may well function
like any other lysosome.

In some instances, endocytic vacuoles may traverse the cell rather than
fuse with lysosomes (Figure 2, pathway 1). This route classically has been
studied in vascular endothelium, where tiny vesicles appear to shuttle
plasma from the capillary lumen to the tissue space (26). More recently, 
has been shown that such transport need not be strictly vesicular, but rather
may involve the transient formation of channels across the narrow endo-
thelium (27). Vesicles may also transport materials across epithelial cell
layers, e.g. proteins across fetal and neonatal gut (16, 28-31), and immuno-
globulin A across mammary and other epithelia (32), although the mecha-
nisms governing these processes are incompletely understood.

A third fate of endocytic vacuoles is that they remain intracellular but
do not fuse with lysosomes. This occurs during pinocytosis of maternal
proteins by oocytes, in which the incoming yolk protein lies within a storage
granule, not a secondary lysosome (6), and during phagocytosis of certain
microbes (see section on endocytosis and the penetration of intracellular
parasites). We think that the failure to fuse with lysosomes is a property

4. Phagocytosis, in which a solid particle is interiorized, excluding fluid-phase
constituents of the external milieu. The phagosome encloses the particle and usually
fuses with primary and/or secondary lysosomes to form a phagolysosome. Excep-
tions to this route are described in the text.

5. A possible mechanism to explain current data on plasma-membrane interiori-
zation and membrane recycling. Pinocytic vesicle fuses with lysosome, contributing
its content to the digestive body. Membrane pinches off from the lysosome as small
vesicles that exclude most of the matrix of the organelle and recirculate back to the
plasma membrane.

6. The fusion of secondary lysosomes with the plasma membrane, liberating
enzymes and digestion products into the extracellular environment.

7. The fusion of primary lysosomes or small secretory vesicles with the plasma
membrane. The secretion of neutral proteases from macrophages and fibroblasts
may follow such a vesicular pathway.
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678 SILVERSTEIN, STEINMAN & COHN

only of these specialized systems, and rarely if ever occurs in other situa-
tions. For example, reovirus particles and soluble horseradish peroxidase
(HRP) are pinocytosed by cells in culture and enter lysosomes. Silverstein
et al (33) noted that the entire ingested load of reovirus coat protein was
degraded within this compartment, while Steinman & Cohn (21) found that
100% of endocytosed HRP was inactivated at a rate described by first-order
kinetics. Both observations demonstrate that all endocytic vacuoles deliver
their contents to a degradative compartment.

This summary of the vacuolar apparatus has emphasized organelles and
their contents. However, endocytosis clearly brings about the interioriza-
tion of considerable amounts and/or selected portions of the cell surface
(see section on membrane flow during endocytosis). Studies on the amount,
biochemical composition, fate, and consequences of this membrane flow are
critical to further understanding of the vacuolar system.

QUANTITATION OF PARTICLE AND SOLUTE
UPTAKE

This section summarizes assays used to measure the endocytic uptake of
particles and solutes. We consider measurements of the amount of surface
membrane interiorized during this process in the section on membrane flow
during endocytosis.

Phagocytosis of Large Particles
A number of particles have been used to follow and measure the phagocytic
process; each has advantages and disadvantages. Fresh sheep red blood cells
can be coated with specific antibodies and/or complement, and then used
to detect specific receptors that recognize these ligands on phagocytic cells
(see section on factors regulating phagocytosis). Both binding and ingestion
phases of phagocytosis can be distinguished microscopically since the ex-
tracel’lular bound particles can be selectively lysed in hypotonic media (e.g.
34, 35). Other particles are superior to sheep red blood cells for measuring
the kinetics of uptake, e.g. radiolabeled starch granules and killed bacteria
(36), polystyrene (latex) and polyvinyltoluene spheres (37-39), and paratfin-
oil emulsions (40, 40a). The latter two types of particles are additionally
useful because of their low densities relative to other cell components. As
shown initially by Wetzel & Korn (39), amoeba phagolysosomes containing
low-density particulates can be prepared free of other contaminating or-
ganelles by floatation in dense sucrose and then used to analyze the compo-
sition of the vacuole content and membrane. A modification of this method
has been used by Stossel et al (40, 40a) for studying the uptake of paratfin-oil
emulsions in phagocytic leucocytes.
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In most experiments, a particle load is administered for a short time,
nonbound particles are then washed, off, and the number of cell-associated
particles that remain is measured’. However, even though the bound mate-
rial is attached specifically to a cell-surface receptor, it may not be interi-
orizeff because: t, tie cell already is filled with, other particles or because the
receptor to which the particle is bound does not mediate ingestion (see
section on factors regulating phagocytosis). Particles binding nonspecifi-
cally to cells, to cell debris, or to the culture vessel must be distinguished
from those that are ingested. A variety of approaches have been used to
distinguish bound from ingested particles, e.g. treatment of ceils with en-
zymes to release or destroy particles bound to the cell’s surface. The best
initial screening procedure is direct examination by light and electron mi-

croscopy.
Phagocytosis has been studied by using cells in either suspension (41) 

monolayer culture (36). Both systems provide continuous and effective
interaction of particles and cells, and allow measurements of maximal
phagocytic capacity as well as its rate. The latter is usually linear for 10-30
min, depending on the particle. Monolayers are easily and rapidly washed
free of nonbound particles and are generally superior for studies of the
kinetics of uptake. They are also readily examined microscopically.

Although ceils in monolayer culture behave similarly to those in suspen-
sion cultures in most phagocytic assays, significant differences have been
observed. Most importantly, the surface properties of the culture vessel may
cause changes in the orientation of the phagocyte’s plasma-membrane con-
stituents. As a result, the structural and functional properties of the mem-
brane attached to the culture vessel may differ from those of the membrane
exposed to the particle. Indeed, Rabinovitch et al (41a) have induced
changes in Fc-receptor function of mouse peritoneal macrophages by cul-
turing these cells on surfaces coated with antigen-antibody complexes.

Pinocytosis of Solutes and Fluid

Light microscopy was used initially to enumerate phase-lucent pinocytic
vesicles in mammalian cells (42, 43) and pinocytic channels in amoebae (1,
2). When electron microscopy first suggested that most cells contain submi-
croscopic pinocytic vesicles (44, 45), a variety of electron-dense probes--
colloidal gold and thorium (46-49), ferritin (50), peroxidases (51)--were
introduced into the extracellular space. The presence of these probes within
vesicles confirmed their origin at the cell’s surface, and demonstrated fur-
ther’ that incoming vesicles fuse with independently labeled lysosomes both
in vitro (47, 48) and in vivo (10, 52). One difficulty with some of these probes
is that they can adsorb to the cell surface; labeling of an apparently in-
tracellular pinocytic vesicle in a thin section may really represent extra-
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cellular binding to a surface invagination, a fold, or even an outgoing
vesicle.

Most particulate electron-dense tracers are not useful for quantitative
work, so a variety of radiolabeled and enzymatically active markers have
been used instead. Again, the question of binding vs interiorization must be
adequately controlled. Detection and quantitation of uptake is more diffi-
cult than in phagocytosis, because (a) the probes are more difficult 
visualize; (b) the total amount of cell-associated marker in a typical culture
is 1% or less of the administered load vs 50% or more in typical phagocytic
systems; and (c) the relative amount of interiorized vs surface-bound label
may be small. Controls for nonspecific binding, kinetic data on the rate of
binding and uptake, and morphologic correlates are therefore important
components of quantitative work. Simply measuring "bound" marker after
a fixed exposure period is unsatisfactory.

At the start of a quantitative study, one should assess whether fluid or
adsorptive uptake is occurring. The amount of solute accumulated by fluid-
phase uptake should vary linearly with the concentration of marker in the
extracellular fluid and should increase continuously with time as long as the
cell is not digesting and/or releasing the label. Adsorptive uptake shows
saturation with increasing loads and may exhibit a rapid early binding
phase. Formation of pinocytic vesicles and hence fluid-phase uptake is not
detectable at 4°C (24), whereas adsorption to cell-surface binding sites
occurs at 4°C (e.g. 53, 54). Lastly, morphologic methods should substanti-
ate and localize the surface binding step, e.g. by tagging the marker with
ferritin or peroxidase for electron microscopic visualization.

If adsorptive uptake is documented, several features can be characterized
quantitatively. To distinguish between the amount of adsorbed vs interi-
orized label, the surface pool is usually eluted selectively, e.g. by adding
some competing agent, by proteolysis, or by simple reversible dissociation
from surface binding sites. If the surface compartment can be measured,
binding studies at different ligand concentrations will characterize the num-
ber and affinity of binding sites. Inhibition of surface binding by using a
competing ligand or by using cells that lack the ligand binding site may help
to differentiate between the amount of label entering in the fluid space vs
that adsorbed to the vesicle membrane. Finally, an independent marker can
be administered to measure and/or visualize fluid-phase uptake before and
during administration of the ligand to determine if ligand binding affects
this parameter.

The interaction of HRP, a glycoprotein enzyme, with tissue-culture cells
illustrates all the features of fluid-phase uptake (2 l, 24). The enzyme does
not bind to the cell’s surface. Its uptake is proportional to the concentration
of enzyme in the medium, proceeds continuously with time, and is blocked
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at 4°C. Endocytosed enzyme is visualized cytochemically in intracellular
pinocytic vesicles and lysosomes. Other markers have been used to measure
fluid-phase uptake including [3H]sucrose (55), [3H]inulin (56), 
polyvinylpyrrolidone (57). We favor HRP since its assay is easy, inexpen-
sive, very sensitive (nanogram amounts), not complicated by nonspecific
binding, and can be performed after very short exposure periods. Moreover,
its intracellular route can be followed cytochemically (58).

Several materials have been shown quantitatively to exhibit features of
adsorptive uptake in vitro, including gamma globulin and yolk proteins in
oocytes (9), ribonuclease and other proteins in large amoebae (1, 2, 59),
lysosomal enzymes (60, 61) and low-density lipoproteins in human fibro-
blasts (54), colloidal gold in rabbit macrophages (3, 62), altered bovine-
serum albumin in rat yolk sac (22), polycation-polyanion complexes 
mouse macrophages (63), lectin (64), and viruses (53, 65, 66). One 
most detailed in vitro studies of the adsorptive pinocytosis of particulate
materials is that of Goldstein & Brown on the uptake of low-density lipo-
proteins by human fibroblasts [reviewed in this volume (66a)]. Cell-surface
receptors for these lipoproteins were saturated at high lipoprotein concen-
trations, were not blocked by the presence of nonspecific proteins, and
mediated the uptake of a much larger load of lipoproteins than fluid-phase
markers. Adsorption occurred at 4°C and surface-bound lipoproteins were
eluted by polyanions such as heparin and sulfated aminoglycans at both 4°C
and 37°C (67). Mutant fibroblast lacking surface receptors for low-density
lipoproteins do not exhibit adsorptive endocytosis of these particles.

Ashwell, Morell and co-workers [reviewed in (68)] have studied the
adsorptive uptake of modified glycoproteins in vivo. They found that re-
moval of two or more sialic acid residues from the oligosaccharides of a
variety of glycoproteins, e.g. ceruloplasmin, exposes subterminal galactose
residues. Glycoproteins with these galactose moieties exposed bind to a
galactose-binding protein on the surface of liver parenchymal cells and are
thereby rapidly and selectively cleared from the blood stream. These pro-
teins accumulate in the lysosomes of liver cells where they are degraded.

ENERGY REQUIREMENTS FOR ENDOCYTOSIS

Cells contact their intended particulate meals either by crawling towards
them or by chance encounter. In all cases, contact is followed by movement
of cellular pseudopods over the particle’s surface until these pseudopods
meet and fuse with one another on the far side of the particle. By this act
the formation of the phagocytic vacuole is completed. A cell that is actively
pinocytizing shows "ruffling" movements of its plasma membrane in the
region where the pinoeytie vesicles seem to originate and the formation of
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small-phase lucent vesicles in its peripheral cytoplasm. Frequently, struc-
tural changes accompanying pinocytosis cannot be detected with the light
microscope except for the accumulation of vacuoles filled with pinocytized
materials in the center of the cell.

This complex series of events involves the expenditure of metabolic en-
ergy, the movement and fusion of membranes, the displacement of cyto-
plasm, and a means of coordinating these activities to achieve the desired
result, i.e. ingestion of particles or fluid.

Temperature

Particles bind to the surfaces of both professional4 and facultative5 phago-
cytes at 4°C, but are not ingested unless the temperature of the incubation
medium exceeds some critical threshold (18-2 l°C) (70, 71; J. Michl and 
C. Silverstein, unpublished observation). In the case of ingestion of large
particles, such as sheep red blood cells, the inhibition observed at tempera-
tures below this threshold represents an absolute inhibition of the ingestion
process and not merely a decrease in the rate of ingestion. This was deter-
mined by Michl and Silverstein (unpublished observations), who found that
mouse macrophages did not ingest immunoglobulin G (IgG)-coated sheep
red blood cells at temperatures below 18°C even when the incubation was
continued for 24 hr. When these same phagocytes were reincubated at 37°C
after 24 hr at 18°C, virtually all of the macrophages ingested four or more
red cells, confirming that the macrophages remained viable throughout the
18°C incubation period. From 30% to 40% of macrophages incubated for
a similar period at 20°-25°C with IgG-coated red cells ingested four or
more red cells. Thus there appears to be a critical thermal transition below
which phagocytosis of large particles cannot occur. Phagocytosis differs in
this respect from fluid-phase pinocytosis; in the latter there appears to be
no critical thermal transition below which pinocytosis ceases. Rather, Stein-
man et al have shown that the rate of solute uptake by pinocytosis in mouse
fibroblasts shows a Q10 of 2.7, an activation energy of 17.6 kcal per mole,
and is directly proportional to the incubation temperature from 2° to 38°C
(24).

4In mammals there are two types of white blood cells that eat particulate materi-
als: polymorphonuclear leucocytes and mononuclear phagocytes. Rabinovitch has
called these cells professionalphagocytes because they have made a full-time occupa-
tion of eating (69). Since much of the recent work on phagocytic mechanisms has
been done on these cells, our discussion of phagocytosis focuses primarily on them.

~Professional phagocytes are not the only mammalian cells that eat particles.
Fibroblasts, neurons, and a variety of epithelial cells also ingest particles (158). 
refer to these cells as facultative or nonprofessional phagocytes (69).
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A TP

Karnovsky and his colleagues applied metabolic inhibitors to cells main-
tained in vitro to study the roles of anaerobic and oxidative metabolism in
the generation of chemical energy for particle ingestion. They [reviewed in
(72-74)], and others (75-78), have shown that glycolytic inhibitors such 
NaF or iodoacetic acid, but not inhibitors of oxidative metabolism [e.g.
CN- (73), dinitrophenol (73), antimycin (77)] strongly inhibit phagocytosis
in most cells; and that addition of lactate or pyruvate to the incubation
medium partially reverses the inhibitory effect of iodoacetic acid in poly-
morphonuclear leucocytes (75). On the other hand, except for alveolar
macrophages (74, 80) and amoebae (37), most cells show little diminution
in particle uptake in the absence of O2 or in the presence of inhibitors of
oxidative phosphorylation. As a result of these studies it has become axi-
omatic that phagocytosis is an energy-consuming process fueled by ATP
derived from either aerobic oxidation of tricarboxylic acid cycle intermedi-
ates or anaerobic glycolysis. However, the evidence on which this conclu-
sion is based bears further examination (see below).

NaF and iodoacetic acid inhibit the glycolytic enzymes enolase and 3-
phosphoglycerate dehydrogenase, respectively. Inhibition of either enzyme
decreases glucose consumption and lactate production and leads to lowered
ATP production. It is generally considered that NaF and iodoacetic acid
inhibit phagocytosis by lowering cellular ATP. Recently, Michl et al (81)
have shown that this is an oversimplified view. These investigators have
compared cellular ATP levels and phagocytic capacities of mouse macro-
phages incubated for 1 hr at 37°C in the presence of NaF (10-3 M) or
2-deoxyglucose (5× 10-2 M). NaF caused an "~40% reduction in cellular
ATP content and, as expected, inhibited the ingestion of latex or zymosan
particles by over 80%. In contrast, 2-deoxyglucose (2-dG) caused an ~50%
reduction in cellular ATP content, but unlike NaF did not inhibit latex or
zymosan ingestion. Moreover, macrophages incubated in 2-dG for 3~, hr
continue to phagocytize latex and zymosan particles at control levels de-
spite an "~85% reduction in cellular ATP content. In the case of NaF the
block was readily reversed by removing NaF from the incubation medium
(76) or by addition of pyruvate (75), confirming that lack of particle uptake
was not a consequence of premorbid cellular intoxication These findings
indicate that reduced cellular-ATP content is not a sufficient explanation
for either the 2-dG or the NaF-mediated inhibition of phagocytosiso

Steinman et al (24) reported a similar lack of correlation between the
ATP content of cells treated with metabolic inhibitors and pinocytic rate
as measured by horseradish peroxidase uptake in L-strain fibroblasts. Using
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684 SILVERSTEIN, STEINMAN & COHN

confluent-monolayer cultures, they found that 5 × 10-2 M 2-dG decreased
cellular ATP levels to "--40% of control levels, while pinocytosis continued
at 91% of the control rate. In contrast, 10-3 M azide decreased cellular-ATP
content only 5%, while pinocytosis fell to 57% of the control value. A
rough correlation between cellular ATP content and pinocytic rate was
observed when other metabolic inhibitors were used. NaF (10-2 M) or
NaCN (10-3 M) reduced cellular ATP to 55-62% of control levels and
caused significant decreases (38% and 69% of control levels, respectively)
in pinocytic rates. Moreover, when cells were treated with both a respira-
tory (NaCN) and a glycolytic (2-dG) inhibitor, cellular-ATP content 
pinocytic rate decreased coordinately to 15% and 18% of control levels,
respectively. In contrast to these findings with mouse fibroblasts, glycolytic
but not respiratory inhibitors markedly decreased pinocytosis of HRP in
mouse macrophages6 (21; R. M. Steinman, unpublished observations).
Taken together, these findings are consistent with the view that pinocytosis
is dependent upon metabolic energy and that this energy can be derived
from either glycolytic or oxidative metabolism. However, these data do not
prove that ATP is the energy source for pinocytosis.

Although all of these studies are technically sound, they suffer from two
conceptual shortcomings: 1. They do not attempt to identify the energy-
consuming process(es) that are involved in endocytosis. This is especially
relevant in the case of phagocytosis, since both professional and facultative
phagocytes exhibit metabolic alterations [increased glucose uptake, phos-
phorylation, and utilization (79, 83); lactate and CO2 production, O2 con-
sumption, and oxidation of glucose via the hexose monophosphate shunt
(72-74)] during particle ingestion, all of which are suggestive of increased
ATP consumption and/or generation. Although many of these changes
accompany particle ingestion, not one of them is required for it to occur;
rather, they appear to be metabolic consequences of phagocytosis (see sec-
tion on metabolic consequences of phagocytosis). Until the process(es) that
are essential for particle ingestion are positively identified it may be ditticult
to distinguish those ATP-consuming events that are required for particle
ingestion from those that are secondary to it. 2. They focus on cellular ATP
content, and not on ATP utilization or on energy charge (84). Since ATP
is being continuously regenerated, measurements of ATP levels give no

6Cohn & Benson (82) reported that respiratory inhibitors depress serum-induced
pinosome formation in mouse macrophages, as measured by counting phase-lucent
vacuoles by light microscopy. There may be no contradiction between their results
and those reported by Steinman et al (24) since the rates of formation and disappear-
ance of large phase-lucent vacuoles are not necessarily well correlated with the
overall rate of uptake of HRP.
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indication of the amount of ATP consumed, or available as ADP,7 during
endocytosis. Viewed from this perspective the apparent lack of correlation
between ATP content and endocytic capacity may be a misleading and
unreliable indicator of the amounts of ATP generated and consumed during
these processes. However, even such direct measurements of ATP con-
sumption will have to be carefully controlled since membrane perturbants
initiate many of the metabolic consequences of phagocytosis in the absence
of particle ingestion. The availability of inhibitors, such as colchicine (85,
86), that dissociate these metabolic consequences of phagocytosis from
particle ingestion provides one means of approaching this problem.

Despite the absence of formal proof there is abundant circumstantial
evidence that endocytosis is not driven by surface forces alone (87, 88), but
that it requires the expenditure of metabolic energy, which in most cases
is derived from metabolism of endogenous (83) or exogenous carbohydrates
(72, 74, 81, 83). Elsbach has excluded the possibility that oxidation of either
exogenous or endogenous fatty acids (89, 90) fuels phagocytosis in polymor-
phonuclear leucocytes. The role played by fatty-acid oxidation in endoo and
exocytosis (cf 91) in other cells remains unexplored. We do not know
whether energy derived from reduced pyridine nucleotides can be trans-
formed directly into this type of work (cf 92), or whether, as seems most
likely, ATP is required. Nor do we have any idea whether the amount of
energy expended by a cell during endocytosis is proportional to the size,
surface characteristics, and number of the particles or to the amount and
type of solute being ingested. Finally, we do not know which cellular
organelles consume this chemical energy. One likely candidate is the con-
tractile apparatus.

CYTOPLASMIC CONTRACTILE ELEMENTS

Microtubules

Compounds such as colchicine, which depolymerize cytoplasmic mi-
crotubules, do not inhibit phagocytosis (93-95) and cause at most a small
reduction in basal pinocytic rate (21, 96) at the usual concentrations
(10-5-10-6 M). Colchicine and related alkaloids have many other effects
upon cellular physiology (cf 97, 98), one of which is to alter cytoplasmic
organization. In the presence of these compounds, pinosomes, which ordi-
narily move directly toward the cell’s Golgi region, move more randomly
about the cytoplasm (95).

7Stossel et al (83) found that ATP, ADP, and AMP levels were unchanged during
phagocytosis of latex particles by polymorphonuclear leucocytes.
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Actomyosin

All eukaryotic cells so far examined contain actin and myosin. The physical
characteristics of nonmuscle-eell aetin and myosin resemble, but are not
identical to, .those of the corresponding proteins derived from skeletal mus-
cle. Moreover, there are significant differences between the cofactors that
regulate th.e assembly and interaction of these contractile proteins in skele-
tal muscle and in nonmuscle cells. It is already apparent that different
nonmuscle cells have adapted the fundamental molecular architecture of
actin and myosin, and varied the modes by which these two proteins in-
teract to effect different forms of cellular movement. Excellent reviews (99)
and symposia (100) covering this burgeoning field have been published
recently and the reader is referred to them for information concerning the
role(s) of these proteins in a variety of motile cells. We confine our remarks
here to the functions of these contractile proteins in phagocytosis and
pinocytosis.

PHAGOCYTOSlS Phagocytic leucocytes contain actin and myosin (101-
103) and there is little doubt that these proteins play a central role in the
phagocytic process. Microfilaments (104), some of which have been shown
to form characteristic arrowheads when treated with heavy meromyosin
(105), and microfilament bundles have been identified in association with
the plasma membranes of phagocytizing amoebae and macrophages. Cyto-
chalasin B, a compound that impairs actin gelation and microfilament
function (106-109), inhibits phagocytosis (110, 111), and actin, isolated
from polymorphonuclear leucocytes of a patient with marked defects in
leucocyte motility and phagocytosis, exhibits defective polymerization
(112).

Stossel and his colleagues have examined the contractile proteins of
phagocytic leucocytes in detail (102, 103, 113, 114). They have shown that
aetin and myosin are major protein constituents of both mononuclear and
polymorphonuclear phagocytes. They have purified a high-molecular-
weight actin-binding proteins cross-links F-actin into filament bundles, stoi-
chiometrically induces the gelation of macrophage actin, and is released
from the membrane fraction into the soluble cytoplasmic fraction during
the ingestion of particles by macrophages (103). And they have identified
an unstable protein (called "cofactor") that stimulates the Mg-ATPase 
macrophage actomyosin up to 22-fold and, in the presence of Mg and ATP,
increases the rate of contraction of gels containing macrophage actin,
myosin, and actin-binding protein (113). Assuming these four proteins

SThis substance is similar in many of its properties to filamin, a membrane-
associated protein isolated from chicken gizzard smooth muscle by Wang et al (115).
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constitute the major contractile and regulatory elements of phagocytic
leucocytes--an assumption that admittedly may be premature--there are
marked differences (summarized in Table 1) in the physical properties,
relative molecular proportions, and regulatory mechanisms of the ac-
tomyosin systems in phagocytic leucocytes and skeletal-muscle cells. Some
of these differences require further emphasis.

1. Skeletal muscle contains four moles of actin per mole of myosin;
mononuclear phagocytes contain approximately I00 moles of actin per
mole of myosin. This vast molar excess of actin suggests that actin may
function independently of myosin in regulating movement in phagocytic
cells [as it does in echinoderm sperm (118, 119)], and/or that actin and/or
myosin redistribute within the cytoplasm as the occasion demands. If this
occurs the molar ratio of actin to myosin in specific locations in the cyto-
plasm might approximate the 4 : 1 ratio found in skeletal-muscle cells. 2.
Both muscle- and nonmuscle-cell globular actins (G-actins) form filaments
under similar conditions. However, cytoplasmic-actin filaments show the
unusual property of disaggregating on cooling. The finding of Storti & Rich
(120) that cytoplasmic and skeletal-muscle actins exhibit differences 
electrophoretic mobilities and amino acid sequences, and therefore are
encoded by separate genes, further emphasizes these dissimilarities and the
importance of identifying the factors, other than cooling, responsible for the
reversible disaggregation of actin gels in vivo. [See Pollack & Rifkin (121)
for a possible relationship between cytoplasmic actin polymerization, cell
shape, and malignant transformation.] 3. Troponin-tropomyosin9 have not
been found in phagocytic leucocytes; addition of these regulatory proteins
to macrophage actomyosin does not make the ATPase of macrophage
myosin Ca2+ sensitive (113, 114), and extracellular 2+ is notrequired for
phagocytosis (123). Thus it seems likely that the contractile proteins 
phagocytic leucocytes are not regulated by the same processes that regulate
the contraction of skeletal muscle (i.e. the transfer of Ca2+ from a bound
to a soluble form).

Unfortunately, we know little about the order in which these contractile
elements enter and leave the portion of cytoplasm surrounding the forming
and completed phagocytic vacuole. From the previous discussion it is evi-
dent that although some of the proteins, nucleotides, and ions that regulate
the aggregation and contraction of the actomyosin complex have been
identified, the mechanism(s) controlling disaggregation are unknown. This
is a serious drawback since any hypothesis that attempts to explain how the
contraction of actomyosin causes membrane movement must, as Stossel &
Hartwig (114) point out, include a mechanism for depolymerizing the actin.

9These regulatory factors have been tentatively identified in fibroblasts (122).
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Table 1 Properties of contractile proteins of phagocytic leucocytes and skeletal
muscle

Mononucleara Polymorphonuclearb

Protein phagocytes leucocytes Skeletal musclec

Actin
Percentage 9-10 11 18
Concentrationd ~210 ~240 ~430
Molecular weight 42,000-45,000 ~45,000 45,000
Characteristicse F-actin filaments in F-actin filaments in F-actin filaments do

sucrose solution de- sucrose solution not depolymerize
polymerize to G- depolymerize to on cooling.
actin on cooling. G-actin on cooling.

Myosin
Percentage
Concentration
Molecular weight

H chain
L chains

H: L chainsf
Charaeteristicsg

0.7-1.5 ? 37
~3.7 9. ~100

220,000 180,000-200,000 200,000
20,000 18,000 20,000
15,000 15,000 18,000

(lmmunologically dis- 16,000
tinct from skeletal
muscle myosin)

1:1:1 ? 2:1:2:1
Low Mg-ATPa~e Low Mg-ATPase High Mg-ATPase
activity in presence activity in presence activity in pres-
of F-actin. of F-actin. ence of F-actin.

Actin-binding protein
Percentage - 1-1.2 Present Absent
Molecular weight ~270,000 9. --
Characteristics Forms 12 nm diameter -- ~

hollow coils. No ATPase
activity. Binds to macro-
phage actin, not to
myosin, and cross-
links F-aetin into fila-
mentous bundles, Causes
gelation of actin even in
absence of K+ or pres-
ence of EGTA.

Co factors
Molecular weight ~70,000-90,000 ? Absent
Characteristics Increases Mg-ATPase ? ~

activity of maerophage
actomyosin and speeds
contraction of macro-
phage actomyosin gels.

aData from (103,113,114).
I~Data from (102,116).
CData from (99,117).
~lln umole/100 g of cell protein.
eG-actin monomers extracted from mononuclear and polymorphonuclear leucocytes and

skeletal muscle polymerize in 0.1 M KCI at neutral pH at 25-37° C to form double-helical
F-aetin. These filaments depolymerize upon cooling in sucrose solutions, but not in buffers
containing 0.1 M KCt.

fRatio in order of decreasing molecular weight.
gMyosins from all three cell types form bipolar filamentS in 0_1 M KCI at neutral pH.
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ENDOCYTOSIS 689

We return to this topic in the section on factors regulating phagocytosis
after we have described the role of membrane receptors and particle-bound
ligands in the ingestion process.

PINOCYTOSIS In contrast to the clear association of microfilaments and
contractile elements with the forming phagocytic vacuole, there is no direct
evidence for the association of these structures with pinocytic vesicles. The
effects of cytochalasin B on the uptake of solutes and small molecules have
been used as a measure of the role of the actomyosin system in pinocytosis.
Cytochalasin is reported to inhibit the uptake of [3H]sucrose by Chang liver
cells (55) and of peroxidase by mouse macrophages (P. J. Edelson, unpub-
lished observation), which suggests that the actomyosin system may be
involved in fluid-phase endocytosis as well. However, cytochalasin is re-
ported to have no inhibitory effect on the uptake of ferritin (124) or colloidal
gold (109) by mouse macrophages, which suggests that the actomyosin
system may not be involved in adsorptive pinocytosis. As noted above (in
the section on quantitation of particle and solute uptake), the uptake of
[3H] sucrose and of peroxidase appears to us to be a much more reliable and
quantitative assay of pinocytosis than uptake of ferritin or colloidal gold.
In the absence of additional data we cannot assess the significance of cyto-
chalasin-insensitive endocytosis.

FACTORS REGULATING PHAGOCYTOSIS

Surface Properties of the Particle
The charge, hydrophobicity, and chemical composition of the particle’s
surface are said to influence the uptake of synthetic [paraffin-oil droplets
(125, 126)] and denatured [aldehyde-treated red blood cells (127, 128)]
particles, and of "naturally" derived particles, such as normal red blood
cells and viable bacteria (129). Unfortunately, there is at present no theory
capable of satisfactorily predicting how alterations in any of these surface
properties will affect the interaction of a particle with the membranes of
professional or facultative phagocytes. In general, natural particles whose
surfaces have not been modified, and synthetic particles coated with un-
denatured proteins, are poorly phagocytized, while particles whose surface
proteins have been denatured or chemically modified (128) are more readily
ingested.

The importance of the particle’s surface chemistry in governing its inges-
tion is emphasized by studies of the interaction of bacteria with phagocytic
leucocytes. Many pathogenic bacteria have surface structures (capsules)
that inhibit their binding to and ingestion by phagocytic leucocytes. Non-
pathogenic strains of the same bacteria (nonencapsulated) lack these
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690 SILVERSTEIN, STEINMAN & COHN

phagocytosis-inhibiting surface structures and are readily ingested by
phagocytic leucocytes (130).

The host responds to an infection by pathogenic bacteria by producing
antibodies and complement, serum proteins that coat the bacteria’s surfaces
and stimulate its ingestion by professional, but not by facultative, phago-
cytes (127). Antibodies and complement stimulate particle ingestion 
interacting with receptors, which specifically bind these molecules, on the
surfaces of phagocytic cells (76, 131). We summarize here information 
the structure of immunoglobulins and complement pertinent to their in-
teractions with these receptors.

IMMUNOGLOBULINS Of the several immunoglobulin classes, only IgG,
or 7S antibody, directly promotes phagocytosis. The Fc portion of the IgG
molecule is responsible for this activity (132, 133). It does so by interacting
with receptors on the leucocyte’s membrane. Since the Fc fragment is the
ligand for these receptors, they are known as Fc receptors. Several groups
of investigators have attempted to define the subfragments or domains (151)
within the Fc fragments that act as ligands for Fc receptors. All investiga-
tors agree that pepsin [F(ab’)2] I° (132, 134) fragments of IgG bind 
particulate or soluble antigens but do not promote the binding or ingestion
of these complexes by phagocytic leucocytes. Okafor et al (135) have re-
ported that Facb~° fragments, produced by digestion of IgG with plasmin,
are not ligands for Fc receptors since particles coated with Facb fragments
do not bind to mononuclear phagocytes. F(ab’)2 fragments lack the second
(ell2) and third (CH3) constant homology regions (the Fc fragment) of 
while Facb fragments are missing only the third (CH3) constant homology
region (the pFc’) of IgG.

Yasmeen et al (136) studied the interaction of red blood cells, coated with
purified subfragments of the Fc fragment, with mononuclear phagocytes.
Red cells coated with the pFc’ fragment (the CH3 domain) bound to these
phagocytes, while red cells coated with a subfragment comprising the
CH2 domain did not.

Ciccimarra et al (137) isolated a decapeptide from Fc fragments of hu-
man IgG. This peptide inhibits binding of IgG-coated red cells of the Fc
receptors of human monocytes and is identical in amino acid composition
to residues 407-416 in the CH3 domain of the heavy chain of IgG y 1 (138),
These studies suggest that it is the third constant homology region (CH3)
at the carboxyl end of the heavy chain that interacts with receptors for IgG
on the leucocyte’s membrane. However, Alexander et al (138a) have re-

~°F(ab’)2 is a bivalent immunoglobulin fragment capable of antigen binding; Facb
is a bivalent immunoglobulin fragment capable of antigen and complement
binding.
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ENDOCYTOSIS 691

ported that the pFc’ fragment (CH3 region) of guinea pig IgG does not bind
to mononuclear phagocytes, and Ovary et al (138b) have found that red
blood cells coated with the Facb fragment of rabbit IgG are bound by
guinea pig alveolar macrophages. These studies suggest that the CH2 do-
main is the ligand for Fc receptors. We can offer no explanation for the
apparent contradiction in the findings of Okafor et al (135), Yasmeen et 
(136), and Ciccimarra et al (137), vs those of Alexander et al (138a) 
Ovary et al (138b) [see (138b) and Stanworth in (30) for further discussion
of this problem].

Although the oligosaccharide chains on human IgG are contained within
the Fc fragment, two lines of evidence suggest that these carbohydrate
residues are not ligands for Fc receptors. 1. All of the carbohydrate on
human IgG is in the second (CH2) constant homology region (138). 
Purified pFc’ fragments, presumably lacking carbohydrate, block Fc recep-
tor activity (135).

Intact interchain disulfide bonds are required for binding to Fc receptors.
IgG molecules or Fc fragments whose interchain disulfide b.onds have been
reduced with thiol reagents and alkylated with iodoacetamide no longer
function as ligands for Fc receptors (138a, 139, 140).

Immunoglobulin M, or 19S antibody can also prepare particles for inges-
tion by phagocytic leucocytes. Unlike IgG, however, IgM requires the
participation of serum complement to promote phagocytosis. This occurs
because neither polymorphonuclear leucocytes nor mononuclear phago-
cytes have membrane receptors for IgM;11 however, both cell types do

have receptors for comple, ment. Binding of IgM to a particle in the pres-
ence of serum initiates the fixation of complement to the surface of that
particle.

COMPLEMENT Serum contains a group of more than a dozen proteins,
which together form the complement pathway. Among these proteins C3,
or the third component of complement, is the major phagocytosis-promot-
ing molecule. C3 exists in serum as an inactive precursor molecule contain-
ing a heavy chain (110,000 mol wt) and a light chain (70,000 mol wt) joined
by disulfide bridges. Specific proteases cleave a small fragment from the
heavy chain of C3, converting the inactive 180,000-dalton precursor into a
molecule of ~’140,000-170,000 daltons called C3b (142) or C3bi (143). 
or C3bi is the ligand that binds to the C3 receptor on phagocytic leucocytes
(143-145). Further proteolytic cleavage of C3b destroys its activity as 
phagocytosls-promoting ligand (76, 144). Thus C3 receptors, like Fc recep-
tors, exhibit a high degree of ligand specificity.

1~A macrophage membrane receptor for 8S IgM has been reported (141), but 
yet unconfirmed.
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692 SILVERSTEIN, STEINMAN & COHN

Surface Properties of the Phagocyte
The membranes of phagocytic leucocytes contain receptors that are specific
for the Fc fragment of IgG and for the third component of complement.
We know little about the chemistry of these different receptors. They may
be single molecules, groups of molecules, or domains on the cell’s surface.
Despite our ignorance of their molecular anatomy there is little doubt that
these receptors are structurally and functionally distinct from one another.

Information about these receptors comes from studies of binding and/or
ingestion of ligands or ligand-coated particles by living cells. These assays,
like enzyme measurements in crude cellular homogenates, are indirect; in
both cases what is measured is an activity of the receptor or enzyme and
not the receptor or enzyme molecules themselves. Since changes in the
conformation of a molecule or in the arrangement and charge of a particle’s
surface can alter its interactions with cellular membranes [see discussion in
Chapter 6 of (146)], one cannot assume that binding of a given ligand 
ligand-coated particle to a cell is a measure of the activity of a specific
receptor. Ligand binding in the presence of competing similar and dissimi-
lar ligands must be examined before an activity can be attributed to a
specific receptor. In those eases where such measurements have been made,
e.g. binding of monomeric IgG in the presence of an excess of antigen-
antibody complexes (146a), or of C3b-coated particles in the presence 
soluble C3, monomeric IgG, or antigen-antibody complexes (144), the
receptor activity was shown to be restricted to a specific ligand.

Fc RECEPTORS The presence of two distinct types of Fc receptors on the
membranes of mouse mononuclear phagocytes has been recognized only in
the last year (146a, 147). For this reason it is difficult to state with certainty
which of the two Fc receptors was being measured in some of the earlier
literature. We omit reference to many otherwise excellent reports because
of the ambiguities raised by the presence of the two Fc receptors.

TRYPSIN-RESISTANT Fc RECEPTORS Macrophages (148) and polymor-
phonuclear leucocytes (149) of all species express a protease (trypsin,
chymotrypsin, pronase)-resistant Fc rec...eptor that mediates the efficient
binding and ingestion of IgG-antigen complexes (139, 140) and IgG-coated
particles (76, 149). Particles and complexes containing IgG bind to this
receptor at 4° or 37°C, in the absence of divalent cations (148), and in the
presence of inhibitors of ATP generation [colchicine (129)] or microfila-
ment function [cytochalasin B (109)]. Unkeless (146a) has shown that 
mouse macrophage contains 5-8 X 105 of these receptors (as measured by
the binding of soluble antigen-antibody complexes), and that they bind
complexes with an affinity of 7 × 106-2.4 X 107 liter/mole at 37°C.
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ENDOCYTOSIS 693

TRYPSIN-SENSITIVE Fc RECEPTORS Macrophages contain on their
plasma membranes a trypsin-sensitive Fc receptor activity that selectively
binds specific subclasses of human (IgG 1 and IgG3) (137, 150, 151), guinea
pig (IgG2) (134), and mouse (IgG2a) (152, 153) IgG. Immunoglobulins 
these subclasses are called cytophilic antibodies (154, 155) because they
bind with high affinity to macrophage Fc receptors in the absence of anti-
gens. Unkeless & Eisen (152) have studied in detail the binding of mouse
IgG subclass 2a to mouse macrophages. At saturation each macrophage
binds 1-1.5 × 105 IgG2a molecules with an affinity of 2 × 107 liter/mole
at 37°C. [This is tenfold less than the amount of rabbit IgO reported bound
to rabbit alveolar macrophages by Phillips-Quagliata et al (156) and 
Arend & Mannik (157). Arend and Mannik reported that the IgG receptor
they examined was trypsin resistant.] We do not know whether these tryp-
sin-degradable Fc receptors can signal the ingestion of particles coated with
cytophilic antibodies [cf Berken & Benacerraf (133,) and below].

What are the differences in function between the trypsin-sensitive and
-resistant Fc receptors? We simply do not know. One clue may lie in the
configuration(s) of Fc fragments required for binding to each receptor. The
trypsin-sensitive Fc receptor binds cytophilic antibodies as single IgG mole-
cules uncomplexed with antigen. These immunoglobulins are easily eluted
from these receptors by other monomeric immunoglobulin molecules. In
contrast, the trypsin-resistant Fc receptor binds IgG’s that are aggregated
or complexed with antigen so that there are three or more IgG molecules
in a cluster (139, 156). It is difficult to elute these multivalent ligands with
monomeric immunoglobulins. Moreover, immune complexes containing
three or more IgO’s are rapidly cleared from the circulation in vivo 059,
160) and readily phagocytized in vitro (161). By using large and small
molecules as antigens Mannik et al (159) have confirmed that the rapid 
vivo clearance of antigen-antibody complexes is related to the presence of
three or more IgG molecules clustered in a single complex, and not to the
molecular weight of the complex per se.

Finally, it should be noted that the clearance of antigen-antibody c.om-
plexes in vivo, and the phagocytosis of IgG-coated particles in vitro, occurs
in the presence of whole serum, which contains a vast (~> 1000-fold) molar
excess of monomeric IgG. Thus it seems evident that monomeric IgG is a
very poor ligand for the Fc receptor that mediates immune clearance and
phagocytosis, and that the interaction of antibody with antigen must induce
a change in the conformation or arrangement of the Fc domains that signals
ingestion of the complex. We suggest that the clustering of Fc domains that
occurs when IgG binds to multivalent antigens directs their attachment to
the trypsin-resistant, phagocytosis-promoting receptors. According to this
view cytophilic antibodies and their trypsin-sensitive receptors merely assist
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694 SILVERSTEIN, STEINMAN & COHN

the macrophage in binding foreign antigens and particles. Once a particle
coated with cytophilic antibodies binds to the cell’s surface, the antibodies
may cluster, dissociate from the trypsin-sensitive receptor, and then reas-
sociate with the phagocytosis-promoting, trypsin-resistant receptor. The
nearly equivalent binding constants described by Unkeless & Eisen (152)
and by Unkeless (146a) for IgG’s bound to the two receptors do not pose
thermodynamic barriers to this mechanism.

C3 RECEPTORS The plasma membranes of polymorphonuclear leuco-
cytes and mononuclear phagocytes contain trypsin-sensitive (148, 162, 163)
receptors for C3b or C3bi (see previous section). Blockade of macrophage
trypsin-resistant Fc receptors does not inhibit the ingestion of C3b-coated
particles by these cells (162). Thus their sensitivity to trypsin and their
continued function in the presence of Fc-receptor blockade clearly distin-
guish the receptor for C3b from the trypsin-resistant Fc receptor.

Several investigators (164-166) have reported that mononuclear phago-
cytes also express receptor activity for red blood cells coated with C3d, if
the cells are prepared with purified complement components. However,
mononuclear phagocytes neither bind nor ingest C3d-coated red blood cells
prepared with whole serum as complement source (162-164). The reasons
for this discrepancy are unknown.

C3b receptor function varies with the physiological state of the mononu-
clear phagocyte. Under basal conditions this receptor functions only to bind
C3b-coated particles to the cell’s surface, while in "stimulated" cells the
C3b receptor mediates the ingestion of C3b-coated particles (162, 163).
Although Fc and C3b receptors function independently of one another in
binding and ingesting C3b-coated particles, the two receptors can act syner-
gistically. Particles coated with suboptimal amounts of IgG and C3b are
ingested avidly by professional phagocytes (149, 167-170), while particles
coated with the same amount of either one of these ligands are not phagocy-
tized.

The number of IgG molecules required to cause ingestion of a red blood
cell by mononuclear phagocytes has been reported to vary between 150 (in
the presence of C3b) and 6000 (in the absence of C3b) (167). The corre-
sponding values for polymorphonuclear leucocytes are about tenfold
greater.

Many cells have plasma-membrane-binding sites for proteins (171), lipo-
proteins [Goldstein & Brown, this volume (66a)], viruses, and a variety 
other obligate intracellular parasites (see section on endocytosis and the
penetration of intracellular parasites). There is no doubt that these receptors
mediate the uptake of molecules and particles bearing the corresponding
ligands. Viewed in this context the Fc and C3b receptors are simply two
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ENDOCYTOSIS 695

of many ligand-specific membrane specializations adapted for the ingestion
of soluble and particulate materials.

"NONSPECIFIC RECEPTORS" It is more difficult to assess whether there
are cell-surface specializations governing the ingestion of particles such as
latex (129), silica (172), DNA protein coacervates (48), and zymosan 
or the phagocytosis of senescent cells (174). Both professional and faculta-
rive phagocytes ingest these particles. We will call the cell-surface factors
that mediate ingestion of these artificial and denatured particles nonspecific
phagocytic receptors, recognizing that by so naming them we have specified
only an activity. In the case of professional phagocytes these nonspecific
receptors can be distinguished both functionally (76) and metabolically (81)
from the Fc and C3 receptors.

The plasma membranes of macrophages contain trypsin-sensitive struc-
tures that bind glutaraldehyde-treated red blood cells (175) or F(ab’)2-
antigen complexes (161). These particles are neither bound nor ingested 
trypsin-treated macrophages, while the same trypsinized macrophages in-
gest as many zymosan or latex particles as untreated macrophages. We do
not know whether this difference reflects the presence of more than one class
of nonspecific receptors or merely confirms that attachment is needed before
ingestion can occur.

Professional phagocytes are not the only cells that contain Fc or C3
receptors. Lymphocytes have C3 and Fc receptors (163), and herpesvirus-
infected cells express Fc receptors (176); in both cases these receptors
mediate binding but not ingestion of C3- or IgG-coated particles. Similarly,
unstimulated mouse macrophages bind C3-coated particles but do not in-
gest them. Thus the presence of Fc and C3 receptors is but one of several
factors that determine whether a particle coated with the corresponding
ligands will be phagocytized. Of equal importance is the presence of struc-
tures and pathways capable of relaying signals arising from these receptors
to the locomotive machinery of the cell. In the case of the unstimulated
mouse macrophage the C3 receptor appears not to be connected to the cell’s
phagocytic machinery.

Michl et al (35, 81) have described a method for experimentally uncou-
pling the phagocytosis promoting Fc and C3 receptors of normal and
stimulated macrophages, and Boxer et al (177) have used it to inhibit 
and C3 receptor-mediated phagocytosis in polymorphonuclear leucocytes.
These workers found that 2-dG inhibits Fc- and C3-receptor-mediated
phagocytosis but not phagocytosis per se. That is, the ingestion of latex and
zymosan particles continues unimpaired in the presence of 2-dG. They
further showed that attachment of IgG- or C3-coated particles to their
corresponding membrane receptors is not inhibited by 2-dG, that the effects
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of this glucose and mannose analog on phagocytosis are unrelated to its
capacity to inhibit glucose utilization and ATP generation, and that its
effects are rapidly reversed by glucose or mannose. Although the mecha-
nism(s) underlying the specific inhibitory effects of 2-dG on Fc- and C3-
receptor-mediated phagocytosis are unresolved, it is evident that the overall
effect of this sugar is to disconnect these receptors from the cell’s phagocytic
machinery.

~4ttachment of Particles to the Phagocyte’s Surface

The phagocytic process can be divided experimentally into two discrete
steps: (a) attachment of a particle to the cell’s surface and (b) ingestion 
the particle (71, 128). Attachment of a particle to a cell bearing surface
receptors for ligands on the particle’s surface generally occurs indepen-
dently of temperature (54, 76, 178) and the expenditure of metabolic energy.
Attachment of particles for which the cell does not have specific receptors
may be temperature dependent (71, 179).

Attachment does not necessarily predestine a particle for ingestion.
Mycoplasma (180) and C3b-coated erythrocytes (144, 162) attach to 
surfaces of unstimulated mouse macrophages but are not ingested by these
cells. Addition of antimycoplasma or antierythrocyte IgG initiates the in-
gestion of these particles.

Ingestion is highly temperature dependent and requires active cellular
metabolism (see section on energy requirements for endocytosis). Metabolic
inhibitors or low temperatures (76) allow binding of particles to the cell’s
surface in the absence of phagocytosis. Excess or unattached particles can
then be washed away and the number of particles attached can be enu-
merated prior to the initiation of particle ingestion. Methods such as these
are advantageous since they allow the investigator, upon removing the
metabolic inhibitor or raising the incubation temperature, to study a syn-
chronous wave of particle ingestion (76, 178). However, they do not permit
evaluation of the maximal numbers of particle that can be ingested. For
these measurements, the methods devised by Cohn & Morse (41), Michell
(36), and Stossel (40) are useful.

Segmental Response of the Cell Surface
to a Phagocytic Stimulus
Griffin & Silverstein (129) examined whether the response of a cell’s plasma
membrane to a phagocytic stimulus is localized to the segment of membrane
adjacent to the particle initiating the stimulus, or whether the stimulus
spreads to a broader area of the cell’s surface and elicits a general membrane
response. They attached noningestible particles to the macrophage mem-
brane. These particles served as markers for the segments of membrane to
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which they were linked. The macrophages were then incubated with a
second particle that was morphologically distinguishable from the mem-
brane marker particle. Ingestion of the second particle did not prompt
ingestion of the marker particle, even when the site of ingestion of the
second particle was right next to the segment of membrane to which the
marker particle was bound. Using this approach Griffn et al (144) also
showed that particles bound to one type of membrane receptor (e.g. C3b
receptors) are not phagocytized when other particles are ingested via 
different receptor system (e.g. Fc receptors) on the same cell, and that 
receptors located at different sites on the plasma membrane function inde-
pendently of one another (181). They concluded that phagocytosis is a local
response of a segment of a cell’s surface to signals generated by specific
interactions of the particle with the plasma membrane.

Roles of Ligands and Receptors in Particle Ingestion

Griffin et al (76, 181) have shown that ingestion of IgG- or C3b-coated
particles proceeds by the sequential and circumferential interaction of Fc
or C3b receptors on the surface of a phagocyte with ligands distributed
uniformly over the particle’s surface. To show this, these investigators took
advantage of the observation of Taylor et al (182) that antibodies directed
against lymphocyte-membrane immunoglobulins cause these cell-surface
proteins, together with their attached antimembrane immunoglobulin
IgG’s, to cluster (cap) at one pole of the lymphocyte’s surface. By using
lymphocytes with IgG ligands on only one hemisphere as phagocytic test
particles they determined whether the distribution of ligands on the parti-
cle’s surface could exert a controlling influence upon particle ingestion.
They found that phagocytes bind these capped lymphocytes via the latter
cells’ anti-immunoglobulin caps, that the membrane of the phagocyte
spreads over the surface of these lymphocytes only in the region of the cap,
and that these capped lymphocytes are not ingested. Lymphocytes diffusely
coated with a similar amount of the same antibody preparation were rapidly
ingested. Griffin et al (181) concluded that the distribution of ligands on 
particle’s surface is a critical factor in determining whether or not the
particle is phagocytized. In another series of experiments these authors
showed that erythrocytes diffusely coated with anti-red cell IgG were not
ingested when Fc receptors lying outside the zone of attachment of these
IgG-coated red cells to the phagocyte’s surface were blocked (76). Similar
results were obtained in studies of C3b-receptor-mediated phagocytosis of
C3b-coated erythrocytes (76). Thus the initial interaction of immune li-
gands on the surface of a particle with receptors on the membrane of
phagocytic leucocytes does not trigger the ingestion of the particle. It
merely initiates a process that requires the continuous apposition of recep-
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698 SILVERSTEIN, STEINMAN & COHN

tors and ligands until the particle is fully enclosed within a phagocytic
vacuole (Figure 3). Griffin et al have termed this the "zipper mechanism"
of phagocytosis (76, 181).

Although the zipper mechanism accounts for the discriminatory and
segmental nature of the cellular response to a phagocytic stimulus, it does
not explain the mechanism by which the phagocyte moves around the
particle, nor does it account for the requirement for metabolic energy.
Presumably metabolic energy (e.g. ATP) is required to fuel the interaction
and movement of cytoplasmic contractile elements, which are themselves
responsible for cellular locomotion. Aggregation of these contractile ele-
ments is localized to the area of cytoplasm directly beneath the particle
being phagocytized (114, 181). Thus in this respect, as in the behavior 
the plasma membrane, the cell responds segmentally. To account for these
findings, Gdffn et al (76, 181) have proposed the following model of im-
mune ligand-mediated phagocytosis (Figure 3): (a) Ligand-receptor 
teraction generates a signal [perhaps the release of actin-binding protein
(113, 114) from the membrane] that initiates the aggregation of contractile

Figure 3 Model of proposed phagocytic mechanism [reproduced from Griffin et
al (181) by permission of The Rockefeller University Press]. ~ = IgG molecule 
other ligand. "~ = ~Fc receptor or other membrane receptor in an inactive state.
X ---- Fc receptor or other membrane receptor in an activated state./~---

Cytoplasmic contractile proteins.
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ENDOCYTOSIS 699

proteins and leads to the extension of pseudopods in the area of the attached
particle. (b) Pseudopod extension leads to further receptor-ligand interac-
tion and this in turn leads to further aggregation of contractile proteins.
(c) The process may be repeated many times until the plasma membranes
meet and fuse with one another, forming a phagocytic vacuole. The model
does not account for the mechanism by which actomyosin contraction
might cause pseudopod extension. Stossel & Hartwig (114) have suggested
that randomly oriented actin filaments cross-linked by actin-binding protein
could be drawn together by macrophage myosin. They note that filaments
arranged in an elongated system would contract first in the shortest dimen-
sion. Were these filaments connected to the plasma membrane, contraction
could result in the formation of elongated pseudopods. An alternative possi-
bility is that actin polymerization and gelation alone causes pseudopod
formation (118, 119). Actomyosin contraction may be a comparatively late
occurrence and may function to squeeze the already ingested particle into
the interior of the cell and/or to reduce the volume occupied by the actin
gel.

Membrane Remodeling and Fusion During Phagocytosis

Scanning and transmission electron microscopic studies show that the mac-
rophage plasma membrane is tightly apposed to the particle surface
throughout the engulfment process (114, 183-185). As ingestion progresses
the macrophage membrane forms a continuous collar that completely con-
forms to the shape of the underlying particle (185). It is evident that some
change or remodeling of the cell’s plasma membrane must take place in
order for it to conform to the contours of the particle, but the ways in which
these changes occur are unknown.

Scanning electron micrographs of particle ingestion frequently show
membrane pseudopods advancing over the particle’s surface. It is frequently
assumed that the phagocytic vacuole forms as a result of extensive side-to-
side and tip-to-tip fusion of these pseudopods. However, such fusion has not
been seen when two leaflets of plasma membrane move over a single particle
or when two phagocytes attempt to ingest the same particle. For these
reasons we think it likely that flow and rearrangement of components in the
plane of the membrane, rather than membrane fusion, is responsible for
remodeling the cell’s surface.

The final event in engulfment is the closure of the phagocytic vacuole, an
event that does require membrane fusion. Scanning electron micrographs
show that frequently the last connection of the phagocytic vacuole with the
extracellular space is a small circular opening or channel at the center of
the enveloping membrane collar. Closure of this channel requires only a
very limited point of membrane fusion, analogous to the point of fusion seen
when a pinocytic vesicle fuses with the cell surface (186). Restriction 
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700 SILVERSTEIN, STEINMAN & COHN

membrane fusion to such very small and discrete sites could account for the
lack of fusion between adjacent phagocytic cells, and the infrequency with
which fusion of membranes in actively phagocytizing cells is seen by elec-
tron microscopy.

Little is known about the molecular dynamics of membrane fusion. Meta-
bolic energy and divalent cations appear to be required in some systems
(187), and the possible role of lysophosphatides as mediators of the process
has been discussed (90, 188, 189). In the last few years Oates & Touster
(190) have developed a model system for studying fusion of phagolysosomes
in vitro, Scheid & Choppin (191) have identified a protein responsible for
the hemolytic and cell-fusing activities of paramyxoviruses, and several
groups of investigators (192-195) have reported that unilamellar liposomes
fuse with the plasma membranes of cells in culture. Thus systems may now
be available for studying this process in detail.

METABOLIC CONSEQUENCES OF PHAGOCYTOSIS

Oxidative Metabolism
During particle ingestion professional phagocytes show a two- to threefold
increase in CN -insensitive 02 consumption, a marked increase in H202
production, and a two- to tenfold increase in glucose oxidation via the
hexose monophosphate shunt (72-74). Several lines of evidence indicate
that these metabolic alterations are not required to provide the energy for
particle ingestion: 1. 02 consumption and hexose monophosphate shunt
activity are unchanged during particle ingestion by facultative phagocytes
(77). 2. Leucocytes incubated with colchicine or in the absence of 02 ingest
particles normally but do not exhibit increased O2 uptake and hexose mono-
phosphate shunt activity (85, 86). 3. Membrane perturbants (e.g. low con-
centrations of detergents, surface-bound immune complexes) stimulate
oxidative metabolism in the absence of particle ingestion (196-198).

Most workers in this field now agree that this burst of oxidative activity
results from the activation of a plasma-membrane-linked NADH (199) 
NADPH (200) oxidase that converts 02 to H202 via superoxide anions
(198) and that it is H202 that drives the hexose monophosphate shunt. The
role of this pathway in the production of oxygen metabolites (superoxide,
singlet oxygen, hydroxyl ions, and H202) constitutes a new and exciting
chapter in biochemistry; the interested reader is referred to several excellent
recent reviews (198, 200-202) for more detailed information. Suti]ce it 
say that these oxygen metabolites appear to be important effectors of the
microbicidal activities of phagocytic leucocytes (198, 201,202) and individ-
uals genetically deficient in the enzymes of this pathway (203) have severe
recurrent bacterial infections.
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ENDOCYTOSIS 701

Phospholipids and Cholesterol

Several effects are associated with phagocytosis: increased incorporation of
lysophosphatides into phosphatidyl choline and phosphatidyl ethanolamine
(204, 205), enhanced uptake of 32p into phosphatidic acid and phosphatidyl
inositol (206), and an increased flux of fatty acids from cellular triglycerides
to lecithin (89). In the case of phagocytizing polymorphonuclear leucocytes
the amount of phosphatidyl choline formed from lysophosphatides in the
medium can amount to as much as 5% of total cellular lecithin (204). Most
of this newly synthesized lipid is incorporated into the plasma membrane,
and about half of it is transferred from the plasma membrane to phagocytic
vacuoles, presumably as part of the vacuolar membrane, during particle
ingestion (83). Despite all of these findings, evidence is lacking that in-
creased phospholipid synthesis is obligatory for phagocytosis. Granulocytes
(90), L cells (207), and macrophages (76) all ingest particles in the absence
of an exogenous lipid source. In the absence of selective inhibitors of phos-
pholipid synthesis and incorporation it is impossible to assess the role of
endogenous lipid pools in this process.

Although exogenous cholesterol is not required for particle ingestion, its
presence is required for membrane renewal in mouse macrophages. Werb
& Cohn (208) found that these cells exhibit a marked increase in total
cellular cholesterol and phospholipid 6-10 hr after ingestion of latex parti-
cles. The size of this increase is proportional to the number of latex particles
ingested and is strictly dependent upon the presence of exogenous choles-
terol. Morphologic and functional analyses of these macrophages suggest
that the increases in cellular phospholipid and cholesterol are related to new
plasma-membrane synthesis, and that the availability of both newly synthe-
sized proteins and exogenous cholesterol is required for membrane synthe-
sis to occur.

Secretion of Neutral and Acid Hydrolases
Endocytosis stimulates the secretion of acid and/or neutral hydrolases in
a variety of cell types. Polymorphonuclear leucocytes release some of their
acid hydrolases into the surrounding medium in response to particle inges-
tion. The amount of enzyme released is proportional to the number of
particles ingested. Ignarro et al (209, 210) have shown that for any given
amount of particle ingestion, enzyme release from phagocytizing polymor-
phonuclear leucocytes is enhanced by compounds that elevate cyclic GMP
(cGMP) levels and is inhibited by removal of 2+ fr om the extracellular
medium. These findings demonstrate that enzyme release is not required for
particle ingestion to occur. Similar findings regarding the role of cGMP in
enzyme secretion have been reported by Zurier et al (211). In polymor-
phonuclear leucocytes, the hydrolase-containing granules fuse with the
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membrane of the forming phagosome before its separation from the cell’s
surface (212). For this reason it has been suggested that lysosomal enzymes
"leak" out around the particle during its interiorization. However, the
uptake of fluid-phase markers, such as HRP, in mouse macrophages is not
stimulated by particle ingestion (P. Edelson, unpublished observations).
This result indicates that the vacuolar membrane forms a tight seal with the
surface of the particle and suggests that the leakage concept may be an
oversimplified view of the mechanism of lysosomal-enzyme release during
phagocytosis.

The secretion of neutral protcascs, such as plasminogen activators, col-
lagenase, and elastase, is closely coupled to particle ingestion in fibroblasts
and macrophages [see (213) for review]. Endocytosis of indigestible parti-
cles, such as latex beads, by an appropriately primed cell (214) causes
maximal and sustained stimulation of neutral protease secretion, while the
ingestion of digestible particles such as red blood cells increases secretion
only transiently. In the latter instance an increase in secretory rate is
maintained only until the particle is degraded. In both cases very little of
the enzyme is stored intracellularly. Thus secretion appears to be an accu-
rate reflection of de novo enzyme synthesis.

Particle ingestion per se does not appear to be an obligatory prerequisite
for protease secretion since colchicine (213) and tumor promotors, such 
phorbol myristate acetate (173), all stimulate the release of one or more 
these enzymes.

Induction of Lysosomal-Enzyme Synthesis

In contrast to the effects of the endocytosis of indigestible materials on
enzyme secretion, the endocytosis of digestible materials appears to regulate
the levels of intracellular lysosomal enzymes. Phagocytosis of red blood
cells or pinocytosis of serum proteins induces the synthesis of lysosomal
enzymes in mouse macrophages and leads to a tenfold increase in their
intracellular content (215). The uptake of latex or sucrose has no corre-
sponding stimulatory effect, which suggests that the products of intracellu-
lar digestion are responsible for this increase in enzyme synthesis (215).

Cyclic Nucleotides

Most investigators have found no change in cyclic AMP (cAMP) levels 
phagocytizing polymorphonuclear leucocytes (83). In a few cases increased
cAMP levels have been reported to accompany particle ingestion, but upon
further examination the major proportion of this increase was attributed to
changes in cAMP levels in nonphagocytizing mononuclear cells (probably
lymphocytes) present in the culture (216). Seyberth et al have reported 
small and transient increase in cAMP levels in phagocytizing alveolar
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macrophages (217) and Ignarro and his colleagues (210) have found 
stantial increases in cGMP levels during particle ingestion in polymor-
phonuclear leucocytes. In the latter case, omission of Ca2+ from the
medium prevented the phagocytosis-stimulated increase in cGMP levels
(210). Since phagocytosis proceeds normally in the absence of extracellular
Ca2+ (123), it seems unlikely that the ingestion process itself is regu~lated
by changes in cGMP levels.

Muschel et al (218) have studied mutant clones of SV40-transformed
mouse macrophages that bind but do not ingest IgG-coated red blood cells.
Addition of cAMP to the medium stimulated the ingestion of these IgG-
coated cells. Although the mechanism of this stimulation remains un-
known, these interesting observations and those on the inhibitory effects of
2odG on immune-ligand-mediated phagocytosis (35, 81, 177) may presage
a new chapter in defining the molecules that regulate phagocytosis.

FACTORS REGULATING PINOCYTOSIS

In contrast to the detailed information known about the mechanism of
ingestion of large particles, the factors governing pinocytic activity are
poorly understood. At this time we can list three categories of pinocytosis
(detailed below), but we do not know whether they have common or differ-
ent control mechanisms.

Pinocytosis of Ligands Bound to the Cell Surface

Binding of ligands to cells can stimulate pinocytic activity. Classically this
has been studied in large amoebae that form pinocytic channels upon en-
countering a variety of charged substances, from ions to macromolecules,
all capable of binding to their surface. These substances are all interiorized
while bound to the vesicle membrane (219, 220).

Pinocytosis in mammalian cells is also stimulated by membrane-bound
ligands. Edelson & Cohn (64) found that concanavalin A (conA) increased
the uptake of fluid-phase markers threefold in mouse macrophages and that
mannose and glucose blocked the lectin’s effect. They identified the conA
on the cell’s surface and on the inner aspect of the endocytic vacuole
membrane. The fact that conA is bivalent or possibly multivalent in its
interaction with cell-surface saccharides seems to be important. Steinman
(unpublished observations) has noted that succinylated conA, which
behaves as a univalent ligand in several mouse cells, does not stimulate
pinoeytosis even though it is interiorized in an adsorptive fashion.

B lymphocytes rapidly pinocytose anti-immunoglobulin molecules bound
to their cell-surface immunoglobulins (182, 221,222); again, the bivalent
nature of the anti-immunoglobulin is important since univalent anti-
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immunoglobulin fragments are not rapidly interiorized (182, 221). Roth 
al (9) found that maternal-yolk proteins, which bind to specific receptors
or the ooeyte plasma membrane, stimulate uptake of a fluid-phase marker.
Two other examples are known in which presumptive surface ligands stimu-
late pinocytosis (although the fate of the ligand itself has not been docu-
mented): the stimulation of pinocytosis in mouse macrophages by a 19S
hemagglutinin (223) and in toad bladder mucosa by antidiuretic hormone
and its analogues (224).

It is not established yet if other materials interiorized by adsorptive
endocytosis (see section on quantitation of particle and solute uptake) stim-
ulate their own uptake. Presumably some do, but an alternative possibility
is that pinocytosis of some or all parts of the plasma membrane proceeds
continuously (see section on "constitutive" pinocytosis below), and adsorp-
tion simply allows the ligand to be included in the incoming vesicle.

Pinocytosis Following Secretion

Neurons (225-229), exocrine (230) and endocrine (231) pancreatic 
salivary gland (232), anterior (223-229, 233, 234) and posterior (235-237)
pituitary cells, and adrenal medullary cells (229), to name a few, exhibit 
enhanced rate of fluid-phase pinocytosis for minutes to hours following a
burst of secretory activity, as was originally predicted by Palade (238). 
most of these cases pinocytosis is detected morphologically, e.g. by the
formation of intracellular vacuoles filled with exogenous markers like HRP.
Baker et al (236) measured fluid uptake in whole, stimulated rat pituitary,
and estimated that the volume of fluid endoeytosed was similar to the
volume of the secretory-granule content. De Camilli et al (239), using
freeze-fracture techniques, provided evidence that the endocytosed mem-
brane is similar in appearance to that added to the cell surface during
secretion. He found that the plasma membrane of salivary-gland cells is rich
in intramembranous particles, whereas the secretion-granule membrane is
particle poor. Following secretion, the cell’s luminal surface is greatly am-
plified and contains a mosaic of particle-rich and particle-poor regions. The
two types of regions never mix; rather, the particle-poor zones selectively
disappear, which suggests that the secretory-granule membrane is com-
pletely retrieved, presumably by endocytosis. A more specialized example
of direct retrieval of secretory-granule membrane was found by Hausmann
& Allen (240), who showed that triehocyst-granule membrane is en-
docytosed immediately after its fusion with the surface of Paramecium.

"Constitutive" Pinocytosis

Some cells pinocytose at characteristic and constant rates for long periods
of time (days). This has been demonstrated quantitatively in cultures 
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nondividing mouse macrophages (21) and of growing fibroblast lines (24).
In vivo, the vesicles and lysosomes of many epithelial cells, e.g. kidney (51,
52) and vas deferens (10), are readily filled with pinocytic tracers, which
suggests that they too are endocytosing continuously. Factors controlling
this constitutive pinocytosis have not been identified; conceivably it is sec-
ondary to ligand binding and/or secretory activity.

Pinocytic activity can be increased to a new steady state in some of the
above examples--although again the control mechanisms are unknown.
Edelson et al (241) found that mouse macrophages pinocytose several times
more actively when obtained from inflammatory exudates. Steinman et al
(24) and Kaplan (242) have also observed that some cell lines pinocytose
2-4 times faster upon reaching confluence. Since confluent populations
contain a larger proportion of cells in the G~ phase of the cell cycle, this
finding may be related to that of Quintart et al (243), who noted that
synchronized hepatoma cells interiorize HRP most actively in G1.

MEMBRANE FLOW DURING ENDOCYTOSIS

Rate of Plasma-Membrane Influx Morphologic Studies

The area of membrane interiorized during endocytosis--both absolute and
relative to plasma-membrane area--can be estimated, particularly by
stereology (244, 245). Stereology is a statistical approach for obtaining
three-dimensional information from two-dimensional micrographs. For ex-
ample, the surface-to-volume ratio of the cell is related to the number of
times a grid of test lines intersects the cell surface per unit length of line
in randomly selected micrographs. This ratio can be converted to an abso-
lute surface area if cell volume is known. Steinman et al (246), using this
approach, found the surface area of mouse macrophages and L-cell flbro-
blasts to be 825 and 2100/~m2, respectively, values that are three times the
area of smooth spheres of equivalent volume.

The area of membrane interiorized during large particle uptake can be
estimated in two ways: (a) by counting the number of spherical particles
ingested or (b) by stereology. Method a requires that the membrane of the
phagocytic vacuole be closely apposed to the particle surface, that the
particles be of uniform and defined size, and that each is taken up in a
separate vacuole. These requirements were met in Hubbard’s & Cohn’s
study (207) of the uptake of 1.1-~m diameter latex spheres in L cells. Each
cell ingested an average of 170 particles having a total surface area of 646
/.~m2, some 31% of the total plasma membrane area of 2100 /~m2. Using
stereology, method b, even with particles of nonuniform size and shape one
can compare the relative areas of phagosome and cell surface by counting
the number of times a grid of test lines intersects vacuolar membrane vs
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plasma membrane. The absolute amount of interiorized membrane can be
obtained if the surface area is known (see above). This technique has the
added advantage of estimating cell-surface area before and after phagocyto-
sis.

Membrane influx during pinocytosis is more difficult to measure since the
incoming vesicles are small, hard to identify, rapidly fuse with one another
and with lysosomes, and appear to decrease in surface area following their
interiorization. Steinman et al (246) examined the rate of surface interiori-
zation in macrophages and L cells using the following method. (a) They
estimated the rate of fluid uptake per minute by obtaining quantitative data
on the rate of solute (HRP) uptake. (b) They identified the incoming,
cytochemically reactive (HRP-containing) pinocytic vesicles, and showed
that the rate at which this compartment expands in volume is similar to the
predicted rate of fluid influx. (c) They measured the surface area of the
incoming cytoehemieally reactive vesicles, relative to plasma-membrane
area, using stereology. The equivalent of 3.1% of the macrophage and 0.9%
of the L-cell surface were interiorized each minute. The total cell-surface
area remained constant throughout a 3-hr period. Even higher rates of
membrane influx (5-50 cell-surface equivalents per hour) have been esti-
mated for pinocytosis in Acanthamoeba castellani (56).

Fate of the Interiorized Plasma Membrane--
Morphologic Studies

FUSION WITH LYSOSOMES In most cells, endocytic vacuoles rapidly
fuse with lysosomes. Silverstein & Dales (65) found reovirus particles 
lysosomes within 15 min (the first time-point tested) of the onset of en-
docytosis, and by 60 min, most of the surface-adsorbed virus was in lyso-
somes. Steinman et al (246) showed that HRP enters the entire pinocytic
vesicle compartment of cultured macrophages and L cells within 5 min, and
gr~,.dually (45-60 min) saturates the preexisting lysosome compartment.
Morphologic techniques can also be used to show that ingested mac-
romolecular contents remain with the lysosome and do not leak out into the
cytoplasm, e.g. colloids (47) and HRP (247). Some microorganisms 
exceptional in that they do escape the vacuolar confines (see section on
endocytosis and the penetration of intracellular parasites).

Following particle uptake, electron microscopy shows only that the
vacuolar membrane shrinks in size as the particle is digested, but is at all
times closely applied to the content (e.g. 161). The shrinkage process is slow
(hours to days) and there is no information on the fate of the ingested
membrane.
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Using phase-contrast microscopy, fluid-filled pinocytic vesicles can be
observed to shrink very rapidly (42, 47). Steinman et al (246) obtained
quantitative data on the rapidity and extent of the shrinkage process. Using
HRP as a marker, they found that macrophages (qualitatively similar data
were obtained in L cells) pinocytose the equivalent of 25% of their cell
volume and 186% of their cell-surface area each hour. Yet throughout the
3-hr period studied, cell volume and area remained constant, and both the
pinocytic vesicleand secondary lysosome compartment occupied a constant
volume and area, equivalent to 2-3 % and 15-20% of the whole cell volume
and area, respectively. Thus the membrane area of vesicles entering the cell
hourly is some ten times the steady-state dimensions of vesicle and lysosome
compartments. Presumably an efflux of pinocytosed fluid and low-molecu-
lar-weight solutes occurs following fusion with the lysosome, which facili-
tates the shrinkage process, but this is still speculative.

RECYCLING The idea of recycling of plasma membrane was initially
proposed by Palade (44) following his initial electron microscopic observa-
tions of the endoplasmic reticulum. Until recently, it has been dit~cult to
obtain evidence supporting this concept. The findings of Steinman et al
(246) provide experimental support for the membrane-recycling hypothesis.
Steinman et al showed that the total surface area of plasma membrane,
pinocytic vesicle membrane, and secondary lysosomal membrane of mouse
fibroblasts each remains constant despite extensive interiorization of the
cell’s surface membrane during pinocytosis. These results led Steinman et
al to propose that interiorized membrane is recycled back to the cell surface
intact (246). Extensive degradation and resynthesis--at least for most mem-
brane components--were considered unlikely in view of the rapidity of the
process, the considerable metabolic load this would impose, and the failure
to detect such rapid degradation in most studies of plasma-membrane turn-
over (see below). The mechanism of the proposed recycling process 
unknown, e.g. does it involve disassembly into membrane constituents vs
return of fully assembled membrane. Two sorts of membrane-bound or-
ganelles can be implicated: 1. tiny vesicles, often seen in association with
pinocytic vesicles and lysosomes, that may originate from them (see path-
way 5, Figure 2), and 2. the Golgi apparatus. Incoming fluid-phase HRP
does not enter Golgi saccules in most cultured cells (21, 24). However, there
are three examples (233, 234, 248) in which HRP initially is associated with
the plasma membrane and later can be identified in the inner lamellae of
the Golgi cisternae (Figure 2), as well as endocytic vacuoles and lysosomes.
Perhaps HRP in these instances is tracing the path of recycling plasma
membrane. It may be relevant that extensive shrinkage and possible recy-
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708 SILVERSTEIN, STEINMAN & COHN

cling of secretory-granule membrane also occurs in the Golgi region, e.g.
when condensing vacuoles mature into zymogen granules (249).

The idea of membrane recycling in pinocytosis is reminiscent of the
membrane-retrieval hypothesis in secretory cells (see section on factors
regulating pinocytosis), i.e. it is likely that membrane added to the cell
surface during fusion of secretory granules is recaptured by pinocytosis. The
fate of retrieved membrane is not clear, but in several studies fusion with
lysosomes has been documented (e.g. 229).

Freeze fracture has been used to look at the composition and fate of
endocytosed membrane. In Acanthamoeba (250), the membrane of the
interiorized phagosome has a threefold increase in intramembranous-parti-
cle density relative to the plasma membrane of the forming phagocytic
vacuole. In Paramecium (251), the food-vacuole membrane exhibits
marked changes in intramembranous-particle number and size during its
intracellular life; these changes occur concurrently with other events visible
in transmission microscopy, e.g. fusion with lysosomes, pinching off of
putative recycling vesicles (252). These freeze-fracture findings are striking,
although too preliminary to interpret mechanistically.

Composition of the Interiorized Plasma Membranem
Biochemical Studies
Is endocytosed membrane a representative or selected sample of the plasma
membrane from which it arises? The selective notion was born with the
observations of Tsan & Berlin (253), who found that the ingestion of parti-
cles by neutrophils and macrophages did not reduce their ability to trans-
port certain purines and amino acids into the cells. Neither the K,, nor the

Vmax of the surface-transport sites was altered, even though an estimated
30-50% of the cell surface had been ingested (the transport assay could
detect a 7% decrease in Vmax). They suggested that transport sites in the
plasma membrane were excluded from the forming phagocytic vacuole. The
authors ruled out the possibility that the cells replaced interiorized trans-
port sites from an intracellular pool. They used a nonpenetrating thiol
reagent to inactivate surface-transport sites prior to phagocytosis and
showed that transport activity was not restored when the treated cells
phagocytosed latex. Subsequently Ukena & Berlin (97) found that particle
uptake did lead to the expected loss of transport sites if cells were treated
with colchicine prior to ingestion. They proposed that the exclusion of
transport sites from the vacuole or membrane is regulated by microtubules.

These interesting observations are not easily interpreted. It is possible
that transport sites are both interiorized and replaced during phagocytosis,
but that the replacement process itself is sensitive to the thiol-reactive drug.
Moreover, neither the area of plasma membrane interiorized nor the surface
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area of the cells before and after phagocytosis were measured. Intracellular
pools of plasma-membrane components have been suggested to exist in
other systems, e.g. 5’-nucleotidase in liver (254, 255) and cultivated macro-
phages (256), insulin receptors in liver (257), and acetylcholine receptors 
muscle (258). Hopefully these transport experiments can be extended 
direct analysis of the transport molecules themselves and their distribution
in normal and colchicine-treated cells.

Two studies of pinocytosis have suggested that the endocytic-vacuole
membrane is selective in its composition. (a) Following administration 
anti-immunoglobulins, the surface of B lymphocytes is cleared of its im-
munoglobulin binding sites, but binding of antibodies to other surface com-
ponents, like histocompatibility antigens, is not perceptibly altered (182).
Since the anti-immunoglobulin is pinocytosed (some may also be shed from
the cell), there appears to be selective uptake of cell-surface immunoglobu-
lin. However, it is known that both the cell-surface immunoglobulins and
the anti-immunoglobulin probes can redistribute (patching, capping) along
the cell surface prior to their endocytosis (182, 221). This movement, and
not the interiorization step, may be the selective process, and the interi-
orized membrane may otherwise be identical to the plasma membrane from
which it is derived. (b) Schneider et al (259) report that specific anti-
plasma-membrane antibodies are not interiorized into lysosomes, as as-
sessed by cell fractionation and fluorescence microscopy, but the same cells
do endocytose nonspecific immunoglobulins. Exclusion of the anti-plasma-
membrane binding site from the pinocytic ,vesicle may explain these
findings.

In contrast to these indirect approaches, there is direct evidence that
components of the plasma membrane are included in endocytic vacuoles in
amounts proportional to the total area of membrane interiorized. Plasma
membrane and the latex-phagolysosome membrane have been compared in
the same cells with respect to the following ~omponents:

ENZYMES Hubbard & Cohn (207) and Werb & Cohn (208) found 
substantial (30--50%) redistribution of plasma-membrane enzymes (phos-
phodiesterase in L cells, 5’-nucleotidase in macrophages) into latex
phagolysosomes. Estimates of the proportion of plasma membrane interi-
orized during these experiments gave a similar 30-50% value (260).

POLYPEPTIDES Hubbard & Cohn (261) found that L cells contain 
least 15-20 polypeptides that are accessible to iodination with lacto-peroxi-
dase and 1251. After phagocytosis (207), all of these radioiodinated polypep-
tides were identified in phagolysosomes, and apparently in the same relative
proportions to those found in the plasma membrane. Again, a similar
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710 SILVERSTEIN, STEINMAN & COHN

percentage of radioiodine and plasma-membrane area was interiorized
(260).

LIPIDS Ulsamer et al (262) found that the lipid composition of Acan-
thamoeba phagolysosome membrane was identical to that of the plasma
membrane from which it was derived. Comparable experiments have not
been done in mammalian cells.

Fate of the lnteriorized Plasma Membrane--
Biochemical Studies
It is clear that endocytosed membrane components can be degraded. Plas-
ma-membrane marker enzymes [L-cell phosphodiesterase (207) and macro-
phage 5’-nucleotidase (208)] are rapidly (tl/2 of 2 hr) inactivated following
inclusion in latex phagolysosomes. More impressively, some 70% of interi-
orized, radioiodinated L-cell-membrane proteins are rapidly (tl/2 of 2 hr)
and completely degraded after phagocytosis (labeled monoiodotyrosine was
recovered in the culture medium). It is not known whether all plasma-
membrane proteins and enzymes, or just the ones that are exteriorly ex-
posed and therefore end up facing the interior of the phagolysosome, are
degraded. However, it is evident that despite the presence of lysosomal
phospholipases, the membrane lipids of the phagosome are conserved (204,
205).

Endocytosis and Plasma-Membrane Turnover
It has long been suspected that endocytosis contributes to the turnover of
plasma membrane, since it brings this membrane into a degradative or-
ganelle--the lysosome. The evidence is hardly clear, however. Some work-
ers have studied individual markers like 5’-nucleotidase in macrophages
(263) and acetylcholine receptors in myotubes (258). Both enzymes appear
to enter the cell in endocytic vacuoles, but it has not been demonstrated that
this is responsible for, or correlates with, the observed turnover. Most
workers have radiolabeled the cell surface--by iodination (207, 214), acety-
lation (265, 266), or after biosynthetic incorporation of sugars and amino
acids (264, 267-271)--and have then made two sorts of measurements:

TURNOVER OF BULK RADIOLABEL For radioiodinated plasma mem-
brane proteins, degradation follows first-order kinetics with a rapid (tl/2 of
a few hours or less) and a slow (tl/2 of 20-100 hr) component. Other labels
appear to yield only a single slow component. The rapid component ac-
counts for 0-50% of the total and has been attributed by Kaplan (272) 
be the result of pinocytosis. Other explanations seem possible: elution of
adsorbed labeled materials, extracellular degradation, or shedding. It is also
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possible that this rapid turnover is not physiological but is a result of the
iodination technique. The slow component has an extremely long half-life
when compared to the rate at which plasma membrane is likely interiorized
by pinocytosis, e.g. half of the surface of mouse L cells is endocytosed
hourly (246). The wide difference between the average rate of interiorization
of membrane and protein half-lives of 20-100 hr can be reconciled if (a)
plasma-membrane components are excluded from the pinocytic vesicles;
(b) labeled components are efficiently recycled without degradation; or (e)
the rate of pinoeytosis of the surface is not the rate-limiting process in
turnover.

TURNOVER OF INDIVIDUAL COMPONENTS In some studies, many in-
dividual membrane proteins turn over at similar rates (207, 264, 266), while
in others, different protein species turn over at dissimilar rates (268-271).
It is not clear if these differences reflect physiglogical processes or are
merely technical in origin. The finding of homogeneous turnover prompts
the conclusion that degradation occurs in bulk, as would occur when en-
docytosis delivers a large segment of plasma membrane to the lysosome.
Again, one must determine the rate-limiting process(es), for one might
expect that the susceptibility of different membrane components to lysoso-
mal digestion varies considerably, e.g. Hubbard & Cohn (207) noted that
certain components of plasma membrane included in latex phagolysosomes
were degraded more slowly than the bulk of labeled proteins. Also the rate
at which pinocytosed contents are degraded varies considerably. For in-
stance, lysosomal release of [lZSI]monoiodotyrosine from [I25I]HRP has a
t,~ of 20-30 hr, whereas enzymatic activity is lost with’a t~/2 of 7-9 hr (21).
In contrast, the tv2 of degradation of [3H]leucine-labeled outer-coat proteins
of reovirus is about 1 hr, while the RNA transcriptase activity of reovirus
core proteins is unaffected by lysosomal enzymes (178).

ENDOCYTOSIS AND THE PENETRATION
OF INTRACELLULAR PARASITES

Ingestion and intracellular killing of microbial parasites is generally recog-
nized as a central mechanism in host defense. It is less widely appreciated
that many obligate intracellular parasites utilize endocytic pathways to
penetrate and replicate within their host cells. Many of these microorgan-
isms gain entry into their host cells by virtue of specific receptor molecules
on the cell’s surface. For instance, human but not mouse cells bear a
genetically defined surface receptor for poliovirus (273). While only human
cells can be infected with the intact virus, both human and mouse cells can
be infected with poliovirus RNA (274, 275). Thus it is the presence 
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absence of this receptor that determines the effect of poli0virus on these
cells. Similarly, the presence of the Duffy surface antigen (276, 277) 
essential for the penetration of malarial merozoites into human red blood
cells (278) and a protease-sensitive surface component of mouse macro-
phages mediates the binding and interiorization of Trypanosoma cruzi
(279). In all of these cases, possession of surface receptors appears to place
the host in a disadvantageous position for survival. The continued expres-
sion of cellular receptors for potentially lethal disease-causing organisms
suggests that these receptors may mediate as yet unrecognized normal
physiological functions and that viruses and protozoa have merely adapted
these receptors for their own ends.

A variety of infectious agents enter their host cells within endocytic
vacuoles [cf(278, 280, 281) for reviews], but have different ultimate intracel-
lular destinations.

Agents That Enter the Cytoplasmic Matrix

The interaction of vaccinia virus with the membrane of the endocytic
vacuole causes dissolution of both the outer lipoprotein coat of the virus and
the vacuolar membrane, and results in the release of the DNA-containing
viral core into the cytoplasmic matrix (78, 280, 282) where viral replication
occurs. The surface properties of the virus are critical determinants of its
capacity to enter the cytoplasmic matrix; treatment of vaccinia virus with
heat or antibodies prevents its escape from the endocytic vacuole and results
in its sequestration in lysosomes, where it is destroyed (282). Like vaccinia,
the trypomastigotes of T. cruzi (279) must also escape from the phagocytic
vacuole and enter the cytoplasmic matrix to initiate replication.

Agents That Replicate IVithin Lysosomes

Several obligate intracellular bacterial pathogens (e.g. Brucella, tubercle
bacilli, Listeria monocytogenes) are sequestered within host-cell lysosomes
where they replicate, eventually destroying the cell (283). Tubercle bacilli
slow the fusion of bacillus-containing phagosomes with lysosomes (284). 
contrast, antibody-coated tubercle bacilli are rapidly sequestered within
lysosomes (285). Under both conditions, however, the tubercle bacilli grow
equally well intracellularly.

The capacity of reovirus to survive the lysosomal environment is unique
among animal viruses. Infecting reovirus particles are concentrated within
host-cell lysosomes where they are uncoated and thereby converted to a
biosynthetically active infectious form (178).

~4gents That Replicate IJ~ithin Phagosomes

Chlamydia and toxoplasma utilize the vacuolar apparatus in yet another
way. Chlamydia (286) and toxoplasma (287) enter cells within endocytic
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vacuoles, but prevent the fusion of these vacuoles with host-cell lysosomes.
Presumably their capacity to inhibit lysosome-phagosome fusion requires
continued production of metabolite(s) or biosynthetic product(s) by these
organisms, since dead Chlamydia and toxoplasma are sequestered in lyso-
somes.

It is evident that each of the organisms described above has utilized one
or more steps in the endocytic pathway in its replicative cycle. Hence these
agents should provide excellent tools for the dissection of this pathway and
for the identification of the effector molecules that control them.

ENDOCYTOSIS AND HOMEOSTASIS

Although the ingestion of infectious microorganisms is one of the most
dramatic illustrations of the role of endocytosis in the physiology of mul-
ticellular organisms, it is almost certainly of secondary importance in quan-
titative terms. Quantitatively, senescent and dying cells, cell fragments, and
a variety of small particles and soluble macromolecules probably represent
the bulk of materials endocytized daily by the cells of multicellular organ-
isms. This is most easily illustrated by the turnover of red blood cells in
man.

A 60-70 kg adult has about 5 X 1013 red blood cells. Each day 1/120th
of these or 3 × 101~ cells are removed from the circulation by mononuclear
phagocytes. In the course of a year the mononuclear phagocytes ingest and
digest over 2.7 kg of hemoglobin alone. Loss of sialic acid from the surface
of red blood cells during aging may regulate their removal from the circula-
tion (288). Winchester et al (289) have shown that desialated red blood cells
express antigen(s) that react with antibodies present in all normal sera, and
Kay (174) has found that phagocytosis of aged red blood cells by mononu-
clear phagocytes is regulated by an IgG species present in homologous
normal serum. Thus, the turnover of red blood cells, like the clearance of
infectious agents, may be regulated by Fc-receptor-mediated phagocytosis.

Phagocytic leucocytes also play essential roles in wound healing (290)
and in the repair and/or involution of organs and tissues (158).

The importance of endocytic activity in facultative phagocytes is clearly
illustrated by the role of pigment epithelial cells in the neural retina. These
cells selectively ingest senescent fragments of rod outer segments (291-295).
Failure of the pigment epithelial cells to remove these fragments results in
retinitis pigmentosa, a disease that leads to blindness (295).

The regulation of cholesterol metabolism also may be under endocytic
control. The work of Goldstein & Brown (reviewed in 66a) indicates that
cholesterol biosynthesis is controlled by the uptake of cholesterol contain-
ing low-density lipoproteins. Endocytosis of low-density lipoproteins is reg-
ulated by a genetically defined receptor in the surface of fibroblasts. Absence
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of this receptor, as occurs in familial hypercholesterolemia, leads to
markedly reduced lipoprotein uptake, overproduction of cholesterol, pre-
mature atherosclerosis, and death.

Endocytosis also plays a central role in regulating the levels of at least
one essential hormone, thyroxine. Thyroid-stimulating hormone stimulates
the endocytosis of thyroglobin by thyroid epithelial cells. The endocytized
thyroglobin is digested by the lysosomes of these cells and thyroxine is
released as a result (296-298).

SPECULATIONS

Lewis (42), in his initial description of pinocytosis in 1931, predicted: "The
importance of this phenomenon in cellular metabolism and in the economy
of intercellular fluids seems almost self-evident." The importance of en-
docytosis in the physiology of cells and organisms is becoming more and
more evident, and we suggest that the processes outlined below may also
be governed by endocytosis.

Nutrition

The terms phagocytosis and pinocytosis imply a nutritional function, but
this has not been fully explored. In vivo, the uptake of effete and damaged
cells by professional phagocytes, asialoglycoproteins by hepatocytes, and
proteins by renal proximal-tubular cells, results in the intracellular diges-
tion of these materials and allows for reutilization of their components. But
at the individual cell level, there is no evidence in vivo that uptake and
digestion of macromolecules is an important source of metabolic substrates.
Eagle & Piez (299) proved that labeled amino acids contained in exogenous
proteins were not themselves reutilized for protein biosynthesis during
HeLa-cell growth in vitro. Direct transport of substrates across the cell
surface likely provides most metabolic substrates. However, it is probable
that a variety of essential small molecules, especially those complexed to
macromolecular carriers, may gain access to cells following an initial en-
docytic step, e.g. vitamins like B-12 (300), cholesterol (66a), and 
metals.

Control of Metabolism
Biologically active molecules such as protein hormones are generally
thought to act by binding to specific cell-surface receptors, thereby initiating
chemical signals that alter cell functions. Many biologically active mae-
romolecules hormones (301), growth factors (302), antigens (303), 
transmitters (258), and even toxins (304, 305)--are endocytosed following
adsorption to the cell surface. The significance of endocytosis in the function
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of these agents is not established. It may assist delivery of the ligand, or of
its biologically active subunit, such as a toxin, to the cytoplasmic matrix,
or in the initiation of some other signal such as cyclic-nucleotide formation.
Endocytosis may also function to terminate signals generated by ligand
binding at the cell surface, either by direct removal of ligand and/or recep-
tor from the surface, such as occurs on antigen binding to lymphocytes
(303), or by altering the formation of new receptors, such as occurs in the
decrease of low-density lipoprotein receptors following lipoprotein uptake
(66a), and as may occur in the "down regulation" of human growth hor-
mone (306) and insulin receptors (307). Moreover, several situations 
known where the levels of intracellular enzymes and proteins are altered
following endocytic uptake of particles and macromolecules [e.g. heme
oxygenase (314), apoferritin (315), and lysosomal hydrolases (215)].

The Cell Surface
It is likely that the influx of plasma membrane during endocytosis does
more than just enclose soluble and particulate materials. Membrane interi-
orization may allow cells to remove altered portions of the cell surface,
reorganize its composition and topography, and acquire information initi-
ated by ligand binding.

Therapy

Endocytosis may provide a means for effecting a variety of therapeutic
maneuvers, especially the selective delivery of drugs into cells (308). There
are two approaches to selective delivery. One is to complex the therapeutic
agent to some carrier so that it can only enter cells by bulk uptake. Only
cells that are active in endocytosis will take up the complex, digest the
carrier, and release the drug locally. De Duve et al (308) have termed such
complexes "lysosomotropic" drugs. Another approach is to attach the drug
to a specific ligand, which is then selectively recognized by a restricted class
of cells. Binding then may be followed by uptake, digestion, and local
release. Some of the vehicles (reviewed in 309a) that have been considered
are listed below.

LIPOSOMES Liposomes are artificial lipid membranes that have an aque-
ous content and can be coated with specific ligands (309), e.g. Weissmann
et al delivered liposomes containing HRP to leucocytes by coating them
with immunoglobulins (310).

CONJUGATES OF INTERCALATING DRUGS WITH DNA The tumori-
cidal drug, duanorubicin, exhibits reduced cardiac toxicity following com-
plexing with DNA. The complex, when endocytosed by tumor cells, is
digested, liberating the drug locally (311).
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POLYCATIONIZATION Basu et al polycationized low-density lipo-
proteins so that they were bound electrostatically to, and were interiorized
by, mutant fibroblasts lacking the physiological lipoprotein receptor (312).
This approach is unlikely to be useful therapeutically since polycations will
bind nonspecifically to most serum proteins and cells.

ALTERATION OF OLIGOSACCHARIDES Rogers & Kornfeld (313)
linked oligosaccharides containing terminal galactose residues to albumin.
Albumin modified in this way was bound to the asialoglycoprotein receptors
on the hepatocyte’s membrane, and was endocytosed by these cells.

ENTRY OF MACROMOLECULES INTO THE CYTOPLASMIC MATRIX

Infectious agents and toxins gain access to the cytoplasm, and in some

instances this follows an initial endocytic step. Conceivably these same

routes could be used for the delivery of nucleic acids and other mac-

romolecules to the cytoplasm.

Whether or not these specific approaches prove of therapeutic value, it

is clear that endocytic uptake holds great promise as a means of delivering

biologically active macromolecules to the cytoplasmic matrix and from this

site to the nucleus.
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