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ABSTRACT

A review of the characteristics of the pulmonary alveolar mac

rophage which may be important or useful in evaluating its response to 

toxic materials is presented. Emphasis is placed on the subdivision 

of the phagocytic function-of this cell into a time sequence of dis

crete steps. Each of these steps is discussed in terms of contemporary 
literature reports. In no instance is original experimental work re

ported by the author. A proposal containing suggestions for a new ex

perimental approach is outlined.



CHAPTER 1

CHARACTERISTICS AND FUNCTION OF THE ALVEOLAR MACROPHAGE

The alveolar macrophage is a free cell responsible for a 

major role in the host defense mechanisms of the respiratory tree.

As the ultimate phagocytic scavenger of the respiratory system, the 

alveolar macrophage "like small children appears to eat almost every

thing If this cell is overwhelmed either by the magnitude or 

inhaled aerosols or solid particulates or by their inherent toxicity, 

the consequences to the lung and to the entire organism may be seri

ous . The multiplicity of aerosol and particulate constituents and 
their inhomogeneity makes any form of objective analysis of specific 

toxic effects difficult. Thus, overly simplistic interpretations of 

experimental and epidemiological information which may affect the 

function of the alveolar macrophage must clearly be avoided.

In its activity as a part of the reticuloendothelial protec

tive system, the alveolar macrophage performs many functions at both 

the cellular and molecular level, each of which can be modified by 

the specific action of individual inhaled materials at a multiplicity 

of stages and by one or more mechanisms:
1) Phagocytosis of exogenous particulate material, whether 

antigenic or not

1



2) Phagocytosis of degenerative products of cells due to nor

mal turnover of cells or cells injured by disease, toxic 
materials or conditions

3) Synthesis and secretion of enzymes and enzyme systems

4) Immune response in which surface associated antigen is in

volved in tolerance. It also functions by presenting 

antigen fragments to the immunocompetent small lymphocyte 
cells of the reticuloendothelial system.

5) Enzymatic degradation of phagocytized material

The morphology and function of mononuclear phagocytes have

been the subject of several books'*- 5 and numerous review arti- 
5 6cles o 5. One review emphasizes the role of the alveolar macrophage 

in toxicology.^

Origin and Differentiation of Macrophages

The origin and sequence of differentiation of the alveolar 

macrophage is illustrated diagrammatically in Fig. 1. The use of 

chromosome markers has demonstrated that the alveolar macrophage de

rives from precursor cells in the bone marrow via circulating

monocytes. Incorporation of H-thymidine is minimal and cytodynamic 
9change slow. It is now generally agreed that the alveolar macrophage 

represents the final stage of maturation and is destroyed and cleared 

from the body at the end of its exceptionally long lifetime.

Endocytosis

The interiorization of both fluid and particulate material by 

the alveolar macrophage is its most prominent, characteristic and
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Precursor cells. Located in bone marrow.

Promonocyte. Located in bone marrow. 
14-20 size
Generation time: 13.6 hours
S phase 11.0 hours

I
®  <3?

Monocyte. Formed in bone marrow. 
Circulates in peripheral blood and pene
trates basement membrane to enter tissues
11-14 size
3-5% of circulating white blood cells 
Half life: 32.0 hours

Macrophage. Located in lung tissues. 
The macrophage may be stimulated by 
macrophage growing factor to DNA syn
thesis with subsequent mitotic division,
25-50 ft size
Divides infrequently
Long life span: } 60 days

Multinucleate giant cell.
Multinucleated giant cells occur due to 
exposure to Sendi virus by fusion of 
adult macrophages. They are present 
to a small extent in normal cell prepa
rations .

Fig. 1. Origin and Differentiation of Macrophages



function. The time course of this endocytic process may be considered 

as the following sequence:

1) Recognition of foreign material and attraction to it. 

through amoeboid movement

2) Attachment of the membrane to the particulate

3) Engulfment and fusion of the phagosome with enzyme-rich 
lysosomes to form phagolysosomes

4) Digestion by enzyme action
5) Exocytosis of unhydrolizable constituents

The capacity and effectiveness of the alveolar macrophage in perform

ing its protective function depends on the status of the regulatory 

mechanisms for each of these steps. The metabolic cell machinery 

exerts primary control over each of these steps, but the cell’s mem- ■ 

brane function is also important. Enzyme production and utilization 
are slower responses which are often specific and may be directly or 

indirectly controlled by the cell environment or the phagocytic process 

itself. Since the process is sequential, blockage of any step will 

result in blockage of the entire process.

Pinocytosis

The endocytosis of fluid droplets results in the incorporation 

within the cytoplasm of fluid filled vesicles ranging so widely in 
size that the terms pinocytosis and micropinocytosis are used to de

scribe it. The importance of such a distinction among endocytic 

processes rests upon a consideration of the inhalation of soluble 

particulates, soluble gases and fluid aerosols. Such materials may



dissolve readily in the extracellular fluid of the lung and exert an 

immediate and direct effect indiscriminately on all of its cells. Con

centration reduction by diffusion and dilution lessens this direct 

response but may also broaden the distribution of response, particu

larly in its effect on enzyme activity and in the increased phagocytic 
burden of resorption of damaged or dead cells. Pinocytosis may stimu

late enzyme activity at the synthesis level by induction and at the 

response level by changing the pH of enclosed areas within the cell. 

Pinocytosis is particularly important as a route of entry of soluble 

metabolic inhibitors into the cell because it accounts for the majority 
of solute uptake and of membrane interiorization.

Chemical regulation of the pinocytic process has been investi

gated from a number of points of view by Z. A. Cohn and his associ
ates.^3^  Two experimental techniques are used: 1) Counting and

sizing of vesicles present in the cytoplasm by phase contrast micros-
12copy of glutaraldehyde fixed cells and 2) uptake of the soluble 

marker enzyme horseradish peroxidase which does not participate in 

special membrane interactions (enhancing pinocytosis) followed by both 

biochemical and cytochemical assays for this enzyme after washing the 

cells to free them from external marker. The parameters of pinosome 

formation may be deduced by the inclusion of pharmacologically and 
metabolically active materials in culture media.



Metabolic Inhibitors of Finocytosis

1) Inhibitors of glycolysis (sodium iodide, sodium iodoacetate)

2) Inhibitors of respiration (cyanide, antimycin A, oxygen 

deficit)

3) Inhibitors of oxidative phosphorylation (2,4-dinitophenol, 
oligdmycin)

4) Inhibitors of protein synthesis (p-fluorophenylalanine, 

puromycin), chloramphenicol, cycloheximide
5) Inhibitors of DNA-dependent RNA synthesis in transcription

(actinomycin D exerts a delayed effect)
136) Temperature lowering

These facts : demonstrate that pinocytosis is an energy-dependent pro

cess requiring the entire respiratory pathway to produce adenosine 

triphohphate (ATP) as the basic energy source. Protein synthesis 

directed by m-RNA is a less expected requirement.

Substrate Effects on Pinocytosis***^

1) Anionic molecules of high molecular weight at physiological 

pH are stimulators of pinocytosis (polyglutamate acid, 

muccopolysaccharides, fetuin)

2) Low molecular weight anionic molecules at physiological pH 

also stimulate pinocytosis (aspartic acid, glutamic acid, 

N-acetylneuraminic acid)

3) Neutral or cationic molecules such as poly-L-lysine, poly- 

D-lysine, histone and dextran are not stimulators of 
pinocytosis



4) Higher molecular weight substances are more effective at 

low dosage than lower molecular weight analogs

5) Both DNA and RNA and the nucleotides, nucleosides, and

bases adenosine, adenosine-51-monophosphate (AMP),

adenosine-5 1-diphosphate (ADP) and adenosine-5 1-triphos-
15phate (ATP) stimulate pinocytosis

6) Other nucleosides and nucleotides such as 2 ? and 31-AMP,

cyclic AMP, dibutyryl cyclic AMP, deoxyadenosine nucleotides

and the di- and tri-phosphate's of other purine and pyrmidine
15nucleosides have little or no stimulatory activity

7) Normal serum constituents, such as albumen, stimulate pino
cytosis

3Certain anionic inducers of pinocytosis, such as H-dextran sulfate,

are interiorized at a rate 50 to 100 times that of horseradish peroxi-
3dase because the binding of H-dextran sulfate to the cell membrane is 

more specific.

16Immunoglobulin Stimulation of Pinocytosis

1) IgG antibodies when directed against antigens on the macro

phage surface stimulate pinocytosis

2) IgM antibodies behave similarly to IgG antibodies. In 

the absence of complement this binding does not cause 

cell lysis.

Antibody binding of soluble antigens is more effective than simple 

ionic induction. Pinocytosis occurs in this case as much as 4,000 

times faster than the horseradish peroxidase rate.



Cytochalasin B

Cytochalasin B is a macrolide fungal metabolite which inter

feres with the process" of phagocytosis by inhibiting the function of 

contractile microfilaments in a reversible manner. It is significant

that this compound does not inhibit pinocytosis in amounts which are
17able to stop phagocytosis completely.

Summarization of the Morphological Changes
/ .

Fig, 2 summarizes the morphological changes which have been 

observed as a response to the agents discussed above. The extent of 

the pinocytic process is shown by the normal unstimulated uptake rates. 

Macrophages take up 1,5% of their total protein content and take up 

1,0% of their total volume of fluid in one hour, These values are sig

nificant in terms of the long (greater than 60-day) lifetime of alveolar 

macrophages and the large multiplication factor applied to these normal 

values which can occur upon stimulation.

In view of the high energy requirement of the constantly undu

lating membrane and the large quantity of both membrane and protein 

synthesis, the pinocytic mechanism may function as a nutrient transport 

system for the macrophage. This may explain the requirement for homolo

gous serum generally added to in vitro incubation and cell cultivation. 

As a free cell, the alveolar macrophage is poorly related in a 

spacial sense to the circulatory system even though its pseudopods

are in contact with the alveolar epithelium. This is shown by
18scanning electron micrographs, by the ease of removal from the 

19lung by lavage and by their large migration capacity. As a method of
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Oriented arrays of microtubules 
extend from central region to 
the cytoplasmic projection and 
are associated with mitochondria

Rosette of 
vacuoles forms 
near the cen
tral region

%

AMP, ADP, ATP stimulate 
pinocytosis and increase 
the number of spike-like 
projections on the sur
face and on granules in 
the juxtanuclear region

Metabolic inhibitors 
inhibit pinocytosis

Colchicine, colcemid or vin
blastine cause peripheral 
microtubules to disappear and 
pinocytic vesicles accumulate 
in the periphery and do not 
migrate to the centrosphere 
area. Mitochondria retract 
to the central cell body.

Normally pinocytic vacuoles are rapidly moved by 
the microtubular apparatus to concentrate at the 
centrosphere unless inhibited by low temperature, 
cyanide, fluoride or 2,4-dinitrophenol

The adenosine nuceosides cause a flattening of 
the cell on the surface and formation of a clear 
hyaloplasmic veil in which denser cores of cyto
plasm are arranged in spoke-like orientation with 
mitochondria aligned in them extending from the 
nuclear area to the tips of the pseudopods. 
Pinosomes arise and flow through this area under 
control of the microtubules.

Rapidly undulating pseudopods

Rapidly undulating membrane

Fig. 2. Morphological Changes of Alveolar Macrophage During Pino
cytosis in the Presence of Various Inhibitory and Stimulatory Materials
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recycling secreted proteolytic enzymes from the extracellular fluid, 

pinocytosis may be significantly involved in protection from their ac

tion. The relation between the rate of synthetic and motile activity 

and the rate of pinocytosis some hours previously has not been estab
lished, nor has the expected incorporation of protein, nucleic acids or 

carbohydrates from high molecular weight extracellular sources in ana

bolic cellular processes. Investigators have observed the presence of 

pulmonary surfactant in alveolar macrophages but its source has not been

demonstrated. The suggestion has been made that the alveolar macrophage
20is a synthetic source for this material. This questionable suggestion 

is amenable to experimental verification by observing the relationship 

between macrophage destruction (by specific antibody) and the rate and 

extent of incorporation of labeled dipalmitoyl lecithin (the primary- 

constituent of pulmonary surfactant).

Direct experimental observation of pinocytosis by phase contrast 

microscopy permits only larger vacuoles to be observed. Electron micros

copy is required to observe the entire size spectrum of vacuoles formed 

in micropinocytosis. Autoradiography is a valuable adjunct to micro

scopic studies. Horseradish peroxidase uptake provides an indirect bio

chemical assay which is readily, related in a dose-response manner to the
198extent of pinocytosis. The uptake of radioactive colloidal gold ( Au)

provides a still more precise method of quantitation of the linear re-
21sponse with time of pinocytosis. Ferritin labeling has also been 

found useful.^



Phagocytosis

Phagocytosis is the process of particulate endocytosis and has 

been extensively studied from the point of view of its function of re

moval of exogenous insoluble material from the lung* Its importance is 
more extensive than this, however, and should be understood in the broader 

context because of the possible competing nature of its function* With 

a limited number of alveolar macrophages with limited capacity for re

sponse and because of their selectivity for particular materials, a 

hierachy of response is probable* Such order of precedence may explain

the variable nature of alveolar clearance of different inhaled materi- 
22als of Table 1 and the inconsistent results of long-term or multiple 

23exposureso The difficulty in proposing a single process of particu

late clearance varying in rate over several orders of magnitude is 

apparent*

Processes which may compete, particularly at high particulate 

loading, for the phagocytic capacity of the alveolar macrophage include:
1) Phagocytosis of worn out or malignant body cells

2) Clearance of excess lipid from both the bloodstream and the 

alveoli

3) Clearance of virus and bacteria organisms from proliferating 

infective sites

4) Processing of antigenic materials as a prelude to the immune 

responses

5) Antibody reaction

6) Phagocytosis of competing non-antigenic foreign materials

7) Transport of particles from the alveolus
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Table 1» Variable Clearance Rates of Aerosols3

Particulate Half lifetime (Hrs.)

Barium sulfate 45

Barium citrate 66

Cadmium chloride 92

Oil soluble dye 178

Uranium dioxide 1,300

Antimony oxide 2,500

Beryllium sulfate 3,700

24a. Other investigators have shown alveolar clearance times 
ranging from less than one day to 1,400 days
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Overloading of phagocytic capacity may occur through combinations of 

the above processes which may also cause a change in the threshold of 

response. Competition among particulates may occur for membrane bind

ing sites in the case of multiple exposure to different particulates or 

to mixed particulates in a single exposure.

Chemotaxis

The purposeful migration of macrophages in response to chemotac

tic stimuli has been observed by photographing the trace of their tracks
25as bright images in dark-field microscopy. In control, cultures, 

movement was random. In cultures containing bacteria (Staph, aureus, 

Staph, albus, Str. pyogenes, Myco. tuberculosis, Ery. monocytogenes,

C. diptheriae, S. Typhosa and B. anthracis) and starch, a direct move

ment of macrophages toward the particles was seen. As chemotaxis has 

not been regularly or readily demonstrated, some controversy over its 

extent exists. Reports of the inability to demonstrate chemotaxis may 

be due to the tendency of macrophages to adhere to and spread on the 

Millipore membrane or to the slower movement of macrophages.^

The alveolar macrophage is located in an area having unique 

characteristics when compared with the environment of the other mono

nuclear phagocytes which are bathed in a circulating medium which 

serves to bring particulates to them. Chemotactic response would 

therefore be a far more valuable attribute of the alveolar macrophage.

An experimental investigation of the extent of chemotaxis should be

based on the response to chemotactic substances which may be chosen
27according to their mode of action.
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Cytotaxins: Agents with direct chemotactic effect on cells

1) Endogenous
Present in normal and antigen-antibody activated sera; 

split products of complement components and ; in 

Ag/Ab activated plasma; in exudate fluids; in post-granular 

supernatants from neutrophils

2) Exogenous

Bacterial culture filtrates; casein; peptone 

Cytotaxins can be further classified by their cell specificity.
Cytotaxigens: Agents without direct chemotactic effect on cells.

They induce formation of cytotaxins or unmask them.

1) Endogenous

Granules from macrophages, neutrophils, liver and heart;

post-granular supernatant from macrophages, neutrophils

and liver; plasmin, trypsin; CQ convertase, CQ inactivatord d
complex

2) Exogenous

Ag/Ab complexes, bacteria, endotoxin, aggregated 

If-globulin, guanosine, glycogen, tuberculin, zymosan 

Some cytotaxigens require incubation with unheated normal serum, others 

with plasma, and still others with complement components to generate 
chemotactic mediators for either neutrophils or macrophages *

Comparative studies of rabbit alveolar and peritoneal macro

phages have shown that the chemotactic agents casein, normal rabbit 

serum and liver protein are ineffective in attracting rabbit alveolar



macrophages, 3 Most chemotactic substances are of biological origin

or depend on limited solubility (casein, starch) for the transfer of in
formation. Chemotaxis, therefore, will not favor the phagocytosis of 

insoluble particulate of inorganic origin. In a competitive situation 
the alveolar macrophage may favor microorganisms or damaged cells over 

exogenous particulate. Since chemotaxis is minimal for inorganic par

ticulate, this competition may be a significant mechanism in reducing 

phagocytosis of particulate during and after disease progression.

Macrophage inhibition factor is produced by small lymphocytes 

from animals exhibiting delayed hypersensitivity during reaction with

specific antigen. This soluble material inhibits the random migration
30 31of normal macrophages in vitro. 3 The activity of the immune system 

may function competitively with phagocytosis at this chemotactic stage, 

as well as at subsequent stages in which immune response overrides non- 

immune response to exogenous material.

Attachment

Attachment of a particle to a phagocyte may be specific, in 

which case it is generally energy independent, or nonspecific, in which 

case energy sources and cell organelles are required. The type of at

tachment and strength of adherence are dependent on the physical and 

chemical characteristics of the cell membrane as well as the particulate 

surface. The cell membrane of the alveolar macrophage has unique prop

erties which determine its effectiveness in performing its function.

A specific receptor which also serves as a useful marker is the 
%Fc receptor. It serves to bind immunoglobulin IgG at its Fc’ end, thus
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leaving the antibody binding sites Fab1 free to bind with the appropri

ate antigen. This binding site may be diminished by the reduction and
32 33alkylation of disulphide bonds 5 or by chemical modification of
3^

lysine or tryptophan residues'. . The binding sites are, therefore,

protein in nature. The presence of antibody attached to the Fc recep-

'tors results in rosette formation with antigen coated red blood cells

and is a sensitive test for these structures. As mentioned before, this

is related to enormous increases in pinocytic activity. Macrophages

have about 2x10^ Fc receptor sites per cell, to which 10^ to 10^ anti-
35 36body molecules bind during rosette formation. 5 Since antibody 

binding occurs at 4° C. and is independent of calcium ions, this bind

ing is not energy dependent. The Fc receptor is found on all macrophages 

and is stable during continued cultivation under a wide variety of con

ditions. ̂ I t  is separate and distinct from the G1 receptor
Complement mediated immune adherence is temperature dependent

-H- -H~and requires the presence of the Ca and Mg divalent cations. Since 

trypsin treatment destroys this binding, complement may be bound either 

to a membrane receptor or, more likely, to cell-bound immunoglobulin. 

Macrophages lose this binding capacity in long-term cultures.
Antigens characteristic of species are present on the macrophage 

surface, thus providing an experimental approach for the destruction of 
macrophages selectively by preparation of antimacrophage antibodies.

The studies on the attachment of particles indicate that the macrophage 

surface has specific receptors for antigenic material which is to be 

phagocytized:
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1) A site to which 7S ^Tg^Slobulin cytophilic antibodies at

tach

2) A site to which 19S (igM) cytophilic antibodies attach

3) A site to which ^-globulin cytophilic antibodies attach

4) A site or sites to which non-cytophilic antibodies can at
tach after their configuration has been altered by reaction 
with antigen

5) A site to which antigen-antibody-complement complexes at
tach

.6) Natural cytophilic antibodies to some determinants; these 

would already be attached to sites 1 or 2

7) Possibly, configurations with which some configurations on

phagocytosable material are complementary and react, but 
are unrelated to any immunological factors

The macrophage membrane contains specific ion and macromolecular 

transport mechanisms which also infer specific binding sitese Since 

transport is an energy-requiring process, the membranes are particularly 

rich in plasma membrane ATPase activity. High molecular weight extra

cellular markers are usually excluded from cells by virtue of their size 

but the alveolar macrophage is very permeable to ferritin (mol. wt„ 

465,000) in a unidirectional transport mechanism.Because simultane

ous exposure of cells to both ferritin and dextran leads to no measurable 

increase in dextran uptake, ferritin uptake involves a highly specific 

transport process. The active transport mechanism for metabolic and 
anabolic substrates is present in the macrophage membrane. The active 

transport of sodium and potassium serves to maintain macrophage
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electrochemical potentialso Sensitive assays for transport carriers

emphasize the structural nature of the plasma membrane as a mosaic in

which transport and phagocytic receptors are both separate and fluid.
42Assays of membrane carriers have shown that after the ingestion of 

latex beads requiring internalization of 30 to 50% of the plasma mem

brane, no change occurred in the number of carriers for lysine and 

adenosineo Cytochalasin B inhibits glucose and deoxyglucose transport 

at the same time as it causes the loss of microfilaments oriented par

allel to the plasma membrane and concerned with membrane motility* 

Another material which may be used to investigate the topography of

the fluid cell membrane is concanavalin A, which may be used to coat
43solid particulate in binding studies.

Nonspecific receptors are more important in a consideration of 

binding with particulates with heterogenous surface characteristics.

The previous discussion demonstrating that high molecular weight anionic 

materials bind in a nonspecific way to enhance pinocytosis implies that 

at physiological pH the macrophage membrane is positively charged. This 

positive charge implies a preponderance of basic amino acids at the 

macrophage surface. Thus, if a similarly charged particulate is pre^ 

sented to the macrophage, binding may be inhibited by like charge 

repulsion. Nonspecific binding of a chemical nature would therefore be 

characterized by equilibria and competitive equilibria in which inhibi

tion should be demonstrable. The RES clearance of intravenously admin
istered colloidal material conforms to a rate equation determined by 

the formation of a colloid membrane intermediate complex with the cell 

surface. These kinetics are described as surface saturation kinetics.
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Various combinations of carbon particles, latex spheres, aggregated 
albumin, lipid emulsion, bacteria, and foreign red blood cells, when 

simultaneously administered to rats, produce competitive inhibition 

despite the differences in their size and surface characteristics. 

Knowledge of the maximum phagocytic velocity of the measured particle, 

together with the colloid membrane dissociation constant of both mea

sured and inhibitor particles, permits prediction of the effect of par

ticle concentration on clearance velocity. This resolves the question 

of specificity in RES blockage. The presence or absence of blockage or 

inhibition between particles depends on and concentration. This ratio 

for both measured and inhibitor particles determines the degree of inhi

bition. Further, the particle concentration essential to produce 

inhibited clearance can be logically deduced. Finally, these experiments

suggest that particles can be ranked from weak to strong on the sole
44basis of their colloid membrane dissociation constants.

The plasma membrane of the alveolar macrophage has a simple 
chemical composition, as judged by the small number' of protein bands 

revealed by acrylamide gel electrophoresis.^ The binding capability 

of the phospholipid proportions of the cell membrane may be concerned 

with the solubility of organic particulate materials such as latex beads, 

polystyrene beads or other polymers in the lipid layer. This weak asso

ciation may explain the ability to phagocytize particulates of wide 

ranges of polarity, by alveolar macrophages.
The adherence of rabbit alveolar macrophages to foreign materi

als may be measured. The force of adherence is measured using a flexible 

microneedle while pulling a PAM cell from a flat surface of attachment.^
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Adhesion and spreading of the macrophage on a surface is a unique 

distinguishing characteristic, particularly on glass surfaces. Cyto- 
chalasin B causes enucleation and inhibits both glycolysis and phagocy

tosis, but does not adversely affect the adhesion of cells. Blockage 

of protein synthesis with cycloheximide does not interfere with adhesion,

but sodium fluoride, which inhibits phagocytosis by a different mechanism,
47does lower adhesion. These observations suggest that the attachment 

phase can be treated separately from either a biochemical, biophysical 
or morphological ,point of view. Fig. 3 summarizes the membrane factors
which permit adherence of a variety of particulate material.

Engulfment and Fusion

An increase in electron density may appear at the site of attach

ment of a particle to the macrophage cell membrane before it becomes 

progressively further enclosed by the cell membrane. Small particles 

are entirely enclosed by invagination but larger particles are enclosed 

by microvilli projecting from the cell. As the invagination or micro
villi close around the particle, the cell membrane re-fuses and the

vacuole is pinched off to become a phagosome. Because movement is re

quired, energy must be expended; thus, metabolic inhibitors or low 

temperatures prevent engulfment. The presence of serum proteins is a 

process requirement and may mark the separation between the attachment

phase and the engulfment phase, since attachment without engulfment has
48been observed in the absence of serum.

The parameters controlling the process of engulfment have been 
49reviewed. They include cell characteristics, particle characteristics
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Surface is positively charged 
at physiological pH, resulting 
in coulombic attraction of an
ionic particulate and repulsion 
of cationic particulate

Predominantly lipoid surface can 
form hydrophobic bonds with non
ionic particulate

Specific binding sites permit 
binding due to the formation of 
hydrogen bonds, possibly cova
lent bonds

lon-dipole, dipole-dipole or in
duced dipole interactions permit 
positive interactions between 
particulate and membrane depend
ing on the size, shape and 
distribution of charge on the 
particle and the membrane flu
idity enabling it to complement 
the particle surface

Fig. 3. Membrane Adherence Factors
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and medium or environment characteristics„ Although they are con

sidered separately3 such separation is artificial because of the 

importantance of parameter interactions or action in concert.
Alveolar macrophage cells exhibit the functional heterogeneity 

to be expected from any large population of cells, even though they 
have the same origin. Cell-dependent parameters include:

1)' Previous history, including the status of previous particu

late ingestion processes, immune system activation and 

state of induction by nonparticulate stimuli.

2) State of maturation. The cell population includes repre

sentatives of both young and old cells, but is influenced 

strongly by older cells because of the long lifetime of 

the alveolar macrophage.

3) State of health, including the history of the animal’s

disease states, current health, current nutritional status, 

hormone levels and drug history. These may be supplemented 

by other factors affecting the status of the animal which 

is the source of the phagocytic cells.

4) State of nutrition, including perturbations of oxygen sup
ply, protein carbohydrate and lipid dietary intake, trace 

diet elements, including vitamins and minerals. These are 
affected by the distance of the cells from the circulatory 

source, the degree of contact with the alveolar epithelium 

and the permeability of the lung tissue to extracellular 

fluid.



The nature of the particulate is an important determinant of 

the specificity of each cell response. Careful restriction of investi

gation to the surface characteristics rather than to the average compo
sition emphasizes the fact that specificity is determined at the surface. 
General characteristics of importance include:

1) Size and shape of the particulate is a mechanical determi

nant of the ease of engulfment. The size of the. macrophage 

itself dictates an upper limit to the size of the particu

late that it can engulf without new membrane synthesis.

The largest cell with a radius of 25 microns has a volume 
of 6.5x10 ^  irf* and a surface area of 7.8x10  ̂m^. If we 

assume maximum flattening, the maximum surface area avail

able for engulfment is less than half the total. Thus,
-9 23.9x10 m is an upper limit to the surface area of a par

ticle which can be engulfed without membrane synthesis. In 

the case where engulfment can start but not be completed, 

premature fusion with lysosomes can occur, resulting in the 

extracellular release of enzymes to be discussed later.

2) The surface of the particulate may be characterized as rough 

or smooth, homogenous or nonhomogenous, ionic or lipoid, 

cationic or anionic, or polar or nonpolar. Each may be im

portant in the assessment of specificity^

3) It should be emphasized that particles can interact with 

and be coated by small or large components of the medium, 

complicating the interpretation of specificity.



4) Antigenicity may be an important characteristic of par

ticles to which previous exposure has occurred. Antigens,
and even haptenes, could coat the particles either acci-

50dentally or intentionally.

5) Bacterial or virus particulates pose special problems be

cause of their active surface materials and their content 
of enzyme material designed to enhance their penetration 

of the membranes of mammalian cells.

The medium in which the _in vivo alveolar macrophage is bathed 

contributes to its capacity to function. It is desirable, therefore, 

to determine if this medium contains components which synergistically 

or antagonistically influence the rate or extent of so complex a 

process as phagocytosis. It is equally important that carefully de
fined media be used during the lavage process in obtaining alveolar

mactophages. Some media characteristics include:
51 521) Nonspecific parameters such as pH, temperature, vis

cosity, 0  ̂ and COg tension, osmotic pressure,3 salt 

concentration, ionic composition, protein or macromolecu- 

lar content, availability of substrates and co-enzymes

2) Specific factors may be described as opsonins. Opsonins 

act through interaction with the particles and not with 
the phagocytes. They include antibodies, complement and 

other heat labile factors and may include simple basic 
p o lypeptides>56,51 Allogenic serum may possess anti- 

complementary factors or specific antibodies.
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3) Antibodies cytophilic for macrophages are bound reversibly 

to the macrophage surfaces selectivelye This binding to 
the site provies an exchangeable reservoir of opsonizing 

antibody located at or near the macrophage surface,
4) The electrical charge distribution and surface electrical 

potential of the particle can be changed by the presence 

of trivalent cations, proton donors, polar surfaces such

as glass or filter paper, if they are present in the medium. 

Other factors of a more complex nature involve the interaction 

of various aspects of the control mechanisms. These include:

1) Reticuloendothelial blockade in which the clearance of a

particulate is depressed following a large blockading dose

of another particulate. Saturation of phagocytic capacity
may play some role in blockade, but some experiments suggest

that the effects of blockading agents are due to their reac-
59,60,61tions with opsonins.

2) Preferential phagocytosis is observed when simultaneous

particulate challenge results in a faster phagocytosis of

one material than the other. Bacteria are phagocytized in

preference to carbon but not in preference to large aggre-
62gates of serum albumin.

3) Hormones and drugs have varying effects on the phagocytic 

process. Cortisone may stimulate phagocytosis in small 

amounts but depresses it in large amounts.^ The various 

factors, including a decreased level of opsonins, contribute 

to this depression. Female sex hormones including
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estradiole, diethylstilbesterol5 esterone and estriole 

stimulate reticuloendothelial activity dramatically.^^

4) Radiation by doses of X-rays in the range of the do 

not affect the behavior of macrophages. Irradiation is 
thus important as a tool for separating contributory ef

fects due to radiation sensitive small lymphocyte cells.

5) A number of lipids, such as the triglycerides glycerol

trioleate and glycerol tricaprate, stimulate phagocytic 
65activity. Alkylesters of fatty acids, such as methyl 

and ethyl palmitate, lecithin and cephalin, depress phago- 

. cytic a c t i v i t y . T h e  reason for this is unclear since 

lipid occlusions in cells do not seem to possess enclosing 

membranes as other phagosomes.
In experimentally evaluating the effects of the parameters 

exerting a controlling function on the engulfment phase of phagocy

tosis, it is important, to separate and distinguish those factors 

affecting the attachment phase only. In many cases chance contact by 

particle macrophage collision may be the rate determining step. When 

specificity is observed, an assessment of the contributions of the 
above mechanisms is necessary. The site at which specificity resides 

is the membrane. Plasma membrane from stimulated rabbit alveolar mac
rophages was isolated in high purity in order to study its chemical 

composition.^ Techniques used did not allow general conclusions. An 

understanding of the chemistry, morphology, structure and electrical 

potential of the plasma membrane will contribute vital information 

about the specificity of the attachment and engulfment processes.



Enzyme Systems

The hetrophagic activity and functional heterogeneity of cells 

of the reticuloendothelial system are reflected in striking biochemical 

differences among their components0 It is clear that many of the dif

ferences are descriptive of a spectrum among cells of a common origin 

and do not reflect a multi-cell system of diverse ancestry» Two cate

gories of biochemical systems, metabolic and lysosomal, may be considered 
separately on functional and morphological grounds even though both are 

required simultaneously for the degradation of phagocytized materials«
The origin of the lysosome and the nomenclature of the organelles is 

shown in Fig. 4, which stresses the process of lysosomal digestion of 

phagocytized material as a time sequence of steps. As a response to 
messenger RNA transcribed in the nucleus, ribososomal protein synthesis 

of enzymes occurs in the rough endoplasmic reticulum. This enzymatic 

protein passes through the dynamic interconnections of the polarized 

Golgi apparatus and is ultimately budded off to form the cell organelle 

described as a primary lysosome.

An important property of the lysosome is its stability in the 

living cell. Its membrane encloses active enzymes to which it is inert, 

separating them from the cell cytoplasm protecting it, but also making 

them inaccessible to their phagocytized substrates. The enzymes share 

with acid phosphatase, which is the marker enzyme for lysosomal stain

ing, the ability to be most active in mildly acidic media. Such mildly 

acidic media occurs when the cell itself is:
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1) Highly active metabolically, producing acidic byproducts 

of catabolism, especially under anerobic conditions

2) Subjected to an acidic medium either through a change in 
the homeostatic pH limits or through an acidic foreign 
aerosol exceeding the medium buffer capacity

More than a dozen hydrolytic enzymes are recognized as being present 

in lysosomeso

In order for the enzymes to be brought into contact with the 

material contained in phagosomes, their two membranes fuse to form 

secondary lysosomes in which the process of enzymatic digestion occurs 
insofar as is possible* All phagosomes contain material which is indi

gestible, even those containing biological material. The residual 

bodies may be seen in post-lysosomes or they may be expelled from the 

cell. It is apparent that concerted motion of organelles within the 

cytoplasm is necessary and that fusion occurs more readily once they 

have reached a region of the cytoplasm near, the nucleus, Such a se

quence of requirements serves to limit the maximum rate at which the 
macrophage can handle large loads of phagocytized material.

To increase its capacity, the cell may selectively control both 

the type and amount of lysosomes and their enzyme concentration. In

duction of enzyme synthesis may occur as a result of pinocytic activity. 

Observations of the relationship between pinocytosis and lysosome ■ 

formation show that pinocytic vesicles contribute directly to lyso

some formation by fusing with pre-existing secondary lysosomes and
. 67 63Golgi derived primary lysosomes, 3 Interiorization of both plasma

membrane and substrate occurs simultaneously and continuously with
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pinocytosis, preventing separation of their roles in enzyme induction. 

The contributions of each of several steps in endocytosis to enzyme in
duction has been studied by permitting phagocytosis of equal numbers

69of digestible and non-digestible particles. The stimulus for synthe^ 

sis must occur at or after the stage of digestion. Digestible particles 

cause enzyme induction and non-digestible particles such as polyvinyl 

toluene, polystyrene and insoluble starch particles did not cause induc

tion even though fusion of phagosomes with secondary lysosomes occurred 
normally. Puromycin at a concentration of 1 microgram per.ml. inhibits 

enzyme response and purified proteins and homopolymeric amino acids were 

effective inducers only if they were L-amino acids. The quantity of 
phagocytized substrate and its rate of enzymatic hydrolysis each appear 

to control the level and persistence of lysosomal enzymes * The alveolar 

macrophage is characterized by the large number of lysosomes which it 

contains„

Experimental separation of lysosomes from disrupted rabbit alve

olar macrophages by differential centrifugation in a sucrose gradient 

occurs in a particle fraction with a density of 1.26 to 1.27. Supra 

vital staining with neutral red is confirmatory for lysosomes. The 

disruption of the lysosomal membrane, with the resulting danger to the 

cytoplasmic components, may be a consequence of the phagocytosis of 

particulate materials and is important in a consideration of their 

toxicity. Various means can be used to disrupt the lysosomal membrane:
1) Mechanical disruption

2) Inadequate osmotic protection

3) Freeze thawing



4) Lecithinase action

5) Autolysis (at acid pH and high temperatures)

6) Fat solvents

7) Detergents and surface active agents

The intake of particulate material by the alveolar macrophage 

is accompanied by metabolic changes. The metabolic biochemistry of the 

alveolar macrophage is significantly different from that of other macro
phages in other body tissues which must depend heavily on anerobic gly

colysis . The alveolar macrophage exhibits a very high resting respiratory 
activity and particle intake causes only a small increase in oxygen up- 

taks/^ and production from glucose-l-^C and glucose-S-^C. ̂  It

depends on oxidative phosphorylation to provide the energy for phagocy- 

tosis, which is therefore inhibited by an anerobiosis, cyanide, 2,4-di- 

nitrophenol and iodoacetate.

Pharmacologically active compounds which diminish glucose oxida

tion by the alveolar macrophage include theophylline, prostaglandin E,
prostaglandin , dibutyryl cyclic adenosine monophosphate and cyto-

72 73chalasin B. 5 All impair glucose transport. Resting alveolar macro

phages utilize glucose at the rate of 0.04 nmoles/min/10^ cells„^  Using

the model compound 2-deoxy-D-glucose to measure transport rate of glucose, 
+0.135 - 0.013 nmoles of 2-deoxy-D-glucose were transported per minute 

by 10^ cells at an 8 nmole concentration.^^ This indicates that glucose 

transport may be inadequate for continued phagocytosis and that nutri

tional impairment which may be rate limiting for the entire process is 

significantly affected by transport inhibition. The hexosemonophosphate



shunt activity increased during phagocytosis and methods for the 

calculation of hexosemonophosphate shunt activity separately are avail- 

able.77

Studies have shown (in vitro with peritoneal exudates) that 

differentiation of morphology, function and biochemistry (many of which 

are freely reversible) can be achieved in response to environmental 

stimulio Metabolic changes which may be monitored experimentally as 

evidence of degenerative dysfunction include:

1) Glucose utilization

2) Lactate production
3) C>2 consumption

4) Hexosemonophosphate shunt activity 

. 5) Cholesterol metabolism

6) Triglyceride hydrolysis

7) Protein synthesis (total cell protein)

(There is no DNA synthesis)
The highly active cell membrane requires continual high energy 

phosphate as a basic energy source. Adenosine triphosphate is the 

source for the active microtubular motion of vacuoles in the cytoplasm 

as well as for active membrane transport of sodium and potassium ions, 

This ATPase system at the cell surface is a site at which extracellular 

toxic materials could exert a specific metabolic effect which may re

sult in an inability of the macrophage to maintain sodium-potassium 

balance and hence membrane electrical potential„

An unusual requirement of the phagocytizing macrophage which 
%

is interiorizing large quantities of its plasma membrane, during
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phagocytosis is extensive membrane synthesis. The rate of such synthe

sis may provide yet another limiting factor in the over-all phagocytic

capacity. Although a 50% increase in the rate of conversion of medium
32 32P-lysolecithin into cell-associated P-*lecithin occurred during the first

30 minutes of phagocytosis by rabbit alveolar macrophages, it could not

be determined if there was a net addition of lecithin because of the
32 78 79high turnover of P-lecithin which occurred during the same period. 9

32Although peritoneal macrophages incorporate large amounts of P labelled 

inorganic phosphate into cell associated phospholipids during phagocy

tosis, no change in incorporation of this label was observed in alveolar 
macrophages.

In view of the importance of the plasma membrane in the binding 

stage and considering its rapid loss by interiorization, an important 

site of action of a metabolic toxin may be at the. level of membrane syn

thesis o Perturbations of membrane ion transport, nutrient transport and 

soluble small molecule transport may also be significant toxicity mech

anisms e

Giant Cell Formation 

The factors determining the development of giant cells from 

macrophages are not understood but environmental factors are clearly 

important whatever the mechanism which brings about the changes in the 

cellso Perhaps just as the maturation of macrophages correlates with 

the extent of pinocytosis, giant cell formation may be related to the 

extent of phagocytosis of larger particles, since a high phagocytic 

load seems to make giant cell formation more common. The mode of



formation of giant cells is by macrophage fusion. In studies of in

flammatory lesions using the flying coverslip technique with initial 

cultures containing no giant cells, they are found to appear after the 
first few days. Early giant cells do not synthesize DNA, but after
2 to 3 weeks DNA labelling is sufficiently heavy to indicate that it is 

80premitotic. There are two possibilities if mitosis does in fact occur. 

Mitosis without cell division can result in the multinucleate giant cells 

often observed. Mitosis with cell division could result in proliferation 

of giant cells. The latter has not been observed.

Experimental use of alveolar giant cells as indicators of the 

extent of large particulate ingestion has not been reported. Since en

vironmental factors are an important determinant, these cells may be 

useful as an in vivo indicator of previous particulate stress, in the 

absence of more direct evidence.



CHAPTER 2

SECONDARY- MECHANISM OF TOXIC RESPONSE DUE TO EXTRACELLULAR ENZYMES

"Betimes the secondary is primary.” If consideration of the 

mechanism of toxic response is restricted to the effects caused by ac

tive enzyme material in the extracellular fluid, a generalized hypothesis 

may be developed. The presence of a similar secondary response to a 

wide variety of substances can provide a unifying basis for explaining 
their similar degenerative action on tissue, lung tissue in particular. 

Increased tissue damage may therefore be a direct consequence of the 

increased activity of extracellular enzymes.

Four mechanisms may operate as a response to the toxic material 

or to the toxic situation. They are not only not mutually exclusive 

but provide an obvious explanation of summation effects as well as syn

ergistic effects due to multiple toxin exposure:
1) Increased release of proteolytic enzymes through control 

mechanism modification of the normal secretory function of 

the macrophage. Such increased secretory function can occur 

rapidly but will result in the depletion of the lysosomal 

enzyme content of the cell. Increased amounts of cyclic-AMP 

stimulate increased secretory activity. Phagocytosis re

sults in the attendant simultaneous release of enzymes. 

Increased metabolic activity also causes increased enzyme 

release.
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2) The activity of an enzyme is characterized by optimum con

ditions of pH and substrate concentration. An alteration 

of pH at constant substrate concentration may increase the 
effective rate of action of enzymes already present at 

steady state concentrations in the extracellular fluid.
This is an immediate and selective response. If the sub

strate for anabolic precursors is depleted, structural 

changes may be selectively blocked or modified at both the 

molecular and cellular levels.
3) The induction of enzyme synthesis is a response to the pre

sence of appropriate substrates. The attendant increased 

secretion of lysosomal enzymes is delayed by the amount of 

time required for enzyme synthesis and secretory granule 

formation.
4) Induction of cell division in macrophages can occur upon 

stimulation by a restricted number of materials, in particu

lar exposure to a medium that has been conditioned by other 

proliferating cells. Since macrophages do not normally 

undergo mitosis, this response is least likely to occur as

a response to inorganic particulates and more likely to 

occur as a response to "invasive action by other organisms 

or cell types.

Increased Proteolytic Enzyme Release into the Extracellular Fluid

Cells engaged in the uptake of bulky foreign materials become 

the center of acute inflammatory reaction. This phenomenon may be due
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to the release from phagocytic cells of enzymes and inflammatory sub
stances normally sequestered within lysosomes„ In formulating a model 

of the mechanism of action of lysosomal enzymes, it is necessary to con

sider both the'mechanism of sequestration and release and the mechanism 

of removal and destruction of these highly active materials,

Lysosomes of phagocytic cells constitute part of the vacuolar 

system encapsulating protein materials synthesized by the ribosomes of 

the rough endoplastic reticulum and packaged as discrete units by the 
Golgi apparatus„ The similarity of this sequence with the sequence of 
secretory cells, e.g., the pancreas beta cells, is significant in pro

posing a normal mechanism of release. The encapsulating membrane has 

properties which distinguish it from other membranes present in the 

cell. It is particularly incapable of serving as a substrate for the 

enzymes it contains, thus restricting its protein content. It is 

capable of fusing with other cell membranes only under particular con

ditions, the control of which is as yet obscure.

The release of lysosomal enzymes must occur due to a response 

of the membrane enclosing them. There are three principal hypotheses 

which account for the release:

1) A general loss of all membrane integrity may occur during

phagocytosis, resulting in not only the release of lysosomal 

content into the cytoplasm but concurrent release of cyto

plasmic material through the cell membrane into the external 
81environment. Such a situation implies that cell death is 

a necessary consequence of massive trauma.
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2) The process of phagocytosis may perturb the membranes of

primary lysosomes to such an extent that they fuse with

similarly perturbed portions of the plasma membrane, thereby

releasing the packet of lysosomal enzymes to the exterior 
82of the cell. This process is analagous to the secretory 

behavior of secretory cells. The dimensions of the enclos
ing membranes are different, with the lysosomal membrane 

being somewhat thinner than the cell membrane. Stretching 

of the cell membrane during the process of phagocytic engulf- 

ment seems to change its dimensions in the direction which 

increases the similarity to the lysosomal membrane, making 

fusion a more likely process. This mechanism permits the 

release of lysosomal material without cell damage or death 

and without the release of cytoplasmic or non-lysosomal 

protein.

3) Cells phagocytizing bulky material "regurgitate" lysosomal

enzymes from phagocytic vacuoles which are connected to

enzyme-rich lysosomes at their internal borders and at the

external borders to the outside of the cell by incompletely
83fused phagocytic channels.

Release by Cell Disruption

A truly "toxic" response mechanism involving the release of■ 

proteolytic enzymes has been proposed by Allison et al.^ for particu

late silica. Following engulfment of silica particles by macrophages 

and subsequent incorporation of these particles into lysosomes, an
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interaction between the silica particle and the lysosomal membrane 

occurs. The affected membrane rendered permeable to the lysosomal 

enzymes permits leakage into the cytoplasm and cell destruction. 

Staining procedures for acid phosphatase and indoxylacetate esterase 
(markers for lysosomes) were used to demonstrate that after silica 
endocytosis the cell enzyme reactions were no longer restricted to 

lysosomes but were distributed diffusely in the cytoplasm. In order 

to eliminate staining artifacts in this measurement, Straus^ per

mitted phagocytes to ingest horseradish peroxidase, which is incorpo

rated into lysosomes^ and can be made visible with diaminobenzidine. 

This precise staining technique is not affected by diffusion of the 
reaction product or by the trauma of homogenization and fractionation. 

Cytoplasmic release of lysosomal material was thus confirmed.

The disruption present with silica may not be a general mech

anism. It is not, for example, shown when diamond dust is phagocy-

tized. A variety of phenomena implicate the release of lysosomal
88 89materials: In carcinogenesis, rheumatoid arthritis and the onset

90of mitosis. In any event, cell death in populations containing high 

enzyme content from any cause will result in enzyme release. The nor

mal turnover of cell populations in resorption results in a constant 

influx of enzymatically active material into extracellular fluid.
This fragility of phagocytic cells is less apparent in the pul

monary alveolar macrophage than, for example, in the polymorphonuclear 

neutrophil. The genetic desirability of this fragility is evident in 

considering the necessity for dealing with large sized invasive areas. 

Large particles, extensive blood clots, reproducing bacterial colonies
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and multicellular necrotic areas all present situations beyond the

phagocytic capability of a single cell. Extracellular release of

active enzymes through cell death is a mechanism which directly
addresses this problem.

A determination of the extent of this mechanism is possible

because cytoplasmic contents other than those of the lysosomes are
91concomitantly released--in particular, lactate dehydrogenase.

Phagocytosis of undigestible latex particles has been shown to release

beta-glucuronidase into the supernatant culture medium of peritoneal

macrophages. There was, however, no significant extracellular escape
92of such cytoplasmic marker enzymes as lactic dehydrogenase or

931-leucy1-napthylamidase, indicating minimal contribution of this

mechanism in this system. •

Cell death in a population of nondividing cells suggests that 

cell counting would be an experimental method of evaluating the result 

of this process. The experimental difficulties of counting a dynami

cally determined pool of cells arise from the increased recruitment

of macrophages in the face of accelerated lysis of these cells. The
94 95parameters of lavage procedures were controlled by Brain, * who 

attempted to make the technique more sensitive and reproducible.

Wash volume, osmolarity, temperature, time course of the washing
96cycle, number of washings and lung massage technique are important.

Secretory Release

The similarity in morphology of primary lysosomes in phagocytic 

cells to secretory storage granules in secretory cells is evident. The
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phagocyte responds to substances which have the capacity to induce 

pathologic states of chronic inflammation and tissue destruction by 

the production and secretion of large amounts of hydrolytic enzymes„ 

These secreting cells are long-lived and viable, yet selectively re

lease these enzymes. This secretory ability seems, therefore, to be a 

primary functional characteristic of phagocytic cells with large con

tents of inducible hydrolytic enzymese

If such a secretory function is present, there must be control 

mechanisms present to regulate it. Furthermore, since phagocytes are 

mobile cells, control cannot be neurological and must be chemical. A 

primary chemical control for other secretory cells involves the presence 

of 3!,51-cyclic adenosine monophosphate. Agents which increase intra

cellular cyclic-AMP have been shown to direct a functional relationship 

between the cyclic nucleotide, phagocytosis and release of lysosomal 

enzymes. Moreover, the adenylate cyclase system appears to have oppo

site functions in polymorphonuclear neutrophils and alveolar macrophages 

with respect to phagocytosis. Alveolar macrophages exhibit a distinct

rise in cyclic-AMP within thirty seconds following the addition of la-
97tex particles to a culture. It coincides with or even precedes the

metabolic consequence of phagocytosis (the increase in hexosemonophos-

phate shunt activity), suggesting a functional relationship between

these events. Exogenous dibutyryl cyclic-AMP stimulates phagocytosis,

increases oxygen consumption and induces the drastic increase in hexose-

monophosphate shunt activity seen in addition to that observed during

unstimulated phagocytosis. The release of lysosomal enzyme in alveolar
98macrophages correlates with increased levels of cyclic-AMP.



Several experiments can be designed to confirm the "second

messenger" control of secretion by alveolar macrophages involving the
use of pharmacological agents to stimulate or depress its formation*

99Theophylline is a powerful inhibitor of phosphodiesterase* The prosta 

glandin PGE^ acts by increasing cyclic-AMP levels* Dibutyryl cyclic-

AMP mimics the effect of endogenously increased levels of cyclic-AMP 

either by its own intrinsic activity or by inhibition of phosphodiester

ase activity, which is more likely* These have been shown to reduce 
enzyme release from polymorphonuc1eophy1s but may be expected to in

crease the amount of release of enzymes from pulmonary alveolar macro

phages**^^ As discussed previously, these agents reduce glucose 

transport rates, exerting a metabolic control in addition to their 

specific actions.

In order for secretory granules to move from their cytoplasmic 

storage location to the cell membrane, a transport mechanism involving 

energy expenditure and organelle development is required* Inhibitors 

of the intracellular traffic of organelles act by disruption of the

guiding microtubules; vinblastine seems to block the merger of primary
102lysosomes with phagocytic vacuoles* Freed and Lebowitz have found

the flow of lysosomes to the centreole region is disturbed by treating

with colchicine, which causes the microtubules to disappear* Similar

effects on the guiding microtubules of secretory granules are expected
91to reduce secretion. Weissmann has observed that both colchicine and 

vinblastine cause a reduction in enzyme release during phagocytosis* 

These mechanisms may not be separate or mutually- exclusive because micro 

tubule subunits have been shown to act as phosphate receptors for a
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103eyelic-AMP-stimulated proteinkinase. It might be expected that alve

olar macrophages would give a similar response in contrast to the response 

of polymorphonuclear neutrophils and peritoneal macrophages, but this 

comparison experiment has not yet been reported.

The normal function of the secretory activity of all mononuclear 
phagocytes seems to be a protective mechanism as a response to a wide 

variety of pathogenic substances0 In addition to the direct tissue 
damage that the released enzymes may cause, they may also generate other 

inflammatory mediators which potentiate the chronic inflammatory response:

1) Enzymes may act on complement to generate monocyte chemotac-
104tic factor

2) Ihe phospholipases may stimulate the synthesis of prostaglan-
105dins by generating precursor arachidonic acid

3) Hageman factor, which is critical to the initiation of the

activation of complement, blood coagulation and fibrinolytic 
systems, may also be activated by proteolysis

4) Macrophages also contain an enzyme which releases a kiniri-

like peptide (leukokinin-M) from partially purified kinino-
106gen

Long-term production and secretion of enzymes and/or other substances 

by viable, healthy macrophages may be a central event in chronic inflam

matory and immunopathologic processes.

Experimental determination of the rate of secretion of enzymatic 

material from alveolar macrophages is a necessity in order to draw compari

sons between unstressed and stressed populations of cells. Culture media 

steady state concentrations may provide verification of rate changes by
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analysis of the supernatant on a continuous basis. Of particular impor

tance! is the determination of the long-term total secretion, since the 

ability to support a steady state enzyme production will determine the 

result of long-term exposure. The types of response expected are illus
trated graphically in Fig. 5. Continuous media analysis for the enzymes 
is sufficient to distinguish the parameters of quantity and rate for 

each of the three mechanisms.

"Regurgitation" During Phagocytosis

The increased release of lysosomal enzymes into the extracellu

lar fluid during the actual process of phagocytosis of particulate and 
pinocytosis of soluble material has been well documented. The mechanism 

is different, however, for the stages of phagocytosis.

In the attempt to engulf bulky material, lysosomes fuse to the 

developing phagosome before the external borders have completely fused. 

Electron micrographs have been presented which show clearly the presence

of channels leading directly from the enzyme-rich lysosome to the cell
107 108exterior during the process of engulfment. 5 This may result in

an immediate increase in extracellular fluid enzyme concentrations which 

is relatable to the difficulty of the cell in completing the engulfment 

process. Larger particulates and particulates whose surfaces repel the 

cell membrane of the pseudopoda of the cell may be expected to enhance 

this mechanism. This response is immediate, irregular and of short 

duration.
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Fig. 5. Schematic Diagram of Rates of Enzyme 
Secretion Expected with Various Control Mechanisms Operating
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Stimulated Release of Engulfed Material

Lipid filled macrophages present distal to bronchial obstruc

tion due to various causes have been isolated as Mfoamy macrophages,fI
When these cells adhere to glass they discharge their lipid into the 

109culture medium* The discharge of active enzyme at this point was

not determined. Lipid incorporation into secondary lysosomes would be 

expected to include their entire enzyme complement which is expected to 

be simultaneously discharged. This lipid may not, however, have been 

present in secondary lysosomes. This feature is difficult to determine 

microscopically because the membrane and its lipid content are morpho^ 
logically identical.

The final stage of lysosomal digestion at which catabolism is 

essentially complete, even though residual bodies may be present, is 

represented by the telolysosome. The telolysosome, still an enzyme- 

containing body, completes its function by fusing to the macrophage 

cell wall and expelling its contents into the extracellular fluid, 

as shown in Fig. 4. The active enzyme content of this organelle thus 

contributes to the extracellular enzyme composition. The peak of this 

discharge is expected to be somewhat later than that which accompanies 
the initial ingestion* as is shown schematically in Fig. 6. Experimental 

investigation of the time rate of release of alveolar macrophage lyso
somal enzymes has not been accomplished. It would require a continual 

monitoring of extracellular fluid enzyme concentrations of a large , 

group of different enzymes as a function of time and as a function of 

stimulation. Such an in vitro experiment would require the labelling 

of phagocytized material to distinguish between the process of enzyme
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induction, with its attendant secretion rates, and exocytosis of the 

ingested material of secondary lysosomes»

Enzymatic Efficiency

The increased activity of enzymes as a function of their near

ness to some optimal pH is an individual characteristic of each enzyme 

system. The effect of optimization of conditions will lead to the same 

result as an increase in enzyme concentration. The tissue destruction 

rate on a molecular level by extracellular enzymes depends in general on
1) pH (buffer capacity),

2) Kinetic constants (mechanism),.

3) Energy sources (ATP or high energy phosphate intermediates),
4) Substrate concentration,

5) Co-enzyme and co-factor concentration,

as well as on the absolute enzyme concentration. Table 2 lists an exten

sive series of enzymes found in various lysosomal systems with their pH 

optima and substrates.

Because the buffer capacity of physiological fluids is so large, 

pH changes are expected to occur mainly as a result of the presence of 

high local concentrations of strong acid or strong base aerosol or par

ticulate matter. The local pH.in the vicinity of dissolving particulate 

is the operational pH in this regard. Such a pH may not easily be char

acterized using standard physico-chemical techniques.

Physiological sources of energy in the form of intermediates 

containing high energy phosphate bonds are formed as a result of oxi

dative phosphorylation. Since portions of these metabolic pathways can
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Table 2. Enzymes Found in Lysosomes110

Enzyme pH optima Major natural substrates

Proteases and peptidases

Cathepsin D

Cathepsin E

Collagenase
Cathepsin A
Cathepsin B

Cathepsin C

Arylamidase
Peptidase

3.6-3.8 

2.5
6

3.5-5.4 
5 

5.1 

6.8-7.2 

7.8

Proteins

Proteins

Collagen

Proteins and peptides 
Proteins and peptides 

Peptides

Amino acid arylamides 

Peptides

Nucleases

Acid ribonuclease

Acid deoxyribonuclease

6.0-6.5 
4.5

RNA

DNA

Phosphatases 

Acid phosphatases

Phosphoprotein phosphatase 
Acid pyrophosphatase 

Phosphodiesterase

5-6

5.5
4.0

5.2

Phosphatidic acid phosphatase 6.4

Most 0 -phosphoric 
monoesters
Phosphoproteins 
FAD, ATP

Oligonucleotides, 
phosphodiesters

Phosphatadic acids

Enzymes hydrolyzing "the carbohydrate 
chains of glycoproteins and, glycolipids

-N-acetylhexosaminidase 4.0-4.6 yg -N-acetylhexosaminides
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Table 2. (Continued)

Enzyme pH optima Major natural substrates

yS-N-acetylhexosaminidase 4«5

^9-Galactosidase 3«6

^-Glucosidases 5.0

^-Glucosidase 5.0
^ -Mannosidase 4.6-5.0

^-Xylosidase 5.0

dr -Fucosidase 5.6-5.9

Sialidase 4.0-4.4

Aspartylglucosylamine 7.6
amido hydrolase

O-seryl-N-acetyl-galactos- 4.4
aminide glycosidase

Heparan sulfate
^  -Galactosides and 
mucopolysaccharide- 
protein complexes

-Glucosides in glyco
proteins

Glycogen

A  -Mannosides in glyco
proteins

-Xylosides
Fucosides

Glycoproteins9 glyco- 
lipids

Aspartylglucosylamine 
link in glycoproteins

Seryl acetylgalactos- 
aminide link in glyco
proteins

Enzymes degrading glycosaminoglycans 

Lysozyme 6.2

Hyaluronidase 

y<S -Glucuronidase

Arylsulfatases A and B

3.5

4.5-5.2

A:4.9 
B: 5.9

Bacterial cell walls, 
mucopolysaccharides

Hyaluronic acid, chon- 
droitin sulfates A and C

Polysaccharides, muco
polysaccharides , steroid 
glucuronides

Aryl sulfates
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Table 2„ (Continued)

Enzyme pH optima Major natural substrates

Enzymes degrading lipids

Triglyceride lipase 4o2 Triglycerides

Phospholipase 4o5 Lecithin

Esterase 3»6-4«0 Fatty acid esters
Glucocerebrosidase 6.0 Glucocerebrosides

Galactocerebrosidase 6.0 Galactocerebrosides

Sphingomyelinase 5.0 Sphingomyelin
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be selectively blocked through the presence of metabolic inhibitors, 

discussed previously, it is expected that enzyme activity could be 
experimentally limited.

Activation of Phagocytic Cells
The metabolic activity of phagocytic cells shows a measurable

increase during ingestion of particles as measured by oxygen uptake and
111 1glucose metabolism. A distinction has been made between excitatory

112and adaptive phases of activation in mononuclear phagocytes.

Excitation involves the increased rate of metabolism and pro

duction of pseudopodia and is caused by "collision of particles with 

a phagocyte, by their presence within it, or by pharmacological agents 

like endotoxins." This is described as. a cellular emergency measure 

with no increase of lysosomal enzymes in the cells, but the suggestion 

has been made that enzymes already contained in phagocytic cells are

utilized nearer to their maximum capacity, presumably by mechanism
113discussed above. It has been found that the total content of 

enzymes, acid phosphatase, yS -glucuronidase, cathepsin and esterase 

is observed in macrophages to remain constant for 180 minutes after 
the ingestion of bacteria.

Adaptation is a response to the continued presence of i'ngested 

particles. Forty-eight hours after ingestion there occurs synthesis of 
acid phosphatase and esterase in peritoneal phagocytes. The extent of 

increase and its time rate of change indicates that acid phosphatase, 

-glucuronidase and cathepsin D increased 1.4 to 1.9 times the normal 

values in mice.^*"^ The activity maximized 14 days after inoculation
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with the BCG stimulant» Innoculatibn of various insoluble materials

into animals causes a general increase in the content of hydrolytic
enzymes in the cells of the reticuloendothelial system, Dextran/ high

molecular weight polyvinyl, pyrrolidone and carbon particles are exam- 
115pies. Dust particles inhaled cause analogous effects in alveolar

macrophages.^^ Acid phosphatase, lysosyme and lipase of rabbit PAM

were increased two-fold three to four weeks after intravenous innocula-
117tion with 40 mg. of killed BCG. Bacterial endotoxins have a similar

effect. It seems possible that in the animal infected with living bac

teria, the increased lysosomal activity which has been observed experi

mentally is due partly to a general reaction of the RES to foreign
\

material and partly to a specific presence.of an identifiable enzyme 

substrate. If there are both specific and nonspecific responses in

volved, their relative contributions should be assessed. The determina

tion of base line values in the unstimulated cell must be made carefully
) ' ' .

and the history of the experimental animal recorded at the very least 

over a 2-month period. These requirements are necessary to demonstrate 

that a bacterial infection occurring weeks or even months prior to ex
perimental use has not contributed significantly to experimental 

observation. Enzyme activity in macrophages obtained from germ-free 

animals has been shown to be much lower than in macrophages recovered

from normal cage controls and the enzyme content of the alveolar macro-
118 119phage is greater in fall and winter than in spring and summer. 9

Alveolar macrophages selectively concentrate viral particles in
120 121the early phases of viral infection. 9 This may cause an increased

secretion of interferon and, subsequently by derepression of the appropriate
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gene to cause the production of antiviral factor. There is indirect 

*122 123evidence 5 which suggests the alveolar macrophage has been stimu

lated to synthesize the increased quantities of interferon found in
124induced murine influenza. The production, of nonenzymatic bactericidal

substances may also be among the functions of the macrophage. However,

the production of hydrogen peroxide may not be a significant factor in
125the phagocytizing macrophage.

Cell Division
Mature alveolar macrophages are long-lived cells and an increase 

in their total number by cell division by mitosis would lead to a greater 

rate of enzyme secretion. They can be maintained in vitro for long

periods of time with a low rate of cell division, as shown by their low
3 126 12 7rate of incorporation of H-thymidine. 5 Similar _in vivo experi

ments showed a maximum labelling index of 6% at 60 hours after four 
3H-thymidine injections. The turnover time computed from this value is 

not a normal function of the alveolar macrophage. An alternative inter

pretation has been made in a study of the proliferative capacity of the
128human alveolar macrophage. A small percentage, of macrophages obtained

3by lavage have proliferative capacity, as shown by H-thymidine incor

poration in prereplicative DNA synthesis. The heavy labelling in this 

small percentage of cells led to observable mitotic figures if it was 

not blocked by hydroxyurea or cytosine arabinoside. The long life and 

small growth fraction could be interpreted as sufficient to maintain a 

stable cell population without the need for input of mononuclear cells 

from the blood system. A contribution from both routes is possible.
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DNA synthesis can occur in the presence of a medium containing

macrophage growing factor, which is thought to be a nondializable

acidic macromolecule which requires a dializable serum co-factor for

its activityo These occur in a medium which has been conditioned by
other proliferating cells. The regulation of DNA synthesis was stud- 

129 130ied 3 and occurs 24 to 48 hours after exposure to a medium from

proliferating cells. Such macrophages have a long S phase of 15% hours
and a phase of 2 to 4 hours. Macrophage response to viral infection

131may include mitosis after a lag phase of 24 hours.

In certain specific instances, therefore, exogenous substances 

may initiate cell division on a small scale. The possibility of stim
ulation of macrophage division by the concurrent presence of colonies 

of rapidly dividing tumor cells or bacterial cells is present. The 
presence of bacterial infection or tumor could play a direct role in 

contributing to the amount of enzyme release from the alveolar macro

phage. Because of the slow response and restricted nature of such 

stimulants, this mechanism is not expected to be a major contributor 

to the enzyme secretion capacity of the alveolar macrophage.

Other Sources of Enzymes

A bacterial infection of the lung is an exogenous source of 

secreted bacterial enzymes. Cell death due to continuing resorption 

turnover, as well as to cell death due to damage by toxic materials, 

will also result in a contribution to the total extracellular enzyme 

composition of the lung. Lysosomes of the alveolar macrophage remain, 

however, the normal enzyme source.
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Mechanisms of Control of Extracellular Enzymes 

The physiological requirement of a mechanism for the maintenance 

of homeostatis implies the presence of a means of enzyme activity reduc

tion and clearance. The protein composition of most enzymes suggests 

that a mixture of enzymes will have a short lifetime if proteases are 

included in the mixture. The self-inactivation of such enzymes may 
not occur at the site of release, since relatively high molecular weight 

materials can be distributed from the lungs to the general circulation 

where lysis and re-use or elimination can occur. Such a clearance 
mechanism indicates that the attempt to characterize the causes of 

chronic obstructive lung disease should be based on an analysis of the 

entire spectrum of extracellular enzymes. A profile of enzyme concen

tration as a function of pH may indicate the presence of a high concentra

tion of protease and hence a short lifetime for other destructive enzyme 

systems, and hence minimal tissue destruction. A single enzyme analysis 

based on a prominent enzyme system is thus not likely to be directly 

relatable to the pathogenesis of disease. Several authors favor elastase 

activity as the primary cause of pulmonary emphysema, but it is equally 

likely that normal concentrations of elastase in the presence of low 

concentrations of proteolytic or other enzyme systems would lead to the 

same result. An experimental approach to evaluation of this mechanism 

of protection may require a broad biochemical spectrum of enzyme concen

trations to be determined.

The association of emphysema with inheritable deficiencies of
i . 132,133,134,135 _ , , .serum % - 1-antitrypsin suggests a more general mechanism

%
of control of extracellular enzymes. If the presence of active enzymes
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in the extracellular fluid is inevitable, their activity could be in

hibited by specific blockade of the enzyme active site by relatively 

small molecules. In the case of "Ct-1-antitrypsin, support for the 

protease pathogenesis hypothesis has come from experiments in which

exogenous enzyme aerosols produce emphysema-like pathology in the 
136 137.lung. ’ It is significant that in genetic controlled %-1-anti-

trypsin deficiency the organs "at risk" are the lung and the liver,

which are the organs which have not only the most macrophages but also

the most activity by macrophages. -1-antitrypsin is present in blood

at a normal level of 250 mg./dl. and does not have its inhibitory

action restricted to trypsin. Aerosols of enzymes cause emphysema in
139dogs but intravenous injections dp not. Pulmonary alveolar protein

osis is a disease in which the alveoli and small airways become filled
with glycoprotein and lipid materials. It is treated by intermittent

140positive pressure breathing of aerosolized proteolytic enzymes.

Since lung lavage is also a technique for treatment, this disease may 

serve as a model for the lack of enzyme release by alveolar macrophages 

into the extracellular fluid or, possibly, excess of <X-1-antitrypsin 

or its analogs. Elastase has the highest activity and is the main 

enzyme responsible for the lowering of lung tissue tensile strength 

(when compared to papin and trypsin).

Other protease inhibitors are present in the serum at various 

concentrations and with varying molecular s i z e s . T a b l e  3 lists the 

amounts and molecular weights of some of these compounds. The molecular 

weight of -2-macroglobulin is listed for comparison. If serum com

ponents are important in control of enzyme activity, they must be able
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Table 3. Protein Inhibitors in Serum

Inhibitor Cone.(mg. %) Mol. wt.

C&. -1-antitrypsin 212.0 45,000-54,000
0&- -1-ant ichjrmo trypsin 48.7 69,000

Inner d-trypsin inhibitor 50.0 160,000

Antithrombin III 29.0 65,000

CT-inactivetor 23.5 104,000

G&, -2-macroglobulin 260.0 720,000
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to cross the alveolar-capillary membrane. Studies of the permeability

143of the alveolar capillary membrane to protein macro-molecules have 

shown that normal plasma proteins are transferred from the blood ves

sels to the lymph channels and that albumin crosses the alveolar 

membranes • in both directions, from the capillary to the alveolus'**^ 

and from the alveolus to the capillary, 5 Serum proteins are

therefore present, particularly albumin, in the surface active alveolar 

lining material. As far as molecular size is concerned. Table 4 lists 
some materials and their characteristics which have been shown, using 

immunoelectron microscopy with antibodies labelled with horseradish

peroxidase, to be present in the lung interstician in pinocytic ves-
■/

icles in endothelial cells and type 1 cells as well as at the level 

of plasmamal membranes and in alveolar lining material. It is apparent 

that large molecules may be freely exchanged between the lungs and the 

plasma and that plasma proteins are capable of modifying the activity 

of extracellular enzyme.
Another mechanism of protection involves a high molecular weight

147Ot-macroglobulin. Dolovich . has recently demonstrated an additional 

role of the pulmonary alveolar macrophage as a specific and selective 

component of the clearance mechanism of some proteinases. Fig. 7 is 
a diagrammatic representation of the mechanism proposed for extracellu

lar proteinase control. The formation of a complex between proteinases 

and macroglobulins is different from that between proteinase and C^-l- 

antitrypsin. Such a complex retains enzyme activity for low molecular 
weight substrates'^^5 and rapidly disappears from the plasma, becoming 

localized in the phagocytic Kupffer’s cells of the liver.
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Table 4« Compounds Which Pass Through the Alveolar Membrane

Material Mol. wt. Diameter (£.)

Ferritin , 500,000 . 110

Catalase 240,000

Hemoglobin 64,500 60

Horseradish peroxidase 40,000 40-50
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Source of enzymes:
Macrophages
Bacteria
Leukocytes
Kinin
Enzymes of clotting 
Complement enzymes

Proteinase released:
Leukocyt]
Trypsin
Bacteria:

l c  elastase 
. proteinases

Uninhibited action 
causes:
1. COPD
2. Lung tissue 

damage
3. Ultimately 

emphysema

Mechanism 1:
01 -1-antitrypsin - A plasma component 

present in normal individuals; acts 
to directly inhibit trypsin (and other 
proteinases: Thrombin, plasmin and
kallikrien). In genetic controlled 
CC-1-antitrypsin deficiency, the or
gans "at risk" are lung and liver, 
which are the organs which have the 
most macrophages.

Mechanism 2:
Proteinase combines with OC-2-macro
globulin in humans and with either 
OC -1 or oc-2 macroglobulin in rab

bits. This complex is rapidly and 
selectively taken up by rabbit alveolar 
macrophages jLn vitro as shown by 
labelling experiments.

>1 a) It is not taken up by a neutrophil 
rich peripheral blood leukocyte 
preparation

b) Uncomplexed proteinases are not 
phagocytized

c) oc. -1-antitrypsin and trypsin is 
not phagocytized

d) No antibody is present
e) Enzymes taken up may retain their 

enzymatic activity and destroy the 
phagocytizing cell

Fig. 7. Proteolytic Enzymes: A Mechanism
of Protection Involving the Pulmonary Alveolar Macrophage
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In contrast5 chemically inactivated enzymes (or preformed proteinase

St-1-antitrypsin complexes injected intravenously) are cleared more
153slowly from the plasma and become less localized in the liver. The

147chemical inactivated enzyme has been shown to be selectively phago-

cytized by alveolar macrophages. The uptake of labelled proteinase by
rabbit alveolar macrophages requires the preformed complex with macro-
globulin. 1555156 ^here is a calcium dependent binding of the complex

to plasma membrane receptors followed by an energy dependent endocytosis,

and finally, hydrolysis of the proteinase. Since activity is retained,

a failure of any step could potentially release the enzymes and cause

tissue injury. Eleastase in a complex with human €& -2-macroglobulin
157can digest the latter with the liberation of elastase activity.

The experimental determination of both c^-l-antitrypsin and 

-2-macroglobulin may indicate the relative .importance of the "two path

ways . .‘Each has: approximately the same concentration in normal plasma 

at 250 mg. The production rate of antitrypsin is important in deter

mining its capacity. Isolated perfused rat liver synthesis is linear 

for 24 hours and may be ten times the rate necessary for- maintaining

physiological levels. The liver is the principal site of antitrypsin 
15 8synthesis. Since the relative concentrations of plasma protein are

heavily influenced by dietary considerations, it may be anticipated that 
a protein dietary deficiency may cause a reduction of both macroglobulins 

and protein enzyme inhibitors and an attendant increase in tissue damage 

caused by proteolytic enzymes.
A recent study involving the determination of elastase activity 

in pulmonary alveolar macrophages using a synthetic substrate and a



159whole cell preparation failed to find any elastase activity. This

could be interpreted as an absence of elastase or as the presence of a 

specific elastase inhibitor. Elastase activity has been found in other 

work in purified enzyme preparation. This suggests the possibility that 

enzyme location and activity may be strongly influenced by the care 

taken to separate active material from inactive material and other debris.



CHAPTER 3

EXPERIMENT DESIGN

Since Ma background without a foreground is not art but only 

scenery," it is desirable to describe some specific experimental 

methods to highlight this discussion of endocytosis by the pulmonary 

alveolar macrophage. There are two basic approaches to be considered:

In vitro experiments and in vivo experiments„
In vitro experiments may be performed on cells harvested from 

normal animals and stabilized in appropriate cell culture media. The 

exposure of such cells to toxic substances added to the media occurs 

under conditions subject to regulation, modification and direct compari
son with control cell cultures. Such an approach offers the advantages 

of:

1) Simplicity and ease of technical manipulation

2) Uniformity of conditions affecting reproducibility

3) Influence of a particular environmental parameter may be 

determined by incrementing or decrementing it while holding 

all other parameters constant

4) Application of toxic stress can be uniform or varied uni

formly. This is particularly important in the study of 

soluble materials engulfed by pinocytosis.

64
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5) Response to multiple exposures or exposures for specific 

time intervals in sequence or simultaneously may be easily
/evaluated

6) Direct observation by phase contrast microscopy may be 

made on individual cells throughout the entire time course 

of the development of toxic response. This permits the 

evaluation of morphological, structural and behavioral re

sponses on a continuous basis.

7) Continuous sampling of both cells and media containing 
cellular secretions permits the determination of response 

parameters as a function of experiment duration

8) Metabolic activity may be monitored by analysis of the 

gases exchanged in respiration

While suited to more fundamental investigations of individual cell 

characteristics under extremes of conditions * such in vitro procedures 

cannot be expected to mimic the conditions found in the lung. There
fore, the interpretation of results obtained in terms of. pathological 

processes in a non-uniformly responsive population of cells is diffi

cult, if not impossible. The possibility that a culture medium does 

not contain some important component contributing to a step in the 

complex sequential processes is unacceptably great.
In vivo experiments involve the exposure of a test animal to 

toxic substances under controlled conditions by the inhalation route of 

administration. The animal is sacrifled post exposure, and lungs ex

cised and lavaged to obtain a population of macrophages. The advan

tages of this approach are:
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1) Maintenance of physiological conditions during the exposure
2) Relative contributions of various protective mechanisms 

available in the whole animal may be assessed

3) Ability of the toxic substance, determined by its physical 

and chemical characteristics, to reach the site of action 

of the alveolar macrophage may be evaluated

4) Recruitment of macrophages may be demonstrated
5) Effects caused by concurrent or previous disease states, 

either synergistic or antagonistic, may be observed

6) Long-term effects on other lung cells or associated tissues 

causing lesions, pathologic changes or cytologic changes 

may be determined at any sacrifice time post exposure

While suited to more comprehensive investigations of whole animal re

sponse under conditions of exposure which may be engineered to repro

duce normal environmental situations, the In vivo procedure is more 

difficult to accomplish technically and more difficult to compare with 

controls, Interpretation of post-exposure measurements in terms of 

exposure condition responses is made more difficult by the lack of 

uniformity of exposure of each cell as well as the inability to observe 

directly the responses during exposure.

The experimental outline presented addresses the problems posed 

by ijn. vivo experiments directly. A combination of techniques is chosen 

to select the advantages of each.
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Separation Technique Development

The morphological and functional heterogeneity of the popula

tion of pulmonary alveolar macrophages (PAM) to be harvested after 

in vivo exposure of test animals has not been characterized by previous 

investigatorso The PAM will exhibit the variability expected from a 
spectrum of cells due to:

1) Previous history

2) Degree of maturation and stage of differentiation

3) Metabolic rate and metabolic capacity

4) Stage of development of immune responsive surface capabil

ity

5) The amount of primary or secondary lysosomal activity due 

to stimulation by soluble macromolecules interiorized by 

pinocytosis

6) Induction of phagocytic and pinocytic activity by environ

mental stimuli

7) Variability of metabolic perturbations such as anaerobio- 
sis, inhibitors and ion concentrations

8) The rate, capacity and stage of intracellular digestion of 

tissue breakdown products such as red blood cells and bac

teria
9) Stage of development of specific membrane properties such 

as chemotactic factors

10) The extent of multinucleated cells formed by fusion of 

macrophages

11) Extent of enzyme induction by previous enzyme challenge
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The response to environmental stimuli will be superimposed on the vari

ability due to the factors listed in the partial discussion above.

Previous workers have attempted to minimize these elements of 

variability by restricting studies to _in vitro experiments on selected 

populations of PAM which are not representative of the population pres
ent in healthy test animals. If PAM are to be used as sensitive 

indicators of in vivo reaction to exposure to foreign substances, the 

entire population of cells as obtained from pulmonary lavage must be 

considered. The response of.all cells should be characterized, not just 

the most viable members of the population obtained.

Since a technique is not available in literature for such an 

investigation, it is desirable to develop the technology for a rapid, 

convenient and complete method of characterizing PAM. The method 

should be applicable to the lavage solutions immediately as they are 

obtained so that characterization may be made before cells are cultured 

and modified.

A separation method which can subdivide and fractionate the 

population of PAM is based on their unique capability of binding 

tightly to glass surfaces. .This binding"is used presently as a method

of separation of PAM from cell debris and other material using a glass- 

wool packed column. The adherence of rabbit alveolar macro

phages to a wide variety of surfaces of diverse characteristics has

been discussed previously. In order to develop a technique for the

fractionation of alveolar macrophages differing minimally in their ca

pacity to bind to foreign materials used as column packings, it is
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necessary to consider the possible forces of adhesion and repulsion 

between the macrophage membrane and other surfaces.
Adhesive forces may be discussed in terms of their chemical and 

physico-chemical origins. The analogies to studies of friction, lubri

cation and wetting emphasizing the importance of surface energies in 

adhesion"^^5 have, been noted. Pethica^^ provides an excellent 

organizational scheme by arranging adhesion forces in the order of 

short-range high specificity to longer range, less specific adhesion 
forces. The nature of adhesion mechanisms of these are listed below.

.1) Chemical bonds between opposed surfaces:

Hydrogen bonds, thiol, amide and ester bonds are the 

strongest types of interaction. The fact that glass column 

bound cells can be released by enzyme action"̂ "*" suggests, 

the presence of chemical bonds.

2) Ion pair or ion triplet formation between positive or nega

tive portions of amino acids bridged in some cases by metal 

ions such as calcium or magnesium:

These interactions will involve energies and entropies of 

desolvation. The use of 0.02% ethylenediammine tetracetic 

. acid as a column elluentemphasizes the importance of 

magnesium and calcium ions to the binding process. Electro
phoretic studies may be used to characterize the chemical 

nature of the charged groups present in the membranes of 

various cells. Cells with carboxyl groups on their mem

branes are able to adhere in a nonspecific way through the
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mediation of calcium ions, e.g., phagocytes. Cells not car
rying carboxyl groups tend to be nonadherent, e.g. red 

blood cells and metastasising cells. Some evidence^^ 

showing the independence of electrophoretic potential and 

cation induced agglutination of red cells indicates that 

cations .do not cause agglutination by simply reducing the 

membrane charge but that they act directly as bridges.
3) Charge fluctuation forces:

These forces occur at a pH near to the pK of acid func

tional groups on the membrane surface and are at a maximum
167when ionizable groups are 50% ionized.

4) Charged mosaics:

• Specificity may result from the electrostatic attraction of 

geometrically arranged charges.

5) Electrostatic attractions:
IThe variation of membrane potential between different cells 

suggests that,attraction of like signs Of different magni
tude is possible. This attraction has been investigated 

theoretically^^ and is shown to be dependent on over-all 
charge and distance of separation.

6) Surface tension or surface energy:
The importance of these forces in phagocytosis has been 

169considered. The ability of the macrophage membrane to

wet a variety of surfaces is a necessary characteristic.

7) Van der Waal!s forces:
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These forces are important in the stability of colloids 

and may be important in phagocytosis. The dispersion at

traction of membrane surfaces is enhanced by their curva

ture. The greatest attraction will occur at points of low
( 164radius of curvature such as pseudopods or villi.

An assessment of the relative contributions of each of the above mecha

nisms is not possible. An additional contribution to the complexity of 

this subject is the presence of repulsive forces of the same nature as 

the attractive forces, compounded by steric hindrance due to solvated 

layers or inert capsules whose presence increases intersurface distance 

and therefore decreases the attractive forces above. The adhesion of 

PAM is considered to be the first step in phagocytosis and will serve 

as a model for this step.
The adherence of alveolar macrophages to foreign materials may 

be experimentally determined. Methods available include:,

1) Counting the number of particles attached and comparing 

with the number of particles unattached serves as a quali

tative indication of adherence
2) Detachment of cells from a larger substrate using a fluid 

jet of known.force provides a relative method of compari

son of the strength of adherence^^

3) Centrifugation to detach cells from glass also provides
171 172relative information for comparisons 5

4) A direct measurement of the force of cellular adhesion uses 

a flexible glass microneedle and a micromanipulator. The
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degree of bending is proportional to the force applied

while detaching bound cells. The force of attachment to
glass beads is 1.42x10  ̂dynes.

The column separation technique proposed is illustrated by the

schematic representation of Fig. 8. It is based on the considerations

that attachment to cellulose nitrate beads is less strong than the

force of attachment to glass beads and that a column packing material

can be prepared with surface characteristics intermediate between these

extremes. Dimethyldichlorosilane can be used to selectively modify the

characteristics of glass surfaces to accomplish this.

The displacement of cells from a column may be accomplished by

the use of elluting solutions of materials which inhibit phagocytosis

by various mechanisms. Such materials were discussed earlier in detail
47and include sodium fluoride, cytochalasin B, cyclohexamide, ethylene-

diammine tetracetic a c i d , a n d  t r y p s i n . T h e  techniques used for

the ellution of other adherent cells and the factors which influence 
1/4'them may need only minor modification to be applicable to the ellu

tion of pulmonary alveolar macrophages. ^ ^

Characterization of Column-PAM Interaction 

The characteristics of adherence to glass or other surfaces may 

be determined using the methods discussed previously, but primarily the 
distribution of such characteristics among the diverse macrophage popu
lation may be quantitated:

1) Ease of elution using sodium chloride and cytochalasin B

2) Loss of attachment due to the presence or absence of
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Photo
multiplier

Light
source

Fraction collector

The stirred area maintains disper
sion of cellular material and 
particulates and insures rapid 
temperature equilibrium of the 
solutions used to displace PAM 
from column surface
The column material consists of 
small diameter glass or plastic 
beads of the order of 1 mm., per
mitting good contact, rapid flow 
and a surface area similar to the 
PAM size
The vaccum jacket is filled with 
constant temperature water circu
lated from a constant temperature 
bath

The measurement of the number of 
cells eluted from the column is by- 
light scattering in the column ef
fluent. The photomultiplier output 
is recorded on a stripchart recorder

Fractions are collected separating 
cells on the basis of their response 
to elutants and column conditions

Fig. 8. Proposed Column Cell Separation Apparatus to Distinguish Among 
Various Populations of Cells with Different Binding Characteristics



soluble compounds and ions

(a) Ca~̂ ~, or other divalent ions

(b) Hydrogen ion concentration

(c) • Antibiotics

(d) Soluble macromolecules
(e) Metabolic inhibitors

3) Loss of attachment due to bacteria
4) Loss of attachment due to particulate

The ability and strength of attachment to the column support material 

is felt to be a direct measure of phagocytic capability because the 

first stage of phagocytosis is the attachment phase which is analogized 

by this experimental arrangement. This measure of the activity of PAM 

is obviously susceptible to all of the various combinations of the 

factors outlined above. It further permits some of these factors to

be characterized separately. Each of the stress factors is furthermore

susceptible to an investigation of its does response behavior by vary

ing the concentration of interacting species. Any combination of the 

various factors can be investigated, either simultaneously or consecu

tively, by multiple passage through the separating column. The end 

response measured is attachment capability.

Response to in Vivo Stress

To answer the question of what percentage of cells responding 
to in vivo exposure has actually been subjected to direct exposure and 

modification, the localization of that population fraction which has 

exhibited decreased response can be determined by the separation



technique. The demonstration of a bimodal distribution of response 

would demonstrate the degree of change (by its change in position) and 

the amount of change (by comparison of areas) as shown by the appear
ance of a new population distribution. Alternatively, a shift of dis

tribution would be observed if a change in the population occurs. This 
is shown diagrammatically in Fig. 9.

In addition, the separation of the altered population will pro
vide the purification step automatically to generate cell culture 

material for subsequent tn vitro investigations of the cells. Such in

vestigations can include the following:

1) Metabolic characterization by oxygen uptake

2) Vital staining to determine viability index

3) Biochemical enzyme assays

4) Microscope slide preparation

5) Subsequent repeated in vitro exposure

Fig. 10 indicates a flow diagram for the investigation of macro

phages obtained from in vivo stressed animals using the methods out

lined above. Control groups and test groups are to be compared sepa

rately.

Lysosomal Release

A study of the release of lysosomes from cells while in the 
separating column may indicate a mechanism for the cause of obstructive 

lung disease. It is theorized that proteases from macrophages may be 

responsible for damage to the lung. ^
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Normal population

Number of 
cells

New population 
of stress cells

Fraction number

Fig. 9. Distribution of Cells Expected from Response 
to Toxic Stress Resulting in a New Subpopulation of Stressed Cells
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Toxicological stress

Unstressed animal
Animal model

Harvest PAM -I

I Stress^harvested PAM
Characterized activity 

of PAM

Culture and count PAM
Characterized activity 

of PAM

Fig. 10. Flow Diagram for Investigation of Stressed Macrophages



The fractions obtained contain both cells and supernatant cul

ture medium (lavage fluid). In fact, the separating column can be 

flushed with culture medium at a rate that significant cell release 
does not occur and the culture medium with or without stress provoking 
substrates can be obtained. Extraneous cellular material can be sepa

rated by centrifugation. The .supernatant can then be analyzed for 

various proteolytic enzymes, in particular acid phosphatase, yS -glu
curonidase, lactate dehydrogenase and elastase. It is important to 

note that two cases may be investigated in this manner, as shown in 

the diagram of Fig. 11. Both the release of lysosomal enzymes and the 

capacity to release are subject to comparison using this technique.

In Vitro Stress with Particulate Toxic Agents 

PAM placed on the column can originate from normal primary 

animals, from culture media or from a prior separation to achieve a 

narrow distribution of the ability to bind to glass. These bound PAM 
may then be exposed to a rapid flow of a solution containing distrib

uted particulates by virtue of the fact that the large glass beads 

comprising the column support material permit a rapid throughput in 

comparison to the settling time of particulates. Fig. 12 indicates 

the sequence of characteristics which may be investigated.

In 'Vitro Stress with Soluble Toxic Agents 
As shown above, a narrow population distribution of PAM placed 

in the column can be exposed to solutions containing various toxic 

agents, as well as to solutions containing all required nutritional
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Stressed PAM

No stimulation

Cells releasing lysosomal 
enzymes into the super
natant due to stress

Stimulated lysosomal enzyme 
release using cytochalasin B

Cells stimulated to re
lease lysosomal enzymes 
release less enzymes be
cause they have been pre
viously depleted

Fig. 11. Enzyme Release Comparison Experiments



80

1

Control
time

Column prepared with 
glass beads with a 
narrow distribution 
of PAM

Monitor particulate 
output by light 
scattering--insure 
steady state flow

7Determine the change 
in the release of 
lysosomal enzyme ma
terial in the effluent 
as a function of:
(a) particle size
(b) particle composi

tion
(c) exposure time
(d) amount of phago

cytosis

TDetermine the change 
in the parameters of 
release of PAM using 
fluoride, etc.

tCulture fractions 
separately and de
termine the rate 
of giant cell for
mation

t
exposure ___ ^  Expose to a flow of ,

particulate distrib
uted in culture 
medium

Fig. 12. Sequence of Events Which May Be Investigated
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elements but one to demonstrate its importance. The concentration of 

soluble ions is more easily controlled than particulates. The dosage 

regimen includes both the dose and the time of exposure to the dose.
The typesof material include:

1) Cationic material, including the hydrated transition metal 
ions as their halide salts. All of the transition metal . 

ions of the first transition series may be included at 
varying concentrations to determine the dose response re

lationship resulting in cell death as a function of con
centration. As PAM cells die, they will pass from the 

column and be counted.

2) Anionic material, to include sulphate and.sulphite, as well 

as the pseudohalide anions, thiocyanate, cyanide, cyanate, 

isothiocyanate, isocyanata and azide, may be used to deter

mine the. dose response relationship at high concentrations 

which lead to cell death.

3) Organic materials (in emulsion form if necessary), to in

clude chlorinated hydrocarbons, non^substituted hydrocar

bons and aromatic hydrocarbons, with neither amine nor

phenolic functions present in the molecule, may be admin

istered.
4) Drugs normally administered via the inhalation route may

be included: Chromylin, alcohol, isoproterenol, epineph

rine, Neosynephrine, etc.

In this case, where the indication of response is to be the cell death,



other parameters can be used as a measure of cell death. The number of 
non-vlable cells ejected from the column can be determined by vital 

staining or the enzymes SGPT and SCOT can be used as a measure of cell 

lysis after cell death.
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