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CYNTHIA LYNNE DAVID 
The Effect of Age and Soluble Mediators on Macrophage Function 
In Vitro 
(Under the direction of DR. ANDY C. REESE) 

Macrophages from young (8-10 m·onths old) and old (22-24 

. mon'ths old) F344 .rats were examined in_ vitro to determine whether 

macrophage function was compromised in old rats. Thioglycollate

elicited macrophages were us~d. The inflammatory response in old 
. -

rats yielded 75% fewer macrophages than_ young rats. However, age 

did not have any effect on the expression of alkaline 

phosphodiesterase I activity, which functions as a marker of. 

macrophage activation. Similarly, macrophages from old rats 

performed as well as macrophages from young rats in their ability to 

inhibit tumor cell growth in cytostasis assays using both ·rat.and 

mouse tumor cell lines. 

Yet macrophage function in vivo depends not only on intrinsic 

functional.ability but also upon environmental stimuli. Plasma 

fibronectin (Fn) increases in concentration during aging in many 

orga~sms, including Sprague-Dawley rats. Fn had a differential 

effect on marker ectoenzyme activities in the Sprague-Dawley 

--·model; it enhanced activation in young macrophages, while 

decreasing activation in old macrophages. 

In the cytostasis assay system, fibronectin enhanced cytostasis of 

. both young and old F344 macrophages, but the old macrophages 

were 30% less sensitive to Fn's effect. Macrophages from young and 

. old rats were equally responsive to the activating effects of 

lipopolysaccharide (LPS) in the cytostasis assay. Thus, whil~ some 



intrinsic macrophage functions are unimpaired during aging, 

macrophage function in vivo will be due to the complex environment 

of stimulatory and inhibitory signals in the aging environment. 

INDEX WORDS: Macrophage, Aging, Fibronectin, Cytostasis, 

Ectoenzyme, Alkaline Phosphodiesterase I, 5'-Nucleotidase 
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STATEMENT OF THE PROBLEM 

A major factor in the ·aging process is the ·status.of the immune 

system. · The decline in the immune system with aging is manifested 

by increased susceptibility of aged individuals to chronic infections, 

autoimmune diseases, and malignancy. Much research has been· 

invested in studying the components of the immune system in 

relation to the aging process, and various alterations have been 

noted in regulatory and effector cells. 

Although the first role attributed to the macrophage was that 

of a nonspecific scavenger of tissue qebris and microorganisms, 

today we know it functions in both the afferent and efferent arms of 

the immune response. The macrqphage is an importc!_nt positive_ and 

negative regulator of both the humoral and cell-mediated immune 

responses.· Because helperT cell functio~ is dependent upon 

interaction with macrophages, some of the defects once thought to 

be due to T cell dysfunction may actually be the result of alterations 

in macrophage activity. Macrophages have specific receptors for • 

IgG and complement components which enhance the phagocytosis of 

targets opsonized by these substances. Macrophages secrete soluble 

mediators such as prostaglandins, interferon, interleukin-I, and 
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tumor necrosis factor. They, in turn, respond to soluble mediators 

such as endotoxin, complement components, and lymphokines. · 

2 

The functions of macrophages in defense against cancer 

include cytotoxicity and cytostasis of tumor cells. The macrophage's 

ability to be cytotoxic to tumor cells requires activation to the highest 

level, at which state macrophages also have the ability to present 

antigen and destroy intracellular p~rasites (Adams and Hamilto~, 
. . ·. . . . . 

1984). Cytostasis, which can be_performed by a macropnage 

activated to an intermediate level, may be a more important function 

of the macrophage in the tumor surveillance network in that a 

cytostatic macrophag~ _can inhibit the further proliferation of tumor 

cells while other, cytotoxic effector ~ells are recruited to the· area. 

One of the purposes of this--study was to examine the activation level 

of macrophages from young and ol~ rats by measuring ectoenzyme 

markers of activation as well as tumor cell cytostasis. The rat was 

chosen as an experimental model because sufficient numbers of cells 

are readily available via peritoneal lavage. In addition, a controlled 

a9ed population of inbred F344 rats is maintained by the National 

Institute of Aging. 

Increasingly, the- importance of the cellular milieu in cell 

function is being recognized. Cellular functions now must be 

evaluated in the light of the environment in which the cell is found. 

While cells from aged animals.may or may not exhibit intrinsic 

defects in vitro, their function in vivo may be compromised due to the 

presence of inhibitory signals in the environment. One candidate for 
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such an inhibitor inay be fibronectin. The increasing concentration of 

fibronectin in the circulation with age is an important difference in 

the cellular milieu between a young and old individual. Fibron~ctin 

has already been shown to have some immunosuppressive functions, 

as well as many functions unrelated to the immune system. Since the 

macrophage appears to be the only mature immune system cell that 

has fibronectin recept~rs, it is likely that immunoregulation in this 

case may be mediated by a fibronectin-macrophage interaction. 

Because levels of circulating fibronectin can be readily measured in 

the rat, a goal of this study is to elucidate the contribution of 

increased fibronectin concentrations on the a_ge-related decline in 

immune function in the rat as measured by ectoenzyme levels and 

cytostasis. 

The effect of another soluble mediator, lipopolysaccharide 

(LPS) was also studied. LPS, a component of the Gram-negative 

bacterial cell wall, can be a potent activator of macrophage 

functions. The ability of macrophages from old rats to r.~spond to 

LPS, which is present in at least trace amounts in the environment, 

may be important in the host defenses of an aged organism. 



INTRODUCTION 

A. Overview 

Aging is a comp~ex problem which can be viewed from several 

different perspectives.·_ In terms of survivorship curves and life 

histories, aging is thought of as an in,ci:e_aeing prob~bility of death. 

Aging has been defined more specifically as a time-dependent 

process characterized by the progressive decline in the ability of an 

organism to respond to environmental stress (Makinodan and Yunis, 

1977). Kirkwood's disposable soma theory tries to reconcile energy . 

spent for reptoduction with energy spent for somatic maintenance 

and _repair in view of each organism's ecological niche and life 

history (Kirkwood, 1984). Aging as studied in tissue culture is loss of 

proliferative potential observed in senescing cultures of cells 

(Hayflick ·and Moorhead, 1961). DNA structure and function are 

examined to determine why cultures of non-transformed cells lose 

proliferative potential. Finally, and again generally, aging can be 

thought of as a general decline in efficiency and function of body 

systems after maturity. This view looks at the whole organism and 

asks if all cells age intrinsically or if a certain tissue ages and triggers 

4 
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decline in the organism overall or if aging is the result of cooperative 

interactions between various tissues. For example, serial 

transplantation studies indicate that skin explants can survive longer 

than indicated by species lifespan (Krohn, 1962). 



B. Theories _of Aging 

1. Adaptive Theory-

Adaptive theory states that aging and subsequent death is_ 

beneficial to the species because of competitic;>n-for nutrients and 

living space. Also, _ short-lived generations give the organism 

greater ability to genetically .adapt to changes in the environment. 

6 

· This theory is not supported by _observational evidence since infant 

a_nd accidental mortality in wild populations.is so higll. that few 

organisms survive·to old age (Medawar, 1952). Also this theory . 

assumes that selection for advantage to the_ group (species) 

outweighs selection among individuals for the reproductive 

advantages of a longer life. This, too; is unsupported by the evidence. 

2. Nonadaptive Theories 

a. Error Catastrophe Theory 

Nonadaptive ~heories view aging as nonbeneficial. Orgel 

proposed the error catastrophe theory which states that errors in 

proteins (such as DNA synthetic enzymes) become propagated as 

errors in ·DNA and this brings about more protein errors in a cyclical 

fashion, eventually with catastrophic effects (Orgel, 1963). However, 

there is no experimental evidence to support this (Horn et al., 1984). 
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b. Genotype Effects of Aging in Cell Culture 

Hayflick (1985) has recently reviewed the history of cell culture 

studies of senescence from the first observation that the number of 

population doublings of normal cells is inversely proportional to 

donor age to the finding that the number of population doublings of 

normal fibroblasts is related t? the maximal lifespan of ten studied 

species. The cell culture system is the primary one showing.that 

genotype effects correlate with cell division and senescence. There is 

a decrease in the DNA repair enzyme uracil-DNA glycosylase in. 

normal late phase fibroblasts as well as fibroblasts from Werner's 

Syndrome patients (Mooradian, 1988). 

c. Segmental Progeroid Syndromes 

The group of diseases known as segmental progeroid 

syndromes. are characterized by accelerated aging and are so named 

because they exhibit one or more aspects of the _senescent phe_n9type. 

Unimodal progeroid syndromes, such as xeroderma pigmentosum 

and_ familial hypercholest~rolemia, exhibit only one aspect of the 

senescent phenotype. Other progeroid syndromes, such as Werner's 

Syndrome, Down's Syndrome, and Hutchinson-Gilford Syndrome, 

exhibit several aspects of accelerated aging. The etiology of 

progeroid syndromes is unknown; however, Martin (1982) 

hypothesizes that approximately 7000 loci may contribute to 
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characteristic features of aging in humans and that point_mutations_ 

or chromosomal defects at one or more of these lod may give rise to 

progeroid syndromes. Studies liave shown that lyinphocytes from 

progeria patients are hypersensitive to DNA damage induced by 

-ultraviolet light (Cleaver,1968). Other genetic perturbations are also 

noted. Hutchinson~ilford patient fibroblasts have. increased levels 

of the c-myc oncogene as compared to normal adult or age-m_atched

non-affected cells (Nakamura et al., 1988). 

d. Slowing of Cellular Functions in Aging 

Tollefsbol postulat_es a general "slowing cycl~" to explain 

cellular senescence (Tollefsbol and Cohen, 1986). In this view the 

universal decrease of protein synthesis noted with age, combined 

with the decreased induction of the enzymes of carbohydrate 

metabolism, leads directly to depletion of anabolic metabolites and 

energy compounds (Ciriader and Kay, 1986). Impaired metabolic 

pathways lead to a decrease in both mitogenesis and lymphokine 

secretion in aging lymphocytes (Tollefsbol and Cohen, 1986). Some 

common aging pathologies postulated by this theory are glucose 

intolerance and diabetes (Cinader and Kay, 1986). 



e. Somatic Mutation Theory 

Somatic mutation theory hypothesizes that aging is the result 

of random, unrepaired somatic mutations which accumulate until 

finally the cell ceases to proliferate or function is compromised 

(Szilard, 1959). For this to be the sole explanation, mutation rates 

would have to be much higher than is observed. 

f. · Free Radical Theories 

Free radical theory of aging states that, with time, cells are 

damaged by tlllrepaired effects of oxygen radicals, either in the 

environment or,generated by the cells themselv~s (Harman, 1956). 

Free radicals can cause DNA damage as well as lipid peroxidation. 

9 

Superoxide, hydroxyl radicals, and singlet oxygen all cause 

lipid peroxidation and the production of terminal aldehydes, leading 

to damaged cell membranes (Leibovitz and--5iegel, 1980). The 

unsaturated fatty_acids are most susceptible. Thus the membranes of 

the subcellular organelles and the plasma membrane are sites of the 

age-dependent decrease in unsaturated fatty acids and concomitant 

increase in saturated fatty· acids. Lysosomal membrane ·damage 

results in leakage of destructive enzymes such as ribonucleases, · 

deoxyribonucleases, and proteases (Hochschild, 1971). Cell damage 

may be generated by these and other intracellular enzymes,.-exposure . 



10 

to ionizing and ult!aviolet radiation,. or lack of detoxifying enzymes 

(Boag, 1968; Diluzio, 1973). 

The membra~e hypothesis of aging uses some ideas from the 

free radical theory in arti~ulating the causes of cellular senescence. 

This hypothesis statesthat even tho~gh all .cellular structures are 

susceptible to free radical attack the more. comract and d.e·nser 

structures will suffer the greatest damage; thus membranes are more 
' ' 

prone to damage than other structures (Zs~Nagy et al., 1988). 

· Another aspect to this theory is the increased susceptibility of the ceU 

membrane to d~mage due to the electrical changes across the 

membrane that occur during an action potential (Ibid.). This leads to· 

a loss of permeability to potassium and water as the membrane 

damage gradually exceeds the repair capacity of the cell and 

eventually leads to increasing cellular density· which slows cell 

growth and protein synthesis (Ibid.). 

The dysdifferentiation hypothesis of aging and cancer uses 

other ideas from the free radical theory to postulate a mechanism for 

aging. This theqry focuses on the DNA damag~ caused by free 

radica~s. It states that the differentiated state is unstable and subject 

to mo<;Julation by free radical damage; thus.improper gene 

regulation is the determinant of the senescent phenotype and 

ultimately·determines lifespan (Ibid.). Evidence cited in support of 

this theory includes the age-dependent decrease in methylation level 

of the genome in liver tissue of mice and the age-dependent increase 



in expression of genes normally thought to be repressed (c-myc 

oncogene) -(Ibid.). 

g. Medawar and W~ams Theory 

11 

Medawar proposed that aging occurred because the 

probability of accidental death caused fewer people to survive ~ach 

time frame (Medawar, 1952). Therefore, the force of natural 

selection is weaker and una_ble to select against random mutations in 

late-acting genes~ However, in the absence of aging, the question _ 

remains as to what determines lateness. Williams expounded on this 

theory to propose that aging was the result of a gene(s) that had a 

good effect early in development (and were selected for) and a bad 

effect later on (Williams, 1957). A hypothetical example would be a 

gene that induces calcification of tissue (operational during 

development for the calcification of bone but, then later in life causes 

calcificatiQn of arteries). 

h. lmmunosenescence Hypothesis of Aging-

While there is no formally articulated_theory in which aging is 

directly attributable_ to ~une system deficits, many deleterious 

effects seen in an aging orga~ism are characteristic of immune 

system dysfunction: increased incidence· of cancer, increased 

infections, and increased autoimmune diseases (Makinodan and 



12 

Kay, 1980; Weksler, 1983). Immune system.defects can be traced from 

the systemic leveldown to the intracellular level. __ Tissue alterations 

range from the involu~on of the thymus at puberty (Hausman and 

Weksler., 1985) to morpholqgic;ai alterations in lymph nodes during 

aging which can be correlated ,with various-immunodeficiencies 

(Sainte-Marie ~nd Peng, 1987). Specific cellular deficiencies have 

_ been noted in the immune cells of lymphoid organs as well as those in 

the circuJatory system or free in the tissues (V etvicka et al., 1987; 

Weksler, 1983). Recent evidence has shown that the defect in 

lymphoid cells derived from old donors with diminished capacity to 

respond to mitogenic stimulation resides in a change at the nuclear 

level rendering the cells unable to respond to ADR (activation of 

DNA replication factor)· (Coffman and Cohen, 1989). 

Yet the immune system fs interconnected· with other body 

systems and cooperative effects from those interactions may 

exacerbate the age-related defects in the component systems. 

Neuroendocrine effects on immune function is one example of 

-cooperative interaction. Hormonal effects include interaction of the 

immune systein with estrogen (Oyeyinka, 1984). Beta-adrenergic 

receptors on monocytes change_during aging with respect to · 

distribution and regulation (De-Blasi et al., 1987). Lymphocyte 

activity can be modulated by lesion~•in the hypothalamus, 

hippocampus, and amygdaloid complex (Cross et al., 1984). Thefact 

that the immune system defends the host against infectious disease 

and cancer,coupled with the observations that it is modulated by 



neuroendocrine stimuli, indicates that the immune system and its 

components are central to pr9per homeostasis and are likely 

possibilities to be the tissue/ system which "triggers" aging in the 

organism or at least central to the tissue interactions which bring 

about aging effects .. 

13 

Dysfunction of the macrophage as a key regulatory and 

effector cell of the ll!lmune system may be an important factor in the 

systemic effects characteristic of immunosenescence. One purpose of 

. this project is to elucidate intrinsic macrophage defects with respect. 

to activation levels and ability to perform cytostasis during aging. 

Cytostasis may be an important element of antitumor defenses 

during aging, and alteration in macrophage activity may explain 

increased incidence of cancer in the elderly. In addition to intrinsic 

cellular defects, the environment in an aged host may cpntribute to· 

immune dysfunc~on. Accordingly, this project studies macrophage 

function in the presence of soluble mediators. The concentration of 
. . . -

one of these mediators, fibronectin, is known to increase during 

aging. 

i. Summa!y 

There is no universally.accepted theol'Y·of·aging. Many of 

-these theories describe different aspects of the aging process and 

some overlap. For example if the detoxifying enzymes which would 

normally inactivate destructive enzymes and oxygen radicals are 



inactivated (by .methylating or. mutation), 'the ultimate observation. 

would be free radic,al dam.age,' ~nd _several of these aging theories 

could be invoked to explain th~ observation. Aging is-probably 
' . . .... 

multifactorial and.likely more than one theory is_valid and 

descriptive of the process. 

14 



C. Aging and the Immune System 

1. Cell-Cell Cooperation 

The roles which various immune system components play with 

r~spect to aging is intricate due to the plethora of interactions 

involved. For example, it has been suggested that the primary 

imrnune.·defect in aged individuals is attributable to regulatory T cells 

(Abe et al., 19~1; Gottsman· et al., 1984; Staiano-Coico et al., 1984; . 

and Gorczynski, 1984).· However, since macrophages also modulate 

T cell imrnunoregulatory activity, it is possible that impaired 

macrophage function may produce results which reflect defects in T 

cell activity. 

2. Humoral Immunity . 

The role of aging_ in humoral immune system defects is 

manifested by faiiure to mount antibody r_esponses against antigen 
. ' 

and by a paradoxical.increase in autoantibodies; which attack "self" 

components. The first defect ~s evidenced by _a decrease in circulating 

natural antibodies in aged individuals; the .second 'q.efect is 

characterized by an increase in autoantiidiotypic antibodies which 

inhibit B cell responses to pathogens (Goidl et al., 1980) and · 

increased autoimmune disease (anti-thyroglobulin, anti-DNA, anti

Ig) (Hausman and Weksler, 1985). There appear to be other B cell 
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defects also, such as decreased ability to respond to_ endotoxin and 
. . 

interleukin-I (Abraham, 1977). A reduced level of surface 

· immunoglobulin is found on B cells of aging rats (W oda and 

Feldman, 1979). It should be noted that depressed humoral 

responses may be due to decreased T cell and macrophage function. 

For example, the number of Fe receptors on macrophages appear to 

decrease with aging (Scribner et al., 1978). 

3. Cellular Immunity 

a . T Cell Responses 

Defects in cell-mediated immune responses are also observed. 

T cells from aged mice have decreased proliferative ·responses to _ 

phytohemagglutinin and concanavalin A (Abraham et al., 1977). This 
•' 

defect is not due to decreased binding, but rather to intrinsic defects 

in signal transduction_(Philo$ophe and Miller, 19-89). In·addition, 

protein_synthe~is is decreased in mitogen-stimulatedlymphocytes 

from aged humans; particularly, decreased synthesis of the enzymes 

of carbohydrate metabolism inhibit proliferative responses 

(Tollefsbol, 1987). Precursor frequencies of cytotoxic T cells have been 

shown to be decreased (Moody et al., 1981). The delayed 

hypersensitivity response to dinitrofluorobenzene is also depressed 

in aged subjects. (Weksler, 1983). T helper cells have less ability to 

adsorb interleukin-I and also are deficient in interleukin-2 synthesis 
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and secretion. (Weksler, 1983; Gilman, 1984). It has also been shown 

that interleukin-2 receptors are decreased on T cell~ from aged 

subjects (Ibid.). Also, T suppressor cells are decreased so that 

tolerance_induction is derepressed (Hausman and-Weksler, 1985). 

b. Membrane Alterations 

Membrane fluidity changes are common to many of the 

immune system cells during aging and contribute to altered 

responsiveness. A decrease in membrane fluidity leads to decreased 

capping of surface immunoglobulin, Ia molecules, and Fe re~eptors in 

aged rats (Woda et al., 1979). In humans a decrease in capping of 

· surface immunoglo'bulin and concanavalin A_receptors is seen.in both 
' . ' . 

aging and Down's syndrome (a segmental progeroid syndrome) 

(Naeim and Walford, 1980). 

4. Macrophage Function 

a. Nonspecific Defenses · 

Macrophages contribute to nonspecific defenses as the main 

component of the reticuloendothelial system (RES). Th_e RES 

functions to clear from the circulation tissue debris, malignant cells, 

endotoxin, opsonized bacteria, and old erythrocytes. The RES is 
essential to host defense as shown by the correlation between the 
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activity of the RES with the degree of susceptibility or resistance to 

circulatory shock,-tumor invasion, and other forms of trauma 

(Brouwer and Knook, 1983). In general, it has been found that the 

clearance capa~ity _of the RES declines during aging, but it is not clear· 

whether this is due to changes in blood circulation, levels. of 

opsonins, macrophage phagocytic activity, or a combination thereof 

(Ibid.). 

. . 

b. Macrophage as an Effector Cell 

1.) Secretory Activity 

Some macrophage functions appear to be enhanced 

during aging. Several investigators have found that the 

antibacterial effects of reactive oxygen intermediates are greater~ 

macrophages derived from old organisms than those from young. 

_ This is contrary_to what was .e_xpected on the basis (?f the increased 

incidence of bacterial infections in the aged. In aged AB6Fl mice, 

Gervais and coworker~ noted an incre~se in the-number of 

macrophages in the unstimulated peritoneal cavity, accompani~d by 

enhanced hydrogen pe!oxide production and antibacterial activity 

against Listeria monocytogenes (Gervais et al., 1988). In other 

experimen~s, resident alveolar macrophages from senescent mice 

released more superoxide anion in response to phorbol myristate 

acetate and zymosan than did those from young mice (Esposito et al., 
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1988). Also, alveolar macrophages. from senescent mice released 

more neutrophil chemotactic factor in response to zymosan a~d 

· calcium ionophore than macrophages derived from young mice 

(Esposito et al., 1989). Thus it would appear that the defect leading 

to increased incidence of bacterial and respiratory tract infections is 

present in another immunological pathway. 

2.) Phagocytic Function 

There are conflicting data about the effect of aging on 

phagocytic function. Gardner et al. (1981) reported no change in 

phagocytosis of opsonized Ca.ndida albicans by human monocytes, 

whereas there is an increase in phagocytosis in at least some strains 

of mice (Finger et al., 1982 and Wustrow et al., _1982). Yet phagocytic 

activity, like many.parameters studied in aging, varies significantly 

among strains as well as ~mong experimental systems. Lavie and 

Gershon (1988) found th~t_,. although macrophages from senescent 

mice produced several fold greater amounts of free radicals in 

response to latex or zymosan, phagocytosis did not vary. · 

significantly. 

Compartmental differences are noted as ~ell. Host defense 

against Klebsiella pneumoniae was depressed in aged mice as 

evidenced by morphologic abnormalities and decreases·in 

phagocytosis and superoxide production of alveolar macrophages, 

while the same features of peritoneal macrophages did not differ 
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(Yokota, 1988). The variability noted in the effect of aging on 

phagocytosis may be explained by the stimulus used and the source of 

the macrophages studied. Another factor may be the type of opsonin 

used. Vetvicka et al. (1985) found that Fe receptors for IgM, IgE, IgA, 

IgG2b, and IgG3 increased during aging, while Fe receptors for IgGl 

decreased. 

Yet, the increase in phagocytosis during aging noted in ma~y 

e·xperimental systems may result in decreased availability of 
processed antigen for presentation to T cells (Makinodan and Kay, 

1980). Antigen uptake and metabolism to bioactive peptide~ in the , 

liver has been shown to peak in 12 month old rats followed by a 

significant decline in 28 month old rats (Heil et al., 1984). 

The level of cyclic nucleotides in phagocytic cells may be 

invo~ved in the regulation of phagocytosis and subsequent antigen 

handling. Cyclic AMP and substances that stimulate its production 

inhibit both intracellular killing and extracellular cytotoxic cap·acity 

of macrophages (Ogmundsdottir and Weir, 1980), while enhancing 

phagocytosis of particles opsonized by IgG (Vogel et al., 1981). In 

contrast, cGMP inhibits phagocytosis while stimulating intracellular 

killing by causing phagosome-ly~osome fusion (Lowrie etal., 1980). 

Differences exist between the levels of cyclic nucleotides in young 

and old polymorphonuclear leukocytes during phagocytosis which is 

subsequently reflected in the time required for intracellular handling 

(Fulop et al., 1984). If this is also true for aged macrophages, it may 

account for increased phagocytosis and decreased subsequent 
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antigen handling that would lead to impaired_ antigen presentation 

and cytotoxic effects. 

There alr~ady appears to be evidence for some defects in signal 

transduction in the monocyte/macrophage lineage. In addition to 

the cyclic AMP ca_scade, the calcium-calmodulin system is a primary 

signal.transduction mechanism affecting cell function. Fulop and 

-coworkers (1987) have noted impaired calciuin-calmodulin function 

as measured by the decrease with age of both spontaneous and 

FMLP-triggered calcium efflux in monocytes. 

3.) · Macrophage Antitumor Activity 

Macrophage cytoto~city is reduced during aging in the rat 

system, as well as the ability. of rat macrophages to be activated for 

cytotoxicity competence by in vivo injection,of peptone (Keller, 1978). 

Aged rats have also been shown to produce less tumor necrosis 

factor than their young: counterparts (Bradley et al., 1989). 

c. Macrophage as an ,.Immu~_oregulator 

. 1.) Soluble Mediators 

Soluble mediators produced by macrophages regulate the , · 

immune response, and in turn, macrophages are regulated by soluble 

mediators. Interleukin-I synthesis and secretion appears to be either · 
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_very slightly decreased or unaffected by age in some ~urine systems 

(Bruley-Rosst_ and Vergnon, 1984 and Gilman, 1984), while in 

another system, old mice produced 60-70% less interleukin-1 than 

young mice (Inamizu et al., 1985). Experiments in rats also give 

disparate results. Kauffman(1_986) found that peritoneal_·. 

macrophages from aged F344 rats produced interleukin-1 as well as 

those from young rats, while Bradley et al.· (1989) showed a decrease 

in interleukin-1 production using the same rat strain, eliciting ~gent, 

and stimulus. The divergent results in.this case was not due to a 

difference in rat strains, but a differen.ce. in. the ass~ y used to measure 

interleukin-1. Kauffman (1986) used a fever production assay, while 

Bradley et al. (1989) used the more sensitive thymocyte proliferation 

assay.It is possible that even though interleukin-1 secretion ·may be 

decreased in aging, the amount is· still sufficient to cause 

inflammatory effects in the absence of other inhibitors .. Other 

investigators have.confirmed that interleukin-1 production by 

human monocytes with respect to fever producp.on does not differ _ 

Oones et al., 1984) and that the diminished febrile response in the 

elderly is not due to an iliterleukin-1 defect in both healthy elderly 

people and those with a history of repeated infection (Rudd and 

Banerjee, 1989). 

Macrophages, in turn, are regulated by soluble mediators both 

in an autocrine fashion and by mediators from other sources. These 

soluble mediators may be immune factors such as interferon and 

immunoglobulin or non-immune related factors such as endotoxin, 



-complement components, and anti-oxidants. The response· of 

macrophages to the above canbe measured by various functional 

and physical alterations: activity ~f ectoenzymes, ·secretion of 

oxygen radicals, cytot~xicity and cytostasis, p~agocytic capacity, 

membrane expression of Ia antigens, and secretion of proteases, 

interleukin-1, and prostaglandins (Adams and Hamilton, 1984). 

·Interferon inhibits prostaglandin release from macrophages 

(Boraschi et al., 1983) and hydrogen peroxide production (Ibid). 

These· soluble mediators may _then in_hibit lymphocyte proliferation 

and antimicrobial activity (Metzger et al., 1980). 
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There is increasing evidence that the-i>rodu~ts of the major 

histocompatibility and minor histocompijtibility lc;>ci change with age .. 
. . .. 

Gozes and coworkers (197~) found that injection of syngeneic spleen · 
, ' 

cells from old donors into the fpotpa4 _ofyoung recipients induced a 
' . ·: .. 

syngeneic graft versus_ host response in the lymph riodes of Y?ung 

mice. Also other investigators have found that spleen cells_ from 

syngeneic young and old mice of the same sex in a one-way mixed 

lymphocyte reaction gave a positive young versus old response, 

while no such response was seen in young versus young or old versus 

old reactions (Callard and Basten, 1979). Furthermore, 

macrophages from old mice are abnormal in their ability to function 

as stimulator cells in an allogeneic mixed lymphocyte reaction 
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(Callard~ 1978). These changes could be due to several possible 

mech~nisms, such as changes in the cholesterol-phospholipid ratio 

in the cell membrane that expose hidden_ antigenic determinants 

(Rivnay et al., 1979) or somatic mutation may cause alteration of the 

protein molecule itself (Burnet, 1974). Further deJects in genetic 

immune regulati9n -with age are attributable to the decrease in 

density and mobility of 11:l~mbrane la antigens in some systems with 

advancing age (Woda et al., 1979)~: -

The cellular phenotype changes associated-with-·age are 

sometimes difficult to assess due .to compartmental differences. For 

example, even though Ia antigens o_f peritoneal macrophages may 

differ from tissue macrophages, there appears to be no significant 

change in the already low levels of Ia antigen and Fe receptors on 
Peyer's patch macrophages from aged mice (Vetvicka et al., 1987). 

Furthermore, while there was no difference in the numbers of B cells 

and T helper· cells isolated, T suppressor cells were lower in number 

__ in Peyer's patches of aged mice (Ibid.). However, an 

immunofluorescence study showed that unseparated splenocytes 

from aged mice have a greater density per cell .of Ia antigens than 

young mice, although the frequency of cells bearing Ia antigens was 

unchanged (Sidman et al., 1987). 
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3.) Antigen Presentation 

Antigen presentation is a major function of the macrophage, 

whereby it regulates the subsequent cellular and/ or humoral immune 

response via a direct interaction with a helper T cell. After they are 

· phagocytized by macrophages, foreign proteins are degraded by 

lysosomal enzymes into smaller peptides some of which are returned 

to the surface of the cell where they can be recognized by the 

appropriate ];lelper T cell in conjunction with I-regio~ 

histocompatibility molecules (Ziegler.and Unai:iue, 1981 and Grey et 
. . . .· . 

-al., 1984). Defective antigen presentation has been implicated in the 

decreased cytotoxic T lymphocyte response in aged mice (Effros and 

Walford, 1984). Although cellular functions may be compromised at_ 

several points along- this regulatory pathway, defects in antigen 

processing by macrophages have been d.~monstrated (~eil et al., 

1984). 

4.) -Suppressor Macrophages 

Macrophages derived from old animals suppress mitogenic:;: 

response in.some experimental systems. The mitogenicresponse in 

old F344 rat spleens is enhanced by the removal of adherent cells, 

and old adherent cells incubated with young nonadherent cells 

suppressed the response (Bash, 1983). 
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Suppressor macrophages also appe~r to be a factor in 

suppression of antitumor activity. Ba$h and Vogel (1984) found that 

the dramatic decrease in natural killer cell activity in old F344 rats 

was due to suppression by macrophages. In their system, young 

natural killer cell activity was decreased by adherent cell removal; 

while old natural killer cell activity w~s ·increase~·by adherent cell 

removal; further, macrophages from .. old rats were highly 

_suppressive to young natural killer cell activity (Ibid.). 
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D. Macrophage Activation 

1. Levels of Activation 

Macrophages originate from a bone marrow stem cell. After a 

series of cell divisions the promonocyte develops. The promonocyte 

then differentiates into the monocyte which leaves the marrow for· 

the circulation. The monocyte is identified qy the hallmarks of the 

mononuclear phagocyte syste~: .· fhe expression. of complement and . 

Fe receptors, nonspecific esterase activity, and the ·ability to 

phagocytize both nonspecifically and via receptors for opsonins 

(Adams and Hamilton, 1984). Monocytes migrate into t~e tissues 
•, 

and become resident ma·crophages in the absence of an inflammatory 
. ' . ' 

or immune response. Resident macroph~g~s- are relatively · 

unactivated cells. This phenotype may actually be the result of the 

resident macrophage being down-regulated in an autoregulatory 

f~shion by prostaglandins-(Bonney and Davies, 1984). 

Macrophages can exhibit several states of activation, 

depending up(?n the stimulus. Macrophages from sites of 

nonimmunologically mediated in:1'lammation (such as those elicited 

by thioglycollate) have much greater size, conte~t of acid hydrolases, 

secretion of neutral prbteases, phagocytic activity, and increased · 

chemotaxis than resident macrophages (Adams and _Hamilton, 1984). 

These macrophages are primed and responsive to further activation 

signals. Macrophages from sites of immunologically mediated 
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inflammation ar~ the most activated. These cells have acquired the._ 

ability to present antigen to T lymphocytes, kill tumor cells, and 

destroy intracellular parasites (Ibid.). Macrophages can be 

modulated from the prurted state to the highly activated state by· 

exposure to endotoxin. 

2. Relationship Between Activation State.and Function 

Functional studies- of macrophages must take Into account the 

existence of several states of macrophage activation. The activation 

level of macrophages may be monitored via the activity of marker 

enzymes (Cohn, 1978). The ectoenzymes leucine aminopeptidase, 5'

nucleotidase, and alkaline phosphodiesterase have been us~d as 

marker enzymes for the level of macrophage activation in mice 

(Morahan, 1_980). Leucine aminopeptidase activity increases as 

macrophage activation increases; however, there is an inverse 

relationship between the measurable levels of 5'-nucleotidase an<:f :_ 

alkaline phosphodiesterase with the level of macrophage activat~on 

(Ibid.). The activated macrophage phenotype may vary according to 

' the·inducing agertt; macrophages may be activated in one function or 

·several functions by one lymphokine or several acting cooperatively 

(Nacy et al., 1988). 



29 

3. Mechanisms of Macrophage Antitumor Activity 

Macrophage functional states are important in host defenses 

against cancer. Tumor.resistance in vivo is ultimately the result of 

many different cell types and whether they are modulated to be 

active against the tumor or suppressed in their ability to fight the 

· tumor. Macrophages can pe effective against vira~ly induced, 

chemically_induced, and sp?ntaneous tumors, and as such are a very 

important component of the immune surveill~nce network of host 

defense against cancer_ (Brodt, 1983). 

Macrophage medi~te4 cytotoxi_city and cytostasis are 

nonspecific defenses. Cyto-toxicity is ·expr~sse~, only by macroppages 

at the highest level of activation. Cytostasis inay b~ expressed at a 

lesser s_tage of activation; however,both require cell-cell contact 

(Somers et al., 1986). Tumor cytostasis is normally measured in vitro 

as the inhibition of uptake of tritiated thymidine by transformed_ c~lls. 

Cytostasis can be observed from 4 to 24 h~urs after mixing the tumor 

cells and macrophages, ~hereas cytotoxicity is evident by 48·to 72 

ho~s. Lovett and coworkers (1986) have recently demonstrated that 

~terleukin~ 1 may be a mediator of cytostasis in experiments with 

both a human and murine cell line. The cytostatic action was not 

associated with direct cytotoxicity and was only partly reversible. 

This indicates there may be some differences in effecting cytotoxicify 

and cytostasis and not just a simple accumulation of factors. 
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Klostergaard and coworkers (1987) have found three distinct 

mechanisms involved in murine macrophage antitumor activity: 

cytotoxidty due to loss of intracellular iron anc;i subsequent inhibition 
. . ~ ' ,· ,: .. 

. of Kreb Cycle aconitase, cytostasis due to reversible loss of 

proliferative capacity caused by disruption of the mitochondrial 

electron transport chain, and cytolysis whereby the tumor cell 

membrane is breached. 

New evidence further elucidates the mechanisms of cytostasis . 

. Van Hilten et·al. (1989) has shown that lipoxygenase met~bolites ar~ 

necessary for macrophage cytostasis, while Bonta et al. (1989) has 

demonstrated that cytostasis is inhibited __ by cyclooxygenase products. 

Flow cytometry studies indicate that macrophage cytostasis inhibits 

tumor cell growth at all phases of the cell cycle (Stevenson et al., 

· t986). Some differences have been noted in cytostasis between 

species. Human macrophages are preferentially cytostatic for target 

cells of the same species, while murine macrophages are equally or 

more cytostatic for target cells of other species (Hogg and Balkwill, 

1981). 

4. Summary 

The increased incidence of ·cancer during aging 1s probably 

attributable to many mechanisms operating simultaneously. One 

important aspect is the decline in immune cell-mediated responses, 

including macrophage responses, which may be partly intrinsic and 



partly modified by tumor alteration of the environment. Another 

factor may be the increased exposure to carcinogens over time, 

coupled with decline of repair mechanismso Also, some evidence 

exists that age-related changes occur in carcinogen metabolizing 

enzyme systems (Birnbaum, 1987). 
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E. Cellular Environment.and Aging 

1. . General Effects 

The importance of the cellular milieu in regulating cellular 

activity is beginning to be recognized. Many systemic and 

noncellular factors are known to influence the immune response. 

Astle and Harrison, for example, have shown that young bone 

marrow cells, transferred to an old e·nvironment, function .as old 

bone marrow cens·as measured by T cell mitogenic responses and 

antibody responses to sheep red blood cells (Astle and Harrison, 

1984). Iwashima and coworkers (1987) confirmed these results by 

measuring T cell proliferative responses in chimeric mice, showing 

that young T cell precursors developing in an old environment 

functioned like old cells, and old T·cell precursors developing in a 

. young environment functioned as young T cells. There is some 

evidence that macrophages from aged organis~s may be _more 

susceptible to environmental deficiencies tha:11 those from young 

organisms. For example, macrophages derived from senescent 

guinea pigs with vitamin C deficiency exhibited greater defects in 

mobility, antibacterial activity, and superoxide anion production 

-than that exhibited by young animals (Ganguly and Waldma~, 1985). 
-

Yet protein malnutrition did not affect interleukin-1 or tumor 

necrosis factor production as compared to rats fed a standard diet 

(Bradley et al., 1989). 
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The net level of macrophage antitumor activity will be due to 

the complex environment of stimulatory and inhibitory signals in the 

tumor-bearing host. Macrophage cytostatic activity is sensitive .to · 

inhibition by prostaglandtn1E;_2'(EUiot'et al.,' 1988). 'Also, _the·. 

stimulation of secretion of reactive oxygen species by gamma

interferon can be blocked by a factor elaborated by murine tumors 

(without 'inhibiting protein synthesis, phagocytosis, or adherence) 

(Nathan andTsunawaki,1986). Yet, stimulatory factors.also exisfin 
. ·. . ' ' 

a tumor-bearing host. -Mtirine peritoneal macrophages elicited with 

C. parvum were activated in vitro to cytostatic activity against Eb 

tumor cells by incubation with tumor-induced ascites, with the active 

cytostatic substance identified as interleukin-1 (Gong et al.; 1988). 

2. Fibronectin Chara·cteristics 

It is important to evaluate the function of an immune cell in the 
. . 

light of the environment in which it develops and resides. A 

-significant difference in the cellula_r milieu in young and old_ 

organisms is the circulating fibronectin concentration. 

Fibronectin is emerging as a soluble mediator tha~ h~s 

regulatory effects on the immune-system (Rybski et al., 1989). It is a 

. 440,000 dalton heterodimer that is found circulating in the blood· 

(plasma fibronectin) and as a- major component of the extracellular 

matrix, basement membrane, and some cell surfaces (cellular 

fibronectin). It has been shown to have a wide range of functions, 



playing an important role in ·opsonization, embryogenesis, wound 

healing, tissue reorga!lization, and immune regulation (Mosesson 

and Amrani, 1980). 
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Plasma fibronectin is composed of two nearly identical 

monomers of 200,000 daltons each joined by two disulfide bonds at 

the carboxy terminus. The two polypeptide chains are slightly 

different as determined by electrophoretic analysis (Iwanaga et al., 

1978). The structure of the fibronectin molecule is one of globular 

domains, each having characteristic binding sites. P~asma 
,· 

fibronectin has the same domain binding sites .on each of the 

polypeptide chains, which allow it to cross-link targets, such as 

molecules or cells. Domains exist for collagen binding, cell binding 

or recognition, heparin binding, and fibrin binding (Yamada et al., 

1984). Cell surface fibronectin can exist as dimers or multimers 

· (Yamada and Olden, 1978)~ In addition, the cell surface fibronectin 

distribution pattern on old fibroblasts changes from an ordered 

arrangement parallel to the long.axis of the cell, characteristic of 

young fibroblasts,·to randomly ori.ented, interconnecting networks of 

fibrils (Edick and Millis, 1984). Furthermore, cellular fibronectin 

.s.tructure may also change _with age cal:J.sing functional 

abnormalities. Chandrasekhar and Millis (1980) showed that 

fibronectin derived from senescent fibroblasts was less effective in 

.· supporting cell spreading and cell-substrate adhesion than 

fibronectin derived from young fibroblasts. 
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The cell binding site on fibronectin has been determined to be 

an essential tripeptide consist4"tg of.Arg-Gly~Asp (~GD). 

(Pierschbacher and Ruoslahti, .. 1984).. Several receptors for 

fibronectin have been discovered on vario"us ·cell types, such ·as 

hepatocytes, platelets, and fibroblasts (Ruoslahti, 1988). A receptor 

for fibronectin on fibrobla~ts (named VLA-5) has.been identified as- a 

heterodimer composed· of an approximately 1!?0 kilodalton alpha 

chain and a 130 ·kilodalton beta Cham. (Pytela et al~,- 19~5) .. The 

de~ignation VLA represents a protein family knoWll as "very late 

antigens of activation" in which a common beta subunit is shared 

among family members (Takada et al., 1987). Parks and coworkers 

· (1987) have found the VLA-5 fibronectin receptor on monocytes. 

3. Fibronectin Functions 

Fibronectin is a substrate for Factor XIII and functions in clot 

stabilization (Mossesson and Amrani, 1980) by cross-linking fibrin. 

Wound healing is, thus, effected by cross-linking fibronectin to 

exposed collag~n, fibrin, and cells, in addition to its function of clot 

stabilization~ 

Fibronectin also acts as an opsonin and, as such, interacts with 

the reticuloendothelial system in clearance of foreign or damaged 

tissue from circulation. Fibronectin has been shown to opsonize 

Saccharomyces cerevisiae for removal by human monocytes 

(Simpson and Oughton, 1984). It can also act in promoting 
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phagocytosis by activating C3 receptors on cultured human 

monocytes (Wright et al., 1984). Fibronectin.has a binding site for 

Staphylococcus aureus and-can, thereby, aid in phagocytosis of this 

microorganism (Doran, 1981). Therefore, by binding to granulocytes · 

or cells of the mo"nocyte-macrophage lineage, fibronectin can 

promote_phagocytosis of bacteria, yeast, or damaged tissue. _ 

Recent evidence suggests that fibronectin plays a role in 

modulating the immune response (Lause et al., 1984). This control 

appears to be exerted through the.macrophage, since fibronectm 

does not bind to mature T cells, B cells, or natural killer cells. 

Fibronectin facilitates macrophage binding to several_ different 

antigens. It increases Trypanosoma cruzi amastigote binding to 

murine macrophages and human monocytes (Noisin and Villalta, 

1989). Fibronectin also increases macrophage uptake of unopsonized 

Pseudomonas aeruginosa by depolarizing the macrophage cell 

membrane (Kluftinger et al., 1989). Plasma fibronectin increases 

macrophage interleukin-1 secretion (Beezhold and Lause, J987). 

Another effect of fibronectin is to inhibit antigen~specific antibody 

secretion via its effect on macrophages (Rybski et al., 1989). 

4. Relationship Between Aging and ·Fibronectin 

Plasma fibronectin has been shown to increase with age. Using 

a laser immunonephelometric procedure to measure fib_ronectin 

levels, an exponential increase of fibronectin with age was observed 
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(Labat-Robert et al., 1981). This was confirJ.lle~ using a quantitati~e 

electroimmunoassay and was extended to show the lack of day to 

day or diurnal variation in plasma fibronectin concentration levels; 

in addition, fibronectin concentration was higher in males than in 

females for eac];l age group ·measured (Eriksen et al., 1982). The 

exponential increase in plasma fibro·nectin concentration with age is 
. . . 

absent or greatly reduced in diabetes and some cancers; conversely, 

tissue fibronectin is increased in diabetes and Werner's s}'lldrome 

(segmental progeroid syndrome) (Labat-Robert an~ Robert, 1988). 
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F. Summary 

The differential concentration of fibronectin in the blood of 

young and aged individuals, coupled with the fact that fibronectin 

selectively alters macrophage immunoregulatory activity, indicates 

that fibronectin may function to alter the effectiveness of the immune 
' ' ' 

system in aged.individuals. Experiments described in this thesis were 

designed to investigate this hypothesis. Specifically, we examined 

the activation st.ate and cytostatic potential o·f both young and old 

macrophages in order to determine whether the ectoenzyme alkaline 

phosphodiesterase functions as a marker enzyme for macrophage 

cytostatic activity in the rat system. Intrinsic cellular defects would be 

manifes_ted in these experiments. There remains the probability that 

cells in vivo are modulated by factors in the environment. Since 

fibronectin increases with aging, the effect of physiological amounts 

of fibronectin were investigated in both experimental systems. 

· rinally, we tested the ability of ma_crophages derived from old 

animals to respond to endotoxin, a potent stimulator of ma~rophage 

activity. 



MATERIALS AND METHODS 

A · Experimental Animals 

F344 rats were obtained from a controlled population 

maintained by the National Institute of Aging through Harlan. The~e 

animals have a known health history, making them more reliable for 

aging research. In aging studies it is important to carefully choose 

the ages of the animals used. The 50% survival point of strain 

lifesp~n is generally accepted as the· age at which an animal may be · 

considered old. Therefore, in accordance with the 50% survivorship 

principle and lifespan data for the F344 strain (Chesky and 

__ Rockstein, 1976), animals used in these experiments were of bot~ 

sexes and comprised two groups, young rats 8-10 months of age and 

old rats 22-24 months· of age. 

Retired breeder Spra~e-Dawley rats (Holtzman 

Laboratories) were the source of plasma used for the isolation of 

fibronectin. A colony of Sprague-Dawley rats of defined ages was 

used to determine the variation of plasma concentration with age. 

The activity of ectoenzymes used as markers of macrophage 

activation we~e also_done using the Sprague-Dawley rat model and 
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. confirmed in F344 rats. In the beginning of this project, we 

· maintained a colony of aging Sprague-Dawley rats at the 

Gracewood animal facility. Funding consi.derations as well as the 

existence of the inbred F344 colony maintained by the National 

Institute of Aging prompted the termination of the Sprague-Dawley 

colony and subsequent: use of the F3.44 rat strain. 
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B. Isolation of Macrophages 

Peritoneal exudate cells were elicited by injection of 10 mis of a 

10% solution of sterile Bacto Fluid Thioglycollate Medium (Difeo). 

Thioglycollate produces inflammatory macrophages in usable 

numbers. Thus, activation or deactivation by soluble mediators ·can 

be more easily addressed. Three days after injection, the animals 

were sacrificed by inhalation of anhydrous ether (Sigma). Cells were 

harvested by lavage of the perifoneal cavity with 25 ·m1s of cold 

Hank's Balanced Salt Solution (HBSS - ph 7.2) containing 0.76% 

sodium citrate (Sigma). Peritoneal exudate cells were diluted to 50 

ml with cold citrated HBSS, centrifuged for 10 minutes at 200 x g at 

40c, . and the supernatant decanted. The remaining cell pellet was 

dispersed by pipetting 10 ml of cold citrated HBSS irito the tube and 

pipetting 7 times. An aliquot of the resultant cells were stained for 

viability by trypan blue exclusion (Fisher) and counted on a Neibauer 

hemocytometer. The cells were_then diluted to 50 ll_!1 with citrated 

HBSS and centrifuged as before. Cells were resuspended in 

Dulbecco's MEM (Mediatech) supplemented with 10% fetal bovine 

serum (Sigma) to a final concentration of 2.5 x 106 viable cells per ml. 

Aliquots of media used in isolation and culture of macrophages were 

tested to ensure lack of endotoxin contamination by the Limulus 

amebocyte lysate assay (Sharma, 1986). Sprague-Dawley 

macrophages used in ectoenzyme assays were enriched by dispensing 

500,000 PEC per well into flat bottomed 96-well microtiter plates _ 
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(Corning) followed by a 2-hour incubation at 370c with 5% CO2. 

Nonadherent cells were removed by washing the plates 5 times with 

cold citrated HBSS. Due to the lower cell numbers isolated from 

F344 rats and the necessity of precise numbers of macrophages for 

cytostasis experiments, an overnight adherence purification 

proced~e for .F344 macrophages was adopted. Twe_nty-five million 

viable F344 PEC were ~dispensed into 100 mm x 15 mm Fisher 

- Bacteriological petri dishes. Nonadherent cells were removed by 

extensive washing with cold citrated HBSS. Five milliliters of 

DMEM were added to each dish which was then scraped with a cell 

scraper (Costar). The resulting adherent cells were greater than 90% 

macrophages by morphologic criteria (data not shown), similar to 

results of this procedure followed by other investigators (Hamilton 

et al., 1983; Mantovani et al.; 1979). The harvested adherent cells 

were then centrifuged at 200 x g for 10 minutes and stained for 

viability and identity using trypan blue and nonspecific esterase 

staining, respe<;tively. One hundred thousand viable macrophages 

were then dispensed into individual wells of flat bottomed 96-well 

plates. The macrophages were incubated with or without soluble 

mediators, fibronectin (60 ug/well) and/or LPS (5 u.g/well) for 24 

hours. 
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C. Microplate_Protein Assay 

One requirement of the modified enzyme assays discussed 

below is an accurate measure .of.cellular protein in wells of flat

bottomed 96-well plates. After trying several methods of measuring 

protein levels, the Baumgarten (1985) microplate assay was chosen. 

After incubation with or without soluble mediators, the macrophages 

were washed with phosphate buffer and allowed to air-dry for 60 

minutes ~t·37oc. Bio-Rad protein standards.and reagents were 

u~ed. Standard wells w~re prepared by adding various aliquots of 

Bio-Rad Protein Standard I in phosphate buffer (5, 10, 15, 25, and 50 

· ug of protein per well), and the standards were dried as described 

above. Thirty microliters of undiluted Bio-Rad Protein Dye 

(Coomassie brilliant blue) was added to each well, and plates were 

sh_aken on a rocker platform for 5 minutes. One hundred fifty 

microliters of distilled water was added to each well, and plates 

"were shaken on a r~cker platform for 5 more minutes. Optical 

density was read at 630 nm on a Titertek Multiskan 

spectrophotometer. Macrophage-containing wells were averaged 

and compared to the standard curve gene~ated to.determine ug of 

protein per well. 
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D. · Ectoenzyme Assays 

The ectoenzymes 5'-:-nucleotidase, leucine ami_nopeptidase, and 

alkaline phosphodiesterase are among those accepted as markers for 

macrophage activation (Morahan, 1980). The conventional methods 

for determining enzyme levels require large numbers of cells for 

assay. In order to obtain as many replicates of the enzymes as 

possible with the few numbers of cells ·available, .modifications were 

· made to the enzyme assays to allow ~nzyme level determination in 

96-well micro titer plates. 

1. 5'-Nucleotidase Assay 

Macrophages were assayed for· 5'-nucleotidase (S'N) by a 

modification of the method of Edelson and Duncan (Adams et al., 

1981). Adherent macrophages were isolated and incubated with 

soluble mediators as described above and washed 3 times with 

phosphate buffer. One hundred ul of the substrate .0.lS_mM AMP [25 

mCi 3H-AMP] 6 mM p-nitrophenyl phosphate (New England 

Nuclear and Sigma) in Tris-HCl buffer containing ~4 _mM Tris and 13 

mM MgCl2 (pH 9.0) was dispensed into wells of 96-well plates. The 

p-nitrophenyl phosphate is added as a competitive inhibitor of other 

phosphatases. The plates were incubated for 10-30 minutes a 370c 

with 5% CO2. Actual incubation times were determined by the color 

development of the other assays performed concurrently on other 
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plates. Fifty microliters of 0.25 M ZnSO4_and·50 ul of 0.25 M 

Ba(OH)2 per well were added to stop the reaction and precipitate 

the unreacted AMP, respectively. The plates were centrifuged for 10 

minutes at 600 x g in plate holders. One hundred ·microliter aliquots 

of the supernatants were placed into Biogamma vials (Beckman) 
' . 

cont~ining 3 ml of Ready-Solv (Beckman) an<f. counted in a Beckman 

LS-7500 liquid scintillation counter. Samples we!e routinely counted 

for ten minutes. The nucleotide substrate carries the radioactive 

label in the nucleoside_ structure. Thus the labeled nucleoside 

generated by 5'N action is counted. The counting standard is 0~1 ml 

of a 1:1 dilution of the substrate. The microplate protein assay as 

previously described was performed on duplicate wells. Enzyme 

activity was calculated as follows: 

nanomoles/minute/mg protein = (cpm of sample/ cpm of standard * 
2 * 15) / (mg protein * minutes of incubation) -

2. Alkaline Phosphodiesterase 1 Assay 

Alkaline phosphodiesterase I (APD) activity was determined 

using a modification of the method of Edelson and Gass (Ibid.). 

Adherenl macrophages were isolated and incubated with soluble 

mediators as described above and washed 3 times with phosphate 

buffer. One hundred fifty microliters of Sorenson's Glycine II buffer 
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(0.1 N glycine, 0.1 N NaCl, 0.1 N NaOH, 2 mM zinc acetate - pH 9.6) 

was dispensed into wells of 96-well plates, followed by 50 ul of 1.5 

. mM thymidine-5-phosphate-p-nitrophenyl ester substrate. Plates 

were incubated for 10-30 minutes at 37°C with 5% CO2. The color 

development was measured at 405 nm on Titertek Multiskan. 

·Amount of protein per well was determined.on duplicate wells as 

described above. APD activity was calculated as follows: 

nanomoles/min/mg protein= (O.D. * 25)/(mg protein* minutes) 

3. Leucine Aminopeptidase Assay 

Leucine aminopeptidase (LAP) was measured by a modification 

of the method of Morahan (Ibid.). Adherent macrophages were 

isolated and incubated with soluble mediators as described above 

and washed 3 tim~s with phosphate buffer. One hundred fifty 

microliters of 0.1 M phosphate buffer (pH 7.5) was added to each 

well, followed by 50 ul of 10 mM leucine-p-nitroanilide substrate. 

Plates were incubated at 37°C with 5% CO2 for 10-30 minutes. 

Color development was read at 405 nm on Titertek Multiskan. 

Amount of protein per well was determined as described above. LAP 

activity was calculated as follows: 

nanomoles/min/mg protein= (O.D. * 20.83)/(mg prot * minutes) 
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E. Cytostasis Assay 

Cytostatic activity of macrophages derived from young and old 

rats wa~ determined by the method of Martin and Reese (Martin et 

.al., 1984). Macr~phages were purified from PEC incubated. 

overnight as described previously. Purified, viable macrophages 

were dispensed into 9~-well plates at a density of 100,000 cells per 

well. Negative control wells contained macrophages only, with or 

without soluble mediators. 

Tumor cells were collected from flasks (Fisher), stained for 

viability with trypan blue, and dispensed into 96-well plates at a 

density of 100,000 viable cells per well. Positive control wells 

contained tumor cells only, with or without soluble mediators. Two 

tumor cell lines were used in the cytostasis experiments. MCG-T14 

cells (gift of Dr. Eugene Howard) were derived from.a spontaneous 

mouse mammary ~arcinoma. YB2/0 (American Tissue Culture 

Collection #1662) _is a non-secreting rat myeloma cell line. 

The plates were incubated at 370C-with .5% CO2. After 18 

hours of incubation, [3H]-thymidine (1 uCi per·well in 50 ul DMEM) 

(New England_Nuclear) was added, and the incubation continued for 

four hours. Cells were harvested with a Cambridge Cell Harvester 

onto glass microfiber filters (Fisher), and cell removal was verified 

microscopically. Filters were placed into Biogamma vials (Beckman), 

and 3 ml of Ready-Solv (Beckman) was added prior to counting in a 

Beckman LS-7500 liquid scintillation counter. 
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Tumor cell growth was determined by measuring the incorporation 

of [3H]-thymidine and calculated as follows: 

Percent cytostasis = ((positive control - experimental - negative 

control)/ positive control)*l 00 

positive control = tumor cells without macrophages 

negative control = macrophages withouft~or cells 
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F . Fibronectin Methods 

1. Purification of Fibronectin 

Fibronectin (Fn) was purified by a ~odification of the gelatin

Sepharose affinity· column chromatography method of Doran et al. 

(1980). The gelatin-Sepharose 4B was prepared by the cyanogen 

bromide method of Porath_(1973). · Citrated plasma was incubated 

· with gelatin-Sepharose for 2 hours on a rocker platform at room 

temperature. The gelatin-Sepharose slurry was then filtered and 

washed with 2-3 liters of 0.067 M sodium phosphate buffer. 

containing 0.15 M sodium chloride. The slurry was then poured into 

a column and washed with 0.05 M Tris (tris(hydroxymethyl)amino

methane)) 1 M urea. The retained fibronectin was·eluted with 0.05 

M Tris (pH 7.5) containing 4 M urea. The resulting fractions were 

analyzed spedrophotometrically at 280 nm for the presence of 

protein. The positive fractions were pooled and dialyzed overnight 

against PBS (pH 7.4). The pooled sample was ~oncentrated against 

PBS (pH 7.4) by negative pressure dialysis to a concentration of 

approximately 1.0 mg Fn/ml. The conce~tration of fibronectin was 

determined by measuring the absorbance of the sample at 280 nm in a 

Beckman Model 25 spectrophotometer and calculated using an 

extinction coefficient of 1.28 for a 1% solution in a 1 cm pathlength 

(Ruoslahti et al., 1982). Random aliquots of fibronectin were 
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analyzed by tube gel electrophoresis (Doran et al., 1980) to ensure the 

isolation of the intact fibronectin molecule. 

2. Competitive Inhibition Assay for Fibronectin 

Plasma fibronectin levels were determined l?y a competitive 

inhibition microassay (Doran et al., 1983). This method can measure 

· Fn concentrations·less than 25 ug/ml. 

Fibronectin was._coupled to alkaline phosphatase for use in this 

assay by the ~ethod of Engvall and Ruoslahti (1979). One and a half 

milligrams of alkaline phosphatase (AP) (Sigma) was centrifuged for 

10 minutes at 1500 x g at 4oC; the supernatant was discarded. One 

milligram of Fn (in 1-2 mls PBS) was added to the AP pellet and 

dialyzed overnight against PBS at 40c. The volume of AP-Fn 

solution was Ineasured and 25% glutaraldehyde (Sigma) was added 

to yield a 0.2% solution. This was incubated for 2 hours at room 

temperature and dialyzed overnight against Dulbecco's PBS (pH 7.4) 

at 4oC. The final volume was adjusted to 8 ml (125 ug AP-Fn/ml 

PBS) .. 

The gelatin-coated plates were prepared by adding together 

the following reagents: 1-cyclohexyl-3(2-morpholinoethyl)

carbodiimide metho-p-toluene sulfonate (CDI)-at 100 ul COi/well 

and 100 ul gelatin (2.5 mg/ml saline)/well. Plates were sealed with 

adhesive plate sealer, inverted to mix, and placed on a rotator for 1 
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hour at room temperature. Plates were stored at 40c. Plates 

prepared in this way have been shown to be stable up to a period of 6 

months. Prior to use the plates were washed 5 times with PBS. 

The assay was begun by adding to each well a 25 ul sample 

(standard or unknown), 25 ul polybrene (4 ug/ml), and 20 ul AP-Fn. 

The contents were mixed for 90 minutes at room temperature on a 

shaker platform. The plates were then washed 5 times with ·PBS~ 

Two hundred u1 of fresh p-nitrophenyl phosp;hate solution (1 5-mg 

tablet/5 ml distilled water), was added to each well, and the plates 

were placed in the .dark until a bright yellow color developed (usually 

5-10 minutes). The reaction was stopped by adding 25 ul_S N 

NaOH/well. The plates were read at 405 nm on a Titertek 

Multiskan which had been standardized with p-nitrophenyl 

phosphate and NaOH. The concentration of the unknowns were 

determined from a standard curve generated with known amounts 

of fibronectin. 

G. Statistical Analysis 

Data were analyzed by Analysis of Variance and S~dent's t 

test as described by Daniel (1983). The confidence level was set at 

95%. 



RESULTS AND DISCUSSION 

A General observations of cell isolation during an inflammatory 

response in young and old rats. _ 

Since macroph~ge lineage cells from different body 

compartments are heterogeneous in structure and function (Adams 

and Hamilton, 1984), it was advantageous to select the best 

characterized macrophage population for use in this study. 

Thioglycollate-induced peritoneal exudate cells (PEC) were chosen 

_ because macrophages isolated from PEC are probably typical of 

· inflammatory macrophages in gene:ral, are at an intermediate level 

of activation (Turyna and Szuba, 1988; Irimura et al., 1987), and 

produce reasonable numbers of macrophages fo_r study. 

Macrophages from Sprague-Dawley and F344 rats were compared 

to determine how general the results ar~. 

The effect of age on the number of peritoneal exudate cells 

(PEC) isolated from young and old Sprague-Dawley rats was 

determined ori day 3-after an intraperitoneal injection of a 10% 

solution of Brewer's thioglycollate (Figure 1). Old Sprague-Dawley 

rats consistently yielded 40% fewer viable PEC than young rats as 

52 
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Figure 1 - Cell isolation during an inflammatory response in 

Sprague-Dawley rats. Peritoneal lavage was performed 3 days after 

i.p. injection of 10 mls of 10% Brewer's thioglycollate. Viable 

peritoneal exudate cells. w~re determined microscopically with 

trypan blue. Data are expressed as mean+ S.E.M. 
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determined by trypan blue staining following peritoneal lavage with 

Hank's Balanced Salt Solution (p=0.05). Consequently, fewer 

macrophages are probably present in the peritoneal lavage 

population from old Sprague-Dawley rats. This was taken into 

account in the ectoenzyme assays by using a microplate protein assay 

as an estimate of cell numbers. 

· One reasonable explanation for the observation of fewer PEC 

in Sprague-Dawley rats is that fewer cells are present in the 

peritoneal cavity at the time of isolation. The vasodilation 

characteristic of the inflammatory response induced by thioglycollate 

allows diapedesis of many populations of circulating cells, such as 

granulocytes, lymphocytes, and monocytes. These cells join the 

normal resident populations of the peritoneal cavity. Fewer resident 

cells and/ or fewer cells attracted to the peritoneal cavity by the 

inflammatory response would result in fewer PEC being collected. 

All cell populations could be affected or just selected ones. In some 

aged organisms, decreased numbers of immune system cells_ are 

found in the circulation (Hausman and Weksler, 1985). 

The presence of fewer cells in the peritoneal cavity during an 

inflanm~.atory response could also be attributable to defects in the 

vasodilation process. Increased amounts of saturated fatty acids and 

cholesterol in the plasma membranes of the endothelial cells lining 

the capillaries would cause decreased elasticity of membranes, which 

in turn, would hamper the exodus of leukocytes to the peritoneal 

cavity during an inflammatory response. The increase in saturated 



fatty acid and cholesterol content of leukocyte membranes would 

also impair mobility. Also, a decrease in chemotactk factors in the 

aged organism would inhibit diapedesis. 

55 

Another possil?le explanation of fewer PEC is_olated from old 

Sprague-Dawley rats is the obstruction of ~he lavage process by the 

presence of greater amounts of adipose tissue in old rats than in 

young rats (Lesser et al., 1973). Pers01-1al observation supports the 

· existence of greater amounts of peritoneal adipose tissue, primarily 

_concentrated in the mesenteries, in_old_ rat_s than in young rats. 

However the same collectio1:1 technique yielded equivalent numbers 

of PEC from old and young F344 rats (Figure 2). This suggests that 

mechanical impairment of collection is not a significant factor in the 

r_educed numbers ·of PEC collected from old Sprague-Dawley rats 

since the amount ofabdominal fat appears to be similar in the old 

animals from both strains. The F344 rat increases in weight from 

approximately 200 g at 9 weeks to a maximum of approximately 

400g at 52 weeks, with little change thereafter (Stiles et al., 1975). 

From personal observation, Sprague-Dawley rats, when aged, have 

a much greater body mass than correspondingly·old F344 

rats.Interestingly, the absolute number of PEC from both young and 

old F344 rats was roughly equivalent" to the absolute number of PEC 

· isolated from old Sprague-Dawley rats. The consequences of fewer 

PEC from F344 rats iriclude the potential isolation of fewer 

macrophages and the possibility that those macrophages will be 

altered in activation levels and/ or population dynamics. 
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Figure 2 - Cell isolation during an inflammatory_response in F344 

rats. ~edtoneal lavage was performed and exudate cells were 

counted as previously described. Data are expressed as mean + 

S.E.M. 
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Thioglycollate-induced inflammation stimulates the influx of 

monocytes to the peritoneal cavity where they mature into 

inflammatory macrophages. The increased number _of peritoneal 

macrophages peaks at 2-3 days after injection. In mice, age appears 

to affect the kinetics of thioglycollate recruitment of inflammatory 

cells since cell influx relies solely on the population of circulating 

monocytes, rather than stimulating an increased production of 

mohocytes by the bone marrow (Hopper, 1986). 

After collection_ the F344 PEC were incubated overnight with 

subsequent removal of nonadher~nt cells. Adherent macrophages 

were released by scraping, washed,, stained, and counted for viability _ 

(Figure 3). The number of macrophages from old F344 PEC was 75% 

less than the number of macrophages isolated from young F344 PEC 

(p=0.01), even though PEC number was the same for young and old. 

These results indicate there is a deficiency in numbers of peritoneal 

macrophages in old F344 rats. Possible mechanisms include fewer 

monocyte precursors, deficits i11-chemotactic factors, and selective 

blockage of monocyte diapedesis. Another possible reason is that 

greater numbers of old F344 macrophages are more labile and thus 

sensitive to the isolation procedure. 

The drastic reduction in macrophages isolated from old F344 

rats suggest several differences in the characterization of 

macrophages isolated from young versus old rats. The macrophages 

derived from old rats may be reduced in number in just one or 

possibly more subpopulations. Also, the activation level of these 
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Figure 3 - Macrophage isolation after an inflammatory response in 

F344 rats. PeritQneal exudate cells were incubated overnight. After 

removing nonadherent ceils, the macrophages were released by 

scraping, washed, ·and counted for viability. Data are expressed as 

mean + S.E.M. 
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macrophages may or may not be different than that of macrophages 

isolated from young rats. Also, since Sprague-Pawley rats showed 

a decrease in PEC isolation in old rats, it is likely that macrophage 

isolation may be reduced in that strain as well. 

Macrophage activation is the process whereby inflamm~tory 

or immune signals modulate monocyte-macrophage function. 

Resident macrophages, normally present in the peritoneal cavity and 

body tissues, are basically non-activated cells~ However, they have 

the ability to respond to soluble mediators; for example, resident rat 

peritoneal macrophages responded.to phorbol myristate. acetate by 

secretion of oxygen radicals at a rate sixty times greater than more 

activated macrophages (Johnson et al., 1986). Under the influence of 

nonimmunologically mediated inflammation (such as thioglycollate 

or proteose· peptone) these cells, now called inflammatory 

macrophages,. und_ergo a number of physiological changes and attain 

an enhanced ability.to phagocytize, secrete proteases, and.inhibit the 

growth of tumor cells·(Ada~ and Hamilton, 1984). Macrophages 

influenced by more potent, antigenic inflammatory signals (such as 

C. parvum or P. acnes) _are at the highest level of activation and 

have the ability to present antigen, kill tumor ceJls, and destroy 

intracellular parasites (Ibid.). 

The characterization of macrophages from aged animals is 

complicated by the heterogeneity found normally in the cells of the 

monocyte-macrophage lineage. Macrophages can be separated into 

functionally distinct populations by density gradient centrifugation. 
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Lee (1980). found th~tt~e· macrophages of lower density were Ia+ 

and capable of antigen presentation to T cells, while the higher 

density cells were cytolytic for tumor cells. Coquette et al. (1988) has 

separated the resident peritoneal lavage cells of the rat into nine 

fractions by Percoll discontinuous density gradient centrifugation. 

Across the nine fractions-studied, the secretion of prostaglandin E2 

was enhanced while t~e secretion of thromboxane B2 and 6-keto

prostaglandin Flalp;ha was decreased from macrophages of 

decreasing density; furthermore, while all the cel~s phagocytized 

pacteria opsonized by immunoglobulin G (IgG) and the complement 

component C3b, the lower density cells were maximally stimulated 

by IgG while the higher density cells were maximally stimulated by 

C3b (Ibid.). 

This heterogeneity in macrophage populations extends to 

activated macrophages as well. Feuerstein and coworkers (1981) 

found that .inflammatory rat peritoneal macrophages secreted much 

less prostaglandin E2 than resident, unacti~ated macrophages,_ 

while producing comparable amounts of thromboxane B2 and 6-

keto-prostaglandin Flalpha- Rabbit peritoneal macrophages elicited 

with mineral oil were also separated by discontin~ous density 

gradient centrifugation prior to functional analysis. The higher 

density cells were found to be more phagocytic and to express higher 

levels of lysozyme and acid hydrolases, such as acid phosphatase, 

beta-glucuronidase, cathepsin D, and acid-p-nitrophenyl 
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phosphatase, while the lower density cells produced greater 

amounts of arginase (Fishman and Weinberg, 1979). 

Some heterogeneity in macrophage subpopulations has been 

noted during the aging process. Bash and Vogel (1984) found that· 

natural killer cell (NK) activity in young rats was decreased by 

removing splenic adherent cells, whereas the NK activity in old rats 

was activated -by adherent cell removal. They- found that this effect 

was due to a combination of increased NK sensitivity to 

prostaglandins and the increase in the proportion of suppressor 

macrophages in the spleen during aging. 

Thus, macrophage morphologic and functional heterogeneity 

is expressed in both normal and elicited populations of cells from 

several species. This heterogeneity may be due to genomic 

differences between subpopulations, prior activation or 

deactivation, and the presence of multiple regulatory signals in any 

give11- environment. Given the ~ature of biological systems, the 

etiology of macrophage het~ro.geneity is probably- multifactorial. 

The difficulties in studying macrophages from aged animals are 

compounded by the natural heterogeneity of the population, which 

may become more or less pronounced during the aging process. The 

75% reduction in macrophages isolated from old F344 rats (P=0.01) 

may be indicative of differences in the functional and morphologic 

heterogeneity of macrophages isolated from aged organisms. 



B. Patterns of ectoenzyme activity levels during macrophage 

activation. 
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Since macrophage functional activity depends upon the level of 

activation, it was necessary to have a reliable marker of that 

activation. Cells of the monocyte-macrophage lineage in mice 

possess several ectoenzymes that have been accept~d as markets for 

activation: leucine aminopeptidase (LAP), alkaline 

phosphodiesterase I (APD), and 5'-nucleotidase (S'N) (Morahan, -

1980). These are distinct from markers of macrophage identity, such 

as nonspecific esterase, and markers of macrophage age, such as 

beta-galactosidase (Bersuker and Goldman, 1983). 

LAP activity in the mouse has been observed to in~rease with 

the activation of macrophages from the resident non-activated state 

to states of activation, induced by such ·agents as Corynebacterium 

parvum and thioglycoll_ate (Morahan 1980). This. pattern of change 

was confi~ed in peritoneal ra! macrophages (Johnson et al., 1986). 

LAP is present on monocytes and macrophages and has not been 

found on erythrocytes, granulocytes, or lymphocytes (Wachsmuth 

and Staber, 1977). LAP hydrolyzes amino acid residues from 

oligopeptides from the amino terminus of the peptide. This activity is 

not known to have direct physiological significance, but merely 

serves as a marker of activation. 

S'N is present in the highest amounts on resident murine 

macrophages and undergoes a decrease in activity level on 
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macrophages that are responsive or activated (Morahan, 1980). 

This phenomenon appears to be due to the reduction of enzyme 

synthesis with a concomitant increase in membrane recycling 

(Edelson, 1981). In addition to the reduced amounts of S'N found on 

resident cells after stimulation, there appears to be an influx of S'N 

negative cells (Ginsel et al., 1983). In this system, the mouse 

peritoneal cavity was stimulated with newborn calf serum, and 
'\ 

several types of monocyte-macrophages were distinguished by 

peroxidase patterns. The cells containing peroxidase (PO) in 

granules (monocytes and inflammatory macrophages) exhibited no 

S'N activity; the resident cells with PO on rough endoplasmic 

reticulum and nuclear envelope showed plasma membrane S'N 

activity; and a PO- population contained both S'N+ and S'N- cells 

(Ibid.). 

Down-regulation of S'N has been associated with _ 

macrophage-mediated tumor inhibition. Experiments by Uchino et 

al. (1986) demo!_l.strated an inhibiUon of tumor cell growth by 

treatment of mice with inhibitors of S'N. Functional activities of 

peritoneal macrophages in this ·system included an increase in 
. . . 

interleukin 1 · production as well as increased phagocytosis _and_ 

oxygen radical production. 

In addition to its function in the macrophage, S'N is present on 

many cell types and is often used ,as a marker for the plasma 

membrane fraction. It hydrolyzes the phosphoester linkage in 



S'mononucleotid~s, producing a nucle?side and an inorganic . 

phosphate (Ed_elson and Duncan, 1981). 

· Question still remains as to the possible role of S'N in 

1!1acrophage cellular ~etabolism, apart from its status as a marker 
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· enzyme. In lymphocytes, S'N performs an integral function in 

producing mononucleosides which can more easily be transported 

into the cell than mononucleotides (Karnovsky and Philippeaux, 

1985) .. This may also be true for the macrophage. The adenosine 

deaminase level in both lymphocytes and macrophages fluctuates in 

response to changes in the level of S'N, presumably to optimize the 

use of all available mononucleoside substrate (Ibid.). 

Like S'N, APO activity is inversely correlated-with the level of 

macrophage activation in the mouse as stimulated by C. parvum or 

thioglycollate (Morahan, 1980). Moreover, reduction in APD 

activity seems to accompany the expression of macrophage 

antitumor (cytotoxic) activity (Ibid.). APD releases S'nucleotides 

_from polyribonucleotides or oligo deoxyribonucleotides beginning 

from a 3'hydroxyl (Edelson and Gass, 1981). However, APD is 

considered to be a marker enzyme, the levels of which correlate with 

macrophage ac_tivation, and no physiological significance is 

presently attached to the enzyme function. 

The pat.terns of ectoenzyme activity changes in the Sprague

Dawley rat appear to approximate the changes observed in the 

murine system in response to activating stimuli (Figures 4-6). 

Specifically, LAP activity increases in macrophages from rats 
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Figure 4 - Activation pattern of the ectoenzyme leucine 

aminopeptidase (LAP). Peritoneal lavage cells were isolated_from · 

normal Sprague-Dawley rats and rats that had been injected with C. 

parvum 7 days previously. Cells were plated at 500,000 cells/well 
'• 

and adherence purified for 2 hours. Nonadherent cells were removed 

by washing and remaining adherent cells were incubated overnight 

in RPMI supplemented with 10% fetal bovine serum and assayed for 

LAP activity. The amount of protein per well was determined on 

duplicate wells. Data are expressed as mean + S.E.M. 
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Figure 5 - Activation pattern of the ectoenzyme S'nucleotidase (S'N). 

Adherent cells were isolated as in Figure 4 and assayed for S'N 

activity. Data. are expressed as mean + S.E.M. 
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Figure 6 - Activation pattern of the ectoenzyme alkaline 

phosphodiesterase I (APD). Adherent cells were isolated as in Figure 

4 and assayed for APD activity. Data are expressed as mean + 

S.E.M. 



stimulated by C. parvum, whereas the activities of S'N and APO 

decrease under the same conditions. For further studies, APO was 

·. chosen as the ectoenzyme of choice since it is the one which 

correlates with ~ntitumor activity in the. murine system. S'N was 

included in experiments when the number of cells permitted. While 

investigating the effects of aging and soluble mediators on 

.~acrophage activation.in the rat system as measured by marker 

enzymes and ttim6r celi' cytostasis, the utility of APO as a marker . 

enzyme for cytostasis was studied. 
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C. The effect of age on macrophage activation 

1. APO 

APD activity strongly correlates with macrophage tumor 

cytotoxicity in young adult mice. However, the correlation has not 

been validated in old animals, nor in rats of any age. Therefore, 

experiments were conducted to measure APD activity in old and 

young rats. 
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The adherence purified macrophages from young and old F344 

rat PEC express equivalent levels of APD (Figure 7). This indicates 

that, at least in some respects, the activation level of macrophages 

derived from old rats is similar to that of macrophages derived from 

young rats when analyzed in vitro. 

However, although young and old macrophage activity 

measured in vitro and in the absence of soluble mediators is similar, 

it does not necess~rily follow that in vjvo observations would be the 

same. Investigators using chimeric mice found that young and old 

cells which function the same in· vitro were both down-regulated 

when placed in an old in vivo environment (Astle and Harrison, 

1984). The presence of a complicated array of competing stimulatory 

and ~bitory signals in any given environment may be more 

important in determining immune responsiveness during aging than 

intrinsic differences in the cells themselves. 
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Figure 7 - Effect of age on alkaline phosphodiesterase I (APO) levels 

in-F344 rats. P~ritonea1 exudate cells were plated at 500,000 

cells/well and.adherence purified overnight. Adherent cells were 

assayed for APO activity, and the amounts of protein per well was 

determined on duplicate wells. Data are expressed as mean + 

S.E.M. 
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2. Cytostasis 

While cytotoxicity is a functional characteristic of macrophages 

at the highest level of activation, cytostasis is readily performed by 

macrophages of an intermediate level of activation. Since most 

macrophages are not highly activated in the normal homeostatic. 

state, cytostasis may be the most important function of macrophages 

in the immune surveillance network against cancer. 

Adherence purified macrophag~s from young and old F344 rat 

PEC express similar levels of cytostatic activity against both a rat 

myeloma tumor cell line and a mouse mammary tumor cell line 

(Figure 8). Age did not significantly affect the cytostatic activity of 

macrophages in either assay system. Also, the species of origin of the 

tumor cell line_made no difference in the level of macrophage 

cytostasis attained. 

Some investigators have found variability in rat macrophage 

antit~or responses depending on the activation state of the 

macrophage. In the Lewis and Brown Norway rat strains, 

macrophages elicited with protease peptone and C. parvum were 

separated by discontinuous density gradient centrifugation 

(Campbell et al., 1980). The C. parvum elicited macrophage heavy 

fraction was highly cytostatic and cytotoxic to both syngeneic and 

allogeneic tumor cells, whereas the light fraction was not; the 

proteose peptone elicited heavy fraction was cytostatic but not 
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Figure 8 - Cytostatic activity of macrophages derived from young 

and old F344 rats against tumor cell lines from the rat and the 

mouse. Young and old macrophages were incubated in a 1:1 ratio 

with a rat myeloma cell line (YB2/0) ~nd a mouse mammary 

carcinoma c~ll line (MCG T-14). After 18 hours, tritiated thymidine 

was added at 1 uCi/well in 50 ul of Dulbecco's MEM. After 4 hours, 

wells were l)arvested and retained radioactivity counted. Percent 

cytostasis was calculated. Data are expressed as mean+ S.E.M. 
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cytotoxic (Ibid.). Also, Campbell found a strain difference in the ratio 

of macrophages needed for cytostasis (Ibid.). 

Cytostasis may be an integral factor in host defenses against 

cancer. Since cells of the monocyte-macrophage lineage exist in 

virtually every body compartment, macrophages have a good chance 

of contacting neoplasms ·as they arise. Macrophage cytostatic 

activity may be important in arresting tumor cell growth, thereby 

allowing time for other components of host defense such as natural 

killer cells and more highly activated cytotoxic macrophages to be 

recruited to the area. 

_ The evidence that young and old macrophages are comparable 

in their cytostatic activity is consistent with other observations 

concerning cancer and aging. The increase of cancer in the elderly 

can be at least partially explained by the decrease in macrophage 

cytotoxicity (Keller, 1978) and the suppression of natural killer cell 

activity (Bash and Vogel, 1984). Yet, many common cancers are less 

aggressive and grow at a slower rate in the elderly (Ershler, 1986). 

This is possibly due to the cytostatic activity of macrophages, since 

the function of cytostasis is not to eradicate neoplasia but to inhibit 

its growth while other elements of host defense are recruited. Yet 

there still must be other differences in either the macrophages 

themselves or the environment to completely explain the slower 

growth in the old as compared to the young. 
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Experimental evidence has shown that the macrophage 

cytostatic ability is more effective against non-metastatic tumor 

cells. Gemsa et al. (1981) demonstrated that C. parvum e_licited 

peritoneal macrophages were cytostatic for non-metastatic tumor 

cell lines, but did not inhibit the growth of metastatic cell lines. 

Yamashina et al. (1985) confirmed this observation with pyrari

elicited murine peritonea_l macrophages and 4 tumor cell lines 

d~rived from a spontaneous mouse mammary tumor, finding the 

metastatic cell lines were less sensitive than the non-metastatic cell 

lines -to macrophage -cytostatic activity. Further, pretreatment of the 

tumor cell lin·e·with indomethacin il)creased the sensitivity o_f 

metastatic cell lines without affecting the sensitivity of non-

. metastatic cell lines (Ibid.), indicating that an important 

characteristic that allows a neoplasm to be metastatic may be its 

ability to suppress host macrophages by prostaglandin secretion. 

Also, pretre~tment of the tumor cells with indomethacin together 

with the presence of LPS during culture removed all dif!erences in 

sensitivity to cytostasis (Ibid.). Thus the differences between 

macrophage cytostasis of metastatic and non-metastatic tumor cell 

lines were due to the activation state of the macrophage as well as a 

microenvironment containing inhibitory prostaglandins. 

Although-both young and old F344 rat macrophages at an 

intermediate level of activation are equally cytostatic against both 

the mouse mammary carcinoma and rat myeloma cell lineswhen 

tested in vitro, it is possible that environmental differences in young 
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and old rats modulate macrophage function differently in vivo, a 

situation complicated by the release of soluble mediators from tumor 

cells. 



D. The effect of soluble mediators on macrophage activation 

during aging as measured by APD activity and cytostasis. 

1. Fibronectin 

76 

The difference in the cellular milieu between young and old 

animals may contribute to the decline in immune responsiveness with 

age. The increase in the concentration of plasma fibronectin with 

age is one of the many proba~le differences in the aged environment. 

The increase in fibronectin concentration, coupled.with the.evidence 

of its partially immunosuppressive nature, led to experiments to 

determine the effect of soluble fibronectin on macrophage activation. 

The concentration of circulating fibronectin (Fn) increases with 

advancing age· in ~he Sprague-Dawley rat (Figure 9). This 

·observation is consistent with the pattern of circulating Fn 

concentration during aging in other organisms (Labat-Robert et al, 

1981). However, Fn \Yas not shown to' increase with age in the F344 

rats, using both the competitive inhibition assay and a sensitive triple 

_antibody enzyme-linked immunosorbent assay (data not shown).· Yet 

the results of experiments in which F344 macrophages were 

incubated with Fn are pertinent, since fibronectin has be~n shown to 

reproducibly increase in concentration in other organisms as well as 

the outbred Sprague-Dawley rat strain. Furthermore, these 

experiments used physiological levels of fibronectin present in the 
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Figure 9 - The effect of age on circulating fibronectin (Fn) levels in 

Sprague-Dawley rats. Sera was aseptically collected from 

representative animals in each age group. Circulating Fn levels 

were determined via the competitive inhibition assay. Data are 

expressed as mean + S.E.M. 
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F344 rats. An increase in fibronectin levels would be expected to 

exacerbate the situation. 

In addition to its functions in wound healing, embryogenesis, 

and opsonization (Yamada et al, 1984), Fn has been demonstrated to 

have immunological effects (Rybski et al, 1989). Further, Fn has been 

implicated in age-related changes in the complement component of 

• the host defense system. Specifically, Fn causes a shift in the 

complement cascade from the classical to the alternative pathway by 

binding Clq at' plasma Fn concentrations typically seen in aged 

humans-(Menz.el and Dunky, 1_9S9). 

The effect of Fri':on S'N activity and APD activity is different in 

macrophages derived from yo.ung versus old Sprague-Dawley rats 
. ' 

(Figure 10, 11). Yet the pattern of changes·is consistent in both 

enzyme assay~.· In macrophages derived from young Sprague

Dawley rat PEC, Fn actiyates the _cells as shown by the decrease in 

. enzyme activity as compared with the bovine serum albumin (BSA) 

control in b~th the S'N assay (p=0.02) and the APD assay (p=0.03). 

However, in macrophages derived from old Sprague-Dawley rats, 

fibronectin appears to slightly deactivate the cells as evidenced by the 

increase in S'N and APO activities as compared to the BSA control 

(p=0.0001 and 0.003, respectively). Furthermore, by comparing the 

BSA controls, macrophages from old rats appear to be more 

activated than the macrophages from young rats in both S'N assay 

and APD assay systems (p=0.007 and 0.001, respectively). 
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Figure 10 ·~ Effect of age on ectoenzyme activity in young and old 

Sprague-Dawley rats. Peritoneal exudate cells were isolated from 

inflammatory rats and pl~ted as previously described. After a 2 hour 

adherence purification, bovine serum albumin (BSA) and fibronectin 

(Fn) were·added at concentrations of 60 ug/well and allowed to 

incubate overnight. Plates were washed and cells were assayed for 

S'Nucleotidase (S'N) activity. Data are expressed as mean + S.E.M. 
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Fi~e 11 - ~ffect of age on ectoenzyme activity in young and old 

.·Sprague.:.Dawley rats. Peritoneal macrophages were isolated as 

previously described, and alkaline phosphodiesterase I (APD) activity 

was measured. Data are expressed as mean+ $.E.M. 



81 

The effect of Fn on macrophage activation was then measured 

in the cytostasis-assay utilizing the rat myeloma cell line YB2/0 as the 

target (Figure 12). Fn enhanced the cytostatic activity of · 

macrophages derived· from both young and old F344 rat PEC. 

However, enhancement was significantly (30%) less in the 

macrophages derived from old F344 rats (p=0.05). Possible defects 

include fewer Fn receptors, membrane deficiencies in receptor

mediated signal transduction, and alterations in the signal· 

transduction pathways of old F344 rat macrophages. Another 

possibility is qualitative changes i~ the fibronectin molecule as a 

result of the aging process. Many proteins undergo non-enzymic 

post-translational modification during aging (Harding et al., 1989). 

As shown in Figure 13, Fn alone had no effect on the proliferative 

capacity of the YB2/0 cells. The effect of Fn in the cytostasis assay 

using the mouse mammary adenocarcinoma cell line (MCG-T14) as 

a target could not be properly assessed due to the fact that Fn alone 

is stron.gly cytostatic (Figure 13) . 

The impaired cytostatic response of macrophages derived from 

old rats in a fibronectin-rich environment as measured in the rat 

myeloma cell assay raises the possibility that the fibro~ectin receptor 

and/or signal transduction pathways are altered during aging. 

There is some evidence that receptor-mediated functions decline in 

· cells from aged organisms. Ma·crophages derived from old Balb/c 

mice exhibit' decreased adherence, opsonization, and ingestion of 

latex beads, yet display an increased nitroblue tetrazolium response 
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Figure 12 - Effect of fibronectin (Fn) and LPS on cytostasis in 

macrophages derived from young and old F344 rats. Macrophages 

and YB2/0 rat myeloma cells (T) were incubated in a 1:1 ration with 

or without soluble mediators, Fn (60 ug/well) and LPS (5 ug/well), 

and incubated. After 18 hours, tritiated thymidine was added at 1 

uCi/well in 50 ul of Dulbecco's MEM. After 4 hours, wells were 

harvested and retained radioactivity counted. Percent cytostasis was 

calculated. Data are expressed as mean + S.E.M. 
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Figure 13 - Effect of soluble mediators on the proliferation of tumor 

cell lines. Tumor cells from the YB2/0 arid MCG T-14 cell lines were 

incubated 18 hours with or without soluble mediators, Fn (60 

ug/well) and LPS (5 ug/well). One uCi tritiated thymidine in 50 u1 of 

media was added, and after 4 hours the cells were harvested and 

retained radioactivity was counted. Data are expressed as mean + 

S.E.M. ,. 
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(La Fuente, 1985). All of the impaired functioµs are the result of 

decreased or blocked Fe receptors, while the nitroblue tetrazolium 

response is a measure of the hexose-monophosphate shunt, an 

~dicator of cellular activation and capacity to produce free radicals 

of o~ygen (Ibid.). 

Signal transduction pathways have been shown to be defective . 

in some immune system cells derived from old organisms. Miller 

(1987) found that T cells from aged mice are deficient in their capacity 

to increase internal calcium ion concentration when stimulated with 

the-mitogen concanavalin A. He.further discovered that the calcium. 

-ion deficit was caused by impaired calcium transport, rather than 

inositol tripho~phate stimulated release of calcium from intracellular 

storage. 

The interaction of macrophages and fibronectin is a multilevel 

one. Not <?n.lY do macrophages bind fibronectin, they also secrete it 

(Villiger et al., 1981). Also, fibronectin fragments have been 

demonstrated to be chemotacti<;: for macrophages (Norris_ et _al., 

1982). Intact fibronectin can function as an opsonin in phagocytosis 

(Brown, 1986). In human monocytes, fibronectin enhances 

phagocytosis by controlling the function of the monocyte complement 

receptor· (Pommier et al., 1983). In addition, fibronectin affects 

antigen-specific antibody synthesis (Rybski et al, 1989). 

Changes in the fibronectin receptor on macrophages may 

account for the observation that macrophages from old rats respond 

to a lesser degree to fibronectin than those from young rats. Several 
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parts of the fibronectin receptor are completely conserved across 

species lines. The transmembrane domain of the beta ~ubunit is 

completely conserved between chicken and human forms and may 

have an important role in signal transduction (Ruoslahti, 1988). Also, 

the cytoplasmic beta subunit sequences are conserved and are 

homologous to tyrosine phosphorylation sites in other receptors 

(Tamkun, et al., 1986). It is possible that these conserved seque~ces 

are affected during aging. Somatic mutations may change the 

sequences themselves. Membrane alterations may restrict the 

movement of the receptor in the lipid bilayer or expose new 

sequences of the receptor to the environment, eliciting an 

autoimmune response. 

Also, receptor affinity for fibronectin may change with age. 

The conformation of the RGD and surrounding sequences in ·the 

fibronectin molecule is important in binding to the receptor 

(Ruoslahti, 1988). Changes in the conformation of this area during 

agin~ may impair fibronectin-receptor bi~ding. Finally, cell S!::lfface 

heparin sulfate proteoglycans may function in facilitating cell 

attachment to fib_ronectin via the glycosaminoglycan binding site 

(Isemura et al., 1987). These interactions, too, could be altered 

during aging. 

New evidence indicates that fibronectin receptQrs on 

macrophages may be modulated during the inflammatory_response. 

Holers ~t_aL (1989) constructed a cDNA library from thioglycollate

elicited peritoneal ~ouse macrophages. Using human cDNA probes 
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for both alpha and beta subunits of the fibronectin receptor, they 

screened the library and found that expression of alpha chain mRNA 

was greatly increased by thioglycollate or Listeria induction without 

a measurable change in in beta subunit mRNA (Ibid.). The 

differential regulation of alpha and beta chain message stems from 

the sharing of 1:>eta subunits among several different VLA proteins. 

Roberts et al. (1988) have found a pool of pre~existing VLA beta 

chains in fibroblasts. 

The dynamic state of fibronectin receptor regulation presents 

another possible area of susceptibility as a result of aging. 

Differences seen in the rat system with Fn as a soluble mediator 

confirm this possibility. In macrophages derived from old Sprague

Dawley rats Fn was inhibitory as measured by the ectoenzyme 

assays; whereas Fn appeared to activate the macrophages from 

young Sprague-Dawley rats .. In the macrophages derived from 

young and old F344 rats, Fn enhanced cytostasis in both populations 

but did so to a lesser· extert in the· macrophag_es isolated from old 

F344 rats. 

The mechanism by which fibronectin enhances cytostasis may 

be either by promoting macrophage attachment to tumor cells or by 

modulating the macrophage to secrete substances that induce 

cytostasis. Fibronectin has been shown to increase ~acrophage 

secretion of interleukin-1 (Beezhold and Lause, 1987), which is a -

mediator of cytostasis (Lovett et al., 1986). Since Fn is known to 

increase in the circulation across many species lines, has 



demonstrable effects on macrophage functions, and its receptor·is 

tightly regulated during inflammation, Fn must be considered ·as a 

contributor to immune sy~tem alterations during aging. 
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2 .. Lipopolysaccharide (LPS) 

LPS is a potent activator of macrophage function. It is also 

virtually ubiquitous in trace amounts and thus qualitative and 

quantitative changes in LPS could be an important factor in immune 

system responsiveness during aging or age-related def~cts in 

macrophage response to LPS may demonstrate aberrant immune 

responses. 

The effect of LPS on the APD activity in F344 rat macrophages 

is_shown in Figure 15. In the macrophages derived from young rats, 

the APD pattern of change is consistent with the activation of the 

young macrophages by LPS. The macrophages from old rats 

exhibited a somewhat variant pattern, with no real difference in 

APO levels of macrophages stirhtilated with ·no LPS and those 

stimulated ~th the highest concentration of_ LPS (0.2 ug/ml). 

The LPS effect on the cytostasis assays can be seen in Figures 

12, 14, and 1_§. In Figure 14 macrophages derived from both young 

· and old F344 rats-have the ability to respond to LPS in the cytostasis 

assay utilizing the mouse mammary tumor cells as targets. LPS 

greatly enhances the cytostatic activity of young and old 

macrophages over the control cells (without LPS). Furthermore, LPS 

activates young and old macrophages to comparable levels, with no 

significant difference in the cytostatic activity of young or old 

macrophages. 
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Figure 14 - Effect of LPS on cytostasis in young and old F344 rats. 

Cytostasis experiments were conducted as described previously. In 

these experiments the tumor cell target (T) was the MCGT-14 mouse 

mammary carcinoma cell line. Data are exptessed as mean+ S.E.M. 
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Figure 15 - Effect of LPS dilutions on APD activity in macrophages 

derived from young and old F344 rats. Macrophages were 

adherence purifie':1 from inflammatory PEC's of young and old F344 

~ats. One hundred thousand v:iable macrophages per well were 

added to cultures with or without various dilutions of LPS (ug per 

well). Cultures were incubated overnight. APD activity was 

calculated. Data are expressed as mean + S.E.M. 
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Figure 16 - Effect of LPS dilutions on cytostasis activity in 

macrophages derived from young and old F344 rats. Macrophages 

were isolated and incubated with LPS as described in Figure 15. For 

each experiment in which APD activity was measured (Figure 15) 

cytostasis was measured on duplicate wells. Data are expressed as 

mean + S.E.M. 
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Similarly, the cytostatic activity of macrophages derived from 

young·and old F344 rats is greatly enhanced by LPS in the rat 

myeloma assay system (Figure 12). Again, no significant difference 

exists between the degree of enhancement in young and old 

macrophages. Also, there is no difference in the cytostatic activity 

when young or old macrophages are incubated with a solution of 

LPS and Fn. In Figure 16 various dilutions of LPS are added to the 

rat myeloma assay system. Maximal cytostatic enhancement for 

both young and old macrophages is attained with a concentration of 

0.2 ug/ml LPS. 

- Some effects of LPS depend on its concentration in culture. 

Van Lenten et al. (1985) found that LPS levels as low as 1 ng/ml 

suppressed the activity of the scavenger !eceptor of human 

monocyte-macrophages in recognizing cholesterol-rich low density 

lipoprotein (LDL) targets. Yet, at a concentration of 100 ng/ml no 

effect was measured on LDL recognition, apolipoprotein E secretion, 

'protein content, or tumoricidal activity (Ibid.)._ 

While APD activity may be a reliable .marker for macrophage 

cytotoxic activity, the same does not hold true for cytostatic activity 

in old F344 rat macrophages. Thus macrophages can be selectively 

activ~ted for certain functions while remaining non-activated in 

others in response to the same stimulatory signal. Experiments by 

Dempsey and coworkers (1988) demonstrated that ectoenzymes do 

not serve as complete markers for macrophage activation and 

differentiation. They found that bone marrow derived macrophages 



are similar to thi_oglycollate-elicited macrophages· in ectoenzyme 

_ patterns but differed in polyamine accumulation, size, and protein 

content (Ibid.). 
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The disparity seen in the APO-cytostasis correlation assay in 

old F344 rats may be the result of length.of time in culture. In the 

correlation experiments (Figures 15 and 16), the APO assay was 

synchronized with the_ cytostasis assay and thus, the· APO assay was 

performed 48 hours after peritoneal exu4ate cell isolation rather 

than the 24 hour period in the other APD assays. There is 

experimental evidence that some macrophage functions are lost with 

increasing time in culture. The respiratory burst (as measured by 

superoxide anion release }n response to phorbol myristate acetate) 

from LPS and BCG elicited murine macrophages is lost when 

cultured for 3 days in physiological buffer (Kitagawa et al., 1986). 

This effect was due to alterations in signal transduction since neither 

the enzymes nor the number and affinity of receptors was changed; 

further by replacing the sodiuµi ion content of theJ:>uffer with 

potassium ions,-the respiratory burst was greater on day 3 than on 

day 1 (Ibid.). It is possible that APO effects may be lost more quickly 

with length of time in culture in old macrophages than in young. 

Also, signal transduction mechanisms of LPS may be changed in old 

cells versus young, either by partial or complete blockage of 

pathways or by uncoupling of pathways that cause various 

phenotypes of activation to be simultaneously expressed. 



SUMMARY 

This project has provided a foundation for the further 

investigation of the effects of aging and soluble mediators on 

macrophage activity. The results lead to several avenues of future 

experimentation in the areas of the inflammatory response, 

macrophage cytostasis, and the mechanism of differential effects of 

fibronectin on macrophage activity in aged animals. The scope of 

this project was necessarily limited to establishing baseline levels of 

macrophage marker enzyme levels and cytostasis and then exploring 

the effects of fibronectin and LPS on macrophage function. This was 

due to the paucity of animals available from the National Institute of 

Aging, the sole supplier of aged rats in the United States. Waiting 

times _of several months for animals of the appropriate ages were 

not uncomm·on, and at this writing there are no aged F344 rats 

available fro~ any known source. 

-) The isolation of 75% fewer macrophages from aged F344 rats 

versus young F344 rats, while an interesting finding, also presented 

experimental difficulties. The investigation of this phenomenon · 

· would be a promising area of future research. First, the numbers of 

circulating immune system cells in the plasma of the experimental 
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. ~nimal should be determined. ff fewer cells
1

are found in certain 

populations, bone marrow production and circulating cell turnover 

rates should be inves~igated. Then, the processes of chemotaxis and 

diapedesis should be studied, including the number of 

chemoattractant r~ceptors, ability to respond to those receptors, and 

pos~ible physiolo~cal impediments to diapedesis. Finally, cell 

populations and subpopulations (with particul_ar interest in 

macrophage subpopulations) should be determined, as well as the 

characterization of the inflammatory environment. 

Since macrophage heterogeneity in normal populations is 

beginning to be unraveled, the consistent heterogeneity of 

macrophages from aged organisms should be studied. Both 

phenotypic and functional differences of various macrophage 

subpopulations need to be elucidated. 

Another necessary direction for future study is the cytostatic 

response of aged animals to- tumor cell challenge. Although the 

macrophages froll_'! both old and young rats responded similarly to 

tumor cell challenge in vitro and in the absence of soluble mediators, 

the in vivo would of course be quite different due to the net effect of 

stimulatory and inhibitory signals in the cellular milieu. In additi~n, 

the validity of other enzymes, such as leucine aminopeptidase and 5'

nucleotidase, as markers for macrophage cytostasis needs to be 

addressed. 

The effect of fibronectin on macrophages from aged animals is 

proving to be a complex one. The increase in fibronectin 
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concentration_ in the circulation with age is seen in many different 

species of organism and may contribute to the macrophage function 

in vivo during aging. Fibronectin is known to exert a suppressive 

effect on antigen-specific antibody synthesis via the accessory cell 

(Rybski et al., 1989). In the marker enzyme system, fibronectin 

activated the macrophages from young rats and slightly deactivated 

the macrophages from old rats. In the cytostasis system, fibronectin 

enhanced the cytostatic activity of both young and old macrophages, 

albeit at a significantly lower level in old macrophages~ Given the 

recent characterization of fibronectin recepfors and their fluctuation 

during an inflammatory response, fibronectin receptor-mediated 

interactions become an important area in which to focus future 

efforts. The fibronectin receptor number and affinity during aging 

needs to be addressed. From there, the elucidation of signal 

transduction pathways for the fibronectin receptors must follow, in 

order to completely understand the differential effects of fibronectin 

O!_l macrophage function during aging. 
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