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ABSTRACT 

Tobacco mosaic virus (TMV) and its protein subunit 

(TMU) were each modified by covalent binding with fluores

cein isothiocyanate (FITC) to produce the fluorescent 

conjugates, TMV-FITC and TMU-FITC. Rabbit alveolar 

macrophages were harvested from lungs of rabbits within 

three weeks of weaning; each population studied was exposed 

to TMV-FITC or TMU-FITC in small spinner flasks containing 

autologous tissue culture medium for two to three hours. 

During incubation, samples of cells were removed at 

approximately thirty minute intervals; vitally stained 

preparations were observed at the time of each sampling. 

Two assays were performed on each sample: (l) fluorometric 

assay of extracts made from the cells in order to detect 

and measure intracellular TMV-FITC or TMU-FITC, and (2) 

Coulter Counter cell volume distribution plots of each 

sample of cells in order to measure the changes which a 

macrophage population undergoes as a result of exposure 

to TMV-FITC or TMU-FITC. Uptake experiments were repeated 

in the presence of antibody specific for the virus. 

Statistical analyses of the cell volume distribution plots 

of macrophage populations harvested from a random sample of 

35 rabbits were used to define biological variation among 

populations from a parent colony of rabbits. 

vii 
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Initial ingestion of the virus by macrophages 

progressed in a linear manner with respect to time. The 

relative percentages of virus takeu up was inversely 

proportional to the concentration of virus in the media, 

but the absolute and maximum quantity of virus found within 

the cells varied with the biological variation of macro

phage populations. Amounts of the subunit localized 

within the cells were found to equal in weiglit any amount 

of intracellular virus found. The presence of antibody 

specific for the virus accelerated uptake within the first 

hour of exposure, without increasing the quantity of virus 

macrophages were able to take up within a given time. 

The terminal cellular event of a population on 

exposure to TMV-FITC or TMU-FITC was cellular clumping. A 

proportion of the cells enlarged on uptake of viruses or 

subunits; the enlarged cells were selectively involved in 

the clumping process. Cell volume redistribution in the 

presence of viruses or subunits was no more than an 

acceleration and intensification of those changes observed 

in autologous medium. 



INTRODUCTION 

Review of the Literature: Macrophage Metabolism 
in the Presence of an Immunogen 

The major theories of antibody induction have 

traditionally regarded the antibody-synthesizing precursor 

cell as the initial target of an immunogenic molecule 

(Jerne 1955, Burnet 1959, Eisen and Karush 196'±, Uhr 1964). 

There is mounting evidence that antibody induction is not 

satisfactorily explained by such a simple process, but that 

the metabolic capacities of another cell, the macrophage, 

are interposed (Sulitzeanu 1968). For some time it has 

been known that macrophages concentrate foreign matter 

intracellularly in digestive vacuoles; now it is recognized 

that macrophages function in the subsequent immunogenic 

expression of engulfed foreign matter (Fishman 1961, 

Friedman 196'l, Gallily and Feldman 1967, Argyris and 

Askonas 1967, Hulley, Dvork, and Waksman 196'l). Moreover, 

there are macrophage-immunogen metabolites with the 

capacity to make an inductive strike on immunocytic 

precursor cells (Gottlieb 1968, 19&9). It is speculated 

that macrophages function in the immune responses to 

colloidal immunogens and immunogens that are structural 

moieties of particulate matter. At the same time, there 

is little doubt that immuiiogenicity is expressed in some 

1 
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cases with no participation of the macrophage. Which 

particular types of response (antibody induction, 

homograft rejection, delayed hypersensitivity, etc.) 

incorporate macrophage participation is the subject of 

much conjecture. 

A study of iniinunogenici ty begins with the nature of 

the immunogenic molecule; it follows the pathway of the 

immunogen from the time and place of initial exposure to 

the point at which specific antibody synthesis is 

activated (Jerne 1967). It embraces the role of the 

immunogen, the role of macromolecules related in protein 

synthesis, and the role of cells participating in the 

immune response. The dynamic picture of macrophage-

immunogen-lyinphocyte interaction within the lymph node 

(Nossal, Abbot, and Mitchell 1968, Nossal, Williams, and 

Austin 1967, Ada et al. 1967) surely warrants a search for 

the potential contributions of each cell line to the 

induction of antibody synthesis. At this time knowledge 

about the role of macrophage-immunogen interactions in the 

induction of antibody is clouded by the almost intractable 

problems of antibody induction itself. Until the molecular 

events of antibody induction become clear, an understanding 

of the metabolic capacities of macrophages in, the presence 

of an immunogen may reveal certain macrophage-immunogen 

interactions which contribute substantially to macrophage 

participation in this process. 
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Rabbit alveolar macrophages were chosen for such a 

study by virtue of the ease with which pure cell suspen

sions are obtained and because the metabolic capacities of 

fully differentiated macrophages are manifest in their high 

degree of hydrolase activity. Much of the knowledge of 

macrophage metabolism was gained through the study of 

peritoneal macrophages. The cytochemistry and metabolism 

of peritoneal and alveolar macrophages differ in the 

qualitative and quantitative variability of their 

hydrolytic enzymes and in their source of energy which 

supports phagocytosis. A suspension of macrophages is 

composed of cells in the following stages of metabolism 

with respect to immunogen: 

IMMATURE FORMS MATURE FORMS 

Immature macrophage, 
I pulmonary RE origin | 

enzyme Mature macrophage, 
synthesis i stored hydrolases i 

Epitheloid cell of 
acute granulomatous 
lung, hematopoietic 
origin 

Reconstitutional hydrolysis 
macrophage \ of immunogen 

0 v 
w 

0) o 
X  £ (0 
•p £ 
a £ 
3 •rl 

Active macro
phage, soluble 

I enzymes 



The immature cell becomes the mature macrophage with 

stored hydrolytic enzymes; it develops an increasing 

phagocytic capacity. Following intracellular vacuolization 

of matter, hydrolytic enzymes are activated in digestive 

vacuoles. Since the macrophage is a long-lived cell, 

exhausted hydrolases may be resynthes.i.zed after the initial 

substrate is hydrolyzed and egested from the cell. The 

proportion of each of the stages represented here in a given 

macrophage population determines the metabolic capacity of 

that population with respect to its ability to handle 

foreign material. 

The normal rabbit lung yields from eight to sixteen 

million macrophages. Alveolar populations harvested from 

rabbits immunized with DCG tubercle bacilli display a 

heightened non-specific phagocytic and hydrolytic activity 

(Myrvick, Leake, and Oshima 3.962). If vaccination is 

followed by intravenous chal3enge with the bacilli, one to 

five hundred million additional cells Avail accumulate 

within the alveolar spaces in forty-eight hours' time. 

These cells, which are typical of the acutely granulomatous 

lung and have a lowered hydrolytic activity, are thought to 

be hematopoietic in origin and are present in small numbers 

in normal lungs. They are shown in the metabolic cycle as 

a second immature form. 



5 

Cytochemistry of the Macrophage 

The cytochemical organization of the mature 

macrophage is unique among mononuclear cells. A 

conspicuously large complement of hydrolases is organized 

into discrete, perinuclear granules which are formed from 

secretions at the Golgi apparatus (Cohn, Ilirsch, and 

Fedorko 1966a, 1966b). The hydrolytic granules, or 

lysosomes, have a density near that of the mitochondria. 

They are found in the same subcellular fraction and must 

be separated from mitochondria by a sucrose density gradi

ent. Neither the digestive vacuoles nor the lysosomes 

of macrophages stain by conventional stains but they are 

both phase-dense and electron dense (Leake and Myrvick 

1968) and are observable by phase and electron microscopy. 

The following hydrolase activities have been 

localized in rabbit peritoneal and alveolar macrophages: 

lysozyme, acid phosphatase, lipase, proteases, ribonuclease, 

deoxyribonuclease, b-glucuronidase, esterases, b-

galactosidase, and N-acetylglucosaminidase (Cohn and 

Wiener 1963a, 1963b). In the case of each enzyme assayed, 

alveolar macrophage populations possessed higher enzyme 

activity than peritoneal macrophage populations, this being 

most apparent in the activities of lysozyme and acid 

phosphatase. These were enzymes having even greater 

activity in alveolar macrophages induced by immunization 

with BCG tubercle bacilli. Other substances are reported 



6 

to be synthesized by macrophages: interferon (Acton and 

Myrvick 1966), transfer factor (Tsuji et al. 1964), 

complement and and transferrin (Steelier and 

Thorbeclce 1967)* A number of autologous substances are 

ingested by macrophages; among them are red blood cells, 

cellular debris, phospholipid surfactant (Niden 1967), 

and gamma globulin (Hunt and Myrvick 196'i, Nossal 1964). 

In order to demonstrate the intracellular distribu

tion of hydrolase activity, homogenates of alveolar macro

phages were fractioned into nuclear, mitochondrial, 

lysosomal granular, and microsomal-soluble fractions. 

Maximum hydrolase activity was localized in the lysosomal 

granular fraction where as much as 90% of the total enzyme 

activity was found (Colin and Wiener 1963a, 1963b) <> The 

term "intracellular solubilization" was first used by Cohn 

and Wiener to describe the redistribution of hydrolase 

activity within macrophages after their exposure to foreign 

matter. In macrophages exposed to IB. coli , enzymes in the 

lysosomal granules were progressively solubilized into the 

digestive vacuoles containing bacteria. Contents of 

recently-organized digestive vacuoles localize in the 

soluble fraction of macrophage homogenates. A 90:10% 

distribution of hydrolytic activity between granule and 

soluble fractions at zero time shifted to a 40:60% dis

tribution after ninety minutes of incubation. It was this 



phenomenon which led Leake and Myrvick (1966) to state 

that in macrophages, 

. . .  t h e  t r a n s f e r  o f  h y d r o l a s e s  t o  t h e  d i g e s t i v e  
vacuole is a variable expression dependent on the 
status of the cell and the availability of 
functional enzymes at the time of particle inges
tion. A large component of hydrolases present in 
alveolar macrophages may be localized in digestive 
vacuoles and unavailable foi~ current employment. 
Accordingly, acid hydrolases represent an index 
of phagocytic and digestive commitments (p. 98)• 

Differentiation of Monocyte to Macrophage 

Current literature contains numerous morphological 

observations of the in vitro differentiation of monocytes 

and lymphocytes into macrophages; the response is non

specific as it is mediated by a wide variety of substances 

(Speirs and Speirs 1963, Gough, Elves, and Israels 1965, 

Andrew 1965)* In an effort to confirm morphological 

observation with biochemical data, Cohn and Bensen (1965a, 

1965b, 1965c) made a phased study of the differentiation 

of peritoneal monocytes in response to the intracellular 

concentration of foreign serum protein. Through a six day 

period, acid phosphatase, protease, and b-glucuronidase 

activity was monitored as an index of biochemical differen 

tiation. As the process began, the cell enlarged. Each 

day their protein content and enzyme activity increased. 

Phase-dense granules accumulated in the cytoplasm and the 

number of mitochondria increased. Biochemical differentia 

tion occurred in direct ratio to the concentration of 



foreign protein in the medium; the process reversed itself 

as protein was decreased. Homologous serum induces only a 

limited response from the cells. Digestive vacuoles were 

formed directly from the gathering of vesicles containing 

foreign protein into larger vacuoles and their subsequent 

fusion with granules of stored hydrolases (Colin et aJ . 

1966a, 1966b). Th e investigators interpreted this differ

entiation as an adaptive cellular response in which the 

degree of hydrolase synthesis was controlled by the amount 

of foreign serum protein concentrated within the cells. 

Uptake of Foreign Molecules by the 
Macrophage 

The physiological relationship of macrophages and 

soluble antigen lias classically been considered rather 

simple and mechanical: on binding with antibody, soluble 

antigen was thought to form aggregates more susceptible 

to phagocytosis by virtue of their increased size. Soluble 

particles of relatively low molecular weight and presumably 

unbound by specific antibody are concentrated in macro-

pha ges by a process as efficient as phagocytosis of 

particulate matter. This capacity of macrophages, which 

is essential to their participation in antibody induction, 

has been proven by the experiments mentioned in this 

review and many others. 

Aronow et al. (196^) have shown by electron 

microscopy that uptake of bacterial virus particles by 



rabbit alveolar macrophages occurs within ten minutes of 

initial exposure. Concentration of fluorescein 

isotliiocyanate-coupled fractions of new-born calf serum 

resulted in microscopically detectable fluorescent, intra

cellular vacuoles within three hours after exposure to 

mouse macrophages (Cohn and Bensen 1965a). The investi

gators enlarged upon this study by quantitatively measuring 

the uptake and concentration of lysozyme in mouse 

peritoneal macrophages, which contain no lysozyme in the 

native state. Tritiated tetanus toxin was the iramunogen 

employed by Speirs and Speirs (1963) in demonstrating mouse 

macrophage uptake of soluble protein. More comprehensive 

observations of the uptake of soluble protein by mouse 

peritoneal macrophages in vitro were made by Ehrenreich 

125 
and Cohn (1967)* I -human serum albumin (IISA) uptake by 

the cells was monitored for a thirty hour period as a 

function of the concentration of (l) HSA added to the 

medium and (2) new-born calf serum used in preparation of 

125 
the medium. Greater uptake of I -HSA occurred in higher 

concentrations of medium protein or, holding medium protein 

12 5 
constant, in higher concentrations of I -HSA. Intra

cellular concentration of albumin was limited by the 

maturation of previously unstimulated macrophages in the 

population and the quantitation was distorted by the 

activation of enzymes which released proteolytic products 

from the cells. 
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As soluble molecules concentrate within cytoplasmic 

vacuoles of a macrophage, they are not immediately 

detectable by light microscopy. Once hydrolysis begins, 

the vacuolar size decreases and its optical density 

increases until it is visible by phase microscopy. Macro-

pha ge concenti'ation of soluble substances not susceptible 

to intracellular hydrolases is detectable by the formation 

of large phase-lucent vacuoles within the cells. The 

6» 
polyanion, dextran sulfate (molecular ̂ weight = 2 x 10 ), 

gathered in large vacuoles which remained translucent after 

prolonged incubation. Similarly, incubation of macrophages 

with sucrose (molecular weight = 3^0) caused phase-lucent 

vacuolization not detectable in cells incubated with di-

saccharides hydrolized by macrophage enzymes. Synthetic 

peptides, (D-ala), and (D-glu) , concentrated in phase-
5  £  

lucent vacuoles detectable in macrophages as long as eight 

hours after exposure to the peptides. Ehrcnreich and Cohn 

(1968) concluded that a particle with a molecular weight of 

3^0 is too large to pass through the vacuolar membrane into 

the surrounding medium. Accordingly, phase-lucent vacuoliza

tion results from macrophage uptake of soluble substances 

not immediately hydrolized by the cell and too large to 

permeate the vacuolar membrane. 



Relationship Between Particle Size 
and Macrophage Ingestion 

As cellular activity increases, macrophages develop 

an increased capacity for uptake and vacuolization of 

particles of all sizes. Particle uptake is generally 

called phagocytosis (particles detectable by light micro

scope) or pinocytosis (particles detectable by electron 

microscopy or submicroscopic particles). In a study by 

North (1968), a relationship was sought between particle 

size and the maximum number of particles phagocytized by 

previously unstimulated guinea pig peritoneal macrophages. 

The following observations were made: as the mean particle 

diameter decreased, the number of particles ingested and 

the sum of the diameters of the ingested particles in

creased. The actual volume of ingested matter was reduced 

with decreasingly smaller" particles. North interpreted 

this in the following manner: the total number of particles 

ingested was not limited by the availability of cellular 

membrane or by the ability of the cells to vacuolize a 

certain volume of ingested material. Rather, the total 

number of particles ingested was determined by the particle 

diameter and the amount of energy available for the 

process. North suggests that the larger the diameter of 

a particle the more energy the cell must expend in the 

process of enveloping it with membrane. Therefore, on the 

expenditure of a given amount of energy, more small 
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particles can be ingested than large particles. An 

exogenous supply of ATP did not increase the total number 

of particles ingested by macrophages at saturation. In

stead, it enabled the cells to ingest the saturation number 

of particles in half the time. The process of particle 

uptake by macrophages is one which is limited by the energy 

supply; it is dependent on protein and lipid synthesis 

related to membrane formation. 

Energy Source for Macrophage Ingestion of 
Foreign Particles 

Several investigators have sought metabolic changes 

providing energy for macrophage ingestion of particles in 

vitro (Karnovskv et al. 1966, North 1968, Ehrenreich and 

Cohn 1968). Karnovsky's group studied the bioenergetics of 

the uptake of particles 10 micra and 0.01 micron in diameter 

by guinea pig peritoneal monocytes and alveolar macrophages. 

They found the respiratory activity of the resting alveolar 

macrophage (Q = 20-25) to be about three times that of 
2 

the unstimulated monocyte (= 7«5)» Phagocytosis barely 
2 

perturbed the hexose monophosphate pathway of glucose metab

olism in macrophages and monocytes. Inhibitors of glycol

ysis abolished the uptake of particles by all types of cells 

tested. Inhibitors of oxidative respiration had no effect 

on peritoneal macrophages or monocytes but they impaired 

the ingestion processes of alveolar macrophages. As their 

natural environments would suggest, alveolar macrophages 



rely largely on the Krebs cycle and oxidative phosphoryla

tion as the source of energy for the uptake of particles, 

whereas monocytes and peritoneal macrophages perform opt

imally in anaerobic conditions depending on an highly in

creased rate of glycolysis for energy. Inhibitors of 

protein synthesis, which affect membrane formation as well 

as other metabolic functions, destroy the capacity of macro-

ph ages to ingest particles of all sizes. Karnovsky et al. 

(1966) described perturbations in cellular lipid metabolism 

which resulted from the ingestion process, specifically, an 

increased incorporation of acetate and glucose carbon into 

lipids. 

In discussing the energy sources for macrophage in

gestion of matter, the terms "phagocytosis" and "pinocyto-

sis," as they relate to particle size, have been avoided. 

Metabolically, the two processes are indistinguishable. 

The energy sources are the same. Inhibitors affect them 

identically. Differences noted in the size and morphology 

of phagocytic vacuoles and pinocytic vesicles in electron 

micrographs do not extend into the metabolic process. 

Elimination of Foreign Molecules from 
Macrophages 

Following their hydrolysis into either single units 

of their basic construction or multiple units small enough 

to pass the vacuolar membrane, foreign molecules are 

eliminated from macrophages. The rate at which egestion 



proceeds is dependent on the rate at which hydrolysis 

125 
occurs. Nearly half of the I -horse serum albumin 

ingested by mouse peritoneal macrophages was lost from the 

cells within five hours incubation time; half of the 

lysozyme ingested by the cells was inactivated as an enzyme 

within twenty hours (Cohn and Bensjn 1965c). Cells pulsed 

12 5 
with I -hemoglobin lost half of their isotope within 

twenty-four hours. Ehrcnreich and Cohn (1967, 1968) pulsed 

125 
mouse peritoneal macrphages with I -human serum albumin 

131 
(HSA), rinsed the cells, and then incubated them with I 

125 HSA. As the I -label was lost from the cells, coincident 

131 uptake of I -IISA occurred. At twenty-four hours of 

incubation, long after release of label from the cells had 

begun, uptake of albumin continued. The investigators 

concluded that, in a given macrophage population, uptake of 

foreign protein by the cells and loss of ingested protein 

from the cells were concurrent processes. The breakdown 

of vacuolized substrate by hydrolytic enzymes is not an 

energy-dependent process; it is both temperature and pH 

sensitive. 

Summary 

By a process which is energy dependent, macrophages 

concentrate foreign particles of all sizes intracellularly 

where they are organized into digestive vacuoles. Once 

foreign matter is concentrated within the vacuoles, 



macrophages possess the power to activate hydrolytic 

enzymes rapidly by their solubilization into digestive 

vacuoles and to synthesize additional enzymes when needed. 

The intensity of this adaptive cellular response is 

controlled by the amount of foreign matter taken up by the 

cells ; it is dependent on the state of the macrophage 

population itself. Ingested particles are hydrolyzed; the 

fragments are eliminated from the cells through the 

vacuolar membrane. The interdependence of two systems, 

enzyme synthesis and enzyme solubilization, functions to 

maintain the capacity of macrophages for handling foreign 

matter. 

The Nature of the Immunogen, Tobacco Mosaic 
Virus and its Protein Subunit 

Paramount to the objectives of this investigation 

was the choice of a protein immunogen with several 

particular characteristics: (l) it must exist in both a 

low and high molecular weight structure with an identical 

and known amino acid sequence and at least one common 

antigenic determinant, and (2) it must contain an epsilon-

amino side group of lysine which is accessible for coupling 

with fluorescein isothiocyanate. Dr. A. Siegel suggested 

that tobacco mosaic virus (TMV) and its protein subunit 

(TMU) meet this requirement. TMV has a molecular weight 

6 ° 
of kO x 10 ; the virus is a rod 3000 Angstroms long and 

0 
180 Angstroms in diameter. It is composed of 2200 identical 



protein subunits and a single ribonucleic acid chain. TMU 

protein may be prepared in a stable form of three subunits. 

The molecular weight of the monomer unit is 17,500; it is 

composed of one hundred and fifty-eight amino acids , two 

of which are lysine. The evidence for at least one 

antigenic determinant common to both TMV and TMU is 

convincing, although there is no existing proof that they 

are structurally identical (Rappaport, Siegel, and 

Haselkorn 1965)* 

At The University of Arizona, Department of 

Agricultural Biochemistry and Nutrition, Dr. Siegel, Dr. 

M. Zaitlin, and Dr. K. Matsuda engage in research concerned 

with the ribonucleic acid and protein components of tobacco 

mosaic virus. Their laboratory supplied the virus and the 

antiserum essential to this project. 

Goals of the Proposed Study 

In broad terms, this dissertation considers 

iitmunogen and macrophage interactions which may prove 

relevant to macrophage participation in the events leading 

to antibody induction. The study is limited to inter

actions occurring within the first three hours of the 

exposure of a population of rabbit alveolar macrophages to 

two proven immunogens, TMV and TMU. 

In the experimental design, three aspects of macro

phage and virus protein interaction are examined: 
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1. First among these is the state of the protein which 

influences its uptake by macrophages. Two vastly 

different aggregates of a Jingle amino acid 

sequence in its natural confoi-mation will be 

exposed to macrophages in order to examine their 

uptake by the cells . Having gained some under

standing of the mode of cellular uptake of virus, 

the experiments will be run again in the presence 

of virus-specific antibody in an effort to determine 

the effect of antibody on uptake of virus by the 

cells. 

2. The second aspect of macrophage and viral protein 

interaction examined is the question of how the 

state of macrophage populations affects their 

capacity for handling foreign matter. Since natural 

variation is inherent in biological systems, a 

knowledge of the nature of that variation among 

native macrophage populations is requisite to the 

interpretation of experimental results. Variation 

expressed in the mean cell volume and in the cell 

volume distribution of native macrophage populations 

will be investigated. 

In the statistical analyses of cell volume distri

butions of a number of alveolar macrophage populations 
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harvested from a large colony of rabbits, three questions 

are asked: 

1. How are the samples statistically related to one 

another ? 

2. Do the samples participate in a coherent and ordered 

frequency distribution ostensibly representative of 

the rabbit colony? 

3. What statistical criteria will indicate whether any 

given sample is a representative population or, 

failing this, an aberrant population? 

One particular state of a macrophage population 

which may affect its interaction with immunogen is the 

"immune" state, a previous exposure to the immunogen. This 

proposal includes several experiments for observation of 

the interaction of TMV with cells harvested from rabbits 

pre-imraunized with the virus. 

3« The dynamic response of an entire macrophage popula

tion to uptake of virus protein is the third aspect 

of macrophage-immunogen interaction which is a part 

of this study. Overall population response will be 

sought in cell volume redistribution which is 

apparent in: (a) a shift in the mean cell volume, 

(b) a skewing of the distribution to the right as 

some proportion of the cells enlarges, and (c) the 

loss of cells from the suspension by clumping. 
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Finally, in a resume, the results from study of 

each of the three aspects of inacrophage-virus protein 

interaction will be correlated and then reviewed within the 

framework of "macrophage participation in antibody induc

tion. 11 



EXPERIMENTAL PROCEDURE 

Rabbit Alveolar Macrophages 

Alveolar macrophages were harvested from excised 

lungs of albino New Zealand rabbits, male and female, 

according to the lavage method described by Myrvick, Leake, 

and Fariss (1961). Random selection of rabbits ranged fi~om 

weanlings five weeks old to rabbits fed for six months with 

commercial preparations under the supervision of Henry G. 

Raymond, Animal Care Division of the Veterans Administration 

Hospital, Tucson, Arizona. 

In order to be used in experiments, or to be 

included in the statistical analysis, macrophage popula

tions met several requisites: 

1. Appearance of the animal and excised lung. Animals 

which appeared on inspection to be healthy were 

chosen for study. Rabbits from the colony compos

ing this work share a susceptibility to Pasteurella 

pneumonitis not detectable by clinical symptoms. 

However, small haemorrhagic spots on the lung 

provided evidence of infection. 

2. Cell yield of the lung. Cells harvested from the 

lungs of a single rabbit comprise a population of 

alveolar macrophages which totals from four to 

eighty million cells. A low cell yield from a lung 

20 
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suggests destruction of macrophages, either in the 

lung or in the wash solution. Macrophages which 

have pliagocytized bacteria, red blood cells, or 

cellular debi'is disintegrate rapidly in the wash 

solution. A high yield of cells results from 

respiratory .involvement in an immune reaction 

(Myrvick et al. 1962). Such populations are useful 

only if the cells meet other requisites. Large 

numbers of red blood cells in the lavage point to 

lung abnormality or trauma associated with the 

animal's death. 

3. Lipid surfactant in the cells. A phospholipid 

surfactant in the alveolar spaces is known to 

reduce surface tension and maintain alveolar 

stability (Niden 1967, Pattle I965K L ung washes 

contain free surfactant as well as alveolar 

macrophages rich in vacuolized surfactant. Macro

phages engorged with phagocytized lipid tend to 

disintegrate during the washing process, releasing 

more surfactant into the wash solution. Cloudiness 

of the second wash served as an indicator of the 

presence of cells containing vacuolized lipid; 

cells from old rabbits and cells from rabbits 

sacrificed just before weaning produced the 

cloudiest washes. In some populations the number 

of cells lost in washing limited considerably those 
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available for exposure to the virus. Macrophages 

containing surfactant were apt to be relatively 

inactive in the uptake of inimunogen or to clump 

early in the incubation period. For these reasons, 

rabbits chosen for the experiments involving 

immunogen were young rabbits sacrificed within 

several weeks of weaning before excessive fat 

accumulated on the body. 

4. Cell vitality index. To possess an adequate 

vitality index for proposed testing, at least 90% 

of the cells excluded trypan blue particles in 

vital staining tests. 

Dissociation of TMV Protein Subunits 

Dissociation of TMV into protein subunits was 

achieved by the acetic acid method of Fraenkel-Conrat 

(1957) and the alkali method of Schramm, Schumaker, and 

Zillig (1955) with several changes (Figure l): (l) pres

sure dialysis was used to concentrate protein subunits into 

a smaller volume, (2) gel filtration was used to separate 

acetate ions from protein subunits, and (3) subunit dis

sociation and binding with fluorescein isothiocyanate 

(FITC) were merged into one process. The subunits were 

frozen and stored at pH 7*5 to prevent their reassociation 

into rods. 
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Figure 1. Disaggregation of TMV protein subunits and their conjugation with FITC. 
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Preparation and Analysis of TMV-FITC and TMU-FITC 

Both TMV and TMU were coupled to F1TC for micro-

fluorometric assay of their entry into alveolar macrophages. 

The coupling procedure evolved from the method developed 

by Goldstein, Slizys, and Chase (1961). Solutions of TMV 

and TMU were reacted with FITC in various buffers (see 

Table l)j the conjugated products were isolated from free 

FITC molecules by gel filtration or pressure dialysis 

(Figure l). The FITC-TMV and FITC-TMU conjugates were 

analyzed by UV for" TMV (260 mp.) and TMU (280 mjj.) and with 

visible light at 'l95 '"(J- for FITC. Suitable corrections 

were made for overlapping of the FITC absorptions at 

260 mjj, and 280 mu. Calculation of FITC/TMV and FITC/TMU 

molar ratios followed the methods described in Appendix A. 

Ultracentrifugal analysis of a TMU-FITC conjugate 

(Experiment , Table l) was undertaken to determine whether 

or not it would remain suspended in a disaggregated state. 

TMU-FITC was suspended in a 0.01 M phosphate buffer, 

pH 7.5, at a concentration of 5*3 mg ml ^ and allowed to 

stand at room temperature for" about six hours before 

centrifugation began. A. Jaworski, of the Department of 

Agricultural Biochemistry and Nutrition, The University of 

Arizona, ran the sample in a Deckman Model E analytical 

ultracentrifugc equipped with an AN-D rotor. It was loaded 

in a cell containing an Epon artificial boundary center

piece and centrifuged for forty-eight minutes after 
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attainment of 56,000 rpm at approximately 27a C. Schlieren 

optics with a bar angle of 60° recorded sedimentation at 

three intervals of sixteen minutes from zero time. 

Sedimentation coefficients for the moving boundaries were 

calculated by the graphical technique of Markham (1967) anc* 

v.r 
corrected to standard conditions, S ' . 

An effort to determine the effect of FITC conjuga

tion on the antigenicity of tobacco mosaic virus protein 

relied on the immuno-diffusion technique of Iluppert and 

Bailey (1965)* Agar diffusion plates combining rabbit 

anti-TMV serum and the various TMV-FITC and TMU-FITC 

conjugates were incubated at 5° 0 and/or 25° 0 for as long 

as a week. Precipitin arcs were recorded as they for-med ; 

their distance from the wells was noted. 

Tissue Culture Technique and Photomicrography 

Rabbit alveolar populations, as isolated here, 

contain small numbers of red blood cells (RBC), polymorpho

nuclear cells (PMN cells), and lymphocytes (Myrvick et al. 

196l). In tissue culture, RBC and PMN cells from lung 

washes responded differently than those cells obtained from 

blood plasina, probably because of alterations in metabolism 

resulting from the plasma to lung environmental transition. 

RBC from the lung are small and often crenated; they do not 

enlarge in culture as rabbit plasma RBC do. PMN cells from 

lung washes are fragile and lose their integrity soon after 



incubation begins. On the other hand, lymphocytes seem 

unaffected by the environmental changes; they maintain 

their vitality and hardly change in proportion of cells or 

cellular volume throughout experiments of short duration. 

Exposure of rabbit alveolar macrophages to the 

virus and its protein subunits relied on conventional-

tissue culture techniques (Figure 2). Except for the 

omission of Pen-Strep antibiotics and phenol red, Eagle's 

(1959) complete medium enriched with autologous serum 

served as the exposure medium in all experiments. Small 

spinner flasks held the cells and immunogen suspended in 

medium (Figure 2). Incubation was carried out in a full 

view incubator (Precision Scientific Co.) at 37° C under a 

steady flow of 95% air, 5% ̂ 2 CC ,n;*-n ^ with constant 

stirring. Except fox" the absence of immunogen, control 

cells were treated in the same manner as the experimental 

cells (Figure 2). Incubation lasted no longer than two to 

two and one-half hours. At varying intervals of incuba

tion, samples were removed from the control and test flasks 

as indicated in Figure 2. One sample was diluted for 

plotting with the Coulter Counter (see Coulter Counter Cell 

Volume Distribution Plots of Rabbit Alveolar Macrophages); 

another sample was removed and washed for microfluorometric 

assay of cell extracts (see Microfluorometric Assay of 

TMV-FITC and TMU-FITC in Cell Extracts). At each interval, 



27 

Sacrifice 
Rabbit 

Exc is e 
Lung 

Bleed 
Heart 

Harvest Cells 
By Lavage 

V 

Remove Autologous Serum 
Prepare Tissue Culture Medium 

Divide Medium Into 
Two Equal Portions 

/ \ 

Spinner 
Flask 

Control 
Flask: 

Add Serum 
Protein 

Control 
Cells 

Test 
Flask: 

Add TMV-FITC 
or TMU-FITC 

I 
Test 
Cells 

Incubate, 37° 
Stirrer 

on 

Macrophage 
Suspension 
(rinsed 2X) I 

1. Cell Vitality 
2. Coulter Counter 

Plot 
3 • Volume & Cell 

Number 

Divide Cells 
Equally Between 
Two Flasks 

I 

At Designated Intervals (30, 60, 90, 120 min.), 
Remove Following Scimples from: 

Control Cells & Test Cells 

1 Microdrop: 
Cell Vitality 

Index 

0.2 ml Sample: 
Dilute with BSS 

Coulter Counter 
Plot 

1 ml Sample: 
Rinse & Freeze 

I 
Micro f luor oinetr ic 
Assay for TMV-FITC 

or TMU-FITC 

Figure 2. Experimental design. 



28 

a cell vitality test verified that no massive cell death 

had occurred as a result of experimental stress. 

Tissue culture experiments were carried out under 

the direction of Dr. Alexander H. W^oods, Chief of Research 

Service, Veterans Administration Hospital, Tucson, 

Arizona and a member of the faculty of the College of 

Medicine of The University of Arizona. Margarito N. Chavez 

was in charge of the laboratory where the work was per

formed . 

Several experimental cultures were placed in 

Wasserman tubes and incubated on a roller drum to show the 

pattern of early cellular adherence to glass. After incuba

tion, the tubes were emptied, rinsed, and photographed. 

This was done in the laboratory of Dr. E. B. Wallraff with 

the use of a Zeiss Photomicroscope equipped with an electric 

exposure device and loaded with Kodak high contrast copy 

film (A.S.A. 64). 

Coulter Counter Cell Volume Distribution Plots 
of Rabbit Alveolar Macrophages 

Cell volume distributions of macrophage suspensions 

were obtained with the Coulter Counter (Coulter Elec

tronics Inc., 590 W. 20y Street, Hialeah, Florida). This 

apparatus was designed to analyze over a wide range the 

volume distribution of non-conducting particles. In an 

electric field, particles flow through a small aperture in 

a glass tube (Instruction and Service Manual for the 
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Model B Coulter Counter 1966). The non-conducting 

particles increase resistance to the flow of electric 

current, transmitting an electric signal for each particle 

passing through the aperture. Upper and lower threshold 

circuits selectively record particles of a particular size. 

Counting and sizing information is recorded by a plotter as 

a volume distribution graph of twenty-five successive 

counts. Two representative plots are shown in Figure 3« 

The counter" was standardized with a particle of known mean 

cell volume. The machine was adjusted so that it could 

discriminate between particles whose volume differed by l60 

cubic micra; it separated cells from 0 to 'lOOO cubic micra 

in volume into twenty-five ordered classes or windows 

(Figure 3)» Thus, the cell volume corresponding to each 

window could be obtained by the simple relation: 

O 3 
cell volume in (j, = window number x l60 p, . 

In the case of averaged values, the relationship was: 

3 3 mean cell volume in (j, = mean window number x 160 (j, . 

Stained preparations of alveolar macrophages reveal 

a considerable degree of variation in cell size (Myrvick 

et al. 1961). In my pilot investigation for this study, 

cellular volumes of macrophages measured from a number of 

3 3 rabbits fell between J300 ^ and 3500 jx , which is equivalent 

to cellular diameters from 10 p, to 19 |i • Calculation of 
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Figure 3« Coulter Counter cell volume distribution plots 
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Mean cell window 

Mean cell volume 

Standard deviation: 
windows 

cell volume 

Range of plot: 
windows 

cell volume 

Number of cells 

Skewness (S) 

S/n x 10' 

Kurtosis 

-2 

Rabbit 19 

11 .7^92 

1880 

K/n x 10 
- 2  

3.7778 

605 |i3 

5 through 19 

6 40-3040 \i? 

27423 

0.084 

0 . 6  

-O.903 

-6.0 

Rabbit 21 

10.5322 

1685 fx3 

3.1332 

501 y3 

5 through 17 

640-2720 |i3 

11006 

0 .188  

1.4 

-0.765 

-5.9 



mean cell volumes from plots composed of 250 to 75,000 

cells showed a large degree of biological variation in 

mean macrophage volume from population to population. 

Precautions Observed in Making the Plot 

In order to avert bias due to environmental effects 

in the cell plots, a number of precautions were found to be 

necessary. Cell volume was influenced to a large degree by 

temperature, the volume increasing as the temperature 

increased. Cells measured after standing in an ice-bucket 

were 200-300 [i, smaller in volume than cells at 37° C. 

Therefore, the cells taken from a 37° C incubating environ

ment were placed into a 37° C buffer and plotted at once. 

Even the slightest delay in plotting necessitated prepara

tion of another cell suspension. Ionic content of the basic 

salt solution (BSS) in which the cells were suspended was 

crucial for reliable cell measurements. The same lot of 

BSS used for preparation of the tissue culture medium was 

used in preparation of suspensions for plotting. Both 

medium and BSS were adjusted to pH 7»3« Cells plotted in 

tissue culture medium and cells plotted in BSS were 

statistically identical only if plots were made immediately 

after suspension of the cells. Those precautions eliminat

ing temperature influences were effective in preventing 

ionic environmental bias in the plots . In either BSS or 

tissue culture medium containing autologous serum, cells 



stored more than several hours in an ice-buclcet began to 

lose vitality and suffer distribution alterations. Once 

the rabbit was killed, it was imperative to harvest the 

cells and to complete an experiment involving tissue 

culture in a concerted, unbroken sequence. 

For meaningful statistical analysis of a cell 

population, the Coulter- Counter must be set in such a 

manner that the range in volume of each population is 

recorded within twelve to twenty successive windows. 

Statistical Analysis of Cell Volume Distribution 
Plots 

The Coulter Counter volume distribution plot of a 

cell population is a frequency distribution of ordered 

class intervals. The plot abcissa axis denotes the class 

intervals, or window numbers; the plot ordinate axis 

records the number of cells in each window, or class 

interval (Figure 3)« A fully-computerized analysis of this 

frequency distribution was developed by statisticians at 

Western Research Support Center, Veterans Administration 

Hospital, Sepulveda, California especially for this study 

(see Appendix B). A typical output sheet is included in 

Appendix B. The data in Figure 12 are from Rabbit 19« 

Statistics collected from thirty-five rabbits are compiled 

in Table k. Mean cell volume, standard deviation of the 

mean, and volume range of plot were converted to cubic 

micra by the formula given on page 29• 



How can cell volume frequency distribution curves 

be analyzed rationally? This was accomplished by comparing 

each curve to the normal distribution curve. A normal 

distribution curve is a symmetrical, bell-shaped curve with 

a formulated density function for each of its class 

intervals. The mean (X) and the standard deviation of the 

mean (SD) are parameters which relate distribution curves 

to one another, as 68% of the observations making up a 

normal curve fall within the interval, X +_ SD, and 95% of 

the observations fall within the interval, X _+ l .<)6 SD. 

Inasmuch as the volume distribution plots of macrophage 

populations are not normal distributions, it was necessary 

that statistical treatment of the curves express the degree 

of deviation of each curve from the normal distribution. 

Analysis depends on the statistical comparison of the 

parameters of the curve with the parameters of a normal 

curve. The word norma] identifies a particular distribu

tion pattern; it does not infer that other distributions 

are abnormal. In order to avert confusion in the descrip

tion of macrophage populations, the term representative 

cell population denotes adherence to certain criteria 

established in the course of this study, whereas the term 

normal is limited to the description of a specific 

theoretical, formulated curve. 



Skewness and Kurtosis 

Skewness and kui~tosis measure the deviation of a 

curve from the symmetry of a normal distribution curve; 

their values are zero if the sides of a curve are symmetri

cal and if the peak of the curve bears a given relation to 

the sides. In successive plots, skewness and kurtosis can 

be used as measures of cellular redistribution under 

experimental stress. Skewness quantitates deviation of the 

slopes of a curve from the normal grade. A positive value 

of skewness results from the presence of an excessive 

number of cells smaller than the mean cell volume. Kurtosis 

expresses the degree of deviation of the peak of a plot 

from the peak of a normal, distribution curve. A flat-

topped distribution curve, having a negative kurtosis, is 

formed by large numbers of moderate-sized cells filling the 

flanks of the curve. All macrophage plots analyzed had 

positive skewness values and negative kurtosis values 

(Figure 3) . 

Both skewness (S) and kurtosis (K) are functions of 

the number of class intervals (n) in the analyzed plot 

(class intervals are listed as "Observed values" in the 

output sheet, Appendix B). In order to relate S and K 

values from different populations to one another, it is 

necessary to convert them to comparable figures by dividing 

each by the number of observed values on the output sheets. 



This generates a new set 

are also listed in Table 

of statistics (S/n and K/n) which 

I .  

Plot Truncation 

It is necessary that cell volume distribution plots 

be truncated for statistical analysis. Since the choice of 

class intervals (plot windows) is an arbitrary one, a risk 

of statistical bias is introduced. Here is the major dis

advantage of this approach to the study of population 

dynamics. To reduce this risk, truncation of plots was 

achieved by absolute adherence to two arbitrary conditions: 

(l) the first window in the plot analysis was the first one 

within tie macrophage volume range which increased in height 

above that of its nearest neighbor-, and (2) the final 

window of the plot analysis was the last one which was 

recorded within ten relative numbers of cells less than the 

first one. Accordingly, the cell volume distribution of 

macrophages from Rabbit #19 extended from window 5 through 

window 19 (Figure 3, a through c), and that of Rabbit # 21 

extended from window 5 through window 17 (Figure 3, & 

through b). Plot truncation also defines the volume range 

of plots recorded in Table 4; it is the difference between 

the largest and smallest cells included in the analyzed 

portion of the plot for a given population. 

During experiments involving culture of macrophages, 

there are two cellular events which may be detected from 
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immediate changes in the plot itself. These are cell 

disintegration and cell clumping. Since the liberated 

nuclei do not immediately disintegrate, cell disintegration 

causes an increase in the number of particles plotting in 

window 2 (l6o to 320 (j.^) of Figure 3» Cellular clumping 

decreases the total number of cells making up a plot and 

thus, decreases the height of the plot. 

Microfluorometric Assay of TMV-FITC and 
TMU-F1TC in Cellular Extracts 

In this project, assays of fluoresccnce were 

carried out with a Farrand Optical Company spectromicro-

fluorometer, #10'l244, series 230, in the laboratory of 

Dr. J. C. Towne, Veterans Administration Hospital, Tucson, 

Arizona. Recording of the intensity of fluorescence was 

done in two ways. At the start, readings were made 

directly from the instrument scale, 0 to 1.0 divided into 

0.01 microampere units. To obtain absolute units of 

fluorescence, the microampere reading was multiplied by 

the sensitivity setting of the instrument (S = 0.01, 0.03, 

0.10, 0.30, or 1.0), yielding the intensity of fluorescence 

in microamperes (IF, |j,Amp): 

IF, microampere v .,. ., ,c* . ' = X sensitivity IS;. 
p,Amp reading J 

From the beginning, it was evident that emission scans on a 

strip chart were useful in recording the autofluorescence 

of the virus and cellular protein, as well as recording the 
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fluorescence of FITC-conjugates. For this reason, emission 

scans were used exclusively in the experimental work. The 

100 divisions on the emission scan chart are equivalent to 

the scale of the instrument (0 to 1.0 microamperes in 0.01 

units); hence, fluorescence was calculated from the charts 

in the following manner: 

jp number of 
. ' = chart X 0.01 microamperes X S. 

uAmp .... r r divisions 

In order to equate results from time interval readings 

within a single experiment, and then to equate the results 

from several experiments, the intensity of fluorescence in 

microamperes was expressed by the use of a conversion 

factor (CF) as that amount of fluorescence representing one 

million cells: 

T„ A / number of 
.^6 ^ T? = chart X 0.01 microamperes X S X CF. 
1 0 u  c e l l s  . . . .  

divisions 

With the Farrand instrument, it was established 

that maximum excitation of free FITC (Lot #502628, BBL) in 

0.01 M phosphate buffer, pH 8.0, occurred at a wave length 

of 350 ni(j, and maximum emission of fluorescence at 510 mji. 

Quantitation of free FITC was linear in concentrations as 

low as 0.002 to 0.10 |ig ml ^ (Figure 6). When FITC is 

reacted with protein, certain physiochcinical events quench 

its fluorescence, which is optimal in dilute concentrations 



at pH 7-5 to 8.5. In Figure 4.-, it can be seen that an 

increase in hydrogen ion concentration protonates FITC and 

shifts it toward the lactone form which is non-fluorescent. 

By virtue of the strong intensity of its fluorescence, 

small concentrations of FITC-modified protein are detectable 

in cellular extracts containing large amounts of native 

protein; concentrations of FITC-protein too small to be 

detected by ultraviolet or visible spectrophotometry are 

measured. 

Excitation of TMV-FITC. was found to be greatest at 

365 mp. • Maximum excitation of TMU-FITC occurred at mp,. 

Since, in both conjugates, excitation was not perturbed 

drastically by its reaction with protein, it was decided to 

assay all solutions at the wave length of maximum excita

tion of FITC, 350 mp.. Fluorescence of the FITC-conjugated 

products, TMV-FITC and TMU-FITC, are shown in the emission 

scans of Figure 5a and 5b. The wave length of maximum 

emission for both TMV-FITC and TMU-FITC is 515 niji. This is 

a perturbation of 5 m|-l from the maximum wave length of 

emission of free FITC, which is 510 mji. It was decided 

that, with an excitation energy of 350 mjj, wave length, all 

emission scan charts would be measured at 515 m|l • Neither 

the unmodified virus nor its unmodified subunit fluoresced 

conspicuously at the wave length of maximum fluorescence of 

the FITC-conjugated products. In Figures 5a and 5^, it can 

be seen from the emission scans that the unmodified TMV and 
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TMU account for very little of the emission recorded at 

515 ni|j,, especially when the relative concentrations are 

cons idered. 

The next question to be resolved was concerned with 

the autofluorescence of extracts of alveolar macrophages. 

Untreated cells, suspended in 0.01 M phosphate buffer, were 

disrupted by freeze-thaw in dry ice and acetone, after 

which the clear cellular extract was obtained by centrifuga-

tion at I.3OOO rpm for 30 minutes in a Sorvall centrifuge. 

The fluorescence of these cell extracts showed peaks at 

390 mp, and 420 mjj, (Figure 5c, curve l). For practical 

purposes, thei'e was little cellular autofluorescence at the 

515 ,n(J. wave length and no peak to mask the presence of 

FITC-conjugated protein in the extracts. In tests with 

extracts representing various numbers of cells (1500 to 

3,000,000 cells ml "^) , it was established that the 515 m}JL 

autofluorescence of extracts representing less than one 

million cells per ml fell below the sensitivity of the 

microfluoromet er. 

There was uncertainty about the adherence of FITC, 

TMV-FITC, and TMU-FITC to the cells and the possibility 

that this would mask their uptake by the cells. In order 

to test for non-specific adherence to the macrophage cell 

membrane, a quantity of FITC, TMV-FITC, and TMU-FITC far 

exceeding amounts to be used in actual experiments was 

added to fresh macrophages (90% vitality index) at 5a C for 
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20 minutes, after which the cells were washed in a large 

volume of BSS. The following results were obtained on the 

emission scans of extracts from adherence test cells: 

1. Adherence of free FXTC or TMU-FITC to 3 x 10^ cells 

elevated 515 m[J. fluorescence very little above that 

of untreated extract from an equal number of cells 

(Figure 5c, curve 2). 

2. Adherence of TMV-FXTC to 3 x 10^ cells increased 

fluorescence by 0.01 microamperes (Figure 5c, curve 

3). For this reason, measurement of fluorescence 

in extracts of test cells exposed to TMV-FITC began 

no sooner than 20 to 30 minutes after zero exposure 

time to assure the recording of intracellular 

concentration of TMV-FITC above that of the initial 

adherence value. In the course of preparing the 

cellular extracts, it was discovered that lipopro

tein cell membranes spin out in the pellet. Under 

these circumstances, adherence problems were 

minimized by careful preparation of cellular 

extracts. 

Analysis of fluorometric emission scans of cellular 

extracts containing FITC-conjugated virus protein began 

with the sketching of a line between the 'l75 mjj, and the 

550 inji emission points, approximating a scan of untreated 

cellular extract (Figure 5d). That portion of the 515 "Hi 



emission which extends above the sketched line is the 

fluorometric expression of TMV-FITC or TMU-FITC presence. 

Its numerical value was recorded as number' of chart divi

sions for conversion into IF, p,Amperes . Adherence tests 

with free FITC were duplicated with 1.5 x 10^ cells, 90% of 

which were non-vital cells. FITC was added to the free 

cells for- 5 minutes at 37° C; the 515 ni[j, emission rose 

about 0.03 ^Amperes above autofluorescence of the untreated 

cellular extract (Figure 5d). FITC entry into cells is a 

sensitive measure of cell death. Although detectable level 

of free FITC were not present in the experimental medium, 

it was decided that cell vitality should be assessed at 

each interval of fluorometric assay in an experiment 

(Figure 2) . 

In the development of this assay for TMV-FITC and 

TMU-FITC in cellular extracts, it was necessary to prove 

that: (l) TMV-FITC and TMU-FITC fluoresce in a linear 

manner with respect to concentration and (2) that linearity 

persists when the FITC-derivatives are present in a 

cellular extract. For this purpose, the standards illus

trated in Figure 6 were prepared and plotted as intensity 

of fluorescence (IF) vs. concentration of FITC in its free 

form, in combination with TMV, and in combination with TMU. 

FITC, TMV-FITC, and TMU-FITC were suspended in 0.01 M 

phosphate buffer, pH 8.0 for dilution and assay; TMV-FITC 

and TMU-FITC were also assayed in extracts of alveolar 
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Figure 6. Fluorometric assays. 



macrophages. In Figure 6a, it can be seen that covalent 

binding of FITC to the viral protein quenched about S0% of 

its fluorescence at 0.05 Jig FITC per ml of buffer. The 

presence of cellular extract further diminished FITC 

fluorescence about 3 "to 5% • Hence, TMU-FITC and TMV-FITC 

in cellular extracts emit approximately 15 to 17% of the 

fluorescence observed from 0.05 |ig FITC in buffer. 

Although the amount of fluorescence per unit concentration 

of FITC was greatly reduced, the relationship between 

concentration of FITC and its fluorescence remained linear. 

There are three variables in the fluoroinetric assay 

of TMV-FITC and TMU-FITC in cellular extract which must be 

considered; they are: (l) variability of the FITC/protein 

molar ratio, (2) variability of the cell extract, and (3) 

variability of the FITC conjugate: subunit or virus. In 

order to test the reliability of this assay in recording a 

constant and linear fluorescence of FITC irrespective of 

the protein present, three conjugates with FITC/TMV molar 

ratios of 0.93, 0.6l, and 0.33 and a single TMU-FITC 

conjugate with a molar ratio of 0.75 were prepared. In 

addition, extracts of macrophages from three rabbits 

(extracts A, B, C) were prepared. Aliquots of the various 

conjugates were added to dilutions of the cellular extract 

65 4 
(representing 10 , 10 , or 10 macrophages per ml) and 

their fluorescence assayed. First, varying concentrations 

of TMU-FITC (0.75) were added to three dilutions of 
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cellular extract B for assay. In Figure 6b, the fluores

cence of TMU-FITC in the three concentrations of macrophage 

extracts is shorn. The greatest variation in the intensity 

of fluorescence at any single concentration of TMU-FITC was 

0.0003 microamperes. The assay was repeated with TMV-FITC 

6 ^ 
(molar ratio FITC/TMV - 0.93) in cell extract A (10 , 10 , 

4 -1 \ 
10 cells ml ). At several concentrations of TMV-FITC, 

the fluorescent intensity varied as much as 0.0045 micro

amperes between the three dilutions of extract A. This 

variation did not correlate with the number of cells 

represented in the extracts. It was thought that the 

variation was due to problems involved in the measure and 

transfer of small quantities of virus ( 0.005 to 0.05 ml) 

to one ml of cell extract. Therefore, the mean of the 

three readings at each concentration was plotted and was 

shown to yield a linear relationship within concentrations 

of FITC, 0.01 to 0.10 |j,g ml (Figure 6b). In order to 

test whether or not the variation in fluorescence of TMV-

FITC was an error in measurement, another TMV-FITC 

conjugate (moles FITC/TMV = 0.6l) was assayed in cell 

4 -1 
extract C, 10 cells ml . Since the assay was carried out 

at a single concentration of cells, nearly 40 ml of cell 

extract was available for accurate dilution of the virus. 

Results of this assay of TMV-FITC (0.6l) in cell extract 

C yielded a linear plot that was the most regressive of 

those observed (Figure 6b). This work has shown that the 



number of macrophages from which cellular extracts are made 

had no effect on the intensity of fluorescence of either 

k 6 
TMV-FITC or TMU-FITC within the range of 10 to 10 cells 

per ml. It has also been demonstrated that the intensity 

of fluorescence in the narrow linear corridor shown in 

Figure 6b expresses FITC concentration, whether it is in 

the form of TMV-FITC or TMU-FITC. 

Random combination of two TMV-FITC conjugates and 

two cellular extracts were made to confirm the observation 

that neither the molar ratio nor a difference in cellular 

extract influenced the intensity of FITC fluorescence. 

Four dilutions of TMV-FITC (0.6l) in cell extract B (10^ 

cells ml. ) and two dilutions of TMV-FITC (0.33) in cell 

5 — 1 extract A (10 cells ml ' ) were assayed. The intensity of 

fluorescence in these latter assays was comparable to TMV-

FITC fluorescence previously recorded (Figure 6b). There

fore, the fluorescent intensity of FITC conjugated to TMV 

or TMU is: (l) independent of the FITC/protein molar ratio 

within the range of 0.33 to 0.93, (2) linear at concentra

tions 0.01 to 0.10 p,g FITC per ml of cell extract, (3) 

k 
independent of the cellular extract concentration from 10 

to 10^ cells per ml, and (4) independent of the rabbit 

from which the cells were originally harvested. 

Having accounted, then, for the effect of variation 

in FITC-conjugates, along with the effect of cellular 

extracts, it is concluded that this method of assay is 



reliable for the quantitation of intracellular TMV-FITC 

and TMU-FITC within the limits imposed here. 



RESULTS AND DISCUSSION 

Con,ju.g;ation of Tobacco Mosaic Virus and its Protein 
Subunit with Fluorescein Isothiocyanate 

A summary of six conjugation procedures is present 

in Table 1. FITC/Subunit molar ratios of Conjugations #1 

and #2 indicate that a suboptiinal coupling of FITC to the 

subunit occurred in both the viral and protein form. This 

was due in part to the high ionic content of the salt 

solution (BSS) in the reaction mixture. Divalent cations 

combining with either TMV or TMU decrease the forces 

preventing either an aggregation of virus particles or a 

non-specific association of subunits (Caspar 1963)* FITC/ 

TMV molar ratios below 1.0 reflect the degree of viral 

aggregation in the original TMV suspension; FITC/TMU molar 

ratios below 1.0 reflect the degree of non-specific 

association of TMU in the original suspension. Such non

specific protein-protein interaction reduces the number of 

lysine residues free to react with FITC. 

Subsequent conjugations of TMV and TMU with FITC 

(Table 1, #3 and #k) were made in the low ionic environ

ment of 0.01 M phosphate buffer. It should be noted that 

the FITC/Subunit molar ratio for both the villus and the 

protein conjugates was 0.86, approaching the value of 1.0 

for maximum FITC binding of one lysine residue. A third 



Table 1. Summary of Conjugation Procedures for TMV-FITC and TMU-FITC 

Reaction 
Mixture 

Time: 
hours 

FITC: mg 
per mg 

TMV, TMU 

S eparation 
Procedure, 

Yield 

moles 
FITC 

Subunit 
Anti

genicity 

1 TMV, BSS 48 0.0067 Dialysis: 
88% 

0.63 

2 TMU, BSS 24 0.0033 Dialysis: 
good 

0.48 1 band** 

3 TMV, O.OIM 
PO^ buffer 

48 0.001 Dialysis: 
75% 

0.86 2 arcs* 
25° C 

4 TMU, 0.01 M 
PO^ buffer 

60 0.05 Sephadex G25 
pH 7-5, 75% 

0.86 — 

5 TMV, O.OIM 
PO^ buffer 

48 0.001 Sephadex G50 
pH 7.5 low 
pH 6.0 13% 

0.72*** 1 arc* 
5° C 

6 TMU, O.OIM 
PO^ buffer 
pH 11 
pH 9.5 

1 
24 

0.1 
Sephadex G50 
pH 7.5 75% 
105 x 103 g. 
1 hour, 64% 

1.88 

1.86 

1 arc* 
5° C 
no arcs: 
5° or 25° 

*Rabbit anti-TMV serum: Ouchterloney tests 

**Tube precipitin tests 

r a t i o  =  1 - l 8 .  
2o0 mp. 



conjugation of TMV and FITC (Table ]•, #5) yielded a 

product with a FITC/Subunit molar ratio of 0.72. The 

conjugate had a 260 inu/ 280 mu optical density ratio of 

l.l8; the ratio for native TMV was 1.20. 

From the foregoing results, the following infer

ences were made: (l) a single lysine residue is free to 

bind FITC for each protein subunit present, be it 

associated into a virus particle or free in monomer form; 

(2) the interaction of protein subunits forming the viral 

polymer does not involve the free lysine side-group; and 

(3) the second lysine residue is buried in the subunit 

tertiary structure. If secondary bonding in TMU is dis-

rupted, the conjugation procedure should result in a 

FITC/TMU ratio greater than 1.0; it should approach a 

maximum of 2.0 for FITC covalently bound to two lysine 

residues. TMU was denatured for an hour by elevation to 

pH 11 to 11.5 after which the usual procedure was followed. 

The molar ratio of this sixth conjugation was 1.86, some

what more than twice that of the native subunit and 

approaching the maximum of 2.0 A\rhich was anticipated. 

Fraenkel-Conrat (1965) reported that both lysine residues 

in native TMU react with the small compounds, nitrous acid 

and acetic anhydride, and that only one residue reacts 

with the larger compound, dinitrofluorobenzene. In this 

study, 0.86 moles of FITC reacted per mole of TMU. Either 

the second epsilon-amino group is buried in such a way 



that only smaller compounds can penetrate the molecule, 

or, non-polar elements of the side group are bound within 

the molecule in a manner which exposes only the amino group 

to the solvent, thus reducing by steric hindrance its 

reactivity with larger molecules. 

Ultracentrifugal analysis of a TMU-FITC conjugate 

(Table 1, #4) was undertaken in order to determine the 

extent of reaggregation of subunits before uptake experi

ments began. Schlieren patterns of the run are shown in 

Figure 7« Within the first sixteen minute interval, a 

small fast second boundary moved toward the bottom of the 

cell. The sedimentation constant for the small fast 

W n boundary was S = 9«o6; the sedimentation constant for the 

w ~• T 
major protein component was S = 3«23 at 5 mg nil . The 

smallest meta-stable TMU aggregate has a reported sedimenta-

w — X 
tion constant of = 3-5 at 1 rag ml concentration; it 

is considered to be a trimer (Ansevin and Lauffer 1959)• 

Accordingly, the major protein component in the TMU-FITC 

conjugate was considered to be a group of meta-stable 

states, a trimer being the dominant form. A succinylated 

TMU was prepared by Frist et al. (1965)* The product 

(TMU-S) had a decreased tendency to reassociate into rods, 

probably the result of increased negative charges at the 

succinyl moiety of the lysine residue, or the result of a 

steric hindrance imposed by a larger side group. FITC 

conjugation with TMU created identical restrictions at the 
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Figure 7. Photographs of Schlieren optics recording boundaries from a solution of 
TMU-FITC, 5 mg ml-1 in 0.01 M phosphate buffer, pH 7.5 — Run in a 
Beckman Model E analytical ultracentrifuge, bar angle 60*, 27°C, 
56OOO rpm, artificial boundeiry centerpiece. 
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lysine residue, which may account for some limited re-

aggregation properties of TMU-FITC. Whatever the cause, 

any capacity of TMU-FITC for remaining dissociated in 

buffer offers a small advantage for the use of FITC-

conjugated reagent in uptake experiments. 

An effort to determine the effect of FITC con

jugation on the antigenicity of tobacco mosaic virus 

revealed that TMV-FITC retains the capacity to react with 

rabbit anti-TMV serum. Agar diffusion plates of a TMV-FITC 

conjugate (Table 1, #3) showed two arcs, a weak one 

identical in position to the arc of native TMV and a strong 

arc in a position denoting a diffusion mobility greater 

than that of the TMV control. Hence, the TMV-FITC con

jugate was composed of a low concentration of whole virus 

in the presence of the more mobile major component. There 

is little likelihood that the presence of FITC increased 

the diffusion mobility of virus particles. It is even 

less likely that the conjugation procedure dissocicited the 

virus rod into subunits which then reaggregated into rods 

of a smaller size and, thus, a greater mobility. A 260m(j./ 

280mjj, optical density ratio of l.l8 eliminates this 

possibility. Immuno-diffusion tests with TMV-FITC con

jugate #5 (Table l) yielded a single arc having the 

increased mobility of the major component. It is possible 

that the conjugation procedure brought about the dis

sociation of a limited number of subunits from the virus, 



or broke the virus rod itself into smaller pieces. Never

theless, chemical modification of a single lysine residue 

per subunit failed to d estroy antigenic specificity of the 

virus. Since none of the experiments .involving specific 

antibody were carried out with TMU-FITC, its antigenicity 

was not investigated. Agar diffusion tests of the TMU-F1TC 

conjugate which had been denatured in order to rcact both 

lysine side-groups with FITC (Table 1, # 6 ) showed a 

faint precipitin arc at a subunit concentration of 1 mg 

ml ^. Subsequent centrifugation designed to remove all 

virus particles removed the conjugate's capacity to bind 

with antiserum as well, at concentrations of 1 mg ml ^ and 

5 mg ml , at either 5°C or 25°C. It was concluded, there

fore, that renaturation of this doubly-substituted subunit 

resulted in a stable TMU-FITC molecular conformation which 

retained none of the native antigenic specificity. 

Intracellular Concentration of TMV-FITC and 
TMU-FITC by Alveolar Macrophages 

The data to be presented here were gathered from 

experiments in which the uptake of either TMV-FITC or 

TMU-FITC by alveolar macrophages was monitored quanti

tatively. The intensity of fluorescence of the cellular 

extracts is an expression of TMV-FITC or TMU-FITC presence 

within the cells; it is expressed as microamperes of 

fluorescent intensity per million cells at various 

intervals of incubation. Several experiments of this study 



tested the precision of this procedure. Cells of Popula

tion 40 were incubated with TMV-FITC for 90 minutes, after 

which four samples of equal size were removed and treated 

in the manner previously outlined. Results of the four 

fluorometric assays in IF, microamperes, were 0.0127, 

0.0121, 0.0112, and 0.0130 with a mean value of 0.01225* 

T-tests were carried out in order to test each assay for 

identity with the mean of the lot; all failed to meet the 

90% level of significant diffei-ence. Hence, the four-

assays are statistically identical. Another TMV-FITC assay 

was duplicated at the 120 minute interval of incubation; 

the assays yielded IF, jiAmp/l0^ cells, values of 0.0047 and 

0.00'±2. Duplicate samples were taken at 120 minutes of 

incubation in two TMU-FITC uptake experiments; the results 

were IF, jxAmp/10^ cells = 0.0175, 0.0175 from one experi

ment and IF - 0.020, 0.0l8 from the other. With the 

knowledge that the assays are reproducible, the results of 

experiments involving the uptake of TMV-FITC or TMU-FITC 

by alveolar macrophages may be examined. 

Organization of the data presented in Table 2 

permits a comparison of the concentration of FITC-protein 

in the medium at the beginning of the experiment with the 

intracellular concentration after 90 to 120 minutes of 

incubation. The columns under "MEDIUM" describe each 

experiment at 0 time with respect to the concentration of 

TMV-FITC in the medium (TMV and FITC, jig ml ) , as well as 
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Table 2. The Percentage of Cellular Uptake of TMV-FITC and 
TMU-FITC 

Medium, 0 Time Cells at T 
ml 106 

Popn. T cells FITC TMV FITC TMV 
# min. x 10° |J.g p-g H-g % TMV 

l4 120 0-53 25 O.O36 2.09 0.08 

13 120 0.91 17 980 0.028 1.63 0.15 

21 105 0.30 11 631 0.030 1.74 0.28 

17 120 O.38 12 693 0.108 

CO <M •
 0.35 

39 120 1.7 6 425 0.023 1 .78 

O
 

•
 

0
 

4o 90 0.75 6 425 0.076 5.89 1.00 

35 120 2.7 5 314 0.032 2 .20 1 .90 

38 90 2.3 6 425 0.055 4.26 2.30 

TMU TMU 

_U& M-S % TMU 

39 120 1.2 6 401 0.088 5-57 1 .70 

10 90 5-0 4 266 0.078 5.78 2 .20 

38 120 1.5 6 4oi 0.099 6 .27 2 . 40 



the number of cells per ml of medium. In the columns under 

"CELLS at T, 11 the amount of intracellular FITC per million 

cells was determined with the use of a standard curve, a 

regression curve from Figure 6b. Intracellular TMV per 

million cells was obtained from FITC/TMV weight ratios of 

the conjugates and, then, the percentage of TMV which was 

transported from medium to cell was calculated for the time 

(T) of maximum uptake within the two hours of incubation. 

Analysis of experiments with TMU-FITC was handled in the 

same manner. Inspection of the percentage of TMV trans

ported into the cells after 90 to 120 minutes of incubation 

revealed that the relative uptake of TMV was inversely 

proportional to the concentration of TMV in the medium, 

irrespective of the number of cells present in these 

experiments. Thus, the proportion of virus transported 

into the cells was not limited by the availability of virus 

to the cells. 

The absolute and maximum intracellular TMV (TMV, 

(O.g/10^ cells in Table 2) is independent of either the 

number of cells or the micrograms of TMV-FITC present in 

the medium. Vai-iation in the uptake of TMV-FITC among 

macrophage populations is not an expression of the nature 

of tobacco mosaic virus or the experimental milieu; 

instead, it is an expression of the nature of the cells 

themselves. Among macrophage populations, there is 

considerable divergence in the proportions of cells 



characteristic of several phases of macrophage maturation 

and activation. Such variation among populations used in 

this study accounts for the disparate intracellular con

centrations of virus observed. 

In two experiments, antibody specific for the virus 

was added to the test media. Although the maximum amount 

of TMV observed in the presence of antibody was not 

increased above that observed in its absence, the time at 

which maximum intracellular TMV occurred was considerably 

earlier in the incubation in the presence of specific anti

body (90 minutes earlier in Population l4 and 75 minutes 

earlier* in Population 17, Table 3)« In one of two experi

ments run with cells harvested from an animal immunized 

with the virus , there was as much as 9 JJ-g of TMV per 10^ 

cells at the end of 45 minutes of incubation. This was the 

largest amount of intracellular TMV observed in the study 

and this was the only experiment in which immune cells had 

been harvested long after* detectable antibody had dis

appeared from the animal's serum. On the whole, there was 

no evidence in the four latter experiments that the presence 

of specific antibody in the medium increased the quantity 

of virus taken up by macrophage populations at any time 

within the first two hours of incubation. Instead, anti

body accelerated uptake of an equivalent amount of virus 

by macrophages. 
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Table 3« Fluorometric Assay of Extracts from Macrophages 
Exposed to TMV-FITC and TMU-FITC 

-3 -3 Sample IF, uAmp x 10 Sample IF, uAmp x 10 
mill. (.10" cells) "1 min. (10" cells)"! 

POPN 13, TMV-FITC POPN 35. TMV-FITC 

20 0.68 30 3.38 
45 0.66 60 3-57 
75 2.24 90 4.51 

100 6.12 120 6.77 

POPN 38, TMV-FITC POPN 38. TMU-FITC 

30 1 .00 30 7-90 
6o 6.60 60 8.30 
90 10.80 90 6.80 

120 35.50 120 18.00 

POPN 39 1 TMV-FITC POPN 39, TMU-FITC 

30 2.21 30 10 .00 
6o 3.33 60 16 .25 
90 4.11 90 16.88 

120 4.71 120 17.50 

POPN 40, TMV-FITC POPN 10. TMU-FITC 

90 16 . 30 90 16 . 20 

POPN 14, TMV-FITC POPN l4 , TMV-FITC + ab 

30 1 .51 30 6.05 
6o 4.03 60 3.91 
90 6.43 90 6.80 

120 " 7.67 120 3.46 

POPN 17, TMV-FITC POPN 17 . TMV-FITC + ab 

20 10.00 20 8.68 
45 13.16 45 14.21 
75 14.73 75 14.4 7 

120 21.93 120 10.88 

POPN 21. TMV-FITC + ab POPN 22. TMV-FITC 

90 5.44 ^5 26 .61 
105 6.44 75 13.36 
150 5.71 105 22.50 
165 6.20 135 18.75 

(immune cells) (immune cells) 
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The data from ten studies of progressive uptake of 

TMV-FITC and two studies of progressive uptake of TMU-FITC 

by macrophages are given in Table 3 and presented graph

ically in Figure 8. The term "primai~y exposure" indicates 

that the macrophages have had no previous experience with 

the virus or with its specific antibody, whereas the term 

"secondary exposure" indicates that the macrophages have 

been exposed previously to the virus or its specific anti

body. In discussing the information found in Table 3 and 

Figure 8, the pattern of cellular uptake of the FITC-

conjugates by the macrophages with respect to time is of 

interest. Progressive cellular uptake of TMU-FITC is shown 

for two experiments in Figure 8a; discrepancy between the 

patterns observed for Populations 38 and 39 precludes 

analysis. However, a consistent pattern of uptake of 

TMV-FITC by macrophage populations emerged (Figure 8b). 

On primary exposure, a progressive increase in TMV intra

cellular concentration was observed. Moreover, for some 

period in each experiment, a linear relationship existed 

between intracellular virus concentration and time of 

exposure to the cells. At a glance, a dissimilar pattern 

of macrophage uptake of TMV is apparent in the secondary 

exposure situation (Figure 8c). In contrast to the 

predictable pattern which emerged from primary exposure, 

the uptake of TMV-FITC under secondary conditions was 

erratic, being distinguished by somewhat higher 
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concentrations within the first hour with either constant 

or reduced concentrations thereafter. On the basis of the 

disparate patterns of uptake of virus on primary and 

secondary exposure to macrophages; it was concluded that 

immune experience, be it in the form of specific antibody 

or cells harvested from immunized rabbits, alters the 

manner in which a macrophage population handles the 

colloidal iramunogen, tobacco mosaic virus. 

Statistical Analysis of the Biological 
Variation Among Macrophage 

Populations 

Statistical analyses generated the following para

meters descriptive of a cell population: 

1. Mean cell volume (MCV) 

2. Standard deviation of the mean (SD) 

3. Cell volume range (CVR) 

4. Skewness (S, S/n) 

5. Kurtosis (K, K/n) 

They are presented in Table k for the thirty-five random 

samples of rabbit alveolar macrophages compiled from a large 

parent colony of rabbits. In order to proceed with the 

handling of these data, it was necessary to establish 

whether each parameter from the thirty-five samples would 

fall into an ordered class frequency distribution. The 

parameters were organized into frequency distributions of 

eight to ten class intervals. Such distributions of MCV, 
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Table 4. Statistics Descriptive of Macrophage Volume 
Distribution Plots 

Mean Cell 
Cell Standard Volume Skewness Kurtosis 

Rabbit Volume Deviation Range X 10~2 x 10 -2 

Numb er n3 V? S S/n -K -K/11 

1 1566 440 1792 15 1.1 85 6 .1 
2 1827 562 2304 12 0.7 82 4.6 
3 1302 419 1742 13 1.0 79 5-3 
4 2017 658 2546 3 0.1 103 5.4 
5 1305 40 6 1742 l4 1.1 74 5-7 
6 1138 370 1608 6 0.5 68 5.7 
7 1609 518 2144 18 1.1 79 5.0 
8 1535 463 1800 10 0.7 94 6.2 
9 1782 582 2400 4 0.4 81 8.1 

10 E 1625 495 1920 17 1.4 95 7.9 
11 E 1450 492 1920 23 1-9 90 7.5 
12 1578 448 1760 7 0.7 94 8.6 
13 E 1452 383 1600 23 2.3 76 7.6 
14 E 1343 361 1760 25 2.3 47 4.3 
15 E 1307 362 1600 22 2.2 65 6.5 
16 E 1406 438 1920 37 3.1 56 4.7 
17 E 1163 295 .1280 l4 1.7 73 9.1 
18 E 1516 432 1760 26 2.4 81 7.3 
19 1880 605 2400 8 0.6 90 6.0 
20 1471 520 2240 62 4.6 35 2.5 
21 E 1685 501 20 80 19 l. 4 77 5-9 
22 E l4oi 3;*9 1500 37 2-5 59 3.9 
23 1373 439 1710 36 2.0 83 4.6 
24 1292 452 1710 31 1.7 97 5.4 
25 1485 426 1710 29 1.6 81 4.5 
26 1810 637 2470 21 1.6 93 7.1 
27 1324 430 1900 35 4.0 54 5.4 
28 1410 457 2090 35 3-2 40 3.4 
29 1112 268 n4o 36 3-0 62 5.2 
30 1239 272 n4o 19 1.6 74 6.2 
31 1233 380 1560 33 2.5 73 5.6 
32 1168 319 i44o 37 3-0 51 4.2 
33 1259 396 1680 44 3-2 58 4.2 
3 4 1505 495 2000 45 2.2 69 3-5 
35 E 1391 467 2000 52 2.6 47 2.3 

E: Animals used in uptake experiments with TMV-
FITC or TMU-FITC. 
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CVR, S/n, and K/n fell into the ordered patterns which are 

depicted in Figure 9» With this evidence thcit the 

parameters are related to one another in a coherent 

frequency distribution, ostensibly representative of the 

parent colony, it is now possible to consider the samples 

indiv.idu.illy in relation to a normal distribution curve. 

MCV, SD, and CVR of Alveolar Macrophage 
Populations 

The mean values of MCV, SD, and CVR were calculated 

for use in establishing criteria of a representative rabbit 

alveolar macrophage population: 

Parameter 

Mean cell 
Volumes (MCV) 

Standard 
Deviations (SD) 

Cell Volume 
Ranges (CVR) 

Mean 
of the 

151'i \i-

^79 \i-

1951 li

st andard 
Parameter Deviation 

220 \i' 

97 11-

Mean +_ One 
Standard 
Deviation 

1294 - 173'i ji-

372 - 566 |T 

346 |i3 1605 - 2297 p-3 

The intervals of mean _+ one standard deviation by defini

tion encompass 68% of the thirty-five samples. With a 

limited number of samples tested, the probability of a 

population's being rcpresentative is greatly reduced if its 

values for MCV, SD, and CVR fall outside of these intervals. 

For eight populations, all MCV, SD, and CVR values fell 



66 

MEAN CELL VOLUME SKEWNESS 

10 

5 

0 
5 3 4 0 2 

10 

5 

0 
u 11 13 15 17 19 21 
LU 

O MCV , u 3 x 102  S/n x 10"2  

LU 
OC 

STANDARD DEVIATION KURTOSIS CELL VOLUME RANGE 

10 

5 

0 
8 10 1 6 2 4 25 35 45 55 65 

SD, ( j 3  x 10 -K/nxl0"2  CVR, j j 3  x 102  

Fijrure 9 • Fioquoticy distributions of parameters descrip

tive of macrophage eel J v olume plots. 



outside of the intervals: Numbers 4, 9, 17, 19, 26, 29, 30 

and 32 in Table 4. 

Analysis of Kurtosis by Comparison with 
Normal Curve 

Kurtosis of macrophage distribution curves was 

compared to the kurtosis of a normal curve (K = 0) by 

calculation of the t_-va.l.ues of significant difference 

(K - 0) . Division of the kurtosis value by its 
cell plot 

standard deviation provides a _t-value for the difference 

between the plot kurtosis and kurtosis of the normal curve 

(see Appendix 13). Carried out at an infinite degree of 

freedom, the significance of the t-values was determined 

from the t_ tables at five levels of significant difference 

0%, 95%, 97%, 99%, and 99»9%» The thirty-five K values in 

Table 4 were grouped into the five significance levels. 

Kurtosis of 69% of the macrophage populations tested was 

different than that of the normal curve at a significance 

level of 99•9% and 83% of the populations were signifi

cantly different at a level of 99*0%. The statistical 

inference is that representative alveolar macrophage 

populations form a distribution curve having large numbers 

of moderate-sized cells filling the flanks of the curve, 

and that this rather flat-topped curve is significantly 

different than the normal curve at a level of 99% or 

greater. Populations in Table 4 which fail to meet this 

criterion are Numbers l4, 16, 17, 20, 27, and 28. 
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Analysis of Slcewness by Comparison with 
Normal Curve 

By application of the j^-test as previously described 

(see Appendix 13), the thirty-five skewness values in Table 

k, were compared with that of the normal curve (S = 0). 

The t^-tests of samples wore distributed into five signifi

cance levels. Combining the results for statistical 

inference, it was seen that the symmetry of k0n/o of the 

macrophage cell volume distribution curves was not 

significantly different than the perfect symmetry of a 

normal curve, whereas G0% were distributed into asymmetrical 

curves skewed to the right. The degree of this skewness 

was such that G0% of the macrophage distributions were 

different than the normal curve at a significance level of 

95°/» or greater. Is this almost equal division between 

symmetric and asymmetric populations of macrophages a 

random occurrence, or is it related to some other charac

teristic of macrophage populations? The relationship 

between symmetry of the distribution curve and age of the 

rabbit from which the cells were harvested was examined. 

Distribution curves of populations from old rabbits (> four 

months) were found to be 7i-% symmetrical to 29% asymmetri

cal. In rabbits sacrificed within several weeks of wean

ing, the proportion was 70% asymmetrical to 30% symmetrical. 

Each population harvested from hyperimmune rabbits, which 

were classified as "older" rabbits, was distributed into an 



asymmetrical curve. On the basis of this evidence, the 

following statistical inferences were drawn: (l) rabbit 

alveolar macrophage populations harvested from rabbits 

within several weeks after their weaning are distributed in 

asymmetrical frequency curves, (2) rabbit alveolar macro

phage populations from rabbits sacrificed later than 

several weeks after weaning are distributed in symmetrical 

frequency curves. Populations with frequency curves not 

commensurate with the age of the animal are Numbers 9, 10, 

17, 20 through 28, and 30 thx-ough 33 listed in Table 4. 

Classification of Macrophage Populations as 
ReprcsRntative 

In the foregoing discussion, variation inherent in 

the mean cell volumes and in the cell volume distributions 

of thirty-five alveolar macrophage populations has been 

reduced to numerical terms from which three statistical 

inferences were made. Thereafter, statistical inferences 

regarding plot parameters were used as criteria by which 

the parameters of individual distribution curves could be 

evaluated. The criteria were: 

1. MCV, SD, and CVR within the range of mean _+ one 

standard deviation. 

2. Kurtosis significantly different than that of the 

normal curve at a level of 99% or greater. 



3. Distribution curves of cells harvested from 

rabbits more than two weeks after weaning time are 

statistically symmetrical. Curves of cells from 

rabbits harvested within two weeks of weaning are 

asymmetrical and significantly different than the 

skewness of a normal curve at a level of 95% or 

greater. 

An arbitrary decision was made to the effect that popula

tions failing to meet at least two of the three criteria 

laid down by statistical inference are not repres entative 

populations. Populations which fail to meet two of the 

criteria are Numbers 9, 17, 20, 26, 27, 28, 30, 32 

(eight samples or 2"}% of the thirty-five samples analyzed 

in this work). This is a rather large proportion of 

aberrant populations; it is the result of selecting 

criteria narrow in their limits, especially in the case of 

skewness which was less well defined than the other 

parameters. As the number of populations analyzed is 

increased, definition of the repres entative population 

improves and, with it, the reliability of interpretation 

of experimental data. 
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Response of Macrophage Populations to 
Uptake of TMV-FITC and TMU-FITC 

Clumping and Cellular Adherence to Glass 

The primary response of a macrophage population 

exposed to immunogen is cellular clumping. In many experi

ments with spinner flasks, clumps of cells became macroscop-

ically visible within two hours of exposure to immunogen, 

whereas control cells retained the appearance of a cellular 

suspension. During the progression of an experiment 

carried out in glass tubes, increasing numbers of both 

control cells and cells exposed to immunogen adhered to the 

sides of the tubes. In the initial stages of cellular 

adherence, before macroscopic clumps became evident, it was 

possible to distinguish control macrophages from macro

phages exposed to an immunogen by their distinctive patterns 

of adherence to the glass tube. Control cells adhered 

singly or in small clumps of several cells forming a 

monolayer of cells on the glass (Figure 10a); cells exposed 

to immunogen adhered to the glass in clumps of many cells 

creating a three-dimensional effect on the glass (Figure 

10b). Further incubation obviated distinct patterns of 

cellular adherence as increasing numbers of cells adhered 

to the glass. The clump adherence pattern was observed in 

tests with five immunogens (bovine serum albumin, TMU, 

TMU-FITC, TMV, and TMV-FITC); it was detectable early in 

the second hour of incubation. 



a. Control cells b. Cells in the presence of TMU-FITC 

Figure 10. Photomicrographs of patterns vrhich formed as macrophages adhered to 
the sides of glass tubes — (Phase microscopy, 40X) 



On addition to the test medium of gamma globulin 

containing virus-specific antibody, macrophages in the 

presence of TMV-FITC behaved more in the manner of control 

cells than cells exposed to iminunogen alone. The cells 

"rounded up" and created the impression of "repelling one 

another"; there was a minimum loss of cells either by 

clumping, adherence to glass, or disintegration within the 

two hour test period. Alveolar macrophages, which were 

harvested from two rabbits pre-immunized with the virus and 

cultured with TMV-FITC, disintegrated rapidly, after which 

the remaining cells showed little reaction in the presence 

of virus. 

In summary, cultures observed in vitro with the 

light microscope displayed the following trends: 

1. Macrophages cultured in the absence of iinmunogen 

formed no large clumps and adhered to the glass in 

a monolayer of single cells and groups of several 

cells. 

2. Macrophages cultured with five immunogens clumped 

and adhered to the glass in large discrete clusters 

of cells. Addition of antibody specific for TMV 

decreased perceptibly the degree of cellular 

clumping. 

3. Many macrophages from rabbits immunized with TMV 

broke up when cultured with TMV-FITC. The 



remaining intact cells displayed little reaction 

to the presence of TMV-FITC. 

Experimentally Induaed Changes in Cell Volume 
Distributions of Macrophage Populations 

Interpretation of the data which follow is directed 

toward correlation of the foregoing description of cellular 

events observed in phase microscopy with changes recorded 

in cell volume distribution plots of alveolar macrophages 

under experimental stress. Successive changes in volume 

distribution of a macrophage population were evident in 

plot parameters previously discussed (MCV, SD, S/n, K/n) 

and in the relative number of cells (N) comprising the 

plot. Tissue culture and immunogen-indueed changes in 

macrophage populations were studied in twenty experiments. 

Seven of these were initial studies in which the influence 

of various culture techniques, buffers, plotting conditions, 

etc., were tested; they are not included in the data which 

will be presented here. Two experiments assayed uptake of 

TMU and coincident acid phosphatase solubilization; no cell 

plots were made. In the remaining eleven experiments, 

macrophages were exposed to TMU-FITC or TMV-FITC and their 

size distribution then plotted under identical technical 

conditions. Data from these experiments reveal the response 

of vital macrophage populations under the following circum

stances : 
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1. Response of a population to environmental change 

from alveolar space to tissue culture medium. 

2. Response of a population to the presence of 

immunogen. 

3» Response of a population in an immune situation 

brought about either by the presence of antibody 

specific for the immunogen, or by the use of cells 

previously exposed to the immunogen in vivo. 

Before presentation of the data, there will be an 

explanation of the relationship of plot skemess to mean 

cell volume. Skewness, which mathematically liaises 

enlargement of the cells from the first to the third power, 

provides a more reliable and sensitive index of initial 

cell enlargement than does the mean cell volume of a popu

lation. A small number of cells enlarging and moving to 

the right of the plot can be detected through changes in 

cellular distribution, or plot symmetry. Changes in plot 

symmetry must be viewed in relation to the symmetry of the 

original population at zero time. If there is an increase 

of mean cell volume without an increase in skewness, then 

cells are enlarging proportionately throughout all class 

intervals of the plot, which maintains original plot 

symmetry. Conversely, if there is a decrease in mean cell 

volume which is not accompanied by a decrease in skewness, 

or an extensive loss of cells from the suspension, then the 
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cells are decreasing in size proportionately throughout all 

class intervals of the plot. Extensive cellular clumping 

also causes a reduction in plot skc.wness if there is a 

selective removal of larger cells. Plot skemiess will 

return to that of the starting population if there is 

sufficient clumping of the enlarged cells. 

The Data Compiled from Plots of Macrophages Exposed 

to Immunogen. Experiments were conducted in a manner 

suited to the process of statistical inference in that: 

1. Control and test cells were .identical suspensions 

drawn from a single population. Accordingly, each 

experiment was run against an autologous control 

under the same circumstances of time, medium, pH, 

and temperature. 

2. The number of cells comprising each plot was large 

enough (1,500 to 25,000 cells) to assure statis

tical detection of very small differences in plot 

parameters. However, each population departed from 

a different control point because of the biological 

variation among macrophage populations and, there

fore, the sequence of changes was asynchronous from 

population to population. 

For each experiment listed in Table 5, the follow

ing data are given: (l) the duration of incubation, (2) 

the proportion of cells lost from the suspension at each 
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Table 5* Data from Volume Distribution Plots of Macro
phages Exposed to Inmiunogen 

Time 
min. 

% Cells 
Cont. 

Lost 
Test 

MCV, 
Cont. 

n3 

Test 
S/n x 
Cont. 

1 0 " 3  

Test 

Rabbit 10, TMU-FITC 

0 0 0 1642 1647 11 9* 
90 0 0 1857 1756 25* 25* 

1 5 0  45 10 2002 1977 17 17 

Rabbit 11. TMU-FITC 

0 0 0 1259 1259 1 10 
90 3 0 1391 1465* it TS 

1 5 0  5 9 1524 1592* 2Zj> 24* 

Rabbit 13. TMV-FITC 

0 0 0 1452 1452 2 3  2 3  
20 0 0 1517 1593* 22 2 2 *  
45 0 44 1579 1653* 26* 2 6 *  
75 30 55 1560 1652* 17 2 3 *  

120 4l - - 1548 1564 12 10 
150 4i 54 1390 1380 10 11 

Rabbit 15. TMU-FITC 

0 0 0 1307 1307 22 2 2  
20 0 0 1307 1358* 22 2 6  
50 8 l6 1356 1365 30 42* 
85 _ _  35 1335 1368* 36* 4l* 

130 46 65 1250 1273* 28* 2 8  

Rabbit 16. TMV-FITC 

0 0 0 1377 1377 20 20 
20 0 0 1375 i4o6*  20 31* 
6 0  0 4 1364 1415* 25 31* 
90 12 4 1353 1379* 22 22 

135 12 30 1 2 2 6  1273* 24 26 

Rabbit l8. Control 

0 0 1516 24 
30 52 1910 29* 
8 o  62 I 8 7 1  25* 

120 80 1830 1 6  
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Rabbit 35, TMV-FITC 

0 0 0 1391 1391 2 6 *  2 6 *  
10 0 0 1390 1408* 2 6 *  1 9 *  
30 0 36 1543 1548 19* 1 8 *  
6 o  6  — 1537 1 5 6 5  21* 1 6 *  

120 1 6  59 1559 1573* 18* 1 6 *  

Rabbit 22, immune cells . TMV-F1TC 

0 0 0 l 4 o i  1388 25* 1 6 *  
5 0  32 24 1515 1487 1 6  22* 
90 31 17 1490 1 5 1 5  T ¥  17* 

125 31 2 3  1 6 7 6  1 6 8 5  15* 13 

Rabbit 21. immune s cells + ab. TMV-FITC 

0  0 0 1685 1 6 8 5  14 14 
45 34 26 1671 l48l* 2 7  1 6  
75 46 27 1500 1565* 3 2 *  2(T* 

135 63 35 1607 1694* 2 6  21 

Test Test Test 
Test + ab Test + ab Test + ab 

Rabbit 14. TMV-FITC 

0  0  0  1344 1344 23 23 
10 0  16 1340 14^1* 23 20 
25 7 23 1279 1280 25 39* 
4 5  17 23 1232 1198* 42* 34 
75 50 18 1236 1242 42* 3 6 *  

100 5° 13 1159 1261* 2 8  33* 

Rabbit 1 7 .  TMV-FITC 

0  0  0  1163 1163 17 22 
20 10 7 1315 1326 3S* 37* 
4 5  17 — 1370 1377 3 6 *  35* 
75 - - 9 1380 1374 3 4 *  3 8 *  

120 13 10 1459 1295* 33* 22 

MCV: *Test and control cells significantly differ
ent at 99>9% level. 

S/n: Statistically identical with normal curve. 
""Significantly different than normal curve at 99% level. 



time interval, (3) the mean cell volumes (MCV) of control 

cells and test cells at each interval, and (4) the plot 

skewness (S/n) at each interval. The Student's t_-test for 

the difference between two sample means (MCV^, -

MCV„ , .. ) was applied in order to determine whether the 
Control 

mean cell size of the test population was significantly 

enlarged above that of the control population. Carried out 

at an infinite degree of freedom, the _t-value had to be 

> 3.291 for control and test mean cell volumes to be 

significantly different at a level of 99-9% (Probability of 

identity < 0.001). An asterisk beside the mean coll volume 

of test cells in Table 5 indicates that they differ from 

the control cells at this level. A jt-test of skewness 

provided a level of significant difference of the skewness 

of each plot from that of the normal curve. Skewness 

values which are underlined in Table 5 are statistically 

identical with the normal curve in plot symmetry. An 

asterisk beside a skewness value shows that it is different 

than the symmetry of a normal curve at a level of 99% 

(Probability of identity < O.Ol). 

Control Cells: The Response Which Results from 

Transfer of Macrophages from Alveolar Spaces to Tissue 

Culture. The data from Table 5 are depicted graphically in 

Figure 11; experiments with alveolar macrophage populations 

from Rabbits Number 11, l6, 15, 13, and 35 are illustrated. 
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Figure 11. The response of macrophages exposed to immunogen. 



General trends of macrophage response will be examined as 

well as some reactions characteristic of cach population. 

For this purpose, Figure 11a presents a composite picture 

of population response to the environmental change which 

control cells underwent, that of transfer from alveolar 

space to tissue culture medium by a process which was 

devoid of any substance foreign to the cells , except for 

the glass tube. 

In general, loss of free cells from the suspension 

(N) is preceded by an increased skewing of cells to the 

right (S) of the plot and, coincidently, an increase in 

mean cell volume (MCV in Figure 11a). This tends to reduce 

plot kurtosis as cells move away from the flanks of the 

curve. The skewness of control cultures increased to such 

a degree that their distribution curves were significantly 

different than normal skewness at a level of 99% (x in 

Figure 11a). As skewing of cells to the right of a plot 

approaches this level of difference from the normal curve, 

removal of cells from the suspension begins. Or, expressing 

it another way, sufficient enlargement of some proportion 

of cells in the population triggers a reduction in the 

number of single cells in the suspension. Integration of 

this concept with events observed microscopically shows 

that some proportion of alveolar macrophages placed in 

autologous tissue culture medium enlarges, after which 

small clumps of several cells form as the cells begin to 



adhere to the glass and to one another, thereby reducing 

the number of single cells free in the suspension. 

Following an onset of cell loss from the suspension 

(Figure 11a), population mean cell volume (MCV) tends to 

remain rather constant as some cells enlarge and others are 

lost. Further cell loss causes a decrease in plot skewness 

(S) cind in mean eel] volume as that proportion of single 

cells reacting to the stimulus decreases. Population 

skewness and mean cell volume finally return to a state 

near to or less than that of the original population. This 

observation shows that it is the larger cells which are 

initially removed from the suspension. Hence, control 

population response may be portrayed in this manner: some 

proportion of alveolar macrophages placed in autologous 

tissue culture medium enlarges, after which the enlarged 

cells are selectively removed from the suspension by 

clumping. 

Exceptions to the general pattern described here 

were seen. Cells of Population 11 responded in the manner 

of other populations but the response was slower. Before 

the test started, many cells from this naturally-occurring 

granulomatous population disintegrated in a massive loss 

of non-vital "epitheliod" cells present in the original 

suspension. Population 35 was unusual in that the dis

tribution curve was significantly skewed at the time it was 

harvested although the population met other criteria of a 



representative population. Increase in mean cell volume 

and decrease in skewness without a coincident loss of cells 

from Population 35 tells of a selective increase in the 

size of smaller cells within the first thirty minutes of 

incubation. Included in Table 5 are the results of 

control cell cultures of Population 18, which was harvested 

from a rabbit at the time it would normally have been 

weaned. Population l8 demonstrates the large loss by 

disintegration which often occurred when populations 

harvested from older or unweaned rabbits were used experi

mentally. The test cells of Population 18 were discarded. 

Test Cells: The Response Induced by the Presence of 

Immunogen. Of the seven populations exposed to either 

TMV-FITC or TMU-FITC, the five which are shown in Figure 

lib illustrate alveolar macrophage response to immunogen. 

On examination of the plot parameters in Figure lib, it can 

be seen that they were affected by the presence of immunogen 

in the following manner: 

1. Cell number (N): Conspicuous cell loss from the 

test cells occurred before there was an equal loss 

of control cells. For example, kk% of the test 

cells were lost from the suspension of Population 

13 within li5 minutes of incubation, at which time 

the' number of control cells i~emained virtually 

constant. From the suspension of Population 35 



36% of the test cells disappeared from the suspen

sion at a time when all of the control cells 

remained suspended as single cells . On the comple

tion of experiments, it was seen that the number of 

test cells which had clumped was greater than the 

number of clumped control cells. This observation 

quantitated the microscopic observation in Figure 

10. In Population 15, 65% of th e test cells 

and 46% of the control cells were clumped after 

130 minutes of incubation. Similarly, 59% of the 

cells comprising Test Population 35 clumped at a 

time when only 16% of the control cells were 

clumped. As many as 30% of the test cells and 12% 

of the control cells from Population l6 clumped — 

after 135 minutes of incubation. 

Mean cell volume (MCV): The presence of immunogen 

caused no individual group of test cells to 

increase more than 6% in mean cell volume above 

that of the control cells. This is a significant 

increase in terms of the number of cells assayed 

in the truncated portion of the plot. The mean 

cell volume of test cells was significantly larger 

than the mean cell volume of control cells for as 

long as 75 minutes of incubation in Population 13 

and up to 150 minutes in Population 15* This held 

true for Populations 11, l6, and 35 although it 
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occurred at varied intervals of incubation. In the 

experiment with Population l'l, there was no evi

dence of an increase in mean cell volume (Table 5)» 

3« Skewness (S/n): The skewing of test cells was 

greater than that of control cells at any given 

time and skewness persisted for a longei" interval. 

Further, attainment of the 99% significance level 

of skewness usually occurred in test cells earlier 

in the incubation than it did in control cells (25 

minutes earlier in Population 13, 35 minutes 

earlier in Population 15, and at least 135 minutes 

earlier in Population 16 , Table 5)» Populations l'l 

and 17 found in Table 5 adhered to the pattern of 

test cells described here. Exceptions to this 

generalization are found in granulomatous Popula

tions 10 and 11 (Table 5), which reacted slowly to 

the presence of iminunogen, and in Population 35 

which had an inherent significant skewness when 

harvested. 

Based on the foregoing observations, the inference 

is made that a certain number of cells in macrophage 

populations enlarged and then clumped, the degree and rate 

of cellular enlargement and cellular clumping increasing in 

the presence of an iminunogen. An understanding of cellular 

events in the presence of iminunogen requires only the 



recognition that they are the same as those in control 

cells except for the intensity of the response. From the 

data collected at this time, the conclusion is drawn that 

an alveolar macrophage population responds to an immunogen 

with which it has had no previous experience with an 

acceleration and heightening of the reaction induced by 

autologous protein. There is nothing novel in the response 

itself; the factor which operates in intensifying the 

response is to be found in the nature of the immunogen. 

Introduction of Immune Experience Into the Test 

Situatlon. Built on knowledge gained concerning the 

behavior of macrophage populations in vitro, immuno*-

logical experience was introduced into the test situation 

in four different ways in an effort to discover the course 

which such investigations should take. 

1. Population l4: Macrophages in tissue culture 

medium were exposed to virus-specific antibody for 

15 minutes before TMV-FITC was added. After 100 

minutes of incubation, a microscopic precipitate 

formed to which the cells adhered; the experiment 

ended at this time. 

2. Population 1?! An antigen-antibody complex no 

larger than 0.^5 micron was prepared from TMV-FITC 

and virus-specific antibody; this complex was 

exposed to macrophages in the hope of avoiding 



precipitates encountered in the previous experi

ment. Although considerable TMV-FITC was wasted in 

the preparation of an immune complex, this approach 

was satisfactory. However, some caution must be 

taken with Population 17 as its parameters met none 

of the criteria of a representative population; it 

was the smallest population assayed in this study 

(MCV = 1163 This makes it difficult to assess 

cause and effect with plausibility, but it proves 

the value of having defined the repres ontat ive 

population. 

Cells harvested from the lungs of rabbits pre-

immunized with the virus were exposed to TMV for 

the second time in the form of TMV-FITC. Macro-

pha ges harvested from immunized rabbits were 

necessarily obtained from animals older than those 

supplying cells for other experiments in this study. 

Rabbit 21 was four months old when sacrificed; a 

low antibody titre for the virus persisted in the 

serum. The vitality index of macrophages from 

Rabbit 21 was approximately 75%; there were numbers 

of dead cells which disintegrated within the first 

^5 minutes of incubation. Hence, the culture of 

cells from old rabbits causes a diffusion of the 

parameter changes; those resulting from cell 



disintegration obscure those induced by raacrophage-

virus interaction. 

k. Population 22: Cells for the final experiment were 

obtained from a nine month old rabbit which had 

been immunized with TMV. No detectable specific 

antibody remained in the serum; the cells were 99% 

vital. On the introduction of macrophages into the 

medium containing autologous serum and TMV-FITC, 

there was an immediate loss of cell vitality from a 

99% index to a 75% index. Cell death and some cell 

disintegration occurred as the cells were being 

transferred to the spinner flasks. As a result, 

control and test cell populations were not 

identical as incubation began, a fact not apparent 

in their mean cell volumes but quite evident in 

their disparate plot skewnesses (Table 5)» 

Results of the foregoing experiments are found in 

Table In an effort to compare the response of 

immunologically-inexperienced macrophages (Populations 13, 

15, 16, and 35) with the response of immunologically-

experienced macrophages (Populations l'i, 17, 21, and 22), 

the results of t^-tests for the differences between control 

and test mean cell volumes were re-exainined. Among those 

experiments involving non-immune situations, test cells 

have a mean cell volume greater than their control cells in 
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12 out of 17 time interval readings (Table 5)» Conversely, 

of the 15 _t-tests made at intervals in the immune experi

ments, only 4 showed a significant increase in mean cell 

volume above control cells or cells exposed to immunogen 

alone. Thus, looking at the over-all results at the level 

of significant increase in mean cell volume, it was 

evident that macrophage populations enlarge 011 primary 

exposure to immunogen. It was equally plain that macro

phage response to secondary exposure, either active or 

passive, is not characterized by cellular enlargement above 

levels previously observed. 

there was a distortion of the cellular response expected 

in the presence of TMV-FITC; no consistency whatever 

emerged from mean cell volume and skewness data gathered 

in individual experiments. Nevertheless, some evidence was 

gained which is consistent with the microscopic observation 

that cells "rounfl up" and seem to "repel one another." A 

limited clumping capacity of macrophages on secondary 

exposure to TMV-FITC was noted in the following percentages 

of cells clurnped: 

In each population involving an immune experience, 

Population # 
Incubation Time 

TMV-FITC 
+ ab 

Control 
TMV-FITC Cells 

l4, 75 min. 
17, 120 inin. 

23% 
10% 
10% 
2k% 

50°/o 
17°/» 

21, last 100 min. 38% 
22, 50 min. 32% 



Cellular clumping observed in the presence of TMV-FITC and 

its specific antibody did not surpass that observed either 

in cells exposed to TMV-FITC alone or in immune control 

cells. Loss of some capacity of the macrophages to adhere 

to one another complements the visual observation that 

cells seem to "repel one another." 

From the foregoing observations, it was decided 

that, using the method developed here, detection of popula

tion response to secondary immunogenic exposure is feasible 

with the following qualifications: (l) macrophages from 

young animals are assayed for population parameter changes, 

and (2) experiments are designed for the passive introduc

tion of antibody to macrophages, after which the cells are 

washed and exposed to TMV-FITC in fresh medium. 



RtfSUMg 

Three aspects of the interaction of rabbit alveolar 

macrophages and tobacco mosaic virus protein were investi

gated within the first three hours of their exposure to one 

another. 

1. The state of the virus protein which affects its 

uptake by macrophages. From the results of eight 

experiments, the quantity of intracellular TMV in 

9 0 - 1 2 0  minutes was found to be in the range of I . 6 3  

to 6.28 micrograms per million cells, which is 

equivalent to approximately 2.5-9 • 5 x 10"*"^ virus 

particles. In three comparable experiments with 

subunits, the quantity of intracellular TMU was 5.58 

to 6.27 micrograms per million cells, or about 

13 
7x10 subunit trimers. Thus, macrophages have the 

capacity to take up equivalent amounts of protein 

whether it is organized into a structure with a 

high or low molecular weight (TMV: ^0,000,000 vs. 

TMU, trimer form: 52,000), but the actual number of 

subunit trimers found intracellularly was nearly 

three orders of magnitude greater than the number of 

intact virus particles taken up by the cells. 
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Once macrophage ingestion of the virus began, it 

progressed in a linear manner until the onset of intra-

vacuolar hydrolysis of the protein some time, presumably, 

within two to three hours of initial exposure. A linear 

pattern of response indicates that the response is being 

limited by the availability of an essential metabolite. 

The uptake of particles by macrophages is limited by the 

supply of energy in the form of ATP (see Energy Source for 

Macrophage Ingestion of Foreign Particles), The presence 

of antibody specific for the virus failed to increase the 

amount of intracellular virus the cells were capable of 

taking up within a two hour period. However, antibody 

accelerated the uptake of virus to such a degree that 

maximum concentrations were observed within the first hour 

of incubation. After the early accelerated uptake of virus 

in the presence of antibody, there followed nearly constant 

or slightly reduced levels of intracellular virus during 

the course of the experiment. It is possible that, in the 

presence of antibody, hydrolytic activity within the 

digestive vacuoles of macrophages is increased to a rate 

which is equal to the rate of uptake of the virus protein 

substrate. Accordingly, nearly constant intracellular 

concentrations of virus protein would be maintained while 

actual enzymatic turnover of the protein increased many-

fold. In this capacity, antibody could function as a 

cofactor in increased hydrolytic activity within the 



vacuole, or it could organize the viral protein substrate 

into a more efficient vacuolar-enzynie system. Speculative 

as this concept is at this time, there is the precedence 

that antibody does serve as a cofactor or organiy,er in the 

multi-enzyme system known as complement. 

2. The state of macrophage populations which affects 

their response to immunogeno This portion of the 

investigation was concerned primarily with the 

biological variation inherent among macrophage 

populations. Foremost among the methods directed 

toward delineation of biological variation was the 

statistical analysis of thirty-five macrophage 

volume distribution plots. The mean cell volumes 

of thirty-five populations fell into an ordered 

frequency distribution with a sample mean of 1500 

cubic inicra and a range of 1112 to 2017 cubic 

inicra. Thus, the biological variation in terms of 

the size of the cells was fairly large. In the 

Introduction, macrophages in a single population 

were distinguished as being immature, mature, and 

active cells. It is conceivable that cells in the 

three phases of metabolic development have dis

parate sizes, which, in any given population, form 

a confluent cell volume distribution. Accordingly, 

it is the proportion of each phase comprising a 

population which determines the mean cell volume of 



9k 

that population as well as its capacity for 

handling foreign particles. For this reason, each 

macrophage population responds to .immunogen in a 

unique manner as far as the time at which changes 

occur and the extent of the change. 

The dynamic response of entire macrophage popula

tions to uptake of the virus protein. The terminal 

cellular event of a population of macrophages which 

vacuolizes an immunogen is cellular clumping. 

Clumping of the cells was preceded by an enlarge

ment of some of the cells during the uptake of 

TMV-FITC or TMU-FITC. Once a certain number of 

cells enlarged, cellular clumping began with the 

enlarged cells being selectively involved in the 

clumping. The uptake of finite amounts of the 

colloidal immunogen, TMV-FITC, and the soluble 

immunogen, TMU-FITC, was shown* This uptake of 

immunogen by a macrophage population accelerates 

and intensifies clumping above that observed in an 

autologous environment. For example, in, the experi

ment with Population 35, at a time when each 

million cells had vacuolized 2.2 micrograms of 

TMV-FITC, 59% of the cells were clumped, in con

trast to the clumping of l6% of those in autologous 

medium. The factor which operated in intensifying 

the cellular response was the intracellular 



immunogen. Perhaps massive clumping is the expres

sion of an inherent tendency of macrophages exposed 

to immunogen to form an integrated tissue; other 

types of cells present, such as lymphocytes, are 

trapped in the clump as well as being attracted to 

the macrophages. Thus, the clump becomes a 

primitive lymphoid tissue in that the basic elements 

for the induction of cintibody synthesis are self-

contained. When antibody specific for the virus 

was introduced into the test situation, the 

tendency of macrophages to clump was reduced and 

somewhat constant intracellular concentrations of 

TMV-FITC were observed. It is postulated that 

reduction of cellular clumping maintains maximum 

cellular surface for collision with and ingestion 

of immunogen as specific antibody balances 

increased ingestion of substrate immunogen and its 

rapid turnover by hydrolytic enzymes. 

Should macrophage-immunogen interaction play a 

role in the complexities of antibody induction, it can be 

foreseen that there will be demonstrable effects of the 

presence of both immunogen and its specific antibody on 

intracellular events and on the macrophage population as 

a whole. Implicit in this line of thought is the existence 

of a control mechanism which operates at some level of 
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macrophage-immunogen interaction. The effect of antibody 

on macrophage-immunogen interaction is suggestive of 

alternative control mechanisms, which may operate in either 

primary or secondary induction. If small amounts of 

antibody increase the capacity of macrophages for the 

limited proteolysis of specific antigen to its highly 

immunogenic peptide complex, the effect could enhance 

synthesis. Alternatively, a negative control of synthesis 

could occur if antibody pushed proteolysis of its specific 

antigen to the level of amino acid product. 



APPENDIX A 

CALCULATION OF TMV-FITC AND TMU-FITC MOLAR RATIOS 

A standard curve, OD at 495 inp, vs. FITC concentra

tion in jig ml 1 , revealed the quantity of FITC present in 

the conjugates. The OD of a FITC-gelatin conjugate at 

280 m|i was 0.35 of its OD at 495 mjJ.; its OD at 260 ni|i was 

0.32 of its OD at 495 mjJ. (Wood, Thompson, and Goldstein 

1965)* Gelatin itself had little absorption at these two 

wave lengths in the ultraviolet (approximately 0.07 OD 

mg 1 ml 1) . 

The protein concentration in TMU-FITC conjugates 

was calculated from the extinction coefficient of the 

subunit, 

280 in^i 
E ' = 1.27 OD ing ml (Fr aenk el-Conrat and 

Cm Williams 1955)• 

mg TMU ml"1 = °D(28° mt1) ~ °'35 OD(495 n,|i)< 

1.27 OD mg ml 

Concentration of virus in TMV-FITC was calculated 

from the extinction coefficient of the virus, 

260 nip, 
E* = 3 . 0  OD mg ml ' (Fraenkel-Conrat and 

Cm Williams 1955)-
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rag TMV n,!"1 . 00(260 t»> ' °'^ °D<^5 ̂ ), 

3«0 OD nig ml 

The weight ratio of the conjugates was: 

FITC/TMV = H-fi FITC "I and piTC/TMU = FITC ml t 

|ig TMV ml jig TMU ml 

The weight ratio for one mole of FITC reacted with 

one mole of subunit protein is: 

molecular weight of FITC _ 021 
molecular weight of subunit 

Molar ratios of TMV-FITC and TMU-FITC were 

calculated: 

, .. „ , weight ratio of conjugate 
molar ratio of conjugate - 45 "—43 . 

(J • (J 

The molar ratios of TMV-FITC and TMU-FITC conjugates made 

in this study are found in Table 1. 



APPENDIX B 

PROGRAM VA353, EDWARD A. WARBURTON AND EMIKO NAKAMURA, 
WESTERN RESEARCH SUPPORT CENTER, VETERANS 

ADMINISTRATION HOSPITAL SEPULVEDA, 
CALIFORNIA, JUNE 2 8 ,  1 9 6 8  

VA353 - SKEWNESS. KURTOSIS. AND MOMENTS ABOUT THE MEAN 

INTRODUCTION 

a. Program VA353 provides a method of computing skewness, 
kurtosis and higher order moments about the mean of 
categorized input data. 

b. Program output consists of: 

(1) Frequency Table including Observed Value, Fre
quency, Cumulative Frequency, Per Cent, and 
Cumulative Per Cent. 

(2) Mean and Standard Deviation (S.D.). 

( 3 )  Skewness, S.D. of Skewness, and t-value of Skew
ness . 

(4) Kurtosis, S.D. of Kurtosis, and t-value of 
Kurtosis. 

( 5 )  A table of computations containing the moment index 
number, the moment value, the moment S.D., and the 
dimensionless moment value. 

c. VA353  is written in 1130  FORTRAN by Edward A. Warburton 
and Emiko Nalcamura at the Western Research Support 
Center for the IBM 1130 Data Processing System. 

RESTRICTIONS 

a. Input data must be in a categorized format specifying 
for each category an observed value and the frequency 
of the observed value. The maximum number of cate
gories is limited to 500. 

b. The maximum number of moments is limited to 9» 
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COMPUTATIONAL PROCEDURE 

a. Notation: 

X - Observed value 

f = Frequency of observed value 

N = Sample size = £ f 

b. Formulae: 

tt E fX Mean = X = —r: 
N 

S.D. = / S f (X - X)2 

N - 1 

k„ N2M. 
Skewness = g = —TT ~ 7 

k * (N - 1)(N - 2)(S.D.) 

^ ~ ~ , / 6 N (N - l) 
S.D. of skewness = J ( N  .  2 ) ( N  +  i ) ( n  +  3 )  

. , „ , Skewness 
t-value of skewness = 

S.D. of skewness 

k^ N2 [(N + 1) M^ - 3 (N - 1) M2
2] 

Kurtosis = s0 = ~ = ZI 
k^ (N - 1) (N - 2) (N - 3)(S.D.K 

S.D. of kurtosis = / 2'lN (N - l)2 

(N - 3)(N - 2)(N + 3)(N + 5) 

. . rs , . Kurtosis t-value of kurtosis = 
S.D. of kurtosis 
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Formulae (Cont.) 

T f (X 
Moment about mean - M- = ——1 rr i N 

/ M 0 .  -  M . 2  +  i 2 M M 2  ,  -  2 i M .  M .  ,  
^ j_ / 2i x 2 l-l i-l i + l 

S•D• of moment — I ^ • " 

M. 
Dimensionless moment = a. = 1 1. 

1 

Notes: 

The formulas for the standard deviations of sltevmess 
and lcurtosis assume that the sample of observed values 
has been taken from a normal population. Thus the 
tests for skewness and kurtosis are tests of normality. 
The test of significance of the t-values should be 
carried out with an infinite number of degrees of 
freedom. 

The dimensionless third moment about the mean gives a 
measure of skewness which is identical to the calcu
lated value of "Skewness" when the sample is large, 
i.e., a^ = g^ as N >• ». Similarly, the dimensionless 
fourth moment about the mean gives a measure of 
kurtosis which is equal to the calculated value of 
"Kurtosis" minus three when the sample is large, i.e., 
ak - &2 ~ 3 as N > oo. 
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PROGRAM VA353 SKEWNESS. KURTOSIS. AND MOMENTS ABOUT THE MEAN 

PRORLEM C0DF......19 
OBSERVED VALUES... 15 
M0M£NTS. ......... . 9 

0°SERVED CUMULATIVE CUMULATIVE 
^LUE FREQUENCY FREQUENCY PERCENT PERCENT 

5.000 38.000 38.000 4.18 4.18 
6.000 46.000 84.000 5.06 9.24 
7.000 55.000 139.000 6.05 15.29 
8.000 67.000 206.000 7.37 22.66 
9.000 76.000 282.000 8.36 31.02 

TQ-.TOCT 79.000 361.000 "8.69 39.71 
11.000 82.000 443.000 9.02 48.73 
12.000 60.000 523.000 8.80 57.53 
13.000 78.000 601.000 8.58 66.11 
14.000 71.000 672.000 7.81 73.92 
15.000 64.000 736.000 7.04 80.96 
16.0X10 56.000 "792.000 T7IS "8T.12 
17.0C0 46.000 838.000 5.06 92.18 
13.000 38.000 876.000 4.18 96*36 
19.000 33.000 909.000 3.63 100.00 

MEAN............... 
S.D. 

SKEWNES5........... 
S.D. OF SKEWNESS... 
T-VALUF "OF"SKEWKE55 

KURTOSIS........... 
S.D. OF KURTOSIS... 
T-VALUE OF KURTOSIS 

11.749176 
3.777804 

0.063966 
0.081110 
1.035202 

-0.903185 
0.162044 

-5.573684 

DIMENSIONLESS 
I I-TH MOMENT S.D. OF MOMENT I-TH MOMENT 

2 14*2561 0.4948 1.0000 
3 4,5122 2.4900 0.0838 
4 425.8168 23.0344 2.0951 
5 325.7330 170.0552 0.4244 
6 16003.0527 1104.2504 5.5233 
7 19907.0156 10189.4804 1.8197 
8 670735.8767 55084.4610 16.2385 
9 1156726.5034 569172.1264 7.4169 

Figure 12. Typical output of Program VA353, E. A. 
Warburton and E. Nakamura, WRSC, Veterans 
Administration Hospital, Sepulveda, California. 
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