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ABSTRACT.

Using the spreading of macrophages on immune complexes as a model

system of phagocytosis, dynamics of clathrin, coated vesicles in macro

phages were studied. When macrophages were spread on coverslips which

had bound immune complexes formed by bovine serum albumin (BSA) and

anti-BSA IgG, cells started to increase their area of contact. Within l;

min they assumed a "fried egg" appearance and reached maximum extent of

spreading (800-900 An° of contact area) by 20 min. Clathrin coats at

the plasma membrane were visualized by platinum-carbon (Pt-C) replicas

of quick-freeze deep-etched or critical point-dried samples. About 1%

of the bottom plasma membrane was coated with clathrin in macrophages

spread on control coverslips that had bound BSA alone, while 2-3% was

coated in macrophages spread on coverslips that had bound BSA-anti-BSA

immune complexes. In some cells spread on immune complexes up to 15% of

the area was coated. This result indicated that clathrin assembly was

induced at the site of receptor-ligand interaction during the spreading

of macrophages on immune complexes. Dynamic distribution of clathrin,

coated vesicles during spreading was also studied by immunofluorescent

localization of clathrin. Before the spreading, most of the clathrin

was localized at the Golgi/perinuclear area. As cells spread clathrin

moved from the Golgi/perinuclear area to peripheral area and by 120 min

clathrin moved back to the Golgi/perinuclear area. The immunofluores

cent localization using antibodies against the Golgi-specific 1.35 kd

membrane protein and apoprotein E, a secretory protein of macrophages,

showed that Golgi cisternae were reversibly redistributed and frag

mented, and apoprotein E was secreted in reversibly during the spreading.

In summary, it was shown that clathrin coats were induced to assemble at



ii

a site of receptor-ligand interaction during the spreading of macro

phages on immune complexes ("frustrated phagocytosis"). In addition,

coated vesicles from the Golgi area, and the Golgi complexes were rever

sibly redistributed and the exocytosis of secretory vesicles was induced

during the spreading.
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CHAPTER 1

INTRODUCTION

1-1. Clathrin and Coated Vesicles

A. Distribution and Physiological Role of Clathrin and Coated Vesicles

Coated vesicles have been observed in thin section electron micros

copy as vesicles with bristles extending about 15–20 mm, radially

arranged with an equidistant spacing of 18–30 mm (Roth and Porter 1964,

Friend and Farquhar 1967). In en face view the vesicles are coated with

hexagons and pentagons with edges of about 20 mm (Kanesaki and Kadota

1969) and biochemically these coats have been shown to be primarily com

posed of 180,000 dalton polypeptides, clathrin (Pearse 1975). Clathrin

and clathrin-coated vesicles appears to be evolutionary conserved and

are found from yeast to mammalian cells (Mueller and Branton 1984).

This suggests that coated vesicles are involved in important basic func

tions of cells. One basic functions they participate is endocytosis.

They participate in the uptake of macromolecules in various types of

cells: Roth and Porter (1961) showed that coated vesicles participate in

the uptake of yolk protein by mosquito oocytes, and Friend and Farquhar

(1967) showed that they participate in the uptake of exogenously added

horse radish peroxidase by absorptive epithelial cells of rat vas

deferens. Subsequently it was shown that coated vesicles are involved

in receptor-mediated endocytosis of various macromolecules including low

density lipoproteins (LDL) (Anderson et al. 1977), asialoglycoproteins

(Wall et al. 1980), 42-macroglobulin (Willingham and Pastan 1980), and

the uptake of intact immunoglobulin at the luminal surface of newborn

rat intestinal cells, followed by the delivery of intact molecule to the



basolateral surface (Rodewald 1973). Coated vesicles facilitate the

entry of viruses into cells (Helenius et al. 1980). In addition, there

is suggestive evidence that they are involved in the secretory pathway

(Franke et al. 1976, Rothman and Fine 1980, Rothman et al. 1980). For

example, coated patches are seen along the casein secretory vesicles of

lactating mammary glands, and the G proteins of vesicular stomatitis

virus are found in coated vesicles purified from Chinese hamster ovary

cells infected with the virus. Coated vesicles are also involved in

some cells in the retrieval of plasma membrane after secretion, for

example, the retrieval of synaptic plasma membrane at neuromuscular

junction after release of transmitter (Heuser and Reese 1973).

As shown by Friend and Farquhar (1967), coated vesicles in most

mammalian cells are distributed in two locations, where they are dis

tinguished by size. One population resides near the surface of the cell

and has the larger size, about 150 mm diameter. This population is

involved in the uptake of extracellular molecules; when cells are incu

bated with external tracers, such as horse radish peroxidase, they are

found in this population of vesicles. The other population resides pri

marily near the Golgi cisternae, and they are smaller (diameter, 60-75

mm). This population is probably involved in membrane transport around

the Golgi structures. External tracers do not reach this population.

At least some of them contain acid phosphatase and are therefore thought

to be primary lysosomes (Friend and Farquhar 1967, Nichols et al. 1971).

The relationship between the two populations of coated vesicles have not

been clearly understood. Recently, there is some indication that com

ponents associated with the two populations may be different (Zarembra

and Keen 1983, see below).



In receptor-mediated endocytosis, some receptors, such as receptors

for LDL, or asialoglycoproteins, are concentrated at coated pits even

before binding of ligands (Anderson et al. 1982, Wall and Hubbard 1981),

but some receptors, such as receptors for q2-macroglobulin, arºe Ilor'e

diffusively distributed and diffuse into coated pits after binding of

ligands (Willingham et al. 1979). At least some of the internalization

seems to be occurring without binding of ligand, although ligand binding

seems to facilitate it (Basu et al. 1981). Individual coated pits seem

to contain more than one kind of receptor. For example, receptors in

the same coated pit may bind q2-macroglobulin and vesicular stomatitis

virus (Dickson et al. 1981), B-galactosidase and q2-macroglobulin (Wil

lingham et al. 1981b), epidermal growth factor (EGF) and LDL (Carpentier

et al. 1982). Therefore, there must be mechanisms by which coated pits

concentrate more than one receptor. In addition, Bretcher et al. (1980)

have shown that two plasma membrane proteins, 9 and H63 antigens, are

relatively excluded from coated pits. They proposed that coated pits

act as "molecular filters", concentrating some surface molecules, and

excluding others.

Coated pits on the cell surface occupy only about 2% of the plasma

membrane (Anderson et al. 1976, Wall et al. 1980). They may be asym

metrically distributed. For example, in J771.2 mouse macrophage cells

they are distributed as small clusters (Pfeiffer et al. 1980). In human

fibroblasts, they are found along the stress fibers (Anderson et al.

1978). When the J774.2 macrophage cell line is treated with colchicine,

the cells form unique protuberances, and coated pits are enriched in

these protuberances (Pfeiffer et al. 1980). These observations raise

the possibility that coated pits are present in special relationship to



other structures.

Clathrin-coated membranes may be involved in certain types of cell

adhesion to substratum. Maupin and Pollard (1983) observed large

patches of coated membrane (>1,000 hexagons) on adhesive plaques of HeLa

cells by using tannic acid-glutaraldehyde-Saponin fixation and thin sec

tion electron microscopy. The prevalence of this type of adhesion

plaque, however, is not known.

B. Molecular Biology of Clathrin and Coated Vesicles

Isolation of Coated Vesicles

The first attempt to isolate coated vesicles was by Kanesaki and

Kadota (1969). They showed that coated vesicles are composed of hexa

gons and pentagons. Subsequently, Pearse (1975) isolated coated vesi

cles from pig brain by a procedure that involves repeated sucrose gra

dient centrifugation, and this procedure became the basis for the

current methods for isolation of coated vesicles. Pearse analyzed the

protein component of purified coated vesicles by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and showed that a

180,000 dalton polypeptide, which she named clathrin, was the major com

ponent. She also showed that this 180,000 dalton protein is observed in

the coated vesicle fraction from other sources, such as adrenal medulla

and a lymphoma cell line (Pearse 1976).

With the isolated coated vesicle fraction Pearse, together with

Crowther and Finch, refined some of the possible structures of coated

vesicles, composed of hexagons and pentagons, by carefully examining

electron micrographs of tilted specimens (Crowther et al. 1976).



Briefly, the closed basket structure is formed from 12 pentagons and

varying numbers of hexagons, such as l; or 8. Although these studies

examined the smaller vesicles (diameter 1,5-60 mm), larger vesicles

should also be constructed from the same principle, i.e., more than 12

pentagons and varying numbers of hexagons. The purest fraction of

coated vesicles, uniform in size and free of smooth vesicles, is

obtained by adding controlled pore glass Column chromatography or

agarose gel electrophoresis after the Pearse procedure (Pfeffer and

Kelly 1981, Rubenstein et al. 1981). The use of *H,0 instead of sucrose

for density gradient centrifugation reduces the dissociation of coats

from vesicles during purification (Nandi et al. 1982).

Light. Chains and Triskelions

Pearse noticed that polypeptides of about 30,000 and 36,000 are

commonly seen on SDS-PAGE of coated vesicles isolated from various

sources. The precise sizes of these polypeptides differ, depending on

the type of tissues. For example, these two bands from bovine brain or

chicken developing oocyte migrate slower than those from bovine parotid

salivary gland and bovine adrenal medulla, and those from human placenta

migrate fastest (Pearse 1978). The 30,000 and 36,000 polypeptides have

been observed by others to associate with the 180,000 polypeptide. They

were therefore named light chains. Currently there is some confusion in

nomenclature. Sometimes the 180,000 polypeptide is called clathrin

heavy chain and the 30,000 and 36,000 polypeptides are called clathrin

light chains; it is also common to find that the 180,000 polypeptide is

called simply clathrin, as originally named by Pearse (1975), and 30,000

and 36,000 polypeptides are called simply light chains.



Clathrin can be dissociated from coated vesicles by treatment with

0.5 M Tris-HCl or 2 M urea and can be purified by gel filtration (Keen

et al. 1979, Schook et al. 1979). When purified, unassembled clathrin

is visualized by rotary shadowing or by negative staining, triskelions

are revealed, which are subunits of coated vesicles (Ungewickell and

Branton 1981, Kirchhausen and Harrison 1981, Crowther and Pearse 1981).

Triskelions are composed of three clathrin heavy chains and three light

chains.

Revealed by rotary shadowing, triskelions have a mean leg length of

hlºß it 23 (s.d.) A°. The legs bend about 120 degree at a point about 190

A° from the center, where the three legs join. Slightly different

values are obtained by negative staining; triskelions have a thickness

of 30-110 A°, a mean leg length of 1,33 + 1.3 A°, and the curvature is

located about 160 + 10 A° from the center.

Clathrin purified from the 0.5 M Tris extract does not readily form

baskets when dialyzed against 0.1 M 2-(N-morpholino)-ethanesulphonic

acid (MES), 1 mM etyleneglycol-bis-(B-aminoethyl-ether) N, N, N',N'-

tetraacetic acid (EGTA), 0.5 mM MgCl2, 0.02% Nans (Keen et al. 1979 and

see below). However, clathrin purified from 2 M urea extract forms

baskets in the same buffer (Schook et al. 1979). The reason for this is

not clear.

By chemical crosslinking and analysis on SDS-PAGE, it has been

shown that each heavy chain is in close contact with a single light

chain, and the light chains appear not to be in contact with each other

(Kirchhausen and Harrison 1981). The light chains are located near the

center of the triskelions. They can be localized by binding biotin



labeled light chains to the triskelions (which have been stripped of

light chains by elastase) followed by attachment of avidin-labeled fer

ritin (Ungewickell et al. 1982), or by the use of monoclonal antibody to

the light chains (Kirchhausen et al. 1983). Light chains seem to be

involved in the assembly of clathrin into cages because when light

chains are selectively cleaved by mild digestion with elastase, the

assembly of regular cages is impaired (Kirchhausen and Harrison 1981).

A possible way of packing triskelions into hexagons or pentagons

was proposed by Crowther and Pearse (1981), following careful examina

tion of images of negatively stained cages. briefly, each vertex of the

polygons has one triskelion and therefore each edge consists of four

legs: one leg from each of the triskelions at the either terminus of the

edge, and two legs from neighboring triskelions.

Assembly Polypeptides and Binding of Clathrin Triskelions to Membranes

of Coated Vesicles

As mentioned earlier clathrin extracted from coated vesicles by 0.5

M Tris-HCl does not form cages when dialyzed against 0.1 M MES, pH 6.5,

1 mM EGTA, 0.5 mM MgCl2, 0.02% Nans, which is the original buffer used

to isolate coated vesicles (Keen et al. 1979). Keen showed that if

three other polypeptides of coated vesicles, which are separated from

clathrin by gel filtration chromatography, were added back to clathrin,

cages readily form. He called these assembly polypeptides. Their

molecular weights were 52,000, 100,000, and 110,000 Mr (Zarembra and

Keen 1983). When assembly polypeptides are present cages form at intra

cellular pH (7.2-7.5) as well as at pH 6.5. When assembly polypeptides

are not present, cages form only at lower pH. In addition, cages formed



with assembly polypeptides are smaller, 7.8 mm diameter (250 S), and more

uniform in size than cages formed from clathrin alone at permissive

buffer conditions (low ionic concentration plus ca?”, such as 5 mM MES,

2 mm CaCl2, pH 6.2). Under the latter conditions, cages are 101 mm

diameter (l;00 S) and more heterogeneous in size.

Unanue et al. studied the interaction of triskelions and stripped

vesicles (Unanue et al. 1981). Triskelions were prepared by 0.5 M

Tris-HCl and gel filtration chromatography. Stripped vesicles were

prepared by incubating coated vesicles in 0.01 M Tris-HCl, 1 mM

etylenediaminetetraacetic acid (EDTA) (pH 8.5). By this procedure, 70%

of clathrins were removed but more than 99% of 110,000 and 90% of 50,000

dalton assembly polypeptides were retained. The binding of triskelions

and stripped vesicles are optimal at pH 6.0–6.5 and neither the absence

nor the presence of Ca2+ Orº Mg” ions (up to 5 mM) affect the binding.

It was suggested that the 110,000 dalton protein present on stripped

vesicles is the protein that interacts with triskelions because pre

ferential removal of the 110,000 dalton protein from stripped vesicles

by low concentration of elastase inhibited interaction with triskelions.

Formation of Coated Vesicles from Coated Patches

The mechanism by which coated vesicles form in vivo is not clearly

known. Kanesaki and Kadota proposed that transformation of hexagons to

pentagons accelerates the formation of vesicles from originally flat

patches (Kanesaki and Kadota 1969). Heuser studied various coated

patches associated with fibroblasts, by a quick-freeze deep-etch tech

nique, and found that heptagons and pentagons are frequently juxtaposed

to each other. He proposed that this structure, juxtaposed heptagons



and pentagons, may be an intermediate in the transformation of hexagons

to pentagons (Heuser 1980). However, some argue that the formation of

large flat patches of hexagons followed by transformation to pentagons

may be kinetically too inefficient to operate in vivo. They propose

that both pentagons and hexagons are added in situ, as curved vesicles

are formed (Harrison and Kirchhausen 1983).

Other Components of Coated Vesicles

In addition to 180K heavy chain and 30K and 36K light chains, many

other polypeptides, particularly in the 100K and 50K region, are

observed in preparations of coated vesicles examined by SDS-PAGE.

Pfeffer et al. showed that the 5 l/k and 56K polypeptides are g- and B

tubulins and the 50K polypeptide is antigenically related to, but dis

tinct from, microtubule associated tau protein (Pfeffer et al. 1983).

They proposed that the 50K polypeptide may be anchored to coated vesi

cles via the 100K polypeptide and d(- and B-tubulins are tightly bound to

the tau-like 50K polypeptide. This 50K polypeptide is phosphorylated,

in a manner independent of cAMP or ca*, by a protein kinase endogenous

to the coated vesicle; therefore a protein kinase is also a component of

coated vesicles (Pfeffer et al. 1983, Pauloin et al. 1982). Liver

coated vesicles also have endogenous kinase activity, a 50K tau-like

polypeptide, 3- and B-tubulins.

Coated vesicles bind calmodulin. The calmodulin-binding com

ponents, identified by photoaffinity labeling, have molecular weights of

110K, 73K, and 32K, the last of which may be the clathrin light chain

(Linden et al. 1981, Linden 1982). However a role for ca” in the
assembly or function of coated vesicles has not been established.
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Filipin, which forms complexes with cholesterol that have a

specific appearance in freeze-etched or thin-sectioned plasma membrane,

does not bind to coated pit regions (Montesano et al. 1979). However,

coated vesicles stripped of clathrin bind filipin like other membranes

(Steer et al. 1984).

C. Dynamics and Assembly/Disassembly of Clathrin and Coated Vesicles in

Wiyo

Little is known about the assembly and disassembly of clathrin

coated vesicles in vivo, although there is much evidence that coated

vesicles are dynamic. For example, in receptor-mediated endocytosis,

the ligands are first found in coated vesicles, but within less than 5

minutes they are found in vesicles without coats (Anderson et al. 1977,

Wall et al. 1980). One interpretation of this observation is that

clathrin disassembles and falls off from coated vesicles very rapidly in

receptor-mediated endocytosis. Some argue that this is not strictly

proven and that all of the coated vesicles found near the cell surface

are actually associated with coated pits and that coated vesicles never

leave the plasma membrane (see Willingham and Pastan 1980, 1983, also

see below, the discussion on soluble pool of clathrin).

There is other evidence that coated vesicles are dynamic. With

some stimulation, their overall distribution changes. For example, in

the mosquito oocyte, before mosquitos are given a blood meal, yolk pro

tein uptake is quiescent, but 7 h after a blood meal, when yolk uptake

is active, the number of coated pits or coated vesicles increases (Roth

and Porter 1961; ). Large amounts of filamentous aggregates resembling

triskelions have been observed in the cytoplasm of previtellogenic
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mosquito oocytes (Raikhel 1983). This suggests that some components of

the blood meal might induce the assembly of coated pits at the surface.

During the recycling of synaptic vesicle membrane after transmitter

release at neuromuscular junctions, coated vesicles seem to proliferate.

(Heuser and Reese 1973). In addition Friend and Farquhar (1967) noticed

that, when epithelial cells of the rat was deferens are perfused with

peroxidase, the number of coated vesicles increases in the Golgi region

at 10 min and the vesicles later move to the peripheral region at 1:0

min.

There are two studies which examine the dynamics of clathrin more

directly. The first examined the increase of coated pits during surface

IgM capping of lymphoid cells (Salisbury et al. 1980). The total cell

surface of such cells is 300 um”. Before ligand challenge, 2.7 um” Of

the cell surface were coated . If the cells were treated with anti-IgM

followed by a second antibody, 8.4 nm of the cell surface became
coated. The capped surface IgM was subsequently internalized by coated

pits. The increase in coated pits seemed to be mediated by calmodulin,

**-calmodulin and inhibits itsbecause stelazine, a drug that binds to Ca

interaction with other proteins, inhibits the increase of coated pits,

although it does not inhibit capping itself.

The second experiments examined the decrease in coated pits on

potassium-depleted fibroblasts (Larkin et al. 1983). When the intracel

lular potassium of the fibroblast was depleted more than 10% by experi

mental manipulation, the number of coated pits per unit length of the

surface was reduced by 80%. Accompanying this, the uptake of LDL and

EGF, which are normally taken up by coated pits in fibroblasts, was also
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reduced 80%. These effects are reversible; when the intracellular

potassium level is restored, the effect is reversed.

Are There Soluble Pools of Clathrin?

It is estimated that clathrin constitutes 0.5–1% of the protein in

the postmitochondrial extract of many cells and tissues (Crowther and

Pearse 1981). If a hypothetical cell with a protein content of 10-4 sug

has a volume of 500 amº (these numbers were taken from morphometric

analysis of resident mouse peritoneal macrophages by Steinman et al.

(1976)), the amount of clathrin in the cytosol will be 5 x 10" - 10°
rug per cell or a concentration of 1-2 mg/ml.

How much of the clathrin is in soluble form and how much is assem

bled? There has been some debate as to whether there are any soluble

clathrin triskelions in the cytoplasm. One group in particular has

argued that there is no soluble pool (Willingham and Pastan 1980, Wil

lingham et al. 1981 a, Wehland et al. 1982, Willingham and Pastan 1983).

Their evidence includes a) a soluble form cannot be detected by ultras

tructural immunocytochemistry, b) microinjection of anti-clathrin anti

body interferes with neither receptor-mediated endocytosis of “2-
macroglobulin nor transport of newly synthesized G protein of vesicular

stomatitis virus protein to the cell surface, and c) all of the coated

vesicles near the surface are directly connected to the surface by tubu

lar structure.

However, there is also evidence that suggests the presence of a

soluble form. Contrary to the study by Willingham et al. (1981 a),

Louvard et al. (1983) demonstrated a soluble form of clathrin in cyto
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plasm by ultrastructural immunocytochemistry. This was shown by using

Specific monoclonal antibody raised against triskelions dissociated in 2

M. urea from coated vesicles purified from pig brain. Among the 11

clones positive for immunofluorescent staining of normal rat kidney

cells, three stained with a punctate pattern similar to polyclonal

anti-clathrin, but the rest gave punctate staining throughout the cell

cytoplasm. By ultrastructural immunocytochemistry, one of these latter

antibodies stained soluble molecules within the cytoplasm and not the

coated structures. Because polyclonal antibody, which apparently stains

only assembled clathrin, competes with the antibody against soluble

structures, they concluded that the polyclonal antibody also recognizes

the soluble form, but that the staining is dismissed as background

because staining of assembled form is stronger. Other evidence for

soluble clathrin includes a) fibrillar aggregates of clathrin-like

molecules in pancreatic exocrine cells cultured under anoxic conditions,

(Merisko et al., 1983), b) filamentous aggregates of clathrin-like

molecules in previtellogenic oocytes of mosquitos (Raikhel, 1983).

If there are soluble forms of clathrin, what is the size of the

pool compared to the assembled form? Crowther and Pearse (1981)

reported that triskelions form into cages at protein concentrations of

> 0.05 mg/ml at their buffer conditions (0.1 M MES, pH 6.2, 20 mM

MgCl2), and Zarembra and Keen (1983) reported that triskelions form into

cages at protein concentrations as low as 0.06 mg/ml. Therefore, com

pared to the estimate of 1-2 mg/ml of total clathrin, the soluble pool

may be small. On the other hand, there may be unknown associated pro

teins or other unknown mechanisms, which allow the presence of larger

pools of Soluble clathrin. D. Louvard (personal communication) has
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estimated that the soluble pool of clathrin in cells comprises 30-50% of

the total clathrin.

1-2- Spreading of Macrophages

A. Spreading of Macrophages on Immune Complexes as a Model for Phago

cytosis

Macrophages phagocytose certain particles selectively including

antibody-coated particles which are recognized by specific receptors for

the Fc portion of IgG, and latex particles which are recognized by a

so-called "nonspecific" receptor (Silverstein et al. 1977). When parti

cles are small the invagination of plasma membrane may take place. When

particles are sufficiently large evagination takes place; pseudopods,

which are rich in microfilaments advance around the particles. Accord

ing to North (1968), Fenn (1921) believed that the phagocytic process

enables a cell to spread over the surface of a particle, and he used the

situation of a cell spreading on a flat surface for his theoretical cal

culations of the phagocytic process. North (1968, 1969a) studied the

spreading of macrophages on antigen-antibody-coated surfaces as a model

for Fc receptor-mediated phagocytosis. He suggested that the spreading

of macrophages on antigen-antibody-coated surface was an expression of

the cell's attempt to phagocytose the surface. He showed that, when

macrophages are spread on an antigen-antibody-coated surface, they

spread twice as fast and twice as far as they do on a glass surface, and

the maximum extent of spreading is maintained much longer. Spreading on

an antigen-antibody-coated surface was enhanced by the presence of ATP,

which also enhances phagocytosis. Later, Rabinovitch and Destefano

(1973a, b, 1971) described some of the basic properties of spreading on
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immune complexes, including a requirement for divalent cations, tempera

ture dependence, pH dependence, and alterations in spreading in response

to drugs.

Spreading and phagocytosis seem to correlate during the activation

of macrophages. It is known that activated macrophages have an

increased phagocytotic activity and that they also have an increased

tendency to spread. Mackaness (1970) observed that, on glass, BCG

activated macrophages spread, while resident macrophages remain round.

In accord with this observation, Listeria-activated macrophages have

increased phagocytic activity; they ingest Salmonella without specific

antibody. North (1969b) also compared spreading and the phagocytic

activity of Listeria-activated macrophages and resident macrophages. He

found that in Listeria-activated macrophages both the area of contact

when spread on glass surface and the phagocytosis of latex particles

were increased compared to resident macrophages.

Henson (1971) was the first to coin the word "frustrated phago

cytosis". He studied the adherence of polymorphonuclear leukocytes on a

micropore filter coated with antigen-antibody. He observed the

degranulation of azurophil granules and specific granules to the

adherent surface by thin section electron microscopy. This exocytosis

was confirmed by enzyme assays. Because azurophil and specific granules

are usually seen to fuse with phagosomes during phagocytosis, he postu

lated that the external cell membrane was stimulated by adherence to the

fixed antibody. In response, granules fuse with the plasma membrane and

discharge to the outside, as if to a phagocytic vacuole. The process
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may thus be considered one in which the complete phagocytic process was

"frustrated" by the large size of the surface. Although the fusion of

lysosomes to phagosomes are normal consequence of phagocytosis in macro

phages as well, it has not been determined whether lysosomes are

discharged extracellularly in the process of "frustrated phagocytosis"

by macrophages. In this regard, the extent to which spreading on the

substrate mimic the phagocytic event has not been critically assessed in

macrophages. As North (1968) originally noted, the extent of contact

area by macrophages declines after 80-100 min of spreading either on a

plain . glass surface or on antigen-antibody complexes. Therefore macro

phages appear to decide at some point that spreading is a futile effort,

and they initiate locomotion. On the other hand, activated macrophages,

which are active in phagocytosis, have a larger contact area and more

flattened morphology than resident cells throughout the culture. In

these cells, the increased contact area may reflect generally increased

membrane activity and altered cytoskeletal activity.

In addition to antigen-antibody-coated surfaces, it is known that

macrophages can be induced to spread by several other stimuli, including

treatment with proteolytic enzymes (Rabinovitch and Destefano 1973a),

with complement factor Bb, which is also a proteolytic enzyme (Gotze et

al. 1979, Sundsmo and Gotze 1981), and with 12-O-tetradecanoylphorbol

13-acetate (Phaire-Washington et al. 1980a).

B. Receptor Modulation

One of the interesting aspects of the studies of spreading of

macrophages on ligand-coated surfaces is receptor "modulation". Rabino

vitch et al. (1975) first observed that when macrophages were spread on
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immune complex-coated surfaces, ingestion of IgG-coated erythrocytes was

inhibited. The effect was specific for IgG-coated erythrocytes because

other particles were ingested normally. Subsequent studies found that

the failure to ingest IgG-coated erythrocytes could not be attributed

to: i) blockade of FC receptors on the free surface of the cells by

soluble immune complexes detached from the substrate; ii) inactivation

of Fo receptors by proteases or oxygen radicals; iii) the internaliza

tion of Fo receptors from the plasma membrane surface (Michl et al.

1979, Ragsdale and Arend 1979, Michl et al. 1983a, b). Therefore,

although the evidence is still not direct, it is thought that FC recep

tors move from the nonadherent surface to the adherent surface, with

subsequent trapping of receptors by immobilized ligand on the adherent

surface (Michl et al. 1983a, b).

When macrophages are spread on immune complexes formed by rabbit

IgG antibody, the attachment of IgG-coated erythrocytes is only par

tially inhibited, although ingestion is almost completely inhibited. It

has been shown that the residual attachment of the erythrocytes is due

to an Fc receptor specific for the IgG2a subclass (Michl et al. 1979).

The rabbit IgG antiserum that was used to form immune complexes can

interact with both IgG2a-Fo and IgG2b/IgG1-Fo receptors. It is there

fore not clear from these results whether the IgG2a-Fo receptor is

uniquely resistant to modulation or whether the particular rabbit anti

body employed in the experiment preferentially bound the IgG2b/IgG1-Fo

receptor.

One of the reasons why modulation is an interesting phenomenon is

that the ability of receptors to modulate seems to correlate with the
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ability of receptors to phagocytose. It is known that the activity of

receptors for the complement component C3 are regulated depending on the

state of activation of macrophages: in resident macrophages complement

receptor mediates attachment but not ingestion of particles, but in

activated macrophages complement receptor mediates both attachment and

ingestion (Bianco et al. 1975). When macrophages are plated on

complement-coated surface, subsequent attachment and ingestion of

complement-coated erythrocytes by thioglycollate-activated macrophages

is inhibited. However, the attachment of complement-coated erythrocytes

by resident macrophages is not inhibited (Michl et al. 1979). Because

resident macrophages do not phagocytose the erythrocytes, this indicated

a correlation between the capacity of macrophages to modulate their mem

brane receptors and the ability of the receptors to mediate phago

cytosis. Griffin and Mullinax (1981) showed that modulation and phago

cytosis of complement receptors can be reversibly regulated in vitro by

a lymphokine. Because modulation is thought to occur by diffusion of

receptors from the nonadherent to the adherent surface, they postulated

that receptors that are capable of phagocytosis are mobile but that

receptors incapable of phagocytosis are immobile and anchored.

C. Structures Observed on the Adhesive Site of Macrophages

Although spreading resembles phagocytosis, it may also share some

properties with adhesion. Structural differentiation at the adhesive

site of fibroblasts has been studied extensively by interference

reflection microscopy and immunolocalization of components. There are

at least three types of contact sites (Izzard and Lochner 1976, Chen and

Singer 1982). Focal contacts are separated by 10-15 mm from the sub
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strate and observed as 0.25-0.5 sum wide, 2-10 ■ um long dark streaks by

interference-reflection microscopy. They are the sites where linear

bundles of microfilaments of fibroblasts (stress fibers) terminate at

the ventral surface of the cells (Heath and Dunn 1978). They are

labeled intracellularly for vinculin and d-actinin, with vinculin

situated closer to the membrane than q-actinin. Fibronectin is not

found in the narrow gap between the cell surface and the substratum.

Fibronectin is actively removed from areas of focal contacts by endo

cytosis (Avnur and Geiger, 1981). Close contacts consist of broad areas

over which the separation between cell and substrate is uniform (ca. 30

mm). Focal contacts are distributed within the regions of close contact

under the leading lamellae. Close contacts are often associated with

submembranous densities parallel to the membrane. These contain cº

actinin but not vinculin. Fibronectin is found extracellularly in these

areas. Extracellular matrix contacts are characterized by large separa

tions (often > 100 mm) between the cell and substratum, which are con

nected by long cables of extracellular matrix component, including

fibronectin.

Structural differentiation at adhesive sites of macrophages has not

been studied as extensively as fibroblasts. Interference-reflection

images of macrophages demonstrate large areas of close adhesion but no

focal adhesion and differ from fibroblasts (Lehto et al. 1982). The

adherent side of macrophages contains foci of actin, a cytoskeletal

structure not seen in fibroblasts. (Phaire-Washington et al. 1980b,

Lehto et al. 1982, Amato et al. 1983). These actin foci are observed as

phase-dense spots and are closely related to foci of d-actinin and vin

culin. At the ultrastructural level actin foci structures resemble the
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Structures assembled by purified actin and actin-binding protein

(Niederman et al. 1983). Therefore actin-binding protein may also be a

component. It has been postulated that the observed actin foci are

sites of transmembrane linkage to the substrate (Trotter 1981), but this

has not been established. It is interesting to note that Montesano et

al. (1983) observed the structures which might correspond to these foci

on the pseudopods of phagocytosing macrophages. By thin section elec

tron microscopy, they observed distinct condensations of the filamentous

network just beneath segments of pseudopodal membranes that were in con

tact with erythrocytes. This mass of condensed filaments often tapered

away from the region of contact, assuming a triangular shape, with a

base of about 0.5 sum. Boyles and Bainton (1979, 1981), studying

polymorphonuclear leukocytes, also noted the membrane-associated

globule-filament complex during the initial phase of adherence and dur

ing the frustrated phagocytosis of polymorphonuclear leukocytes. There

fore these foci may be structures which have Some role in advancing

pseudopods during phagocytosis both in polymorphonuclear leukocytes and

macrophages.

In addition to the actin foci, linear microfilaments have been

observed in macrophages at adhesive sites or phagocytosing pseudopods

(Reaven and Axline 1973). However microfilaments of macrophages are

probably not as highly bundled as those of fibroblasts. Linear microfi

laments have been more difficult to observe than actin foci by fluores

cent microscopy. In spread macrophages both microtubule and intermedi

ate filaments (10 mm filament) are more radially oriented than in con

trol cells and some of the cytoplasmic organelles may be distributed

differently along these filaments (Phaire–Washington et al. 1980b).
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1-3. Aims of Experiments

The hypothesis to be tested in this thesis is: can receptor-ligand

interactions at the cell surface induce clathrin assembly by macro

phages? One of the fundamental interests of cell biology is to define

the signals that are transduced by receptor-ligand interactions. Few

studies have examined the relation between clathrin assembly and

receptor-ligand interactions. Roth and Porter (1964) suggested that

Some component in blood meal induced the increase of coated vesicles in

mosquito oocytes, although the evidence was indirect, and nothing is

known about the ligand or its putative receptor. ‘The study by Salisbury

et al. (1980) also suggested that the clustering of surface IgM

molecules induces a three-fold increase in surface-associated coated

pits in lymphoblastoid cells. However, because IgM was introduced by

crosslinking by antibody, the physiological correlate of this observa

tion is not clear.

Recently large clathrin-coated patches were observed on phagosomes

of macrophages that had ingested latex beads (Aggeler and Werb 1982).

This raises the possibility that clathrin assembly is induced by

receptor-ligand interactions in macrophages during phagocytosis. How

ever, the receptor responsible for interaction between latex beads and

macrophages has not been defined (Silverstein et al. 1977).

Macrophages phagocytose particles via several well-defined recep

tors. One of the receptors, FC receptors, have been particularly inten

sively studied (Unkeless et al. 1981). Therefore Fo receptors seem to

be a good probe to study whether receptor-ligand interactions can induce

clathrin assembly. In addition, there is evidence that Fo receptors may



22

induce clathrin assembly; Montesano et al. (1983) observed clathrin

coated patches in macrophages on phagosomes of IgG-coated erythrocytes.

To test whether the receptor-ligand interactions could induce

clathrin assembly I have chosen "frustrated phagocytosis", or spreading

of macrophages on immune complex-coated surfaces as the system to study.

The spreading of macrophages on the surface has been thought to be an

attempt of macrophages to engulf the surface (Fenn 1922, North 1968).

This model system, sometimes called "frustrated phagocytosis", gives a

unique opportunity to study the cytoplasmic side of phagosomes during

receptor-ligand interactions because a large membrane area is fixed on

the surface and is thus available for examination.

First, to ascertain the hypothesis that the spreading of macro

phages on immune complexes is an attempt of macrophages to engulf the

surface, I have examined some of the basic properties of spreading of

macrophages on immune complexes (Chapter 3). Then, I have studied

whether clathrin assembly is induced on the internal membranes of the

spreading macrophages by the use of platinum-carbon (Pt-C) replicas

(Chapter l;). A corollary to the hypothesis that receptor-ligand

interactions could induce clathrin assembly is that the cell has a pool

of clathrin which can be induced to assemble at the plasma membrane.

The cell may have a soluble pool of clathrin that can be assembled or

clathrin may be located at sites other than the plasma membrane, such as

the Golgi apparatus, and can then redistribute to the plasma membrane.

As a first step to examine these possibilities, I have studied whether

clathrin will redistribute during frustrated phagocytosis, by the use of

indirect immunofluorescence of clathrin (Chapter 5). Additional corre
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CHAPTER 2

MATERIALS AND METHODS

Macrophages

Resident peritoneal macrophages were obtained from female Swiss

Webster mice (CD-1; Charles River Breeding Laboratories, Inc., Wilming

ton, MA) by lavaging the peritoneum as described (Cohn and Benson 1965).

Routinely about 2 x 106 macrophages per mouse were obtained.

Immune Complex-Coated Coverslips

Immune complex-coated coverslips were prepared with bovine serum

albumin (BSA) and rabbit or mouse anti-BSA IgG by a slight modification

of the procedure of Michl et al. (1979). 12-mm diameter No. 1 or No. 2

glass coverslips or 5-mm square fragments of No. 1 glass coverslips were

treated overnight or longer at room temperature with Chromerge (Manostat

Corp., New York, NY), dissolved in concentrated sulfuric acid, washed

2-l; h in running water and rinsed extensively in distilled water. At

this point, the coverslips were stored in 100% alcohol in a glass vial.

Then the coverslips were incubated in phosphate-buffered saline (PBS)

containing 0.1 mg/ml poly-L-lysine (P-1886, which had an approximate

molecular weight of 350,000, or P-1399, which had a molecular weight of

150,000-300,000, both from Sigma Chemical Co., St. Louis, MO), for 30

min at room temperature. The poly-L-lysine-coated coverslips were

washed with PBS, treated with 2.5% glutaraldehyde (Sigma Chemical Co.)

in PBS for 15 min at room temperature, washed extensively in distilled

water, followed by PBS, and then reacted with 3 mg/ml. BSA (Sigma Chemi

cal Co., no. A-4378, lot. 1,1F-9300) in PBS for 30 min at room tempera
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ture. To quench unreacted aldehyde groups, the coverslips were treated

overnight at room temperature with 0.2 M glycine in 0.01 M sodium phos

phate buffer (pH 7.2). Substrate-adherent antigen-antibody complexes

were formed by incubating poly-L-lysine-BSA-coated coverslips with 3 x

10–3 - 3 mg/ml of rabbit anti-BSA IgG (Cappel laboratories Inc.,

Westchester, PA; lot no. 16162 and 17782) or 0.12 mg/ml of mouse anti

BSA IgG (see below) in PBS for 30 min at room temperature. 60 ■ ul was

used for 12-mm diameter coverslips and a drop sufficient to cover the

coverslips was used for 5-mm square coverslips. The coverslips were

then washed with PBS and used on the same day.

Mouse Anti-BSA Antibody

Mouse anti-BSA antibody was raised as follows: 10 mg of BSA (P-

1886, Sigma) in 0.5 ml of PBS was emulsified with an equal volume of

Freund's complete adjuvant (660-5721, lot. Cl;83709, GIBCO Laboratories,

Grand Island, NY); 0.1 ml per mouse of this mixture, which corresponded

to 1 mg of BSA per mouse, was injected intraperitoneally into ten 16

week-old female Swiss Webster mice (CD-1); 7 days later 50 Aug of BSA in

0.1 ml of PBS was injected intramuscularly; l; whº later, 10 jug of BSA in

0.1 ml of PBS was injected intramuscularly. The mice were bled 10 days

after the last injection by cardiac puncture. 8 mice survived and 2.8

ml of clear serum was obtained.

Purification of the IgG Fraction of Mouse Anti-BSA by Protein A

Sepharose

The IgG fraction of mouse anti-BSA antiserum was purified using

protein A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ) by a
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slight modification of the procedure of Ey et al. (1978): 1) IgG was

eluted as one step rather than step-wise to recover all subclasses at

once and 2) pH 8.0 buffer was 0.01 M Tris-HCl instead of 0.1 M phos

phate. The procedure was done at h°C. The serum was first adjusted to

a pH of no less than 8.0 by adding a small amount of 1 M Tris, then a 2

ml serum sample was applied onto the protein A-Sepharose column, which

was pre-equilibrated with 0.01 M Tris-HCl, pH 8.0. The column was first

washed with 30 ml of pH 8.0 buffer at a flow rate of 30 ml/h, and then

eluted with 0.1 M citrate, pH 3.0. 2 ml of the eluate was collected

into 600 jul of 1 M Tris to neutralize the eluted antibody immediately.

Fractions that contained antibody were pooled, dialyzed against buffer

(0.15 M NaCl, 20 mM NaPOh, pH 7.2), aliquotted, and stored frozen. Al!”

total of 7.3 mg IgG at 1.21 mg/ml concentration was recovered.

Spreading without. Using Cooling Block

Spreading was induced by two alternative systems, the "initial"

system and the "underlay" system. In the initial spreading system,

macrophages are plated and attached onto preformed immobilized BSA

anti-BSA immune complexes. Nonadherent cells are washed off, and the

cells are warmed. In the underlay system, macrophages are first cul

tured on BSA alone, then anti-BSA is added, and cells are warmed (Fig.

1).

Initial Spreading System. For the experiments in Chapter 3 and most of

those in Chapter l;, initial spreading of macrophages was performed

without the use of a cooling block by a modification of the method of

Rabinovitch and Destefano (1973a). BSA-anti-BSA coated coverslips were

placed into 16-mm wells of Costar plates (Costar, Cambridge, MA). 5-7.5
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X 10? peritoneal macrophages suspended in 0.5 ml of Eagle's minimum

essential medium with Earle's salt solution supplemented with 25 mM N

2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.4 (MEM

25 mM HEPES obtained from UCSF Tissue Culture Facility), were seeded

into each well containing the coverslips and allowed to attach for 5-10

min at room temperature. Macrophage monolayers were washed free of

nonadherent peritoneal cells and incubated in 0.5 ml per well of MEM-25

mM HEPES at 37°C in a humid incubator maintained at 5% co-95% air.

Underlay Spreading System. For the studies in Chapter 3 and Chapter 4,

underlay spreading was carried out by the following modification of

Michl et al. (1983b) using BSA and anti-BSA as antigen and antibody.

BSA-coated coverslips were placed into 16-mm wells of 21-well Costar

plates. 2-5 x 10? macrophages suspended in Dulbecco's modified Eagle's

medium high glucose formulation (UCSF Tissue Culture Facility) supple

mented with 50 U/ml penicillin G, 50 Aug/ml streptomycin, and 0.2% lac

talbumin hydrolysate obtained from GIBCO (DME-LH) were added per well

and the cultures were incubated for 2 h at 37°C in a humid CO2 incubator

maintained at 95% air/5% CO2 mixture. The coverslips were washed free

of nonadherent peritoneal cells, and cultured overnight in DME-LH. Then

the coverslips were washed with warm DME-LH to remove any debris. The

coverslips were removed from the wells, drained of surplus buffer on

tissue paper, and placed with their dry and cell-free surface down onto

a precooled tissue culture dish cover, on an ice bath. These coverslip

cultures were overlaid with ice-cold PBS containing anti-BSA IgG and

incubated for 10 min on ice. 60 ºul was used for 12-mm diameter

coverslips and a drop sufficient to cover the coverslips was used for

5-mm square coverslips. The coverslips were placed into fresh Costar
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plates and excess soluble anti-BSA was removed by washing with ice-cold

PBS. 0.5 ml of MEM-25 mM HEPES was added to each well and cells were

cultured at 37°C in a humid 5% coa/95% air incubator.

Spreading Using Cooling Block

For the studies in Chapter 5 and some studies in Chapter h (as

noted), a "cooling block" was used to regulate the temperature. The

cooling block can be maintained at 4°C and warmed to 37°C rapidly and

reproducibly. In the initial spreading using a cooling block, attach

ment of peritoneal macrophages was performed at 1°C and then the block

was warmed to permit spreading. In the underlay spreading using a cool

ing block, macrophages cultured on BSA overnight were placed on the

block, immune complexes were formed at lºc, and the block was then

warmed to 37°C.

Design and Set-up of "Cooling" Block. The cooling block utilized the

design of Michl et al. (1983b) (Fig. 27). It was constructed of alumi

num instead of copper and was brought to the desired temperature by con

necting to two circulating water baths, a refrigerated one and a heating

one (models A81 and D1, HAAKE Buchler Instruments, Inc., Saddle Brook,

NJ) via stopcocks, which allowed a rapid switch from one temperature to

another. To monitor the temperature of the block, a surface temperature

probe (1,09a; Yellow Springs Instrument Co., Yellow Springs, OH), con

nected to a telethermometer (1,2SC; Yellow Springs Instrument), was

attached to the surface of the cooling block by clay with a drop of

water underneath. Each pedestal had the proper size to support a 12-mm

diameter coverslips. To use 5-mm square coverslips, 12-mm diameter

plain coverslips were placed over the pedestal and 5-mm square
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coverslips were placed over the 12-mm diameter plain coverslips.

Initial Spreading. Initial spreading using the cooling block was per

formed as follows. BSA-anti-BSA coated coverslips were placed on the

cooling block, which was kept in a chamber with a moist towel paper to

avoid desiccation of macrophages, and precooled to H9C by perfusing with

the cold HAAKE circulating water bath A81. 1-10 x 105 macrophages

suspended in 0.1 ml of ice-cold MEM-25 mM HEPES were overlaid per 12-mm

diameter coverslip and allowed to attach for 60 min at 19C. The

coverslip cultures were washed free of nonadherent peritoneal cells by

dipping ten times each in 100 ml of PBS, a second PBS bath, and MEM-25

mM HEPES, which were cooled in an ice-water bath. The coverslips were

returned to the 4°C cooling block and covered with 100 ºul of ice-cold

MEM-25 mM HEPES. Then, the cooling block was warmed to 37°C by changing

the circulating water bath perfusing the block to the warm HAAKE D1.

After 20 min, the coverslips were transferred to 16-mm wells of Costar

plates, which contained 1 ml of 37°C MEM-25 mM HEPEs. The Costar plates

were cultured at 37°C in a humid 5% co,795% air incubator.

Underlay Spreading. Underlay spreading using a cooling block was car

ried out by the following modification of Michl et al. (1983b). 1 x 105

macrophages were cultured on BSA-coated coverslips overnight, aS

described above for underlay spreading without the cooling block, and

any cellular debris was removed by washing with warm DME-LH. The

coverslips were removed from the wells, drained of surplus buffer on

tissue paper, and placed with their dry cell-free surface down onto the

cooling block, which was maintained at 4°C and kept in a chamber with a

wet paper towel to avoid desiccation of macrophages. These coverslips
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cultures were overlaid with 60 ■ ul of ice-cold PBS containing anti-BSA

IgG and incubated for 60 min at 4°C on the cooling block. The excess

soluble anti-BSA IgG was removed by dipping the coverslips ten times

each into 100 ml ice-cold PBS, a second PBS bath, and MEM-25 mM HEPES.

The coverslips were returned to the cooling block, and were covered by

100 ºul of MEM-25 mM HEPES. The cooling block was then warmed to 37°C.

After 20 min, the coverslips were transferred to a 37°C CO2 incubator as

described above.

Indirect. Immunofluorescence

For indirect immunofluorescence, experiments were done on 12-mm

diameter coverslips. Macrophages were fixed in 2% paraformaldehyde in

PBS in the 16-mm wells of Costar plates for 10–20 min at room tempera

ture. Cells were then rinsed with PBS twice, incubated 10 min in PBS

containing 0.1 M glycine or 0.05 M NH,Cl to quench any remaining

aldehyde reactivity, and rinsed again in PBS twice. The fixed cells

were then rendered permeable to protein reagents by 10 min exposure to

0.1% Triton X-100 in PBS. The cells were then washed twice in PBS con

taining 3% normal sheep serum for 10 min. Coverslips were then drained

briefly on a paper towel, placed in a humid chamber, overlaid immedi

ately with 20 jul of a rabbit antibody to either clathrin, Golgi, or

apoprotein E (ApoB) diluted in PBS containing 3% normal sheep serum, and

incubated for 60-90 min at room temperature. As a humid chamber, a

square plastic petri dish which contained moist filter paper and a

square of Parafilm over the filter paper was used. It was important to

treat coverslips one at a time to prevent drying of coverslips, which

may change the distribution of antigen. After incubation with first
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antibody, the coverslips were returned to 16-mm well plates and rinsed

four times in PBS for 10 min and twice in PBS containing 3% normal sheep

serum for 10 min. While rinsing, the plates were gently shaken on a

Tektator shaker to facilitate washing. The coverslips were then drained

and incubated with rhodamine-conjugated IgG fraction of sheep anti

rabbit IgG or rhodamine-conjugated afffinity-purified goat anti-rabbit

IgG for 30–60 min in a humid chamber at room temperature. The

coverslips were washed in PBS for 10–60 min with several changes before

observing with a Zeiss Photoscope III equipped with epi-illumination and

a 63 x Neofluor water immersion lens. Specimens were photographed by

exposure for 30–60 sec with either Kodak Tri X or Ilford HP5 film.

Kodak Tri X film was developed at an ASA rating of 1:00. Ilford HP5 film

was developed at ASA rating of 800.

Anti-clathrin antibody was a kind gift of Dr. Daniel Louvard

(Pasteur Institute, Paris, France) and was described previously (Louvard

et al. 1983). Briefly, affinity-purified rabbit polyclonal anti

clathrin antibody was raised against empty clathrin cages prepared from

pig brain coated vesicles by extraction with 2 M urea. The anti Serum

recognizes both heavy and light chains of clathrin from various sources

including WI38 cells, rat liver, and pig brain, as tested by Western

blotting.

Anti-Golgi antibody was also a kind gift of Dr. Daniel Louvard and

was described previously (Louvard et al. 1982). Briefly, rabbit anti

Golgi antibody was raised against light Golgi fractions of rat liver and

absorbed by rough and smooth microsome fractions and rat blood plasma.

This antibody recognizes a polypeptide of an apparent molecular weight
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of 135,000 from rat liver Golgi vesicles and normal rat kidney cells

tested by immunoprecipitation. By immunofluorescence it stains the

reticular network of the Golgi structure in normal rat kidney cells. By

immunoperoxidase staining and examination with the electron microscope,

it stains most of the Golgi cisternae and many of the small vesicles in

the Golgi region, a few of which are coated. Most of antiserum local

izes to the cisternal surface of the membrane, indicating that the anti

bodies are directed against membrane proteins that have most of their

antigenic sites on the cisternal side of the membrane. Many vesicles in

the region of the Golgi complex are not labeled and, in general, the

Golgi cisternae that are not labeled are usually those on one side of

the stack. Small discrete areas of plasma membrane and multivesicular

bodies are stained.

Anti-Apoe antibody was a kind gift of Dr. Thomas Innerarity (Glad

stone Foundation, UCSF). Rabbit anti-Apoe antibody recognizes ApoB, a

33,000 polypeptide, which is a major secretory product of macrophages

(Werb and Chin 1983a, b). Its specificity has been shown by immunopre

cipitation, peptide mapping, and Western blotting. By light microscopy,

it recognizes antigens in the Golgi region of resident macrophages. By

electron microscopy most of the cellular ApoR is in Golgi stacks, and

small secretory vesicles and coated vesicles (Werb et al. 1984).

For anti-clathrin and anti-ApoR staining, rhodamine-conjugated IgG

fraction of sheep anti-rabbit IgG (Cappel), and for anti-Golgi staining,

rhodamine-conjugated affinity-purified goat anti-rabbit IgG (Cappel)

Were used as second antibodies.
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Microscopic Techniques

Scanning Electron Microscopy. Cells cultured on 12-mm glass coverslips

were fixed with 2% glutaraldehyde in 0.15 M Na cacodylate (pH 7.1) for

60 min at room temperature, and postfixed with 0.5% Oson in O. 15 M Na

cacodylate (pH 7.1) for 60 min at room temperature. Cells were then

dehydrated through graded alcohol, critical point dried in "bone-dry"

CO and observed by a Cambridge scanning electron microscope.2?

Quick-Freeze, Deep-Etch, and Rotary Replication. Quick-freeze, deep

etch, and rotary replication was carried out as described by Heuser

(1981) and Aggeler and Werb (1982). Cells cultured on 5-mm square

coverslips were rinsed by successively transferring into two 60-mm plas

tic petri dishes containing inside buffer (IB), composed of 100 mM KCl,

5 mM MgCl2, 3 mm. EGTA, and 20 mM HEPES, pH 6.8. In the third dish of

IB, cells were broken open by placing a poly-L-lysine-coated coverslip

over them and pulling it away. Broken cells were immediately fixed in

1% glutaraldehyde and 1% paraformaldehyde in IB for 60 min at room tem

perature. After fixation, cells were rinsed briefly in distilled water

and then in 15% methanol and were rapidly frozen by contact with a

copper block that had been cooled to liquid helium temperature (Heuser

et al. 1979). Frozen samples were freeze-dried in a Balzers freeze

fracture apparatus (Balzers, Hudson, NH) by warming them to -80°c at a
6vacuum of 2 x 10" torr or better and then rotary replicated with about

° of Pt-c from the angle of 25° (the deposition was monitored by a10 A

quartz crystal monitor), followed by 10 sec of carbon film. Replicas

were removed from the glass coverslips with 30% hydrofluoric acid.

Replicas were then floated sequentially through two dishes of distilled
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water, full-strength household bleach for 1 h, and two more dishes of

water by using the tip of closed pasteur pipettes. Replicas were picked

up on 75-mesh Formvar carbon-coated grids before being examined in a

JEOL 100CX or a Phillips 300 electron microscopes at 100 kW, or in a

JEOL 100CX-II electron microscope at 80 kW.

Critical Point. Dry and Rotary Replication. Macrophages were cultured

and broken open in IB by using poly-L-lysine-coated coverslips as

described above. Broken-open macrophages were fixed successively as

follows (Aggeler et al. 1983). 1) 1: 1 mixture of 2% glutaraldehyde and

2% paraformaldehyde in IB, pH 7.2, and 100 mM lysine in IB, pH 7.2, for

15 min at room temperature, followed by rinsing in two dishes of IB, pH

6.8. ; 2) 1% glutaraldehyde and 1% paraformaldehyde in IB, pH 6.8, for 1,5

min at room temperature, followed by rinsing in two dishes of IB, pH

6.8; 3) 1% Oso, in IB, pH 6.8, for 15 min on ice, followed by thorough
rinsing in ice-cold distilled water; l;) 1% tannic acid in distilled

water for 60 min on ice, followed by rinsing in ice-cold distilled

Water. In some preparations 2% glutaraldehyde was used instead of the

mixture of 1% glutaraldehyde and 1% paraformaldehyde. The fixed samples

were dehydrated through graded alcohol and critical point dried in

bone-dry liquid CO2. After critical point drying, the samples were

rotary replicated, cleaned, and picked up on grids as described above.
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CHAPTER 3

SPREADING OF MACROPHAGES ON IMMUNE COMPLEX-COATED SURFACES

INTRODUCTION

Macrophages possess receptors for the Fo portion of IgG molecules,

and when they encounter IgG-coated particles, phagocytosis ensues. The

spreading of macrophages on immune complexes that are immobilized on a

surface has been thought to be the attempt of macrophages to engulf the

surface. In this chapter, I have examined some of the basic parameters

of this model system, such as time course, dose response, and IgG den

sity required to induce spreading, and I have tried to assess the postu

late that the spreading is an attempt at phagocytosis. In this chapter,

I will also introduce two alternative systems to induce spreading, the

"initial" system and the "underlay" system. In the initial spreading

system, macrophages are plated and attached onto preformed, immobilized

BSA– anti-BSA immune complexes. Nonadherent cells are washed off, and

the cells are warmed. In the underlay system, macrophages are first

cultured on BSA alone, then anti-BSA is added, and the cells are warmed

(Fig. 1).

RESULTS

Initial Spreading System

For initial spreading studies described in this chapter and Chapter

l, macrophages were plated onto immune complexes for 5 to 10 min at room

temperature, nonadherent cells were removed by washing, and the adherent

cells were warmed to 37°C. Although this was the method taken from

Rabinovitch's original paper (Rabinovitch and Destefano 1973), cell
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FIGURE 1. Diagram showing the two basic systems of spreading. (a) Ini

tial spreading. In this system macrophages freshly harvested from peri

toneal cavity were attached to the preformed immune complexes bound to

the surface. After macrophages were washed free of nonadherent cells,

they were warmed to 37°C for spreading to ensue. (b) Underlay spread

ing. In this system macrophages were first plated on the coverslips

coated with BSA alone. Then anti-BSA IgG was added at 196 to the

coverslips to form immune complexes. After unbound IgG was washed

macrophages were warmed to 37°c for the spreading.
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spreading was not well synchronized, especially during the first 20 min,

because cells spread at room temperature. In Chapter 5, where study of

the early time periods was critical, a device ("cooling block") was used

and the cells were attached at h°c, at which temperature the cells

attached, but spreading was minimal.

The methods used to produce the immobilized immune complexes gave

an apparently homogeneous layer; as shown in Fig. 2, the immune com

plexes used in these experiments were not patchy when observed by light

microscopy with fluorescently labeled anti-BSA (Fig. 2a) or by thin sec

tion transmission electron microscopy using peroxidase-labeled second

antibody (sheep Fab anti-rabbit IgG) reactive against rabbit anti-BSA

IgG (Fig. 2b).

Time Course of Initial Spreading of Macrophages

When macrophages were plated on immune complexes for 10 min at room

temperature, washed, and warmed, cells started to spread within 5 min,

reached maximum spreading at 20-h9 min, assuming a "fried egg" appear

ance (Fig. 3). By 2.5 h cells became more heterogeneous in shape and

appeared to be engaged in locomotion. Although the area of contact of

unspread cells was estimated to be about 100 um” per cell from phase

contrast micrographs, when macrophages reached the maximum extent of

spreading, the area of contact was 800-900 amº per cell assessed from

phase-contrast micrographs. Therefore, assuming both top and bottom sur

faces were smooth, macrophages with maximum spreading had at least

1600-1800 un” of surface area. Steinman has reported that by mor

phometric analysis the surface area of resident macrophages is approxi

mately 825 anº (Steinman et al. 1976). Although round, unspread
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FIGURE 2, Uniformity of surface-bound immune complexes formed by BSA

and anti-BSA IgG. (a) Coverslips were coated with 3 mg/ml. BSA and then

with 3 mg/ml fluoresein-conjugated IgG fraction of rabbit anti-BSA.

Fluorescence microscopy. x 300. (b) Coverslips were coated with 3

mg/ml. BSA followed by 0.3 mg/ml of rabbit anti-BSA IgG. Then the

coverslips were processed for immunoperoxidase staining and observed by

transmission electron microscopy. x 56,000.

FIGURE 3. Time course of spreading of macrophages. Coverslips were

coated with 3 mg/ml. BSA and then with 3 x 10-1 mg/ml of rabbit anti-BSA.

Macrophages were attached to the coverslips ra. 10 min at room tempera

ture, and incubated at 37°C for 0 min (a), 5 min (b), 20 min (c), 10 min

(d), 2.5 h (e), and 21, h (f). Bar 10 Jum. x 300.
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macrophages are rich in microvilli that may supply surface membrane to

spread cells, it is likely that to attain maximum spreading some inter

nal membrane was added to the surface. Scanning electron micrographs of

barely spread and fully spread macrophages also gave the impression that

microvilli seen on the barely spread cells were not enough to account

for the surface area of fully spread macrophages (Fig. 1).

Macrophages Do Not Take up or Degrade Immobilized Immune Complexes

I observed that macrophages first spread uniformly in a "fried-egg"

pattern on the immune complexes, but by 2 h they assumed heterogeneous

shapes. An interesting consideration was whether at any point macro

phages were taking up or digesting immune complexes during spreading.

To test this, immobile BSA was complexed with fluorescently labeled

anti-BSA. Before plating macrophages, immune complexes were uniformly

bright (Fig. 2). If macrophages take up or degrade the immune complexes

the bright carpet should start to have darkened spots as has been

observed with cells plated on fibronectin-coated surfaces (Avnur and

Geiger 1981, Chen et al. 1984). For up to 2 h, which was the longest

time tested, there was no discernible clearing of the complexes by

macrophages. Occasionally, clearing of small areas was observed, but

this was always mediated by polymorphonuclear leukocytes that contam

inated the preparation at low concentration (K1%) (Fig. 5). From the

work of Henson (1971), this was likely to be due to secretion of hydro

lytic enzymes.

Interference-reflection Images of Spreading Macrophages

In order to determine the proximity of the spreading membrane to
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FIGURE ll. Scanning micrographs of spreading macrophages. Coverslips

were coated with 3 mg/ml. BSA and then with 3 x 10" mg/ml of rabbit

anti-BSA. Macrophages were attached to the coverslips for 10 min at

room temperature (a, c), washed free of nonadherent cells, and incubated

for 20 min at 37°C (b., d). In (a), macrophages at various stages of

spreading are seen. Some of the macrophages are at very early stage of

spreading with very small veil (arrows). A higher-magnification view of

such a cell is shown in (c). In (b), macrophages are fully spread

(arrow). In this preparation, in addition to spread macrophages, the

lymphocytes which were not washed away are seen (arrowheads). A

higher-magnification view of one fully spread cell is shown in (d). (a

and b) Bar, 20 Jum. x 600. (c and d) Bar, l, ºum. x 5000.
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FIGURE 5. Polymorphonuclear leukocytes, but not macrophages take up or

degrade immobilized immune complexes. Coverslips were coated with 3

mg/ml. BSA and then with 3 mg/ml fluorescein-conjugated IgG fraction of

rabbit anti-BSA. Macrophages were attached to the coverslips for 10 min

at room temperature, and warmed to 37°C for 2 h. (a) Phase-contrast

micrograph. (b) Same field as (a) viewed by fluorescent optics. Two

polymorphonuclear leukocytes shown by open arrows are clearing the

immune complexes, but none of the macrophages are engaged in clearing.

x 300.
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the substrate, spread macrophages with fried egg appearance were studied

by interference-reflection microscopy (Curtis 1964, Izzard and Lochner

1976, Bereiter-Hahn et al. 1979). This optical system has been used to

study the closeness of contact between cultured cells and substrates.

When cells are in close contact with the surface, gray to black images

are observed. It has been estimated that black images represent 10-15

mm separation between cells and substrate and gray images represent 30

50 mm separation between cells and substrate. To study the

interference-reflection images, macrophages were spread at room tempera

ture under the microscope and observed for up to 60 min. As shown in

Fig. 6, spreading macrophages had extensive areas of dark gray-toned

close contact at the spreading edge. This pattern was different from the

leading lamellae of fibroblasts which had both black-toned focal con

tacts and gray-toned close contact areas (Izzard and Lochner 1976).

Although this experiment was done at room temperature, spreading at room

temperature and at 37°C are probably similar, as shown in Fig. 7b, which

presents cells spread at 37°c, fixed, and viewed by interference

reflection optics. Fig. 7a and 7c show the same cells by Nomarski

optics and phase-contrast optics, respectively.

Dose Response of Immune Complexes Inducing Initial Spreading of Magro

phages

As the first step in studying the relationship between the concen

tration of immune complexes and the extent of spreading, coverslips were

coated with BSA and increasing amounts of anti-BSA IgG, and macrophages

were spread on these coverslips (Fig. 8). A small proportion of cells

(depending on experiments, 5-20%) was spread on BSA alone, but the con
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FIGURE 6. Time course of spreading macrophages viewed by interference

reflection optics. Coverslips were coated with 3 mg/ml. BSA and then

with 0.3 mg/ml rabbit anti-BSA IgG. Macrophages were attached to the

coverslips for 10 min at room temperature, then inverted onto a small

chamber filled with medium, and placed on the stage of microscope.

Spreading proceeded at room temperature were recorded at indicated times

by both Nomarski optics (left column) and interference-reflection optics

(right column). Arrowheads indicate dark gray-toned areas of close con

tact. x 800.
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FIGURE 7. Macrophages spread on immune complexes viewed by Nomarski,

interference-reflection, and phase-contrast optics. Coverslips were

coated with 3 mg/ml. BSA and then with 0.12 mg/ml mouse anti-BSA IgG.

Macrophages were attached to the coverslips for 10 min at room tempera

ture, spread for 20 min at 37 °c, fixed for 10 min in 1.25% glutaral

dehyde in PBS, and viewed by three different optics. (a) Nomarski, (b)

interference-reflection, (c) phase-contrast. Open arrows indicate a

polymorphonuclear leukocyte which contaminated the macrophage prepara

tion. x 800.
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FIGURE 8. Phase-contrast micrographs of macrophages spread on immune

complexes formed by different concentration of anti-BSA IgG. Coverslips

were coated with 3 mg/ml. BSA and then with (a) 0 mg/ml, (b) 3 x 10 ”
mg/ml, (c) 3 x 10" mg/ml, (d) 3 x 10° ng/ml, (e) 3 x 10^* mg/ml, (f) 3
X 10~! mg/ml rabbit anti-BSA IgG. Macrophages were attached to the

coverslips for 10 min at room temperature and spread for l;0 min at 37°C.

x 300.
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tact area was always small (<500 anº). Some cells might have spread on

BSA because they were activated in vivo and had a more active membrane.

A significant increase in the area of spreading was first observed when

3 x 10–3 mg/ml of IgG was added. At this concentration spread cells

2, but only 20% of cells werereached the contact area of 800-900 ■ um

spread (Fig. 9). At 3 x 10-2 mg/ml of IgG or higher, the percentage of

spread cells reached maximum (>80%), but the size of spread cells stayed

the same (800-900 anº).

Determination of IgG Density Required to Induce Spreading of Macrophages

and Restriction of the Response to the FC Portion of IgG

Next, to study the relationship between the concentration of immune

complexes and the extent of spreading further, the amount of IgG present

in immune complexes on coverslips was quantified. For this purpose,

coverslips were prepared using fluorescein-labeled anti-BSA IgG. After

anti-BSA IgG was bound to the BSA coated coverslips under standard con

ditions, the bound anti-BSA IgG was eluted under alkaline conditions and

quantified by fluorometry. The amount of anti-BSA IgG was calculated

using the standard curve of known concentrations of anti-BSA IgG in the

Same pH buffer. Macrophages were spread on separate sets of coverslips

to obtain the percentage of spread cells (Fig. 10). The spreading of

macrophages was induced at 300 IgG molecules/nº and reached maximum at

1 OOO IgG molecules/un”. Anti-BSA F(ab') did not induce spreading,2

which indicates that spreading was dependent on the FC portion of IgG

(Fig. 10).
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FIGURE 9. Dose response of spreading macrophages. Coverslips were

coated with 3 mg/ml. BSA and then with 0-3 mg/ml rabbit anti-BSA IgG.

Macrophages were attached to the coverslips for 10 min at room tempera

ture and spread for l;0 min at 37°C. Area of contact of spread cells

(open circles) was determined by a Hewlett-Packard digitizer and pro

files of twenty cells were traced for each sample. The bar indicates

the standard error of the mean. The area of contact of unspread cells

(open triangle) is also indicated. The percentage of spread cells

(closed circles) were determined by differentially counting spread and

unspread cells directly under the scope. More than 100 of total cells

were counted for each sample. The point for 3 mg/ml anti-BSA IgG was

from a separate experiment.
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FIGURE 10. IgG density to induce spreading. For determination of

amount of IgG bound to coverslips, coverslips coated with 3 mg/ml of BSA

were incubated with 60 pil of fluorescein-conjugated IgG fraction of rab

bit anti-BSA or F(ab')2 fragments of fluorescein-conjugated IgG fraction2

of rabbit anti-BSA for 30 min at room temperature. After the unbound

IgG or f(ab')2 was washed the bound IgG or f(ab')2 was dissolved in 0.5

ml of 0.01 NH,0H and fluorescence was measured by excitation of l; 95 nm.

and emission of 519 mm. The standard curve was constructed by using

known concentrations of the fluorescein-conjugated IgG or f(ab')2. For

determination of the percentage of spreading, macrophages were attached

for 5 min at room temperature and spread for 30 min at 37°C. The per

centage of spread cells were determined by differentially counting

spread and unspread cells directly under the scope. More than 100 of

total cells were counted for each sample.
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Immune Complex Formation Appears to Be Necessary to Induce Spreading

Macrophages have at least two types of receptors for the FC portion

of IgG: the IgG2a-Fo receptor recognizes both monomeric and complexed

IgG, and the IgG1/IgG2b- and IgG3–FC receptors recognize only complexed

IgGs (Unkeless et al. 1981). To determine whether the IgG needed to be

presented as immune complexes to induce macrophage spreading, I next

studied IgG immobilized directly on coverslips. When anti-BSA IgG was

bound to coverslips by direct coupling to poly-L-lysine and glutaral

dehyde, macrophages did not spread. To determine that the amount of IgG

bound to coverslips was comparable to that bound in immune complexes,

anti-Esa Igg was mixed with 'ºr-labeled normal rabbit Igg. The
coverslips that did not induce spreading had about 10 times the amount

of IgG needed to induce spreading if bound to BSA. Thus, formation of

immune complexes appeared to be necessary to induce spreading.

Comparison of the IgG Density Inducing Spreading with That Inducing

Phagocytosis.

Because immune complex-induced spreading is considered to be a

model for frustrated phagocytosis, it was of interest to compare the

density of IgG required for spreading to that required for phagocytosis.

For this purpose, anti-sheep erythrocyte IgG was labeled with 1251,
bound to erythrocytes, and the density of bound antibody on the surface

was estimated. The erythrocytes, with varying densities of IgG on the

surface, were then incubated with macrophages. Rosette formation and

phagocytosis was induced at 300 IgG molecules/nº and reached a maximum

at 1000 Iso molecules/un” (Fig. 11). Therefore, rosette formation and
phagocytosis of IgG-coated erythrocytes were induced at densities of IgG
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FIGURE 11. IgG density to induce rosette formation or phagocytosis of

IgG-coated erythrocytes in macrophages. For determination of the number

of IgG bound to erythrocytes, rabbit anti-sheep erythrocyte IgG (Cappel

laboratories, Inc., West Chester, PA) was radiolabeled with 1251 by

Iodogen (Pierce Chemical Co., Rockford, IL). Then IgG-coated erythro

cytes were prepared as described (Bianco 1976) by incubating sheep

erythrocytes (0.1 ml of 2 x 10°/ml) with various concentrations of

'*r-labeled rabbit anti-erythrocyte IgG (0.1 ml of 6-200 us/ml) for 30
min at 37°C. arter unbound IgG was washed off the erythrocytes, the

bound IgG was determined by counting in a gamma counter. For determina

tion of the rosette formation and phagocytosis, macrophages were incu

bated with the IgG-coated erythrocytes, which were prepared by using

unlabeled rabbit anti-erythrocyte IgG, for 60 min at 37°C (Bianco 1976).

Then, macrophages were fixed with 1.25% glutaraldehyde in PBS. Before

glutaraldehyde fixation, duplicated samples were washed for 15 sec in

PBS diluted 1:5 in water to lyse erythrocytes external to the macro

phages. Erythrocytes attached to macrophages without hypotonic lysis of

erythrocytes were counted as rosette formation and those with the hypo

tonic lysis was counted as phagocytosis. The results were expressed

both as the percentage of macrophages forming rosettes or engaging in

phagocytosis and as the index, which was defined as the number of

erythrocytes bound or ingested by 100 macrophages (Bianco 1976).
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similar to those that induced spreading on BSA-anti-BSA immune com

plexes.

Underlay Spreading System

An alternative method inducing spreading was to culture macrophages

on BSA alone for 21, h in DME-LH, then cool the macrophages to about lºc,

add anti-BSA IgG to form BSA-anti-BSA complexes on the surface of

coverslips, and, after washing away unbound anti-BSA, warm the cells to

37°C to induce spreading. This type of experiment was most effectively

done when a cooling block was used, because precise temperature control

made it possible to incubate cell-coated coverslips with anti-BSA IgG

for a longer time (60 min) to form immune complexes efficiently. How

ever, in most of the experiments in this chapter and the next, cells

were cooled on ice and anti-BSA was bound for 10 min to form immune Com

plexes.

With this method, I first demonstrated that anti-BSA IgG penetrates

under most parts of the cells, as shown by the use of fluorescein

labeled anti-BSA (Fig. 12). Cells cultured on BSA alone for 21, h had a

contact area of about 700-800 *. and after immune complexes were

formed, the average contact area increased to 1100-1200 **, as assessed

by phase-contrast micrographs (see Chapter 5 for more detail).

Initial spreading and underlay spreading each have individual

advantages and disadvantages and some specific characteristics. In ini

tial spreading, cells start from a suspended, nonpolarized state and

undergo both attachment and spreading. In underlay spreading, cells

start from an adhered, polarized state and undergo spreading. In ini
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FIGURE 12. Demonstration that anti-BSA IgG is penetrated under most

parts of macrophages in the underlay spreading system. Macrophages were

cultured for 21, h on coverslips coated with 3 mg/ml. BSA. Then the

coverslips were covered with 3 mg/ml fluorescein-conjugated IgG fraction

of rabbit anti-BSA for 10 min in the cold. After unbound IgG were

washed off, macrophages were incubated for 20 min at 37°C. (a and b)

Phase-contrast and fluorescent images of coverslips with macrophages

cultured on BSA alone. (c and d) Phase-contrast and fluorescent images

of coverslips with macrophages incubated with anti-BSA for 10 min in the

cold and fixed immediately. (e and f) Phase-contrast and fluorescent

images of coverslips with macrophages incubated for 20 min at 37°C after

immune complexes were formed. In (b) macrophages have some autofluores

cence. In (d) and (f) fluorescein-conjugated anti-BSA has penetrated

under most of macrophages.
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tial spreading, cells are closer to the in vivo state, because cells

have not been cultured, and in vitro cultures frequently alter the pro

perties of cells. However the process may be selecting subpopulation

of cells that are faster in attachment. In underlay spreading, cells

are somewhat more comparable to previously studied macrophages because,

in most of the previous studies of macrophages, cells have been cultured

for 2-24 h. Also, the cells are easier to examine by immunofluorescence

because cells are flattened and have a well-developed Golgi area

(Chapter 5). However the effect of culturing the cells on BSA for 2k h

is not known, and the cells may have been perturbed by the culture.

DISCUSSION

In this chapter, some of the basic parameters of spreading of

macrophages on immune complex-coated surface were studied using the ini

tial spreading system to assess the hypothesis that the spreading of

macrophages on immune complexes is an attempt of macrophages to phago

cytose the surface. In addition an alternative way of spreading, under

lay spreading was introduced.

Time Course of Spreading of Macrophages on Immune Complexes

When macrophages were plated on a surface coated with immune com

plexes formed by BSA-anti-BSA IgG, cells started to spread within 5 min.

Suspended peritoneal macrophages had rich microvilli covering their sur

faces and upon attaching to immune complexes they extended out a thin

veil radially. By 20-l;0 min, cells reached maximum extent of spreading

and flattened out assuming "fried egg" appearances and leaving a few

microvilli on the central portion of cells. By 2 h cells rounded up
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again, and became more heterogeneous in shape. Some of the cells were

polarized and appeared to be engaged in locomotion. Cells that were

maximally spread had an extensive area of close contact at the spreading

edges, as observed by interference-reflection contrast microscopy. This

was consistent with the images of pseudopods closely apposed to IgG

coated erythrocytes, observed by transmission electron microscopy (Mon

tesano et al. 1983). During 2 h after the contact of cells with immune

complexes, macrophages did not appear to take up or degrade immobilized

immune complexes because fluorescein-labeled anti-BSA IgG was not

cleared in any area under or near macrophages. Whether this indicates

that macrophages did not discharge any of their lysosomal enzymes, which

polymorphonuclear leukocytes do during frustrated phagocytosis, is not

clear, because macrophages are rich in inhibitors of proteinases (Tak

emura and Werb 1981}).

Because the contact area of macrophages spread to the maximum

extent on immune complexes in the initial spreading was 800-900 un”, the

total surface area of spread macrophages was estimated to be at least

1600-1800 *, counting both the top and bottom surfaces. Steinman

reported that the total surface area of resident macrophages is 825 *,
as determined by morphometric analysis of thin section transmission

electron micrographs (Steinman et al. 1976). Therefore, it appears that

there was a 2- to 3-fold increase in the cell surface area after

ligand-induced spreading in macrophages. Although scanning electron

micrographs showed that the surface of unspread cells had microvilli,

the amount of microvilli present on unspread cells seemed insufficient

to cover the entire surface of fully spread cells. However, to be cer

tain, morphometry at the ultrastructural level, either by thin section



66

electron microscopy or by scanning electron microscopy is needed.

Nonetheless, my observation suggest that during phagocytosis, macro

phages may add intracellular membrane to the extending pseudopods. It

is well established that membranes are recycled during endocytosis, and

therefore some intracellular membrane compartments are closely connected

to the cell surface. It is likely that the compartments that are added

to the surface are those involved in membrane recycling, such as endo

somes (Brown et al. 1983). It seems worthwhile to investigate which

vesicular compartments within the cells contribute to the surface

increase.

The above observations indicated that macrophages undergo extensive

membrane and cytoskeletal changes when they encounter immune complex

coated surfaces. These changes may be analogous to the extension of

pseudopods during phagocytosis.

Dose Response of Spreading of Macrophages on Immune Complexes

When immune complex-coated surfaces were prepared by using various

concentrations of anti-BSA IgG, significant spreading was observed when

as little as 300 IgG molecules/unº were present. Although small propor

tion of cells (5-20%) spread on BSA alone, the extent of spreading of

these cells were always small (< 500 amº per cell). When 300 molecules

per amº of IgG were present only 10–20% of the cells were spread, but

the spread cells had significantly larger area of contact (800-900 An°
per cell) than the cells spread on lower concentration of IgG or BSA

alone. At concentration of 1000 IgG molecules/nº or above, 80-90% of

cells were spread, but the area of contact stayed the same (800-900 Anº
per cell).
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f(ab')2 fragments of anti-BSA IgG did not induce spreading when up

to 10,000 molecules per unº were present, indicating that the FC portion

of IgG was necessary to induce spreading. Anti-BSA IgG fixed to the

surface without being complexed to BSA did not induce spreading. There

fore it appears that immune complex formation, and the resulting confor

mational changes of the Fc portion of IgG are necessary to induce

spreading. However it is also possible that anti-BSA IgG was not

presented in close proximity to each other without BSA or that the Fc

portion of IgG was partially blocked by the method of binding to

coverslips, although it was estimated that at least ten times as much

IgG necessary to induce spreading was present on the coverslips.

Macrophages phagocytose IgG-coated erythrocytes. If the spreading

on immune complexes is an attempt by macrophages to phagocytose, the

density of IgG to induce spreading should be similar to that required to

induce phagocytosis. When the density of bound IgG on IgG-coated

erythrocytes was examined, it was found that rosette formation and

phagocytosis were induced at 300 IgG molecules per unº and reached max

imum at 1000 IgG molecules per Amé. Therefore rosette formation and

phagocytosis of IgG-coated errºnroerees were induced at densities Com

parable to those that induce spreading on BSA-anti-BSA immune complexes,

reinforcing the hypothesis that the spreading of macrophages on immune

complex-coated surface is an attempt by macrophages to engulf the Surº

face.

The densities of IgG that induce spreading were also similar to

those that induce the modulation of Fo receptors on the cell membrane.

It has been reported that the modulation of IgG2b-Fo receptors was ini
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tiated at 300 IgG molecules/nº and reached a maximum at 10,000 IgG

molecules/unº (Michl et al. 1983a). In addition, the time course of

modulation and spreading appears similar. Michl et al. (1983b) showed

that the modulation of IgG2b-FC receptors is seen within 2 min in their

system, similar to my underlay system. In Chapter 5, I have shown that,

with the underlay system, cells reach their maximum area of contact

within l; min. As was discussed in Chapter 1, the modulation is thought

to occur by diffusion and subsequent trapping of FC receptors on the

bottom side of macrophages. The fact that the densities and time course

to induce spreading and the modulation are similar, may indicate that

the modulation is secondary to spreading.
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CHAPTER l;

ASSEMBLY OF CLATHRIN AT THE INSIDE BOTTOM SURFACE

OF SPREADING MACROPHAGES

INTRODUCTION

Little is known about whether interactions between cell surface

receptors and ligands can induce the assembly of clathrin. Recently,

large clathrin-coated patches were observed by quick-freeze deep-etch

Pt-C replicas on phagosomes of macrophages that had ingested latex beads

(Aggeler and Werb 1982). Clathrin-coated patches have also been

observed on phagosomes containing IgG-coated erythrocytes by thin sec

tion electron microscopy (Montesano et al. 1983). These observations

raise the possibility that clathrin assembly may be induced by

receptor-ligand interactions in macrophages during phagocytosis.

In the previous chapter I have examined basic properties of spread

ing macrophages. In this chapter, to test the hypothesis that clathrin

assembly could be induced by receptor-ligand interactions, I have exam

ined whether the increased assembly of clathrin is induced at the inside

bottom surface of macrophages engaging in frustrated phagocytosis com

pared to control cells. This was studied by the use of a Pt-C replica

technique because clathrin-coated structures are difficult to visualize

in macrophages by thin section transmission electron microscopy against

the back ground of dense cytoplasm. The Pt-C replica technique allows

unambiguous identification of clathrin-coated structures in macrophages.
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RESULTS

Development of Critical Point-drying Procedures for Preparing Pt-C

Replicas of Broken-open Macrophages: Comparison with the Quick-freeze

Deep-etching Procedure

When macrophages are broken open by applying poly-L-lysine — coated

coverslips and gently pulling away the top surfaces, and rotary repli

cated by Pt-C after quick-freeze deep-etch or critical point drying, a

three dimensional view of the structures inside the macrophages can be

obtained with high resolution (Heuser 1981, Aggeler and Werb 1982,

Aggeler et al. 1983). Cytoskeletons are clearly resolved. In addition,

in favorably broken areas, most of the cytoskeletons are removed and

structures closely associated to the plasma membrane, such as membrane

associated cytoskeleton or clathrin-coated patches, are observed.

Initially my experiments used the quick-freeze deep-etch method.

Although quick-freeze gives the best morphology, the sample recovery was

very low. (Typically less than 1-2 out of 25 samples were successfully

processed. One sample yielded 5 grids, and not all the area of any one

grid was good. Therefore 125 grids needed to be scanned square by

square, to obtain 1 or 2 good grids. ) Because of these difficulties, a

method for critical point drying was developed. Initially, the critical

point-drying procedure did not provide sufficient resolution of morphol

ogy when glutaraldehyde/formaldehyde fixation or fixation with

glutaraldehyde/formaldehyde plus Oson were used at room temperature. In

particular, membranes were extracted, and when osmium was used to

prevent this, both cytoskeleton and clathrin morphology were obscured.

However, by improving the fixation methods we obtained images of
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membrane-associated coated structures comparable to that obtained by

quick-freezing, and sample recovery was much improved (Fig. 13, Fig. 14,

Fig. 15). Our fixation protocol employed

glutaraldehyde/paraformaldehyde, which contained lysine for the first

10-15 min, Oson, and tannic acid. As each step of this fixation pro

cedure was added, the membrane preservation became better. In fact, we

found that if uranyl acetate was used after the tannic acid the membrane

preservation was optimal, but cytoskeletal preservation became less

optimal, and the cytoskeleton tended to collapse. Therefore for routine

experiments, fixation up to the steps of tannic acid was optimal. How

ever, clathrin-coated structures tended to be preserved well even when

the fixation included only lysine and glutaraldehyde/formaldehyde steps.

Time Course of Clathrin Assembly at the Inside Bottom Surface of Spread=

ing Macrophages

When suspended macrophages were attached to the immune complex

coated surfaces, either at room temperature for 10 min, or at lºc for 60

min, no clathrin-coated patches were observed on adherent membranes,

while after spreading for 20 min at 37°C numerous coated patches were

observed (Fig. 16). As early as 6 min after spreading and at least up

to 2 h, which was the latest time point studied, some coated patches

were observed (Fig. 17). Sometimes up to 15% of the adherent membrane

was coated (see below). At an early time of spreading (2-4 min), flat

Cisternae with coated vesicles and small pieces of rough endoplasmic

reticulum which may correspond to Golgi regions were frequently observed

(Fig. 18a-d). Those coated vesicles were of the larger type (average

diameter 150 mm) that are usually associated with the plasma membrane,
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FIGURE 13. Replicas of the outside surface of macrophage plasma mem

branes. In (a), (b), and (f) particles are randomly distributed over a

smooth background of lipid. In (a-e) the spreading edges of the cells

are seen where they are in contact with the substratum via slender

strands of material (arrowheads). CS indicates the surface of the

coverslip. Samples were quick-frozen after fixation with (a) lysine and

glutaraldehyde/formaldehyde, or (b) aldehydes alone , or critical

point-dried after fixation with (c) glutaraldehyde/formaldehyde and

Oso, (d) lysine, glutaraldehyde/formaldehyde, and Oson, (e) lysine,

glutaraldehyde/formaldehyde, OsO and tannic acid, or (f) lysine,l!”

glutaraldehyde/formaldehyde, OsO tannic acid, and uranyl acetate.l!'

x 75,000.
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FIGURE 111. Replicas of the cytoplasmic surface of macrophage plasma

membrane. In well preserved specimens, the membrane appears as a smooth

background with small particles scattered about. Clathrin-coated pits

and vesicles are easily identified on these surfaces. In (b) the outer

plasma membrane surface (PM) is visible at the right with the the open

ing to a coated pit indicated by an arrowhead. In (d) and (e), flat

patches of clathrin basketwork with hexagonal (H) and pentagonal (P) ar

rays are shown at high magnification. Cytoskeletal microfilaments (ar

rows) often approach the edges of such patches. In (a) and (c), CS in

dicates the surface of the coverslip. Samples were (a and d) quick

frozen with glutaraldehyde/formaldehyde, or critical point-dried after

fixation with (b) lysine, glutaraldehyde/formaldehyde, Oson, tannic

acid, and uranyl acetate, Orº (c and e) lysine,

glutaraldehyde/formaldehyde, Oson, and tannic acid. (a-c) x 50,000; (d

and e) x 150,000.



75

■ ae■"…§§|-



76

FIGURE 15. Replicas of critical point-dried macrophage cytoskeletons.

Microfilaments are usually attached to the plasma membrane as irregular

linear arrays (a) or as starlike foci of radiating filaments (circles,

b). Microtubules (MT) are occasionally observed crossing the cell (c).

Intermediate filaments (IF) are abundant in the perinuclear area where

they form a dense tangle (d). When microfilaments (MF) were compared

after different fixation protocols, their diameter was found to be in

creased from 10.7 nm in OsO, or tannic acid-postfixed cells (e) to 13.5l!

mm in cells postfixed with uranyl acetate (f). Fragments of rough endo

plasmic reticulum (er) are also observed. Samples were critical point

dried after fixation with lysine and glutaraldehyde/formaldehyde, and

postfixation with OsO, and tannic acid (a and e); with Oson only (b);l!

with Oson, tannic acid, and uranyl acetate (c, d, and f). In (a) and

(e), CS indicates the surface of the coverslip. In (c), PM indicates

the outer surface of the plasma membrane. (a-c) x 20,000; (d-f) x

l;0,000.



77



78

FIGURE 16. Wiews of bottom surface of macrophages before and after ini

tial spreading viewed from cytoplasmic side. (a) Macrophages were

attached to the immune complex-coated surface for 60 min at 4°C by using

cooling block. Foci-like cytoskeletons are circumscribing the rim of

the exposed membrane (arrows). No clathrin are observed. Samples were

fixed with lysine, glutaraldehyde/formaldehyde, Oso,
and critical point-dried. x 12,500. (b) Macrophages were attached to

and tannic acid

the immune complex-coated surface for 10 min at room temperature and

then spread for 20 min at 37°C. In this field cytoskeletons were almost

completely removed and numerous coated patches (arrowheads) were

observed. Samples were fixed with lysine, glutaraldehyde, and Oson, and

critical point-dried. x 12,500.
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FIGURE 11. Time course of appearance of coated patches on the adherent

plasma membrane of macrophages initially spreading on immobilized immune

complexes. Macrophages were attached to the immune complex-coated sur

face for 60 min at 4°C by using cooling block and then spread at 37°C

for 0 min (a), 2 min (b), 6 min (c), 20 min (d), 60 min (e), and 120 min

(f). Coated patches were observed at 6-120 min, but not at 0 and 2 min.

Samples were fixed with lysine, glutarladehyde/formaldehyde, Oson, and

tannic acid, and critical point-dried. x 30,000.
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FIGURE 18. Golgi-GERL like structures of macrophages observed during

the early stages of initial spreading. Golgi-GERL-like structures are

seen during the early stages of spreading on immune complexes. (a) and

(b) are quick-frozen and (c) and (d) are comparable images of critical

point-dried samples. Coated vesicles of large (arrowhead; b and d) and

small (closed arrow; c) sizes were observed budding off from flat (a and

c) or more complex (b and d) Golgi cisternae. Ribosome-studded rough

endoplasmic reticulum (RER) was often closely associated with these

cisternae, suggesting that these areas might be classified as Golgi

GERL. Sometimes, coated patches on the plasma membrane were observed

adjacent to these cisternae (open arrows; e and f). Macrophages were

either attached to the immune complexes for 5 min at room temperature

(a, b, and f), or attached to the immune complexes for 10 min (c) and

then spread for 5 min at 37°C (d and e). Samples were (a, b and f)

quick-frozen after fixation with lysine and glutaraldehyde or (c., d and

e) critical point-dried after fixation with lysine, glutaraldehyde, and

OSO (a-d) x 110,000. (e and f) x 20,000.l!"
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rather than the small size (diameter 75 mm) that are usually associated

with Golgi. At somewhat later times (12 min to 20 min), occasional

fields were obtained where both plasma membrane-associated coats and

cisternae-associated coated vesicles were observed (Fig. 18e and f).

Whether this suggests some sort of relationship between coated patches

assembled on plasma membrane and coated vesicles on the cisternae is not

Clear.

Quantitative Comparison of Extent of Clathrin-coated Region on Plasma

Membrane of Macrophages Spreading on BSA Alone or BSA-anti-BSA Complexes

To study further whether the interaction of FC receptors and immune

complexes induces the clathrin-coated patches on plasma membrane by

quantitative analysis a single point, 20 min of spreading, was chosen.

Some of the quick-frozen views of macrophages spread for 20 min are

shown in Fig. 19. As stated earlier in this chapter, because sample

recovery was difficult the quantitative study was done by preparing the

samples by critical point drying. The amount of clathrin-coated patches

on the plasma membrane was quantified as follows. Photographs were ran

domly taken from areas larger than 5 anº that were not obstructed by

cytoskeleton and where plasma membrane was easily visible. About 25 of

those photographic samples of approximately 5-10 amº were taken from

each sample and the amount of coated area and reference area was quanti

fied by using a digitizer. Flat, coated areas and round, coated areas

were measured separately. In this procedure, the area of rounded sur

faces could be underestimated if not corrected. To correct for this, an

arbitrary multiplication factor of two was used to correct the area of

the coated pits and vesicles. Because the reference area should be
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FIGURE 19. Warious views of coated patches on the adherent plasma mem

brane of macrophages initially spreading on immune complexes revealed by

quick-freeze deep-etch techniques. Coverslips were coated with 3 mg/ml

of rabbit anti-BSA IgG. Macrophages were attached to the coverslips for

10 min at room temperature and then spread for 20 min at 37°C. Warious

views of coated patches on the adherent plasma membrane of macrophages

spreading on immune complexes are seen. (a) and (c) are low magnifica

tion views of two different cells. Although two cells have very dif

ferent cytoskeletal structures, numerous coated patches were observed in

both cells (arrowheads). Higher-magnification views are shown in (b,

d-g). Some of the coated patches were seen under the cytoskeleton (open

arrows; d and f). Ribosome-studded rough endoplasmic reticulum (RER)

was sometimes observed close to the bottom (see f). In addition to

in regular linear arrays of cytoskeletal structures (c) various kinds of

foci-like cytoskeletal structures (a, c-e, and g; circled in c and g)

were observed. These foci may correspond to the phase-dense spots

observed by light microscope (g inset). The distance between two arrows

is 0.8 ºum in both (g) and inset. (a and c) x 25,000. (b, d-g) x

50,000. (inset of g) x 800.
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corrected when round areas are corrected the reference area was

increased to include the corrected value. The percentage of the area

coated with clathrin was expressed either as uncorrected or corrected.

The number of areas to be quantified was chosen to be 25, because prel

iminary studies of the percentage of the total area covered with clath

rin indicated that after summing about 20 pictures, the coefficient of

variation of the percentage of coated areas became small (Fig. 20). A

summary of these quantitative studies is presented in Table I, and the

results are presented in the form of a histogram in Fig. 21. To see

whether the increase in coated area was a general membrane phenomenon or

was restricted to adherent surfaces, both tops and bottoms were exam

ined. Two concentrations of anti-BSA IgG, 3 x 10–3 mg/ml and 3 mg/ml,

which corresponded to the lowest and highest concentrations to induce

spreading (Fig. 9), were examined. Some of the representative fields,

with varying amounts of coated areas, are shown in Fig. 22 and Fig. 23.

As seen in Table 1, the average percentage of coated area for the

bottom surface of macrophages spread on BSA was about 1. lºº. The average

percentage of coated area for the bottom surface of macrophages spread

on immune complexes prepared using 3 x 10–3 mg/ml of anti-BSA IgG was

2.0%, and the average percentage of coated area of bottom of macrophages

spread on immune complexes prepared using 3 mg/ml of anti-BSA IgG was

3.5%. Therefore, there was a 2- to 3-fold increase of the average per

centage of coated area for surfaces from macrophages spread onto IgG

compared to BSA. However, as the histogram shows, this increase was due

to the appearance of a few areas with very large amounts of coats,

rather than a uniform increase in all areas. All of the micrographs of

the bottom surfaces of macrophages spread on BSA had coated areas of
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FIGURE 20. Determination of the numbers of micrographs needed for mor

phometric analysis. The numbers of micrographs to be quantified versus

the percentage of coated area are plotted. As the number of micrographs

to be quantified exceeded twenty, the percentage of coated area reached

a stable level. Data were taken from two samples of preliminary experi

ments. The percentage of coated area in (A) was 3.47% when 24 micro

graphs were averaged and that in (B) was 0.54% when 25 micrographs were

averaged.
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TABLE
I

Qunatification
ofCoatedAreasObserved
onPt-CReplicas
ofTopandBottom Surfaces

of
MacrophagesSpreading
onImmuneComplexes(InitialSpreading)

Anti-BSAIgGBottom/topNo.of%
CoatedareaNo.ofcoates,SurfaceareaCoatedarea

samplesNoncorrectedCorrectedpatchesperAumpercellpercell

(um”)(um”)

0
Bottom21,1.0+0.31.1;it0.1;0.9+0.211005.6 0Top250.6+0.10.8+0.20.3+0.111003.2

3x10”mg/mlBottom271.5+0.32.0+0.111.3+0.350010 3x10–3mg/mlTop250.6+0.20.9+0.30.6+0.1500l,.5

3
mg/mlBottom262.9+0.73.5+0.82.1+0.680028 3

mg/mlTop230.1;it0.10.6+0.20.6+0.1800l!.8 Coverslipswerecoatedwith
3
mg/ml.BSAandthenwith
3x10-3mg/mlor3mg/mlrabbiganti-BSAIgG.Macro phageswereattachedfor10minatroomtemperatureandthenspreadfor20minat37C.Cellswerebroken openby

poly-L-lysine-coatedcoverslips.Bothtopsandbottomswerefixedwithlysineand2%

glutaraldehyde
andcriticalpoint-dried.
For
quantification,electrºnmicrographs
ofareasunobstructed
by
cytoskeletons weretakenatx11,000andabout25ofareasof5-10jum"wereanalyzed

atfinalmagnification
ofx
70,000. The

unobstructedreferenceareasandtheroundandflatcoatedareaswereobtained
bya
digitizer.Theper centageofcoatedareaareexpressed

aseitheruncorrected
or
corrected.Forthecorrection,thesizesof roundcoatedpatcheswereestimated

tobethetwicethetracedarea.Alsothenumbersofcoatedpatchesper unitreferenceareaareshown.Thevariationsareexpressed
asthestandarderrorofthemean.Onthe SecondcolumnfromtherightsurfaceareawastakenfromthedataofFig.9,andontherightmostcolumnthe percentage

ofcoatedarea(correctedvalue)wasmultiplied
by
estimatedsurfaceareatoobtaincoatedarea percellinsquaremicrons.
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FIGURE 21. Histograms showing the distribution of the percentage of

coated area of individual micrographs (initial spreading). The distri

bution of the percentage of coated area (corrected value) of individual

micrographs analyzed in Table I are shown in the form of histograms.
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FIGURE 22. Wiews of bottom membranes of macrophages with varying

amounts of coated area (initial spreading). Some representative fields

of bottom membranes measured in the quantitative analysis of Table I and

Figure 21 are shown. Both flat (open arrows; c and d) and round (closed

arrows; d and e) coated patches were observed. The percentages of

coated area of each field are (a) 0.4%, (b) 0.6%, (c) 5.8%, (d) 7.8%,

(e) 8.6%, and (f) 17%. (a) and (c) are samples of macrophages spread on

BSA, (e) from BSA + anti-BSA IgG (3 x 10–3 mg/ml), and (b), (d), and (f)

from BSA + anti-BSA IgG (3 mg/ml). x 21,000.
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FIGURE 23. Views of top membranes of macrophages with varying amounts

of coated area (initial spreading). Some representative fields of top

membranes measured in the quantitative analysis of Table I and Figure 21

are shown. Both flat (open arrows; b and d) and round (closed arrows; e

and f) coated patches were observed. The percentages of coated area of

each field are (a) 0.6%, (b) 0.4%, (c) 0.7%, (d) 2.1%, (e) 4.3%, and (f)

5.1%. (a) and (d) are samples of macrophages spread on BSA, (b) and (e)

from BSA * anti-BSA IgG (3 x 10” mg/ml), and (c) and (f) from BSA +
anti-BSA IgG (3 mg/ml). x 21,000.
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less than 6% of total area. On the other hand lift of micrographs of bot

toms of macrophages spread on immune complexes prepared using 3 x 10–3

mg/ml of anti-BSA IgG had more than 6% of coated area and 23% of micro

graphs of bottoms of macrophages spread on immune complexes prepared

using 3 mg/ml of anti-BSA IgG had more than 6% of coated area. The

latter included micrographs that had up to 17% of coated area. Two

sample t test of the difference of two means was applied for the the

percentage of coated area of BSA control and IgG spread bottom samples.

The difference between BSA bottom and 3 mg/ml IgG bottom was statisti

cally significant, but the difference between BSA bottom and 3 x 10–3

mg/ml IgG bottom was not, at the 5% significance level. If any addi

tional 50 micrographs were quantified, this should show significance.

The average percentage of coated area of the top of macrophages

spread on BSA was 0.6%. Therefore when cells are spread on BSA alone,

the adherent surface seemed to have more coats on the plasma membrane

than the free surface. The average percentage of coated area of the

tops of macrophages spread on 3 x 10-3 mg/ml IgG or 3 mg/ml IgG were

0.6% and 0.1%. Therefore the increase of coated area on cells spread on

IgG appeared to be limited to the adherent surface and is not a general

membrane phenomena.

Assembly of Coats on the Plasma Membrane of Macrophages Spread by the

Underlay Method

I next studied whether the increase in coated area on the adherent

plasma membrane is seen in cells that are already adherent and are then

induced to spread on immune complexes (underlay spreading). Coated

areas were quantified by the method used in the analysis of initial
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spreading. Areas of 10-20 anº were analyzed instead of 5-10 *. The

results are summarized in Table II and Fig. 24. Some of the representa

tive fields with varying amounts of coated areas are shown in Fig. 25.

The average percentage of coated area for the bottom surface of macro

phages spread on BSA was 1.5%. The average percentage of coated area

for the bottom surface of macrophages spread on immune complexes was

3.1%. Therefore, in the underlay system as well as the initial spread

ing system, the increase in the amount of membrane-associated coats was

observed at 20 min after spreading and the difference was statistically

significant.

A preliminary study indicated that cells that had contact with

immune complexes at 4°C for 60 min in the underlay system had a high

proportion of cells with larger amount of coat material when compared to

the cells that had spread for 20 min at 37°C (Fig. 26). Because under

lay spreading allows the formation of large sheets of coat material

within 1 h after incubation with anti-BSA at 4°c, this may provide a

good system to study the detail of mechanism and function of induced

triskelion assembly. It should be noted that in initial spreading sys

tem coat assembly was not observed during the incubation with immune

complexes for 60 min at 4°C. Therefore it appears that clathrin is more

readily assembled in macrophages cultured on BSA for 24 h than cells

freshly harvested from the peritoneum.

DISCUSSION

In this chapter I showed that the inside bottom surfaces of macro

phages spread on BSA-anti-BSA complexes have more clathrin-coats than

macrophages spread on BSA alone, as assessed in both initial and



TABLEII

Quantification
ofCoatedAreasObserved
onPt-CReplicas
ofBottomSurfaces of

MacrophagesSpreading
onImmuneComplexes(UnderlaySpreading)

Anti-BSAIgGBottom/top
No.of%
CoatedareaNo.Ofcoates,SurfaceareaCoatedarea

samplesNoncorrectedCorrectedpatchesperAumpercellpercell

(um”)(unº)

0
Bottom230.9+0.31.5+0.1;0.1;it0.1900
1l;

3x10–3mg/mlBottom261.8+0.33.1+0.50.8+0.2120036
Macrophageswereculturedfor21,hon

coverslipscoatedwith
3
mg/ml.BSA.Thenthecoverslipswerecovered with

3x10mg/mlrabbitanti-BSAJEGfor10mininthecold.AfterunboundIgGwerewashedoff,macro phageswereincubatedfor25minat37C.Thebottommembranes
of
macrophageswerefixedwithlysine,

glutaraldehyde/formaldehyde,
OsOn,andtannicacid,and
critical-pointdried.For
quantification,electrog micrographs

ofareasunobstructed"
by
cytoskeletonsweretakenatx10,000andabout25ofareasof10–20Jum wereanalyzed

atfinalmagnification
ofx
50,000.The
unobstructedreferenceareasandtheroundandflat coatedareaswereobtained

bya
digitizer.Thepercentage
ofcoatedareaareexpressed
aseither uncorrected

Or
Corrected.Forthecorrection,thesizeofroundcoatedpatcheswereestimated
tobethe twicethetracedarea.Alsothenumbersofcoatedpatchesperunitof

referenceareaareshown.Thevaria tionsareexpressed
asthestandarderrorofthemean.Onthesecondcolumnfromtherightsurfaceareawas obtained

by
tracingtheprofiles
oftwentycellsfromtheseparatecoverslipusedinthisexperiment.
On therightmostcolumnthepercentage

ofcoatedarea(correctedvalue)wasmultiplied
by
estimatedsurface areatoobtaincoatedareapercellinsquaremicrons.

§
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FIGURE 211. Histograms showing the distribution of the percentages of

coated area of individual micrographs (underlay spreading). The distri

bution of the percentage of coated area (corrected value) of individual

micrographs analyzed in Table II are shown in the form of histograms.
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FIGURE 25. Wiews of bottom membranes of macrophages with varying

amounts of coated area (underlay spreading). Some representative fields

of bottom membranes measured in the quantitative analysis of Table II

and Figure 21, are shown. Both flat (open arrows; c and d) and round

(closed arrows; d and e) coated patches were observed. The percentage

of coated area of each field are (a) 0%, (b) 0.1%, (c) 3.1%, (d) 3.6%,

(e) 6.7%, and (f) 7.7%. (a), (c), and (e) are samples of macrophages

spread on BSA, and (b), (d), and (f) are from BSA + anti-BSA IgG (3 x

10" mg/ml). x 15,000.
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FIGURE 26. Assembly of coated patches on adherent membranes of macro

phages spread on immune complexes by underlay method. Macrophages were

cultured for 21, h on BSA-coated coverslips. Then the coverslips were

"' mg/ml rabbit anti-BSA IgG for 60 min at 4°C bycovered with 3 x 10

using the cooling block. After unbound IgG were washed off, macrophages

were incubated for 20 min at 37°C. A few coated patches are observed on

the bottom of macrophages cultured on BSA alone for 24 h (a), whereas

large amounts of coated patches were observed on the bottom of macro

phages cultured with anti-BSA IgG for 60 min at 1196 (b). These large

amounts of coated patches were observed in large proportion of cells

cultured with anti-BSA IgG for 60 min at 4°C. Large amounts of coated

patches are also observed on the bottom of macrophages subsequently

incubated for 20 min at 37°c, however much less proportion of cells had

large amounts of coated patches (c.). x 25,000.
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underlay systems.

Limitations of the Technique

Before discussing the implications of the results, I would like to

consider some limitations of the method employed in this chapter. One

of the major limitations of the technique is that it requires breaking

Open the cells. One problem arising from this is that there may be

Some relationship between the ease of exposing membrane and the presence

of coated patches. However, this appeared to be unlikely because coated

patches were visible at regions covered with cytoskeletons (see Fig. 19q

and f). Therefore it is not likely that the observations were heavily

biased by such a relationship. Another potential problem is that when

cells are broken-open to expose the internal membrane, some of clathrin

might be removed. Whether this problem has affected the results is more

difficult to assess. Thin section electron microscopy is a method that

could allow visualization of coated structures without breaking-open the

cell, but the identification of coated regions by this technique has

been difficult, and Pt-C replica techniques are considered to be one of

the better methods to identify coated regions. A study using thin sec

tion electron microscopy is being pursued currently (see Appendix).

Comparison of the Percentage of Coated Area of Control to the Known Per

centage of Coated Area on Membranes

The percentage of coated area and the number of coated pits per

unit membrane area obtained for control cells in the present study was

in reasonable agreement with the values obtained by others. By thin

section electron microscopy Anderson et al. (1976) demonstrated that
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about 1. l;% of the linear membrane surface of human fibroblasts was

coated, Wall et al. (1980) reported that less than 2% of sinusoidal

plasma membrane of hepatocytes was coated, and Pfeiffer et al. (1980)

reported 0.35 coated pits per unº in the J771.2 macrophage-like cell

line. Using the freeze-etch technique, Wan Deurs and Nilausen (1982)

reported that the number of coated pits of human fibroblasts was 0.8 per

An°. My results using Pt-C replica technique demonstrated that in con

trol cells 1.0-1. 11% of plasma membrane was coated or there was 0.9

Coated pits per un”.

Increase of Coated Area in Spreading Macrophages

The percentage of area coated with clathrin on immune complex

spread cells increased from the control value of 1-1. 11% to 2-lºº. There

fore the percentage increase was two- to three-fold in both the initial

and underlay spreading systems. However, the increase in coated struc

ture associated with plasma membrane of spread macrophages may be even

more when the increase in the total plasma membrane in spread macro

phages is taken into account. For example, in the initial spreading

system, assuming that a cell spread on BSA has 1,00 amº of total plasma

membrane area at the bottom and that 1.1% of this was coated, the total

coated area at the bottom of cells spread on BSA would be 5.6 amº (Table

I). At the top, assuming 0.8% of 400 unt of plasma membranes are
coated, the total coated area is 3.2 ºn". Therefore in the cells spread

on BSA there is 8.8 amº coated area on the entire plasma membrane. In

the cells spread on immune complexes, assuming 3.5% of 800 un” of plasma

membrane at the bottom and 0.6% of 800 Aimé of plasma membrane at the top

is coated, the total coated area on the entire plasma membrane in this
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cell is 32.8, nº. Therefore there is almost a four-fold increase in the

plasma membrane-associated clathrin coats. If only the adherent side is

considered, the increase is five-fold. These results support the

hypothesis that during spreading of macrophages on immune complexes, the

assembly of clathrin is induced.

Quantitative Consideration on the Interaction of FG Receptors and Clath=

rin

What can be said about the interaction of FC receptor and clathrin

from the data? First, let us consider some theoretical values. If a

huge continuous sheet of clathrin coats were present on the plasma mem

brane and each arm of a hexagon is assumed to be 18.6 mm (Crowther and

Pearse 1981), the density of vertices or the number of triskelions is

about 2200/ium”. The density of Fo receptors, if uniformly distributed,

on macrophage surfaces is 158amº, based on the observation that

resident macrophages have 72,000 IgG2a-Fo receptors and 90,000 IgG2b-Fo

receptors (Ezekowitz et al. 1973). If IgG2b-Fo receptors, but not

IgG2a-Fo receptors, are modulated to the bottom during spreading (Michl

et al. 1983a and discussion of this thesis Chap. 3) the total number of

Fo receptors on the bottom of spread cells is 126,000, and spread macro

* (chap. 3). These theoreticalphages have a contact area of 800 ■ um

numbers on the density of triskelions and Fo receptors give some

interesting information. If one would like to make huge sheets of

assembled triskelion on macrophage bottom surfaces supported by FC

receptors alone, one Fo receptor needs to support 11, triskelions. On

the other hand if one Fo receptor supports only one triskelion, there

are only enough Fo receptors to induce 8.1% of membranes to be covered.
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Therefore if more than 8. l;% of membranes are covered, more than one

triskelion assembly may be induced per FC receptor. As shown in Fig.

21, the highest percentage of coated area was > 15%. Theoretically,

then the number of clathrin molecules induced exceeds the number of FC

receptors.

In my experiments, IgG was fixed on the coverslips. When 3 x 10–3

mg/ml of anti-BSA IgG was used to make coverslips, the density of IgG

was about 300 molecules/unº (Chap. 3). Therefore the average spacing of

Fe receptors interacting with IgG would be 60 mm. This spacing is

sparser than the spacing between vertices of clathrin-coated hexagons.

On the other hand, when 3 mg/ml anti-BSA IgG was used, the density of

IgG is about 10,000 molecules/un” and the average spacing of FC receptor

interacting with IgG would be 10 mm. This spacing is comparable to the

spacing of vertices of hexagons. Therefore, at lower concentration (3 x

10–3 mg/ml), only one occupied Fo receptor would exist for every seven

vertices. On the other hand, at high concentration (3 mg/ml) there

would be an occupied Fo receptor for almost every vertex of the hexa

gons. The fact that even at 3 x 10–3 mg/ml IgG some increase in

membrane-associated clathrin was observed and that the highest percen

tage of coated area was higher than 8.1% suggest that one FC receptor

may induce more than one triskelion assembly.

Size of the Coated Patches

A noticeable difference between our findings and those of others is

that huge continuous sheets of coated patches, observed by other inves

tigators (Aggeler and Werb 1982, Maupin and Pollard 1983), were not

observed. Aggeler and Werb described patches as equivalent to two to
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four coated vesicles. Assuming that the average diameter of coated

vesicles is 150 nm, this would correspond to 0.14-0.28 am." or 150-300

hexagons. Maupin described patches that contained more than 1000 hexa

gons, which would correspond to 0.9 amº. The average size of coated

patches from various samples in the present study was 0.01-0.02 anº,
which would correspond to 10–20 hexagons. The smallest patches were

composed of two or three polygons and the largest patch was less than

0.1 Aimé which would correspond to about 100 hexagons. Because immune

complexes appeared rather uniform, it is not likely that this lack of

large patches was due to the nonuniformity of immune complexes. This is

probably due to the fact that ligand cannot move to form dense sheets of

occupied Fo receptors and that FC receptors are not so abundant on the

macrophage membrane (158/um”) compared to the density of triskelions

(2200/mº.). It is consistent that coated patches observed in phagosomes

of IgG-coated erythrocytes are patchy rather than continuous (Montesano

et al. 1983, Aggeler et al. 1984). In this case, macrophages contacted

with erythrocytes in discrete areas and on thin section micrographs the

2
length of each contact area on plasma membrane was about 0.2 sum". The

huge patches observed before probably involve denser receptors.

How Much of Cellular Clathrin Is Assembled onto the Surface?

Although the extent of clathrin assembly on plasma membrane was

limited, the amount of clathrin present in the macrophages was probably

not a limiting factor of clathrin assembly. It has been estimated that

0.5-1.0% of the cellular protein is clathrin (Crowther and Pearse 1981).

Macrophages seem to have at least as much clathrin as other cells and as

in other cells it is estimated that about 1% of the cellular protein is
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clathrin (J. Aggeler, personal communication). Macrophages, which have

about 100 jug cellular proteins/10° cells (Steinman et al. 1976), will

have, therefore, about 10 * ag clathrin per cell. The molecular weight

of clathrin is 180,000. Therefore a macrophage should contain 5.6 x

10-18 moles of clathrin or 3.5 x 10% molecules of clathrin, which will
6form 1 x 10” molecules of triskelions. In large, flat sheets of hexa

gons, the number of hexagons is half the number of triskelions. HOW

ever, because the size of the patches actually observed was not large,

the estimated number of triskelions was about two and half times the

number of hexagons. Therefore 1 x 10%
5

molecules triskelion would make l;

x 10” hexagons. One hexagon with edges of 18.6 mm (Crowther and Pearse

1981) has area of 980 m*. Therefore one cell has about 1100 anº Of

clathrin, which could cover 50% of the area of contact.

Do Induced Coated Patches Have a Short. Half-life?

When individual micrographs were examined, even in cells spread on

immune complexes, many micrographs had very little clathrin. Instead,

what contributed to the three-fold increase of the average percentage of

coated areas was a few micrographs that had large amounts, up to 15%, of

coated area. The reason for this is not clear at present. However,

there are several possibilities to explain this result.

The first possibility is that the increased deposition of clathrin

at the adherent surface may be seen only at a very specific time areer
the initiation of spreading. This seemed a likely possibility because

coated patches and coated vesicles involved in receptor-mediated endo

cytosis have a half-life of 2-3 min (Anderson et al. 1977, Wall et al.

1980). However a detailed time course study at 2 min intervals did not
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reveal any particular time when many cells had a large amount of coats

(not shown).

A second possibility is that some of the surface-associated clath

rin was dissociated when the cells were broken open. This could be

assessed by visualizing surface-associated coated patches by a method

which does not involve breaking open cells, such as thin section elec

tron microscopy. This approach is currently in progress. However, as

discussed before, it is difficult to visualize surface-associated coat

structures in macrophages by thin section transmission electron micros

copy because of dense cytoplasm. This problem could be partly overcome

by hypotonically treating macrophages and using tannic acid post fixa

tion. However the adherent surface, which is of primary interest in

this study, is still particularly difficult to visualize because Corti

cal structures tend to be removed more from the free surface than on the

adherent surface. An alternative way to visualize coated structures by

thin section transmission electron microscopy is ultrastructural immuno

cytochemistry. However, this is technically even more demanding and

penetration is a serious problem. Cells must be treated by detergent to

allow the penetration of antibodies, but excess detergent interferes

with the preservation of general morphology.

A third possibility is that there are subclasses of macrophages

that are more active in recruitment of coated structures at the plasma

membrane. Because macrophages have long half-lives, some cells in the

peritoneum may be at different stages of the life cycle than other

cells.
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In summary I have shown that increased clathrin assembly was

observed in macrophages spreading on immune complexes, which supports

the hypothesis that clathrin assembly can be induced at the plasma mem

brane by receptor-ligand interaction. However, the extent of clathrin

assembly was limited: only up to 15% of area was coated and huge

patches were not observed. Quantitative consideration on the relation

ship of Fo receptors and induced clathrin assembly indicated that one Fo

receptor may induce assembly of more than one, but not more than ten,

triskelions. In the next chapter I have tried to determine the source

of clathrin used in ligand-induced formation of coats.
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CHAPTER 5

REDISTRIBUTION OF COATED WESICLES, GOLGI MEMBRANES,

AND SECRETORY PROTEIN IN SPREADING MACROPHAGES

INTRODUCTION

In the previous chapter, it was shown that clathrin coats associ

ated with the adherent plasma membrane were rapidly increased in macro

phages during spreading on immune complexes. This supports the

hypothesis that clathrin can be induced to assemble by receptor-ligand

interaction. If an increase in clathrin assembly can be induced at the

plasma membrane, it is likely that cell has a source of clathrin for

assembly. Two possibilities are 1) that the cell has a soluble pool of

clathrin that can be assembled or 2) that clathrin is located at sites

other than the plasma membrane, such as those associated with the Golgi

region (Nichols et al. 1971), and these can redistribute to the plasma

membrane. Macrophages have a large pool of clathrin at the Golgi

region. Therefore, in this chapter, I have studied whether clathrin is

redistributed during the spreading of macrophages. These studies used

anti-clathrin antibody for localization of clathrin by immunofluores

cence. The study revealed that there was a reversible redistribution of

Golgi-associated coated vesicles in macrophages during the spreading on

immune complexes in both initial and underlay spreading systems. There

fore this chapter also examines the possibilities that there is a

dynamic change in other elements of Golgi complexes during macrophage

spreading. As a marker for Golgi cisternae I used 135K Golgi-specific

membrane protein. Golgi complexes detected by an antibody against this

135K protein localized as one spot in the indentation of nuclei before
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spreading and became fragmented during the spreading. I also studied

Apoe, a major secretory product of macrophages, which has been observed

in Golgi cisternae. ApoB, which distributed within the whole cytoplasm

of suspended cells, disappeared during the spreading, indicating a burst

of Secretion while suspended cells adhered and spread on immune com

plexes.

RESULTS

Cooling Block System

My preliminary study indicated that the redistribution of coated

vesicles started before 20 min and it was desirable to study early

stages of spreading carefully. However it was difficult to study the

early stages of adhering of cells at room temperature. To provide

reproducibility during the early time course, a cooling block system was

employed. This idea was taken from Michl et al. (1983b). As shown in

Fig. 27, the aluminum cooling block has 24 ridges that hold 12-mm diame

ter coverslips. Water is circulated to regulate the temperature of the

block. The block is connected to two water baths of different tempera-
-

ture (1.96 and 37°C), and circulation can be switched from one t-per
ture to another by three-way stopcocks. The temperature of the block

was always monitored and recorded by telethermometry during experiments.

When the circulating water was switched from 4°C to 37°C, the tempera

ture of the block rose from 4°C to 35°C Within 2 min and then gradually

reached 37°C by 6 min.

In initial spreading using the cooling block, cells were attached

at 4°C for 60 min on the block, nonadherent cells were removed by wash
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FIGURE 21. (A) Diagram of the aluminum cooling block used to regulate

the temperature of macrophages on glass coverslips. The individual

pedestals of the cooling block are 8.5 x 8.5 mm and the entire block

measures 15 x 7 x 1.4 cm. (B) Diagram of a coverslips on a single pede

stal of the cooling block shown above. (a) Aluminum cooling block. (b)

Macrophages on 12-mm glass coverslips. (c) "Bubble" of culture medium

overlying macrophages. (C) Schematic of the system using cooling block.

In an actual experiment the cooling block was connected to water circu

lators maintained at two different temperatures (4°C and 37°C) by

three-way stopcocks. Diagram (A) and (B) were copied from Michl et al.

(1983b).
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ing with ice-cold PBS, and the adherent cells were covered with ice-cold

MEM-25 mM HEPES, pH 7.1, and warmed to 37°C. In the underlay system,

using the cooling block, cells were cultured on BSA-coated coverslips in

DME-LH overnight, were placed on a 19C cooling block, and were covered

with anti-BSA antibody. After 60 min, coverslips were washed in ice

cold PBS, to remove unbound anti-BSA, then returned to the block and

warmed to 37°C.

TIme Course of increase in Adherent. Area of Macrophages Spreading on

Immune Complexes. Using the Cooling Block

When macrophages were attached to the immune complexes for 60 min

at 19C macrophages stayed round and when the block was warmed to 37°C

cells started to spread (Fig. 28). At first, they assumed a fried-egg

appearance, but after 80-120 min cells altered their morphology to more

random shapes. As shown in Fig. 29, macrophages spreading on immune

2 at aboutcomplexes reached a maximum contact area of about 800-900 ■ um

12 min, which was the same range as the cells attached at room tempera

ture and warmed to 37°C. The contact area at 0 min was estimated to be

200-300 un”, however this was probably an overestimate because of the

effect of halo seen on phase microscopy. After 12 min, the average size

2 by 80gradually decreased and reached a plateau level of about 600 ■ um

min. Fig. 30 presents phase-contrast micrographs of macrophages that

were spread using the underlay system and a cooling block. When macro

phages cultured on BSA for 21, h were incubated with anti-BSA IgG for 60

min at h°c, the edges of the membranes ruffled, indicating that even at

4°C the membranes were dynamic. As soon as the cells were warmed to

37°c, cells increased contact areas and appeared to be flattened. After
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FIGURE 28. Phase-contrast micrographs of macrophages spreading on

immune complexes by initial spreading system using cooling block.

Coverslips were coated with 3 mg/ml. BSA and then with 0.12 mg/ml mouse

anti-BSA IgG. Macrophages were attached to the coverslips for 60 min at

4°C on the cooling block and spread at 37°C for (a) 0 min, (b) l; min,

(c) 8 min, (d) 12 min, (e) 16 min, (f) 20 min, (g) l;0 min, (h) 80 min,

and (i) 120 min. Phase-contrast micrographs were taken from the samples

that were processed for immunofluorescence. x 300.
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FIGURE 29. Time course of spreading of macrophages on immune complexes

by the initial spreading system using the cooling block. Coverslips

were coated with 3 mg/ml. BSA and then with 0.12 mg/ml mouse anti-BSA

IgG. Macrophages were attached to the coverslips for 60 min at h96 On

the cooling block and spread at 37°C for 0-120 min. Fixed samples were

processed for immunofluorescent staining, and phase-contrast micrographs

were recorded. The average contact area was determined by a Hewlett

Packard digitizer and profiles of twenty cells were traced for each sam

ple. The data were collected from four different experiments indicated

by four different lines.
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FIGURE 30. Phase-contrast micrographs of spreading macrophages on

immune complexes by underlay spreading system using cooling block.

Macrophages were cultured on BSA-coated coverslips for 24 h. Then the

coverslips were covered with 0.12 mg/ml mouse anti-BSA IgG for 60 min at

19C on the cooling block. After unbound IgG were washed off, macro

phages were warmed to 37°C. (a) Macrophages cultured on BSA for 24 h,

(b) macrophages interacted with immune complexes for 60 min at 4°c, (c-

i) macrophages subsequently spread at 37°C for (c) || min, (d) 8 min, (e)

12 min, (f) 20 min, (g) l;0 min, (h) 80 min, and (i) 120 min. Phase

contrast micrographs were taken from the samples that were processed for

immunofluorescence. x 300.
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80-120 min cells altered their morphology and assumed shapes similar to

cells cultured on BSA for 24 h. In underlay spreading, the cells plated

on BSA alone for 21, h had a contact area of 600-900 An° depending on the

experiment (Fig. 31). After immune complexes were formed and the cells

were warmed to 37°c, the contact area reached a maximum of 1100-1200 amº
at about 1 min. The average size gradually decreased and reached a pla

teau of about 900 an” by 80 min.

Anti-clathrin Distribution in Spreading Macrophages (Initial)

Using the initial spreading system, after 60 min of adhesion at

4°c, clathrin staining was punctate throughout the whole cytoplasm

(Figs. 32a, 37a). Shortly after warming to 37°C (1,-8 min), although a

membrane veil was already starting to spread, most of the punctate

staining was confined to the perinuclear area (Fig. 32b and c). At 12

l,0 min, many of the punctate staining spots were seen in the peripheral

area and perinuclear staining was depleted (Fig. 32d-f, 37b). This

staining pattern continued until 80–120 min, when some of the cells

again had staining confined to the perinuclear area (Figs. 32g, h, 37c).

By 21, h, strong Golgi staining at one side of the nucleus developed

(Fig. 32i).

Anti-glathrin Distribution in Spreading Macrophages (Underlay)

Although it was likely that reversible redistribution of clathrin

staining involved Golgi-associated coated vesicles, it was not certain

because the Golgi area was not specifically visualized in initial

spreading. In underlay spreading, macrophages cultured on BSA alone for

24 h developed strong clathrin staining concentrated in the centrosomal
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FIGURE 31. Time course of spreading of macrophages on immune complexes

by underlay spreading system using cooling block. Macrophages were cul

tured on BSA-coated coverslips for 24 h. Then the coverslips were

covered with 0.12 mg/ml mouse anti-BSA IgG for 60 min at 4°C on the

cooling block. After unbound IgG were washed off, macrophages were

Warmed to 37°C for 0-120 min. Fixed samples were processed for immu

norluorescent staining and phase-contrast micrographs were recorded.

The average contact area was determined by a Hewlett-Packard digitizer

and profiles of twenty cells were traced for each sample. The data were

collected from four different experiments indicated by four different

lines. Dotted line indicates the mean of average contact area of cells

cultured on BSA alone obtained from three experiments.
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FIGURE 32. Redistribution of clathrin during spreading of macrophages

(initial spreading). Macrophages were attached to the coverslips coated

with BSA and mouse anti-BSA IgG for 60 min at l; °c, then Warmed to 37°c

for (a) 0 min, (b) l; min, (c) 8 min, (d) 12 min, (e) 20 min, (f) H0 min,

(g) 80 min, (h) 120 min, and (i) 21, h, and stained with rabbit anti

clathrin antibody. Matched pairs of immunofluorescent images and

Nomarski-optic images are shown. (a) At 0 min, whole cytoplasm was

filled with punctate clathrin staining spots (arrow). (b and c) At 1-8

min, although cell had started to spread (edges of the advancing mem

brane shown by double arrows) the staining was mostly confined to the

perinuclear area (arrows). (d = f') Between 12-l;0 min, punctate clath

rin staining was diffusely distributed in the cytoplasm extending to the

veil area and perinuclear staining were depleted (arrows). (g-i). After

80-120 min, clathrin staining was again mostly confined to the perinu

clear area (arrows) and by 21, h strong Golgi staining, which was located

at one side of nucleus, developed. x 800.
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area in the indentation of nuclei, which corresponded to the Golgi area

(Figs. 33a, 38a). This provided an opportunity to examine specifically

whether clathrin associated with the Golgi area was reversibly redistri

bute. When immune complexes were formed at 4°C for 60 min and the cells

were warmed to 37°c, the clathrin staining in the Golgi area was

depleted as early as l; min (Fig. 33c-g, 38c). The depleted Golgi stain

ing continued until 80-120 min, when strong staining of clathrin began

to reappear in the Golgi area in some of the cells (Figs. 33h, i, 38d).

Anti-Golgi Distribution in Spreading Macrophages (Initial and Underlay)

Because clathrin associated with the Golgi area appeared to be

reversibly redistributing during spreading on immune complexes, I next

examined the Golgi cisternae for alteration in their morphology. This

was performed with the use of antiserum against the 135K Golgi-specific

membrane protein. In unspread macrophages, anti-Golgi antiserum stained

one well-confined, round spot that occurred in the indentation of

nuclei, at different depth of focus in different cells (Figs 34a, 37g).

By 8 min incubation in the initial spreading system, the staining became

more diffuse and identified some separate fragments (Fig. 34b). This

tendency progressed over the next k-12 min (Fig. 34c, d, 37h) and by l;0

min staining identified many fragments over a relatively large area near

the nucleus (Fig. 34e). By 80-120 min, in some of the cells, Golgi

staining was again confined to a small spot (Figs. 34f, 37i). Similar

reversible rearrangement of the Golgi area was seen using underlay sys

tem of spreading (Figs. 35, 38).
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FIGURE 33. Redistribution of clathrin during spreading of macrophages

(underlay spreading). Macrophages were cultured on BSA-coated

coverslips for 21, h (a) and mouse anti-BSA IgG was added at 4°c for 60

min. Then cells were warmed to 37°C for (b) 0 min, (c) l; min, (d) 8

min, (e) 12 min, (f) 20 min, (g) l;0 min, (h) 80 min, and (i) 120 min,

and stained with rabbit anti-clathrin antibody. Matched pairs of immu

nofluorescent images and Nomarski-optic images are shown. (a and b) In

macrophages cultured on BSA alone or incubated with anti-BSA IgG at hºc,

strong staining of the Golgi area at one side of nucleus is observed

(arrows). However, when macrophages on BSA alone or incubated on immune

complexes at **c are carefully compared, the staining of the Golgi area

was stronger in cells cultured on BSA alone. (c-g) As early as l; min,

the strong Golgi staining started to be depleted (arrows). (h-i) After

80-120 min, strong Golgi staining started to reappear. x 800.
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FIGURE 311. Rearrangement of Golgi during spreading of macrophages (ini

tial spreading). Macrophages were attached to the coverslips coated

with BSA and mouse anti-BSA IgG for 60 min at h°c, then warmed to 37°C

for (a) 0 min, (b) 8 min, (c) 1.2 min, (d) 20 min, (e) 10 min, or (f) 120

min, and stained with rabbit anti-Golgi antibody. Matched pairs of

immunofluorescent images and Nomarski-optic images are shown. (a) At 0

min, Golgi staining was localized to one spot. (b-e) At 8-110 min, frag

mented Golgi staining was observed.' (f) At 120 min, the Golgi had

returned to one localized spot in some cells (arrows). x 800.
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FIGURE 35. Rearrangement of Golgi during spreading of macrophages

(underlay spreading). Macrophages were cultured on BSA-coated

coverslips for 24 h (a) and mouse anti-BSA IgG was added at lºc for 60

min. Then cells were warmed to 37°C for (b) 0 min, (c) l; min, (d) 8

min, (e) 20 min, and (f) 120 min, and stained with rabbit anti-Golgi

antibody. Matched pairs of immunofluorescent images and Nomarski-optic

images are shown. (a and b) In macrophages cultured on BSA alone or

incubated with anti-BSA IgG at 4°c, Golgi staining was localized in the

indentation of nuclei. (d and e) At 8 min, the Golgi staining appeared

slightly more fragmented and fragmentation continued at 20-10 min. (f)

At 120 min, the Golgi staining had returned to the indentation of

nuclei. x 800.



139



140

Anti-ApoR Distribution in Spreading Macrophages

Apo E is a major secretory product of resident macrophages (Werb and

Chin 1983a). It has been observed in Golgi cisternae as well as other

secretory compartments by ultrastructural immunocytochemistry (Werb et

al. 1981). Because Golgi cisternae appeared to be reversibly rearranged

during spreading, I studied whether Apo E in the Golgi cisternae, as well

as in other secretory compartments, was redistributed. Macrophages

adhered to BSA-anti-BSA complexes for 60 min at 19C had punctate stain

ing of anti-Apoe filling the whole cytoplasm (Figs. 36a, 37d). When

macrophages were spread at 37°c, anti-ApoR staining started to disappear

within the first 8 min (Fig. 36b). By 12–20 min, many of the cells had

lost most of their staining (Figs. 36c, d, 37e). At 10 min, no staining

was visible in most of the cells (Fig. 36e), and by 2 h staining did not

reappear (Figs. 36f, 37f.). It is likely that the ApoB was secreted

extracellularly, as a consequence of spreading.

Anti-Apoe staining in macrophages cultured on BSA for 24 h was not

detectable, therefore redistribution during spreading by the underlay

method was not studied. It is known that when macrophages are

activated, Apo E synthesis is shut off (Werb and Chin 1983a, 1983b). The

reason for the lack of detection of ApoR in cells cultured on BSA was

not clear, but one possibility is that either the BSA or the DME-LH con

tained low levels of endotoxin and thus activated the macrophages.
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FIGURE 36. Redistribution of ApoB during spreading of macrophages (ini

tial spreading). Macrophages were attached to the coverslips coated

with BSA and mouse anti-BSA IgG for 60 min at hºc, then warmed to 37°C

for (a) 0 min, (b) 8 min, (c) 1.2 min, (d) 20 min, (e) l;0 min, or (f) 120

min, and stained with rabbit anti-ApoB antibody. Matched pairs of immu

nofluorescent images and Nomarski-optic images are shown. (a) At 0 min,

numerous punctate spots of Apoe stainings filled the whole cytoplasm.

(b-e) Beginning at 8 min, the ApoB staining started to disappear. (f)

At 2 h, no staining was visible. x 800.
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FIGURE 37. Comparison of the redistribution and rearrangement of clath

rin, ApoE, and the Golgi apparatus during initial spreading. Macro

phages were attached to the coverslips coated with BSA and mouse anti

BSA IgG for 60 min at 4°c, then warmed to 37°C for 0-120 min. Left

column shows staining with anti-clathrin antibody; middle column shows

staining with anti-ApoR antibody; and right column shows staining with

anti-Golgi antibody. The top row was spread for 0 min; middle row was

spread for 20 min; and bottom row was spread for 120 min. x 800.
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FIGURE 38. Comparison of the redistribution and rearrangement of clath

rin and the Golgi apparatus during underlay spreading. Left column

shows anti-clathrin staining and right column shows anti-Golgi staining.

Macrophages were cultured on BSA for 24 h (a and e), incubated with

mouse anti-BSA IgG for 60 min at 4°C (b and f), and warmed to 37°C for

20 min (c and g) or 120 min (d and h). x 800.
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DISCUSSION

The Redistribution of Clathrin

In this chapter, the distribution of clathrin-coated vesicles

within macrophages, particularly those associated with the Golgi area

was studied during spreading on immune complexes. I observed that

clathrin reversibly redistributed from the perinuclear/Golgi area to the

peripheral area. Because the Golgi area, which was easily discernible

in the indentation of the nucleus, became depleted during the redistri

bution, it is likely that at least some of the Golgi-associated coated

vesicles redistributed. Other coated vesicles that are not directly

associated with the Golgi area may redistribute as well. These observa

tions raise the possibility, that by redistribution, coated vesicles

within the cytoplasm may at least partially provide triskelions which

can be assembled onto the plasma membrane. However, this was not

directly proven. It is tempting to speculate that anti-clathrin stain

ing observed at the cell periphery represents staining at the adherent

plasma membrane, but the clathrin may be in vesicles rather than in flat

patches. Maupin and Pollard (1983) noted that it could be relatively

difficult to detect flat patches associated with the adherent membrane

of cells because, compared to round structures, the density of immu

nofluorescent staining in flat structures would be low. Therefore the

exact relationship of the clathrin redistribution and increased clathrin

assembly at the adherent plasma membrane is yet to be studied.

Rearrangement of Golgi

In addition to reversible redistribution of clathrin-coated vesi
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cles, Golgi complexes, which were visualized by an antibody against the

135K membrane protein specific to Golgi cisternae, became fragmented

during macrophage spreading on immune complexes. It has been known that

Golgi complexes are dynamic structures and, under certain circumstances,

they may rearrange. The best known example is the fragmentation during

mitosis (Hiller and Weber 1982, Burke et al. 1982). It is also known

that the Golgi apparatus becomes fragmented when microtubule systems are

disrupted, e.g., by treatment with colcemid (Louvard et al. 1982, Lin

and Queally 1982, Hiller and Weber 1982) or by microinjection of anti

tubulin antibody (Wehland and Willingham 1983). In addition, when

scratches are made on confluent monolayer cell cultures (experimental

wound formation), it is known that cells position the Golgi area to the

edge of the wound before they start migration and proliferation (Kupfer

et al. 1982). Usually in the Golgi area there are several Golgi com

plexes composed of several stacks of cisternae and numerous vesicles.

It is known in some cases, that rearrangement involves fragmentation of

cisternae in individual complexes (e.g. mitosis, Quintart et al. 1980).

In other cases individual complexes are intact, but the distance between

complexes increases (Makalewski et al. 1976). The preliminary ultras

tructural results presented in the Appendix indicate that a fragmenta

tion of the Golgi complex occurs during the spreading of macrophages on

immune complexes (Figs. 39-12).

Redistribution of ApoR

Apoe, a major secretory product of macrophages, disappeared during

the spreading of macrophages and did not return even after 2 h, when

other changes, including clathrin redistribution and Golgi rearrange
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ment, reversed. This strongly suggest that the Apo E was secreted. Apo E

has been localized in Golgi cisternae as well as other secretory com

partments of macrophages by ultrastructural immunocytochemistry (Figs.

39, 13, Werb et al. 1984). Therefore part of the secretion may be

directly related to the rearrangement of the Golgi apparatus, but the

total disappearance of staining suggests that there is a more general

movement of intracellular membrane compartments during macrophage

spreading induced by immobilized immune complexes. The preliminary

ultrastructural immunocytochemical study shown in the Appendix supports

this hypothesis (Figs. 39, l;0). Membranes of secretory organelles may

contribute to the increase of plasma membrane during spreading (Chap.

3). It is interesting to note that binding and phagocytosis of immune

complexes (sheep erythrocytes-anti erythrocyte IgG) decreases the syn

thesis and secretion of Apo E by macrophages 24 h after ingestion (Tak

emura and Werb 1981, b).

In summary, I have shown in this chapter that there were dynamic

intracellular events induced by macrophage spreading. Coated vesicles

redistributed from Golgi/perinuclear area. Golgi apparatus became frag

mented and Apolº was secreted. These findings suggest that Golgi and

secretory vesicles are dynamic components of the vacuolar apparatus that

are capable of being recruited to the plasma membrane during phago

Cytosis.
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CHAPTER 6

GENERAL DISCUSSION

In this thesis I have used spreading of macrophages on immune com

plexes as a model system of phagocytosis. Major observations were i)

there was a ligand-induced increase in clathrin assembly at the bottom

side of macrophages spreading on immune complexes, ii) there was a

dynamic, rapid, and reversible restructuring of specific intracellular

compartments including coated vesicles associated with the Golgi com

plexes and cisternal membranes of Golgi complexes during the spreading.

iii) I also observed that there was a stimulus-induced secretion from

storage Compartment.

Does Receptor Ligand Interaction Induce Clathrin Assembly?

The hypothesis tested in this thesis was whether receptor-ligand

interaction could induce assembly of clathrin on the plasma membrane.

This was tested by examining whether the assembly of clathrin was

increased at the inside bottom surface of macrophages spreading on

immune complexes. As was shown in Chapter l1, there was an increase of

membrane-associated clathrin in macrophages spread on immune complexes

compared to macrophages spread on BSA alone. This was found both in the

initial spreading, where suspended cells were attached and spread on

preformed surface-bound BSA-anti-BSA immune complexes, and in the under

lay spreading, where cells were first attached to BSA alone and immune

complexes were then formed. In control macrophages, about 1% of the

adherent surface was covered with coated patches, whereas in macrophages

spread on immune complexes about 2-3% of the adherent surface was

covered. In some areas up to 15% was coated. When the amount of
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surface-associated membrane was taken into consideration, there was a

five-fold increase in the total amount of clathrin associated with the

adherent membrane in macrophages spread on immune complexes, because

spread cells have at least a two-fold increase in surface area. This

supports the hypothesis that clathrin can be induced to assemble by

receptor-ligand interactions. However several questions should be

addressed.

One question is whether any receptor-ligand interaction would

induce clathrin assembly or whether it is limited to certain cir

cumstances or certain groups of receptors. It is not known whether

stimulation by receptor-ligand interactions is necessary to form the

basal levels of coated pits that were observed in vivo. Some receptors,

such as receptors of LDL, are preclustered at coated pits before binding

of ligands (Anderson et al. 1982, Wall and Hubbard 1981), and some

receptors diffuse into coated pits after binding of ligands (Willingham

et al. 1979). Internalization apparently can occur continuously without

binding of ligands (Basu et al. 1981). Therefore, apparently, without

binding of ligands, coated pits are present and functioning. It has not

been noted previously that coated patches are increased in cells engag

ing in receptor-mediated endocytosis. For example, Wall et al. (1980)

reported that by visual inspection the number of coated pits or vesicles

in hepatocytes did not differ before or after ligand perfusion, although

these observations were not quantified. Because coated patches are

observed in macrophages during phagocytosis (Aggeler and Werb 1982, Mon

tesano et al. 1983), and the system studied in this thesis is considered

to be a model for phagocytosis (Chap. 3), phagocytosis of macrophages

may be one of the special cases in which clathrin-coated structures are
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increased at the plasma membrane. It is possible that receptors that

are capable of phagocytosis have a special capability for signal

transduction. It is possible that attachment of the ligands to a sub

strate is important and other receptors may respond in the same manner

when ligands are attached to a substrate. However, it should be noted

that clathrin assembly may be induced under a variety of conditions. In

lymphoid cells an increase in clathrin assembly is induced by crosslink

ing surface IgM. In mosquito oocytes an increase of coats is induced by

a blood meal. These stimuli do not appear to involve fixing of ligands

on a substrate.

Although clathrin assembly was increased during spreading on immune

complexes, and this is consistent with the hypothesis that clathrin can

be induced to assemble by receptor-ligand interactions, it is not known

that the effect is direct. There may be several alternative mechanisms

for the induction of clathrin assembly. The most straightforward

interpretation of the results is that the receptor-ligand interaction

induced a signal for the assembly of clathrin. If this is the case, the

assembly of clathrin may be considered as part of the segmental response

at the contact site between particle and cell during the extension of

pseudopods, like the "zipper" (Silverstein et al. 1977), as was postu

lated by Montesano et al. (1983). It is also possible that increased

clathrin was observed at the adherent plasma membrane because ligands

fixed to the surface might render coated pits unable to invaginate

resulting in accumulation. Another possibility is that the receptor

ligand interaction induced the increase of surface-associated membrane

and increased clathrin was assembled to retrieve the membrane. In this

case the effect is indirect. In accord with this possibility, after the
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release of neurotransmitter at neuromuscular junctions, coated pits are

increased to retrieve the synaptic membrane (Heuser and Reese 1973). A

similar mechanism may be operating in spreading macrophages as well.

However, this would not explain the fact that increased coated vesicles

were seen only at the adherent surface.

Whatever mechanism is involved, the fact that clathrin can be

increased at the plasma membrane indicates that macrophages have some

clathrin available for assembly. Because clathrin assembly was rela

tively fast and was observed even at hºc, it is not likely that protein

synthesis was involved. Two likely possibilities are i) macrophages

have a soluble pool of clathrin that can be assembled, and ii) clathrin

located at sites other than the plasma membrane can be redistributed to

the plasma membrane. Although there has been some debate as to the

existence of a soluble pool of clathrin, recent evidence seems to indi

cate that there is a soluble pool (see Introduction). D. Louvard (per

sonal communication) has estimated the soluble pool of clathrin of

macrophages to constitute one third of the total clathrin. It is possi

ble that this soluble pool of clathrin is assembled during macrophages

spreading. Macrophages have large amounts of coated vesicles at the

Golgi region. It is not known whether clathrins of coated vesicles

engage in different functional roles at different sites or whether they

are interchangeable. I found that clathrin redistributes during frus

trated phagocytosis. Therefore redistribution may also be involved in

the increase of clathrin at the plasma membrane. Although staining at

the Golgi region was not completely depleted, at least some of the

staining appeared to be redistributed during spreading.
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Membrane Dynamics of Macrophages Spreading on Immune Complex-Coated Sur

faces

An important observation, which was not a part of the original

hypothesis, was that there were dynamic movements of various membrane

compartments during spreading of macrophages induced by receptor-ligand

interactions. To summarize, a) internal membrane appeared to be added
to the surface during spreading, b) Apoe was secreted, therefore the

vesicular compartment which contains Apoe seemed to be engaged in exo

cytosis, c) coated vesicles around the Golgi area appeared to move to

the periphery, d) there was a restructuring of the Golgi complex.

Our observations suggest that internal membranes may be added to

the surface during spreading, although this needs to be shown defini

tively by morphometric analysis. It is interesting to note that the

amount of membrane added to the surface from internal sources seems to

be comparable (800 An°) in both initial and underlay spreading. This

follows from the following consideration. In initial spreading, the

maximum area reached was about 800 * giving a cell surface area of at

least 1600 *. The morphometric estimate of the surface area of

resident macrophages is 825 amº. Therefore the added membrane was

roughly 800 un". In the underlay spreading, macrophages cultured on BSA

alone for 24 h covered initially 800 m (1600 am." cell surface area)

and reached maximum of 1200 anº (2400 amº cell surface area). Therefore

the added membrane was again 800 unº. During phagocytosis, macrophages

must supply membranes in order to advance pseudopods. Although the

exact relationship between the increase of surface membrane and phago

cytosis is not known, it will be interesting to study which membrane
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compartment is added to the surface. It would give insight into the

flow and relationship of membrane Compartments. Because ApoR is

secreted during spreading, compartments containing ApoB are likely to be

involved. In addition, certain membrane compartments, such as endosomes

that are considered to be dynamically connected to the surface by mem

brane recycling, may also be added to the surface.

It is not understood how the secretion of Apoe, the movement of

coated vesicles, and the rearrangement of the Golgi area are related.

Nor do we know the mechanisms of those rearrangement. One possibility

is that alterations in cytoskeletal structures underlie these phenomena.

When Golgi rearrangement is observed in various conditions, the organi

zation of microtubules seems to play some role (Hiller and Weber 1982,

Lin and Queally 1982, Wehland and Willingham 1983, Kupfer et al. 1982).

Another possibility is that there may be an alteration in general mem

brane flow within the cell. It is known that during mitosis, when Golgi

complexes are fragmented, general membrane flow is ceased. Pinocytosis

is inhibited (Berlin and Oliver 1980) and transport of newly synthesized

G protein of vesicular stomatitis virus is inhibited (Warren et al.

1983). Because internal membranes are added and fixed at the surface,

general membrane flow may be disturbed during spreading as well. It is

known that in cells spread by treatment with 12-O-tetradecanoylphorbol

13-acetate there is an increase rather than a decrease of pinocytosis

(Phaire–Washington et al. 1980). However, although the spreading itself

is evident within 1 h of the treatment, the pinocytosis was measured

24-118 h after the treatment. Therefore the observed increase of pino

cytosis could be a secondary response of the cells. For example, it may

involve increased membrane synthesis to adapt to the induced unusual
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state. What the role of the observed rearrangement of membrane compart

ments during spreading on immune complexes is in phagocytosis remains to

be determined.

Future Directions

Although this thesis addressed the hypothesis that the clathrin

coats can be induced to ass-el- by receptor-ligand interaction, many

points still remain to be studied. One point is that the system I chose

to study may not be optimal for the study. Although an increase in

clathrin assembly was seen, the extent was limited. The only promising

system was the underlay syste- at 0 min. In underlay spreading most of

the cells seemed to have lars. amount of coats after interacting with

immune complexes for 60 nin at 4°C. If this is reproducible, it may be

a suitable system for further analysis. In exploring better systems,

other cell types may be examined. For example, polymorphonuclear leuko

cytes or activated macrophages may have distinct advantages. Their

response to ligands may be faster, and the faster responses may be more

synchronous. It is also likely, as was discussed, that FC receptors are

rather sparse and may not be most suitable for the assembly of the max

imum amount of clathrin-coats. In this respect it may be desirable to

find some other ligands which could interact with receptors more densely

distributed on the macrophage plasma membrane.

If a suitable system is found, some approaches are possible to

study further the hypothesis that clathrin assembly is induced by

receptor-ligand interactions. If an antibody that recognizes the cyto

plasmic side of receptor molecules were available, the interaction of

receptors and the vertices of triskelions could be directly visualized
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on Pt-C replicas by using gold-labeled antibody. (If an antibody recog

nize outer plasma membrane it is likely to have problem of access

because membrane will be closely opposed to substrate.) In addition, an

increase in the assembled form of clathrin might be monitored biochemi

cally. It may be possible to obtain a sheet of bottom membrane and

quantify the associated clathrin by using anti-clathrin antibody. Then,

the questions may be asked whether anti-receptor antibody fixed to the

surface could induce assembly, or whether crosslinking of some other

membrane proteins could induce assembly. Immune complex-coated surfaces

may be formed by using different subclasses of mouse IgG to test which

subclasses of Fo receptors could induce assembly. Finally, to study

whether receptors capable of inducing phagocytosis have unique proper

ties, receptors for the complement component C3 might be tested for the

clathrin assembly using resident and activated macrophages.

One point that has not been clearly resolved is whether induction

of clathrin assembly can be separated from spreading, or the increase of

the membrane area. To test this it may be necessary to perform a dose

response curve for the effects of different densities of IgG, to see

whether clathrin assembly can be dissociated from spreading. Alterna

tively, spreading induced by methods which do not involve receptor

ligand interaction, such as treatment with proteolytic enzymes or 12-0-

tetradecanoylphorbol-13-acetate might be used. Soluble immune complexes

may also be tested for clathrin assembly.

Although a method for quantitation of the soluble pool of clathrin

was not available when this study was in progress, it now seems possi

ble. Dr. D. Louvard has developed an assay which can distinguish and
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quantify soluble and assembled forms of clathrin (personal communication

to Dr. Zena Werb).

The other aspect which might be explored is membrane dynamics. It

will be useful to do careful morphometric analysis by thin section

transmission electron microscopy and elucidate the intracellular mem

branes that are added to the plasma membrane during spreading. Some of

the markers of membrane compartments, such as markers of endosomes (Fab

fragment of anti-Fo receptor discussed in Mellman et al. 1981; or

transferrin discussed in Hopkins and Trowbridge 1983) may be useful

probes and may be used for biochemical analysis as well. It will also

be useful to study carefully the movement of coated vesicles, secretions

of Apo E, and alteration in Golgi cisternae by thin section transmission

electron microscopy.
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APPENDIX

Thin Section Transmission Electron Microscopic Studies of Spreading

Macrophages. Using Histochemical and Immunocytochemical Techniques

The spreading of macrophages on immune complexes was studied using

histochemical and immunocytochemical thin section transmission electron

microscopy as a preliminary attempt to study the mechanisms of redistri

bution of coated vesicles, the Golgi apparatus, and Apo E, that were stu

died at immunofluorescent level in Chapter 5. This part of the work was

done in collaboration with Drs. Paula Stenberg and Dorothy F. Bainton

at UCSF.

MATERIALS AND METHODS

Suspended and attached macrophages were processed by a variety of

techniques:

Morphologic Examination. Cells were fixed in 1% paraformaldehyde, 3%

glutaraldehyde, in 0.1 M Na cacodylate buffer, pH 7.1, with 0.5% CaCl2
for 1 h at room temperature. They were subsequently post-fixed in 1%

Oson for 1 h, exposed to uranyl acetate for 1 h, dehydrated in a graded

series of ethanols, infiltrated with propylene oxide: Epon (first in

ratio of 1:1 vol/vol and then in a ratio of 1:2), and finally infil

trated and embedded in 100% Epon.

Tannic Acid Histochemistry. Cells were fixed in 1% glutaraldehyde in

0.02 M Na cacodylate buffer, pH 6.8, for 1 h at room temperature. They

were post-fixed in 1% Oso, for 1 h and incubated with tannic acid (1%

tannic acid in 0.05 M. Na cacodylate buffer, pH 7.0, no sucrose) for 1 h
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at room temperature. They were then exposed to uranyl acetate for 1 h,

dehydrated, infiltrated, and embedded as described above.

Trimetaphosphatase Histochemistry. Cells were fixed in 1.5% glutaral

dehyde in 0.1 M Na cacodylate buffer, pH 7. 1, 1% sucrose , for 1 h at

room temperature and then processed for the demonstration of trimeta

phosphatase as described by Doty et al. (1980). Cells were incubated in

medium for 60 min at 37°C before they were rinsed in acetate-veronal

buffer and processed for examination by transmission electron microscopy

as described above.

Immunocytochemical Procedures. Rabbit anti-clathrin antibodies, rabbit

anti-Apole antibodies, and rabbit anti-Golgi antibodies were used in

these studies.

Macrophages were fixed in 2% paraformaldehyde and 0.05% glutaral

dehyde in 0.1 M phosphate buffer, pH 7.4, for 1 h at room temperature.

Fixed cells were washed three times for 5 min in PBS containing 50 mM

NH,Cl. The cells were incubated at room temperature for 90 min with

primary antiserum diluted in PBS containing 1% (wt/vol.) ovalbumin and

0.05–0.2% (wt/vol) saponin. After incubation with primary antiserum, or

control substance, the cells were washed 6 times over a 30 min period in

PBS containing 0.1% (wt/vol.) ovalbumin and 0.05–0.2% (wt/vol) saponin.

They were then incubated for 90 min at room temperature in Fab fragments

of sheep anti-rabbit IgG conjugated to peroxidase (Institute Pasteur,

Paris, France) in a dilution of 1:50 in the PBS/saponin/1% ovalbumin

Solution. The cells were washed 6 times over a 30 min period in PBS

containing 0.1% (wt/vol.) ovalbumin. They were fixed at room temperature

for 1 h in 1.5% glutaraldehyde in 0.1 M Na cacodylate buffer, pH 7.1,
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with 5% sucrose, washed three times in 0.1 M Na cacodylate buffer, pH

7. 1, with 7.5% sucrose, and left overnight at 4°C. The cells were then

washed three times over a 15 min period in 50 mM Tris-HCl buffer, pH

7. 1, with 7.5% sucrose, pre-incubated for 5 min in Tris-HCl buffer con

taining 1 mg/ml 3, 3 diaminobenzidine, Grade I (Sigma Chemical Co.) and

then incubated for 10 min with diaminobenzidine containing 0.01%

(vol/vol.) H20 They were washed three times over a 15 min period in2"

Tris-HCl buffer with 7.5% sucrose and then with 0.1 M Na cacodylate

buffer, pH 7.4. They were exposed to 1% unbuffered Oson for 2 min and

then post-fixed in reduced Oson, produced by adding 5 mg potassium fer

rocyanide to 2 ml of 1% unbuffered OsOn, for 20 min at 4°C. After remol!”

val of the reduced osmium, the cells were rinsed for 2 min again in 1%

unbuffered Oson, and processed as described above. Control procedures

included substitution of primary antiserum with nonimmune rabbit IgG or

buffer.

RESULTS AND DISCUSSION

Immunocytochemistry at ultrastructural level verified the specifi

city of antibody used in immunofluorescent study in Chapter 5. Anti

clathrin antibody stained the cytoplasmic surface of coated vesicles

(Fig. 1:1e) and anti-Golgi antibody stained the membranes of the Golgi

cisternae at luminal side (Fig. 11d). Anti-Apoe antibody stained the

lumen of various structures including a part of the Golgi cisternae

(Fig. 1:1 f), coated vesicles (Fig. 1,3 inset), large vesicles (Fig. 39a

inset and Fig. 13), and large vacuoles (Fig. 13). These structures

presumably constitute secretory compartments in macrophages.
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During the spreading, the Golgi cisternae became distended, shor

tened, and separated from each other. This was shown by various tech

niques including tannic acid histochemistry (Fig. 39, h0), morphologic

examination (Fig. 1,1), and trimetaphosphatase histochemistry (Fig. 1:2),

which stains the contents of the Golgi cisternae as well as secondary

lysosomes.

Tannic acid stained the contents of large vesicles, which appeared

to be identical to the vesicles stained by anti-Apoe antibody. These

stained contents were observed at the extracellular side of the bottom

of spread cells. This indicated that Apoe was indeed secreted during

the redistribution of ApoR as was observed at immunofluorescence level.

Large cisternae with coated vesicles budding off at their edges

were observed near the bottom of spreading macrophages in sections

stained with tannic acid, which enhanced the visualization of coated

structure (Fig. 10a). Sometimes these structures appeared to be in con

tinuity with extracellular space (Fig. 10b). These images were likely

to correspond to some of the images of cisternae with coated vesicles

observed by Pt-C techniques (Fig. 1.0a inset, Fig. 18).
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FIGURE 39. Transmission electron micrographs of suspended and attached

macrophages processed with tannic acid stain in block as described in

Materials and Methods. (a) A portion of a suspended macrophage, illus

trating the tightly apposed cisternae of the Golgi complex (GC) with

some coated areas (C). Numerous vesicles are seen in this area, many of

which are coated (CW). Large vesicles with dense cores (arrows) are

seen near the Golgi area. Inset: A portion of a suspended macrophage

processed for the immunocytochemical demonstration of Apoe as described

in Materials and Methods. Large vesicles filled with reaction product

are seen in the cell cytoplasm and are similar in size to those seen in

(a). (a, x 115,000; inset, x 15,000). (b) A portion of a macrophages

attached to culture dishes at room temperature for 10 min and allowed to

spread at 37°C for 20 min. The Golgi complex is considerably more frag

mented than in (a) and is associated with many coated vesicles. (b,

xl;5,000). (GC, Golgi complex; C, coated area; CW, coated vesicles; CE,

centriole).
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FIGURE li■ ). Transmission electron micrographs processed according to the

initial spreading method in which the cells were attached to culture

dishes at 4°C and allowed to spread at 37°C for 10 min. After fixation,

the cells were stained with tannic acid in block as described in Materi

als and Methods. The Golgi complex (GC) in this cell is fragmented and

individual cisternae are swollen. Several tubular extensions (TE) of

the Golgi complex are seen near the attached surface of the cell (small

arrowhead). The TE are heavily coated (C), but it is unclear from this

section whether or not they are in continuity with the extracellular

Space. Inset: Pt.-C replicas of macrophages showing cisternae with

coated vesicles, which may correspond to TE. (a, x 115,000; inset, x

22,500.) (b) Tubular extensions with coated areas from another macro

phage are seen in this section to be in continuity with the external

Space. Large dense cores (large arrowheads), near the attached surface

of the cell (small arrowhead), probably represent ApoB secretion pro

duct. x 115,000. (GC, Golgi complex; TE, tubular extension; C, coated

area).
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FIGURE l;1. Portions of macrophages processed for either the morphologi

cal (a-c) or immunocytochemical (d-f) demonstration of the Golgi region

in suspended and attached cells. Macrophages in a-c were prepared by

the initial spreading method, in which cells were allowed to attach to

culture dishes at 19C and then warmed rapidly to 37°c for various time

periods. In d and e, macrophages were attached to culture dishes at

room temperature for 10 min and then kept at 37°C for 10 min. In f,

macrophages were suspended in medium, fixed, and then processed. (a)

Cells fixed after warming for 0 min. Note the stiff, numerous Golgi

cisternae (GC) tightly apposed to one another, as observed previously in

Fig. 39. x 39,000. (b) Cell fixed after warming for 8 min. The Golgi

cisternae are more separated from one another in (a). x 39,000. (c)

Cell fixed after warming for 110 min. Note the fragmented Golgi complex

and the swollen individual cisternae. x 39,000. (d) Cell attached (see

above), fixed, and processed for the immunocytochemical demonstration of

Golgi membranes as described in Materials and Methods. Label is local

ized along membranes of some Golgi cisternae (GC). x 39,000. (e) Cell

attached (see above), fixed, and processed for the immunocytochemical

demonstration of clathrin. Note the labeled coated vesicles (CW) near

the Golgi region of the cell. x 60,000. (f) Suspended macrophage pro

cessed for the immunocytochemical demonstration of Apoe. Some of the

Golgi cisternae (GC) are labeled, and there is a heavily reactive vesi

cle (W) near the Golgi region. x 39,000. (GC, Golgi complex; CW,

coated vesicle; W, vesicle).
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FIGURE 112. Transmission electron micrographs showing the labeling of

Golgi cisternae for trimetaphosphatase after incubating suspended (a,b)

and attached (c-e) macrophages in medium according to Doty et al.

(1980). Note that in these cells 5-6 Golgi cisternae (GC) are labeled

and the individual cisternae are closely juxtaposed, forming tight

stacks. Several large vesicles in the cell cytoplasm are also labeled

(arrows). (c) Macrophage allowed to attach to culture dish coated with

rabbit anti-BSA for 10 min at room temperature. Note that the labeled

Golgi complex appears more irregular than that seen in suspended macro

phages, and is located near the adherent surface of the cell (arrow

head). (d, e) Macrophages attached to culture dishes as in (c) and then

allowed to spread for 20 min at 37°C. The Golgi complex is considerably

more fragmented than that seen in a-c and labeling is observed in only a

few cisternae. Also, fewer cisternae are generally observed at this

time point. The Golgi complex is frequently located near the adherent

surface of the cell (arrowhead) and numerous small vesicles may be seen

associated with it. (GC, Golgi complex). (a, x 25,000; b, x 30,000; c,

x 25,000; d, x 25,000; e, x 25,000).
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FIGURE lºº. Transmission electron micrograph of a macrophage attached to

culture dish for 10 min at room temperature, allowed to spread at 37°C

for 20 min, fixed, and processed for the immunocytochemical demonstra

tion of ApoB as described in Materials and Methods. Note the vesicle

with a dense core containing reaction product for ApoB (large arrowhead)

similar to those in Fig. 39 as well as large vacuoles containing reac

tion product of Apoe (arrows) near the attached cell surface (small

arrowhead). Inset: A portion of a suspended macrophages processed

identically for the immunocytochemical demonstration of ApoB. The sur

face of a coated vesicle (CW) is heavily labeled. x 18,000; Inset,

x 17,000.
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