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ABSTRACT 

In light of the increasing emphasis on in vitro 

techniques for toxicologic research, a new model system was 

developed for the preparation and short term maintenance of 

mammalian lung slices in dynamic organ culture. Viability of 

explanted tissue, as characterized by a number of biochemical 

and histological parameters, was maintained for periods up to 

5 days in culture. Validation of the model as a toxicological 

tool was accomplished by screening a series of classical 

pneumotoxicants (acrolein, cyclophosphamide, monocrotaline, 

paraquat, nitrofurantoin, bleomycin, and amiodarone). Results 

indicated that this in vitro model system can be used to mimic 

the acute in vivo toxicity of direct-acting compounds, 

including the production of cell-specific injury. 

Application of the model to mechanistic study was 

approached by further investigating the toxicity induced by 

redox cycling compounds. The toxicity of nitrofurantoin and 

paraquat was enhanced by hyperoxia and attenuated by catalase. 

Evidence of lipid peroxidation was provided by measuring the 

disappearance of polyunsaturated fatty acids, and by the 

concomitant depletion of vitamin E. Nonprotein sulfhydryl 

content of slices, however, remained unchanged, suggesting 

that GSH is not a primary target for the actions of these 

agents. 
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INTRODUCTION 

susceptibility of the Lung to Toxicity 

In many respects, the lung is uniquely situated to become 

a victim of selective damage. Because the lung functions in 

direct contact with what is often a hostile external 

environment, it is in an extremely vulnerable position for 

toxic insult (smith and Nemery, 1986). Despite the presence 

of numerous endogenous defense mechanisms (Grossblatt and 

Paulson, 1989), the distal airways and alveolar sacs are 

frequently the targets of airborne toxicants that elude the 

absorptive and filtering actions of the nasal passages. 

The lung is also in a unique position to be influenced by 

the substances that circulate throughout the body, since its 

vascular bed receives the entire cardiac output (Friedman, 

1988). Because of this high degree of vascularization (50% of 

the body's capillary beds reside in the lung), the alveolar 

region has the opportunity to accumulate and/or bioactivate 

substances from the mixed venous circulation prior to their 

reaching the systemic arterial circulation (Ryan, 1982). It 

is not surprising, therefore, that the lung represents a 

target for some agents regardless of their initial route of 

entry into the body. Such so-called "lung-seeking" 

pneumotoxicants therefore represent an alternate route by 

which xenobiotics can damage lung tissue: that of the systemic 
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circulation (Henderson, 1988). The requirement for suitable 

tissue models to study pulmonary toxicology and pharmacology 

is therefore underscored by this unique susceptibility of the 

lung to both inhaled and bloodborne agents (Rannels and 

Rannels, 1988). 

Cellular Heterogeneity of the Distal Airways and 

Implications for Toxicity 

The cellular complexity of the mammalian lung has been 

well documented. The lung is composed of as many as 40 

different cell types. Most of the cellular diversity, 

however, exists primarily in the upper, or conducting, 

airways. The composition of the terminal airspaces (alveolar 

sacs), is ultimately limited to only five highly specialized 

cell types as summarized in Table 1: Type I and II alveolar 

epithelial cells, fibroblasts, endothelial cells and 

macrophages. Type I cells form a squamous sheet that covers 

95% of the alveolar surface. These pneumocytes contain a 

limited number of intracellular organelles, suggesting that 

metabolically, the cell is relatively inactive. These highly 

differentiated cells function primarily as both a protective 

barrier and as a gas exchange surface, while the cells 

themselves consume very little oxygen. Their large surface 

area, combined with a lack of endogenous defense mechanisms 

(i.e. enzyme systems, antioxidants), renders the Type I cells 
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TABLE 1 . 
Major Cell Types comprising the Alveolar Region 

I Cell Type I Specialized Function I 
Type I cell gas exchanging surface 

Type II cell synthesize/secrete surfactant; 
progenitor for Type I cell 

Fibroblast synthesize connective tissue 
proteins 

Endothelial cell vascular barrier; metabolize 
vasoactive substances 

Macrophage host defense; immune response 
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especially vulnerable targets for the action of pulmonary 

toxins. Furthermore, once these cells are damaged or 

destroyed, they cannot be replaced by a division of adjacent 

undamaged sister cells (Witschi, 1990); thus, their inherent 

susceptibility is further underscored. 

To repair defects in the alveolar epithelium, the lung 

must therefore rely on a second cell type, the Type II 

pneumocyte. Although almost twice as many Type II as Type I 

cells exist, the much more compact, cuboidal Type II cell 

occupies only 5% of the alveolar surface (Crapo et. al., 

1982). This cell possesses the capacity to differentiate into 

the squamous Type I cell, and thus regenerate the gas

exchanging surface in the event of injury (Adamson and Bowden, 

1975a). Another important function of the Type II cell is to 

synthesize, store and secrete pulmonary surfactant, a material 

of vital importance to normal lung function (Rooney, 1985). 

The role of surfactant is to decrease alveolar surface 

tension, thereby reducing the inflation pressures needed to 

keep alveoli open (King, 1982). The Type II cell is therefore 

of critical importance not only to repair of parenchymal 

injury, but also to normal lung function. 

A number of connective tissue cells are located within 

the interstitium of the alveolar wall, the most important of 

which is the fibroblast. These cells are responsible for the 

synthesis of major connective tissue proteins (i.e.: collagen, 
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elastin) necessary for resiliency in the normal lung. The 

fibroblast therefore assumes great importance in the process 

of alveolar wall repair after injury. Yet the synthetic 

functions of these cell types must remain in exquisite 

balance, since an overactivity of the fibroblast can also 

result in the pathologic and physiologic abnormalities 

associated with many diffuse diseases of the lung (i.e.: 

fibrosis) (Lee, 1985). 

The extensive intra-alveolar capillary network is lined 

by endothelial cells. One specialized function of these cells 

is to inactivate circulating bioactive peptides such as 

bradykinin and serotonin (Fishman, 1982). By virtue of their 

position within the lung, these cells are the first to be 

exposed to systemically delivered pneumotoxicants, thus 

predisposing them to injury (Warren and Ward, 1986). 

Another cell present in the alveolar region is the 

macrophage. This cell represents an important target for a 

wide variety of toxic agents, for several reasons. First, the 

macrophage represents a first-line defense against many 

xenobiotics and is very often recruited to sites of damage or 

exposure. Second, because macrophages have the ability to 

endocytose macromolecular and particulate xenobiotics, the 

potential for exposure and/or accumulation within these cells 

is greatly enhanced. Third, macrophages also scavenge dead or 

damaged cells, proteins, and macromolecular complexes, thus 
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providing another opportunity for further exposure to 

potentially damaging materials (Adams et. al., 1988). 

Just as the macrophage itself can be a target for 

cytotoxic effects, it can also in turn produce damage to 

otherwise normal cells of the alveoli. Activated phagocytes 

secrete a variety of products which are toxic to both 

neighboring parenchymal cells and structural components of the 

alveolar wall (Nathan, et. al., 1980). For example, some of 

the toxic by-products of respiration include hydroxyl radical 

and hypochlorous acid (Taylor and Townsley, 1986). Other 

macrophage products include acid hydrolases (i.e.: acid 

phosphatase) and neutral proteases (i.e.: elastase) which can 

injure "innocent bystanders" by diffusion or by direct cell

cell contact (Davies and Bonney, 1980). Such an interaction 

has been well described in silicosis and asbestosis, as well 

as exposure to tobacco smoke, and other instances undoubtedly 

exist (Fantone and Ward, 1984). 

Normal function of the lung as a whole relies heavily on 

the distinct ability of each of these cell types to function 

in a seperate yet integrated fashion. Interestingly, because 

of this high degree of cellular specialization, the individual 

cell types comprising lung parenchyma also have distinct and 

unique susceptibilities to injury. Thus, selective toxicant

induced damage to a particular cell type may have far-reaching 

consequences. 
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Use of In vitro Techniques to study Pulmonary Toxicity 

Many types of in vitro systems are finding widespread use 

in both descriptive and mechanistic pulmonary studies. These 

techniques include lung subcellular fractions, homogenates, 

monotypic and mixed cell cultures, and the isolated perfused 

lung (Freeman and O'Neil, 1984). These methods all have the 

advantage of permitting the study of complex disease processes 

under relatively simplified, controlled, and completely 

defined environments. Thus, they have the advantage of 

eliminating systemic influences which often render in vivo 

studies considerably more complex and difficult to interpret. 

In addition, the rising cost of conducting whole body 

toxicological experiments, together with the . growing 

controversy on the use of large numbers of animals in 

scientific research, makes the development of in vitro 

techniques particularly attractive; such models are not only 

cheaper, but require significantly fewer animals. Moreover, 

the increasing availability of human tissue makes it possible 

to study the effects of xenobiotics directly without the need 

to extrapolate from animals. 

Advantages to the Use of Lung Slices 

The lung slice technique offers additional and distinct 

advantages over other in vitro model systems. Uniform, 

reproducible slices can be easily and quickly prepared, under 
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minimally traumatic conditions. Due to their high degree of 

reproducibility, use of slices results in a dramatic reduction 

in experimental variation. 

It is important to re-emphasize that the lung is a 

considerably complex organ, and many of its intricacies may be 

lost as a consequence of simplification to certain in vitro 

models. For example, in many cases the specific response that 

occurs when the lung is damaged in vivo by a chemical insult 

is compounded by the response of other cell types that may 

themselves not be primarily damaged by the chemical. In other 

words, the lesion that develops following a chemical insult to 

the lung may well involve secondary damage to other cell types 

as a result of the initial insult. Thus, in some 

circumstances the response of the lung may in itself cause 

further damage. For example, the initiation of an extensive 

fibrotic reparative process, or the activation of alveolar 

macrophages, with subsequent release of toxic lysosomal 

enzymes into the surrounding heal thy tissue may cause a 

propagation of injury which will ultimately be deleterious to 

normal lung function. Such a complex, multifactorial response 

would undoubtedly be difficult to reproduce using such 

techniques as lung microsomes or cell suspensions. For this 

reason, studies employing pulmonary tissue slices have an 

additional and distinct advantage over other in vitro methods; 

slices can provide a means of identifying biochemical and 
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morphological toxicant-induced changes while preserving and 

permitting the observation of cell-cell and cell-matrix 

interactions. The resultant "integrated response" will 

therefore more accurately reflect the events occurring in vivo 

following a toxic insult. 

History of Lung Slices 

Despite the numerous advantages inherent to the use of 

lung slices, technical challenges historically precluded their 

use. owing to the unusually delicate nature of adult 

mammalian lung, the successful maintenance of this tissue in 

culture was difficult to achieve, and conventional methods of 

organ culture proved unsatisfactory (Davis, 1967; Adamson and 

Bowden, 1975b; Weinhold et. al., 1979). Atelectasis or 

alveolar collapse occurs shortly after explantation, rendering 

histological evaluation difficult (Williams and Gallagher, 

1978) • To circumvent this problem, attempts were made to 

culture explants on a variety of substrates, including gelatin 

sponge (stoner et. al., 1978), collagen-coated glass 

coverslips (Rose and Yajima, 1977) and membrane filters 

(Resnick et aI, 1974). However, in most of these studies, 

tissue degeneration and necrosis were common, presumably due 

to inadequate oxygen and nutrient delivery, and accumulation 

of toxic products (stoner, 1980). Recently, Placke and Fisher 

(1987) have described a method for instilling agarose gel into 
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the airways, which provides a supporting matrix to maintain 

alveolar patency throughout the course of incubation. Tissues 

therefore retain normal microanatomical structure, and are 

suitable for morphometric and histologic evaluations. 

Due to the compliant and fibrous nature of the lung, 

however, it is extremely difficult to prepare slices by hand 

without extensively damaging the tissue (Freeman and O'Neil, 

1984). Furthermore, hand-cut slices are not of consistent 

surface area and thickness, and as such cannot be regarded as 

individual experimental units. Use of an improved mechanical 

tissue slicer which would enable the preparation of precision

cut, highly reproducible slices, would therefore extend the 

usefulness of agar-filled lung slices. 

Adaptation of this technique in conjunction with a 

"dynamic roller culture" system of incubation (Smith et. al., 

1985) would offer further improvement over existing 

methodology. A major drawback of conventional static culture 

techniques (Trowell, 1959) has traditionally been necrosis due 

to impaired oxygenation of the tissue underside (Freshney, 

1983). A dynamic system, which rotates the explants during 

incubation, exposing them to alternating gaseous and liquid 

phases I may therefore eliminate this pattern of necrosis. 

Furthermore, previous work with liver slices has shown that 

the roller culture system improves viability by minimizing the 

cellular degeneration associated with limited oxygen or 
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nutrient delivery (Smith et. al., 1985). 

Model pulmonary Toxicants 

Countless pulmonary toxicants exist in our industrialized 

society. Many of these agents have become model compounds 

with which to study basic mechanisms of the pulmonary disease 

process. These agents vary widely in many respects: chemical 

structure, mechanism of toxic action, cellular specificity, 

route of entry (in vivo), or requirement for bioactivation. 

In spite of this diversity, the unifying factor in each 

instance remains the potential of each to produce lung 

toxicity in vivo. Furthermore, many of the compounds which 

are directly toxic to lung tissue can be further explored and 

characterized in tightly controlled in vitro model systems. 

Of this subset of pneumotoxic agents, several representative 

compounds will be briefly discussed, with particular emphasis 

being placed on postulated toxic mechanisms. A brief summary 

of the cellular target site of each compound can be found in 

Table 2. 

Acrolein: 

Acrolein is a highly reactive a-p-unsaturated aldehyde 

found in cigarette smoke and automobile exhaust (Beauchamp et. 

al.,1985). Acrolein is also a metabolite of the anticancer 

drug cyclophosphamide (Brock and Hohorst, 1970). It appears 
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TABLE 2 . 
pneumotoxic Agents Investigated Using the Lung Slice 

Model: Source of Exposure and Initial Target site 

Agent Use/Source Target site 

Acrolein Tobacco smoke; All cell types 
automobile 
exhaust 

Paraquat Herbicide Type I & II cell 

Nitrofurantoin Urinary Type I & II cell 
antibiotic 

Bleomycin Anticancer drug Type II cell 

Amiodarone Antiarrythmic Macrophage 
drug 

Cyclophosphamide Anticancer drug Clara cell 

Monocrotaline Contaminated Endothelial cell 
milk, grain, tea, 
honey 
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likely that many of the biochemical and toxic effects of 

acrolein are caused by reaction with critical sulfhydryl 

groups (Beauchamp et. al., 1985), as depicted in Figure 1. 

Since many cellular enzymes possess thiol groups at their 

active site, deactivation of these enzymes by acrolein can 

have far-reaching consequences (Liu and Tai, 1985; Patel et. 

al., 1984; Grundfest et. al., 1982). The variety of toxic 

effects, therefore include disruption of metabolism, 

inhibition of cell growth and division, and cell death (Ku and 

Billings, 1986; Jaeschke et. al., 1987). 

Paraquat: 

Paraquat (1,1 1-dimethyl-4,41-bipyridilium) is a broad

spectrum herbicide which has become one of the most 

extensively studied pulmonary toxins (Smith and Heath, 1976). 

Because of its structural similarity to endogenous amines 

(spermidine, putrescine), paraquat is actively accumulated by 

the lung (Sharp et. al., 1972; Rose et. al., 1974), which may 

in part explain its preferential pneumotoxicity. Despite 

intensi ve investigation, the mechanism by which paraquat 

damages the cells into which it is accumulated (Type I and II 

epithelial cells) remains unknown, although some researchers 

speculate that lipid peroxidation may be involved (Bus et. 

al., 1976). Paraquat has the ability to undergo a single 

electron reduction from its cation to form a stable free 
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-Boyd, 1980 

Figure 1: Reaction of Acrolein with critical Sulfhydryl 
Groups. 
In this example, acrolein is shown to react with 
cysteine (CyS) by nucleophilic addition at the 
terminal ethylenic carbon of acrolein, to form 
a thiol ether. This may be accompanied by further 
reaction at the carbonyl carbon of acrolein, with 
a second molecule of cysteine to form a thiazol
idine ring. 
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radical. In the presence of oxygen, this radical immediately 

reforms the cation, with the concomitant production of 

superoxide anion (Bus et. al., 1974; sies et. al., 1983). 

Thus, paraquat can rapidly cycle between its oxidized and 

reduced forms, with continuous production of superoxide 

(Figure 2). Along with this free radical species, other 

oxidants including hydrogen peroxide and hydroxyl radical can 

also be generated. These oxygen radicals have the capacity to 

react with lipid membranes, causing a chain reaction of lipid 

peroxidation and subsequent cell damage (Bus et. al., 1976). 

An alternative to the lipid peroxidation hypothesis is 

that the primary event in the toxicity of paraquat is the 

depletion of NADPH levels in those cells in which the drug is 

accumulated (Rose et. al., 1976; Witschi et. al., 1977). As 

paraquat redox cycles, NADPH is consumed in an attempt to 

detoxify the oxygen radical species via the glutathione 

peroxidase and glutathione reductase enzyme systems. NADPH 

depletion would render the cells incapable of executing 

essential biosynthetic functions necessary for survival 

(Keeling and Smith, 1982). 

Nitrofurantoin: 

Although the incidence of nitrofurantoin-induced 

pulmonary fibrosis is low (SS%) (Holmberg et. al., 1980), 
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widespread use of this drug as an antibacterial agent merits 

further study into its toxic mechanism. Although this 

compound is structurally similar to other lung-toxic furans 

such as 4-ipomeanol, it shows little similarity with respect 

to mechanism of action. For example, most furans are 

bioactivated by oxidative pathways to alkylating inter

mediates, which covalently bind selectively to bronchiolar 

epithelial cells to produce toxicity. This binding, and 

subsequent toxicity, is strongly enhanced under aerobic 

conditions (Boyd, 1976). In contrast, the binding of 

nitrofurantoin under similar anaerobic conditions is 

inhibited; furthermore, the degree of covalent binding shows 

no relation to toxicity. In addition, damage induced by 

nitrofurantoin is selective for the alveolar epithelial cell, 

rather than the bronchiolar epithelial cell (Boyd and Osborne, 

1975). 

A more likely explanation for the observed toxici ty 

relates to the observation that nitrofurantoin, like paraquat, 

has the capacity to undergo cyclic reduction and oxidation, 

with simultaneous generation of oxygen free radicals (Figure 

3). These radical species are postulated to produce 

peroxidation of lipid membranes, with subsequent cell damage 

and death (Sasame and Boyd, 1979). In support of this theory, 

rats fed a vitamin E-free, high polyunsaturated fat diet, or 

maintained in an oxygen-enriched environment, showed enhanced 
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Figure 3: structure and Reactivity of Furans 
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susceptibility to nitrofurantoin-induced damage, presumably 

due to increased oxidant stress (Boyd, 1979). These features 

of nitrofurantoin toxicity, in addition to its failure to 

cause bronchiolar necrosis like other furans, emphasize 

certain similarities with oxidant-induced lung damage and with 

the acute pulmonary toxicity of redox cycling compounds like 

paraquat (Mason and Holtzman, 1975; Boyd, 1980). 

Bleomycin: 

Bleomycin is a complex glycopeptide antibiotic isolated 

from streptomyces verticillus (Umezawa et. al., 1966), and is 

widely used as a cancer chemotherapeutic agent. It is 

effective against a number of animal and human tumors, 

particularly Hodgkin I s lymphoma, testicular carcinoma, and 

squamous cell carcinoma (Friedman, 1978). A major advantage 

of bleomycin as an antineoplastic agent is its limited 

capaci ty to elici t bone marrow depression and 

immunosuppression (Andrews, 1972). However, a serious 

drawback to its therapeutic usefulness, is its well documented 

capacity to cause pulmonary fibrosis (Blum et. al., 1973; 

Rosenow, 1977; Luna et. al., 1972; Bennett and Reisch, 1979). 

The incidence of fatal bleomycin-induced lung toxicity appears 

to range from 2-40% of all patients receiving the drug, with 

an additional 30% of patients experiencing some degree of 

nonlethal pulmonary fibrosis (Cooper et. al., 1986). 
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Bleomycin functions as a mini-enzyme system in vitro 

(Burger et. al., 1981) and, in the presence of iron and 

oxygen, produces superoxide anion (Rodriguez and Hecht, 1982; 

Trush and Mimnaugh, 1986), as depicted in Figure 4. For this 

reason, its mechanism of pulmonary toxicity is thought to be 

mediated by events involving lipid peroxidation (Giri et. al., 

1983; Zeidler et. al., 1987; Turner et. al., 1989). 

Amiodarone: 

Amiodarone is an iodinated benzofuran derivative which 

shows great promise in the treatment of refractory ventricular 

tachycardia, yet also has the propensity to cause pulmonary 

toxicity. The incidence of pulmonary disease associated with 

amiodarone's use has been estimated at 5-10% (Rotmensch et. 

al., 1984; Reasor et. al., 1984). A hallmark of the disease 

is a pronounced phospholipidosis, particularly in alveolar 

macrophages, which is thought to occur as a result of impaired 

phospholipid catabolism (Cooper and Matthay, 1987) (Figure 5). 

Al though its precise mechanism of action remains unknown, 

amiodarone toxicity may be related to its abili ty to be 

accumulated by lung tissue to levels 10 to 1000-fold higher 

than the concentration in blood (Riva et. al., 1982). 

Furthermore, the long elimination time of the drug impedes 

recovery (Zipes et. al., 1984). 
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cyclophosphamide: 

Cyclophosphamide is an anticancer agent that shows high 

pulmonary toxic potential (Cooper et. al., 1986). This 

compound requires metabolic activation for both its 

therapeutic action and its toxicologic reactions (Alarcon, 

1976). The majority of bioactivation is thought to occur in 

the liver, and is mediated by the microsomal mixed function 

oxidase system (Gurtoo et. al., 1981), as shown schematically 

in Figure 6. The toxic potential of this drug may be related 

to its ability to deplete pulmonary glutathione stores, an 

effect which may be mediated by its alkylating metabolite, 

acrolein (Patel et. al., 1984). 

Monocrotaline: 

Monocrotaline is a pyrrolizidine alkaloid, which is 

synthesized by plants of the Senecio genus (Adams and Rogers, 

1939) • Cases of livestock poisoning and occasional human 

exposure through the consumption of herbal teas, have 

generated interest in this compound • s mechanism of action 

(Huxtable, 1979). Monocrotaline .. appears to produce lung 

injury only after being bioactivated (Figure 7) by hepatic 

cytochrome p450 enzymes to a toxic pyrrolic metabolite 

(Mattocks, 1968). The pulmonary cytochrome p450 enzyme system 

has little, if any, capacity to bioactivate monocrotaline 

(Huxtable et. al., 1978). The toxic intermediate then reaches 



Figure 6: Metabolism of Cyclophosphamide by Hepatic 
Microsomal and cytosolic Enzymes 
The initial activation product of cyclophos
phamide is 4-hydroxy-cyclophosphamide, which 
spontaneously forms aldophosphamide. This 
intermediate then undergoes p-elimination to 
release acrolein and phosphoramide mustard. 
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-Boyd, 1980 
(based on a proposal of Mattocks, 1968) 

Figure 7: Schematic Representation of the Metabolic 
Activation of the Pyrrolizidine Alkaloids 
The pyrrolizidine nuclues is dehydrogenated 
to the corresponding pyrrole (II), which is 
a potent alkylating species. Alternatively, 
this pyrrolic intermediate may be hydrolyzed 
to a hydroxyderivative (III) which is also 
capable of undergoing alkylation reactions. 
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the lung via the circulation (Butler et. al., 1970), where it 

produces damage to the pulmonary endothelium, possibly by 

covalent binding (Hilliker et. al., 1983). Lethality is 

usually attributed to the ultimate development of pulmonary 

hypertension (Altiere et. al., 1985; Ghodsi and Will, 1981). 

statement of the Problem: 

The problem of chemically-induced lung disease is an 

increasingly important one, especially as industrialization 

progresses and more and more man-made potential toxicants are 

released into the environment. Moreover, it is becoming 

increasingly apparent that many therapeutic drugs are capable 

of causing serious lung injury as a side effect in patients. 

Therefore, the need exists for model systems with which to 

study pulmonary toxicity. The further ref inement of pre

existing models, as well as the development of alternative 

models, should be an area of future emphasis for experimental 

pulmonary toxicologists. 

The primary objective of this thesis project was 

therefore to develop a lung slice model system which allows 

for short term organ culture in which biochemical and 

histological viability is preserved. Using this model, the 

direct cytotoxicity of several pneumotoxicants will be 

investigated, and correlated to their in vivo effects. In 

light of the heterogeneity of lung tissue, and given the 
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differences in cellular susceptibility, special emphasis will 

be placed on the reproduction of cell-specific histological 

effects. 

In addition, of potential benefit in attempting to 

understand the biological events leading to or modifying 

irreversible cell damage, is the elucidation of toxic 

mechanisms. The development and application of new in vitro 

technologies and research approaches surely would contribute 

to accelerated progress in this area. Therefore, after 

establishing the lung slice model as a valid toxicological 

screening tool, further characterization of the mechanism of 

toxic action of representative redox cycling compounds will be 

explored. 

Finally, the increasing availability of human tissue for 

research, which would eliminate the need to extrapolate from 

animals, merits an investigation of the suitability of this 

model for experiments employing human lung tissue. 
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MATERIALS AND METHODS 

Drugs/Toxicants 

Bleomycin sulfate (Blenoxane®) was a gift from Bristol 

Laboratories (division of Bristol-Myers Co., Syracuse, NY). 

Additional bleomycin was provided by Dr. William Dalton, 

Arizona Cancer Center, Tucson, AZ. Monocrotaline isolated 

from the seeds of C. spectibilis was donated by Dr. Ryan 

Huxtable, Department of Pharmacology, University of Arizona, 

Tucson, AZ. Nitrofurantoin, paraquat, cyclophosphamide, and 

amiodarone were purchased from Sigma Chemical Company (st. 

Louis, MO). Acrolein (97%) was obtained from Aldrich Chemical 

Company (Milwaukee, WI), and was used without further 

purification. 

Chemicals 

Agarose, electrophoresis grade was obtained from ICN 

Biochemicals (Cleveland, OH). Butterfly infusion sets (16-

gauge) were obtained from Abbott Laboratories (North Chicago, 

IL), and tracheal balloon catheters (size 6 or 8) were from 

Mallinckrodt Critical Care (Glens Falls, NY). Eagle I s Minimum 

Essential Medium was purchased from Gibco Laboratories (Grand 

Island, NY), and Fungibact® antibiotic solution was purchased 

from Irvine Scientific (Santa Ana, CAl. 

[1-14c]acetic acid (56 mCi/mmole) was obtained from 
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Amersham (Arlington Heights, IL); Omnifluor, [6_14C]glucose 

(6.9 mCi/mmole) and [4, 5-3H] leucine (55 Ci/mmole) were 

obtained through New England Nuclear (Boston, MA). Na251cro4 

(243 mCi/mg chromium), [methyl-3H]thymidine (58 Ci/mmole), [1-

14C] glucose (56 mCi/mmole) and Universol® scintillation 

cocktail were obtained from ICN Radiochemicals (Irvine, CA). 

Silica gel H thin layer chromatography plates where obtained 

from J. T. Baker Chemical Company (Philipsburg, NJ). 

Phosphatidylcholine (Type III-B), phosphatidylethanolamine 

(Type I) , phosphatidylserine, sphingomyelin, and 

phosphatidylinositol, all from bovine brain, were purchased 

from sigma Chemical Company (St. Louis, MO). Glass fiber 

filters were purchased from Brandel Scientific (Gaithersburg, 

MD). Hydroxyurea and cycloheximide were purchased from Sigma 

Chemical Company (st. Louis, MO). 

Nonenyl succinic anhydride, Quetol 651, 4-vinyl

cyclohexene dioxide, 2-dimethylaminoethanol, and JB-4 glycol 

methacrylate embedding components, as well as all histology 

supplies, were purchased through Polysciences, Inc. 

(Warrington, PAl. Substrates and reagents described in the 

enzyme histochemistry methods were purchased from Sigma 

Chemical Co. (st. Louis, MO). All solvents were HPLC grade, 

and were obtained from Aldrich Chemical Company (Milwaukee, 

WI). All other reagents were of the highest commercial grade 

available. 
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Buffers and Media 

A Krebs-Henseleit buffer (pH 7.4) was used for slice 

preparation. This buffer was stored at 4°C and gassed with 

95% °2:5% CO2 prior to use. For subsequent incubation, the 

culture medium was serum-free Eagle' s Minimum Essential Medium 

(MEM) with phenol red; HEPES (25 mM) was substituted for the 

recommended sodium bicarbonate buffering system. All media 

were sterile-filtered and stored at 4°C in autoclaved glass 

bottles. 

Prior to use, an aliquot of Fungibact® antibiotic mixture 

was added to the media at a final concentration of 2% (This 

concentration provided 200 U/ml penicillin G, 200 U/ml 

streptomycin sulfate, and 0.5 pg/ml Fungizone.). 

Recipes for the slicing buffer and culture media, as well 

as descriptions of the various buffers, stains and fixatives 

used for histology, can be found in Appendices A-D. 

Preparation and Incubation of Lung Slices 

Animals 

Specific pathogen-free male Sprague-Dawley rats 

(VAF/Plus®) weighing 225-250 g were purchased from Charles 

River Breeding Laboratories (Wilmington, MA). Animals were 

housed on autoclaved wood shavings in "shoebox" cages (4 per 

cage), which were placed into HEPA-filtered laminar air flow 
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units. Room temperature was maintained at 70-75°C and a 12 hr 

light/dark cycle was observed. Animals were allowed free 

access to food and water, and were used immediately following 

a one week acclimation period. 

Human Tissue Procurement 

Human lung tissue was obtained from organ donors. Tissue 

was immediately placed into ice-cold Viaspan (DuPont, Inc.) 

and packed in ice for transportation to the laboratory. A 

total of 4 donors ranging from 5 to 50 years of age were 

obtained. The time to receipt of tissue ranged from 4 to 24 

hr. 

Rat Lung Slice Preparation 

All procedures described for tissue slice preparation and 

culture were performed in a laminar-flow biohazard hood using 

aseptic techniques. Glassware and equipment was autoclaved 

for 35 min at 120 o C, and all buffers and media were sterile

filtered. A summary of the entire lung slice preparation and 

culture procedure is shown schematically in Figure 8. 

To prepare lung slices, animals were deeply anesthetized 

with sodium pentobarbital (100 mg/kg, ip) and killed by 

exanguination via" the brachial arteries. Thoracic and 

abdominal skin and hair were dissected free, and the thoracic 

cavity was opened along the midline. The lungs, heart, and 
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Figura 8: Schematic Representation of Rat Lung Slice 
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trachea were excised gn bloc and immediately rinsed in Krebs

Henselei t buffer (pH 7.4, 4°C). The heart was dissected 

free, and the trachea was cannulated using a 16-gauge butterfly 

catheter, which was connected to the barrel of a 25 ml plastic 

syringe. Approximately 15-20 ml of a 40°C 0.5% agarose/MEM 

solution (preparation instructions detailed in Appendix B) 

was instilled under constant hydrostatic pressure of 20 cm 

according to the method of Placke and Fisher (1987) to achieve 

maximal inflation. The tissue was then submerged in ice-cold 

Krebs buffer for 5 min to facilitate the agarose gelling 

process. Tissue cores (8 mm dia) were then prepared by 

advancing a sharpened metal tube slowly into each lung lobe, 

along its periphery. In this fashion, 7-8 tissue cores per 

animal were generated. From these cores, precision-cut slices 

were prepared under ice-cold oxygenated (95% °2:5% CO2) Xrebs

Henseleit buffer, using the Krumdieck mechanical tissue slicer 

as previously described (Krumdieck eta al., 1980; Brendel eta 

al., 1987). Lung slices were collected and stored in cold, 

oxygenated Krebs-Henseleit buffer prior to incubation. 

Approximate yield per animal was 50-55 lung slices, with an 

average diameter of 8 mm and a thickness of 498 ± 20 ~m per 

slice, as determined by an optical micrometer. The total time 

required for lung inflation and slice preparation was 

approximately 30 min. 
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Human Lung Slice Preparation 

Several modifications were made in the lung slice 

protocol in order to accomodate the larger tissue mass of 

human lung. Depending on the size and condition of the 

tissue, either the trachea or a main bronchus was cannulated 

using a tracheal balloon catheter (size 6 or 8), and the lungs 

were subsequently inflated with 2-3 1 of agar/medium mixture. 

To hasten the cooling process, plastic bags containing crushed 

ice were packed around the tissue, which was then submerged in 

ice-cold buffer. The gelling process required approximately 

30 minutes. 

Each lung lobe was then cut into 1" slabs, which were 

then cored transversely. An extremely large quantity of lung 

slices could be generated from a single donor; a conservative 

estimate would be approximately 900 slices. 

Incubation Conditions 

Each lung explant (human or rat) was placed onto the 

inner surface of a stainless steel mesh cylinder (one slice 

per cylinder unless otherwise noted). Each cylinder was then 

inserted into a scintillation vial containing 1.7 ml HEPES

buffered Eagle's minimum essential medium supplemented with 2% 

Fungibact® solution. This incubation volume was chosen 

because it was sufficient to bathe the tissue slice in a thin 

layer of fluid, yet not enough to completely submerge it 
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during culture. All vials were tightly sealed with open-top 

screw caps fitted with silicon-backed teflon liners 

(Scientific Specialties Service, Inc., Randallstown, MD), and 

loaded horizontally onto heated rollers (1.5 rev/min) 

maintained at 37°C. Unless otherwise indicated, all culturing 

was performed under ambient oxygen tension (21%). Culture 

medium was exchanged daily; medium was sampled during 

inCUbation and monitored microscopically to assure the absence 

of fungal or bacterial contamination. 

Oxygen Tension Manipulations 

In experiments requiring varying oxygen tensions, each 

inCUbation vial was gassed by inserting 2 hypodermic needles 

(25 gauge) through the open top cap and the silicon/teflon 

seal. One needle was connected to either a N2 source or a 

100% O2 source, and the second needle served as a vent for 

outgoing gas. In this fashion, each vial was flushed with gas 

(500 ml/min) for 30 sec, prior to inCUbation as described 

above. 

Drug Exposure 

Concentrated stock solutions of all drugs were prepared 

using either DMSO (amiodarone) or minimum essential media 

(paraquat, nitrofurantoin, monocrotaline, cyclophosphamide, 

acrolein, and bleomycin sulfate). In the case of bleomycin, 
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the stock solution was divided into aliquots which were stored 

under liquid nitrogen (-196°C) for periods no longer than 2 

wk. For all other drugs, the stock solutions were prepared 

fresh on the day of the experiment. For each experiment, the 

stock solutions were serially diluted with media to obtain 

desired final concentrations per incubation vial (for the 

amiodarone test group, the final concentration of DMSO was 

0.05%). Slices were exposed to drug over a time course of 6-

48 hr. Concurrent controls (media alone or media + DMSO 

vehicle) were run for each time point. 

were removed at designated times for 

histological evaluations as described. 

Triplicate samples 

biochemical and/or 

Biochemical Viability Assays 

Protein synthesis 

To quantitate the extent of protein synthesis, [4,5-3H] 

leucine (0.3 ~Ci/ml) was added to the culture medium at the 

start of incubation. In separate experiments designed to 

block protein synthesis, cycloheximide was included; this drug 

was initially dissolved in ethanol, then diluted with media to 

a final concentration of 10-5 M per incubation vial (final 

concentration of ethanol was 0.06%). After 6, 12, 24 or 48 

hr, control and toxicant-treated slices were removed, blotted 

on absorbant paper and sonicated in 1 ml distilled water, 
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using a Kontes cell disruptor (Vineland, NJ). Proteins w~re 

precipitated with a 20 ~l aliquot of 70% perchloric acid and 

pelleted by centrifugation at 2000 x g for 15 min (Microfuge 

B). The resultant pellet was then washed three times with 1 

ml volumes of 1 N HCI, and finally resuspended in 1 ml water. 

Universol scintillation cocktail (10 ml) was added to each 

sample, and radioactivity quantitated using a Beckman LS2800 

scintillation counter. 

Using the specific activity of the leucine radio label , 

and correcting for the amount of cold leucine present in the 

incubation media, data were expressed as nmoles leucine 

incorporated. These values were then normalized to total slice 

protein, which was determined on an aliquot of the original 

homogenate, using bovine serum albumin as a standard. 

DNA synthesis 

Following appropriate periods of culture (6, 12, 24, 48 

hr) slices (2 per vial) were placed into fresh inCUbation 

vials (no drug) and pulse labelled for an additional J hr with 

3H-thymidine (0.1 "Ci/ml). In separate experiments designed 

to block DNA replication processes, hydroxyurea (10 roM final 

concentration) was included; this was prepared as a 100% 

ethanol stock solution, and serially diluted with media (final 

concentration of ethanol per vial was 0.06%). After 

incubation, slices were briefly homogenized in 1 ml ice-cold 
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water, using a Brinkman Polytron (setting 4) and an aliquot 

was removed for protein determination. The remainder was 

precipitated with an equal volume of 10% (w/v) trichloroacetic 

acid (TCA). The precipitates were aspirated and collected on 

GF/C filters using a Brandel cell harvester. Filters were 

washed with 8 ml 10% TCA followed by 4 ml 95% ethanol, and 

then placed in scintillation vials with 10 ml scintillation 

cocktail [Omnifluor (16g)/Triton X-100 (1 l)/toluene (2 l)J 

for counting of radioactivity. 

DNA content 

Total DNA content of lung slices was determined by the 

method of Kissane and Robins (1958). Each sample was 

homogenized in 1 ml H20, precipitated with 20 ~l perchloric 

acid (70%) , and centrifuged at 2000 x g for 10 min. The 

resultant pellet was resuspended in 1 ml water. To this 

solution, 50 ~l BSA (5 mg/ml) and 500 ~l TCA/HCl solution (500 

g TCA plus 500 ml 6 N HCl) were added. The tubes were again 

vortexed and centrifuged, and the supernatant was discarded. 

The pellet was treated with 1.5 ml 100% ethanol plus 50 ~l 

concentrated HCl. The tubes were put on a shaker for 30 min, 

and stored at 4°C overnight. After centrifugation, the 

resultant pellet was dried overnight in an exhaust hood. 

Finally, 50 ~1 of 30% diaminobenzoic acid (DABA) was added, 

and the tubes were placed in an 80°C water bath for 30 
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minutes. The tubes were then cooled, and 1 ml of 1 N HCI was 

added. Fluorescence was quantitated on an Aminco-Bowman 

spectrofluorometer (American Instrument Co., Silver Spring, 

MD). Excitation and emmission wavelengths were 420 nm and 520 

nm, respectively. Calf thymus DNA (0.1 mg/ml) was used to 

generate a standard curve. 

51cr Release (Cytotoxicity) 

After determining optimal labelling and release periods 

for 51Cr in lung slices (data not shown), a modified protocol 

of the method of Martin and Kachel (1987) was performed. 

Since reduced chromium was found to bind to stainless steel 

(presumably by exchanging with chromium in the steel), the 

incubation screens used in this assay were fashioned from 

nylon mesh. Freshly-prepared lung slices were incubated with 

Na251cro4 (10 ~Ci/ml) for 6 hr; the labelled tissue slices were 

then washed with unlabelled media and transferred to fresh 

incubation vials containing various dilutions of the test 

compound, and cuI tured for an addi tional 18 hr. After 

incubation, the culture media and the lung slice were counted 

separately in a gamma counter (Auto-Gamma 5650, Packard, Inc., 

Downer's Grove, IL). 

Percent release (%R) relative to the total amount of counts 

initially present in each slice was calculated as: 
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%R = dpm (medl um) 

dpm(medlum+slic9) 

These values were then used to calculate a cytotoxic index 

(CI) as defined by Martin and Kachel (1987) according to the 

following equation: 

CI = %R(tIeBtment) - %R(contIol) 

%R(maxlmal) - %R(contIol) 
x 100% 

where %Rmaximal is defined as the dpm released from 2% Triton 

X-100 control tissue. 

Lipid Synthesis 

In experiments designed to evaluate the effects of 

toxicant exposure on de novo lipid biosynthesis, slices (2 per 

vial) were incubated with [1_14C] acetic acid (0.12 ~Ci/ml), 

for 6-48 hr. Following incubation, the explants were placed 

into screw cap tubes containing 1 ml distilled water and 5 ml 

chloroform/methanol (2:1 v/v), and the lipids extracted 

overnight by the method of Folch et al (1957). The chloroform 

layer was removed and evaporated to dryness under a gentle 

stream of N2 gas in a water bath maintained at 40°C. The 

residual lipid was redissolved in 150 1-'1 of Folch reagent. An 

aliquot (100 ~l) was used for the determination of total 
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radioactivity, as a measure of de novo lipid synthesis. 

Phospholipid synthesis 

To further characterize the lipid synthetic activity of 

control and toxicant-exposed lung slices, a second aliquot (20 

~l) of the Folch-extracted lipid was spotted onto a silica gel 

H thin layer plate. To aid in spot visualization, an 

additional aliquot of whole rat lung extract was added to each 

sample as a carrier lipid. Purified phospholipid standards 

from bovine brain were: phosphatidylcholine, phosphatidyl

serine, phosphatidylinositol, phosphatidylethanolamine, and 

sphingomyelin. The plates were developed in a solvent system 

consisting of chloroform:methanol:acetic acid:water 

(25:15:4:2) (Skipski et al, 1964) and air dried. Lipid 

fractions were visualized by iodination, scraped into 

scintillation vials containing 10 ml Universol scintillation 

cocktail, and counted for radioactivity. 

Uptake of 14c-Acetate Label 

In separate experiments designed to investigate the 

effects of toxicant exposure on the uptake of radiolabel, 

slices (2 per vial) were incubated with 1_14c- acetic acid for 

a 1 hr period at various times during the course of 

incubation. Following incubation, slices were rinsed, blotted 

and homogenized in 2 ml H20; an aliquot of the homogenate was 
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counted for radioactivity, as a measure of label uptake. In 

addition, blanks consisting of agar "slices" of identical 

dimensions as the tissue slices were also run to ensure that 

the agar matrix was not capable of sequestering the acetate 

label. 

Nonprotein sulfhydryl content 

Nonprotein sulfhydryl levels in cultured slices were 

quantitated by a modified method of Sedlak and Lindsay (1968). 

Lung slices (2 per vial) were briefly homogenized in 200 ~l of 

ice-cold 50 mM Tris-HCl buffer containing 10-3M EDTA (pH 7.4). 

Samples were precipitated with a 20 ~l aliquot of 15% TCA and 

centrifuged at 2000 x g for 5 minutes at 4°C. A 50 ~l aliquot 

of the supernatant was transferred to a microtiter plate. 200 

~l of Ellman's reagent (39.6 mg 5,5'-dithio-bis-nitrobenzoic 

acid in 10 ml ethanol, then diluted 1:10 with 0.5 M Tris/10-2 

M EDTA buffer, pH 8.9) was added, and the absorbance read at 

405 nm. A standard curve was generated using various 

dilutions of a 1 mM reduced glutathione stock solution. Data 

was normalized to total slice protein. 

Polyunsaturated Fatty Acid Ouantitation 

Cultured slices (3 per vial) were removed after various 

periods of incubation and extracted overnight in 5 ml Folch 

reagent. The organic layers were transferred to teflon-lined, 
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screw-cap tubes and 100 ~g of diheptadecanoyl lecithin was 

added to each as an internal standard. Samples were 

evaporated to dryness at 67°C under a gentle stream of N2 gas. 

Chloroform (0.2 ml) and 12% boron trifluoride-methanol 

solution (2 ml) were added to the dry residue and the 

solutions were mixed thoroughly. The reaction tubes were 

capped and incubated in an 80°C water bath for 45 minutes to 

deri vatize the fatty acids to their corresponding methyl 

esters. The tubes were then cooled, and the esters were 

extracted twice with 2 ml aliquots of hexane. The extracts 

were pooled and evaporated under N2 gas at 55°C. Finally, the 

dry residues were redissolved in 0.2 ml chloroform, and 5 ~l 

aliquots were analyzed for fatty acid content by gas 

chromatography. A Hewlett Packard (Model 402) gas 

chromatograph equipped with a flame ionization detector 

(240°C) was used. The EGSS-X column was maintained at an oven 

temperature of 190°C, and the injection port temperature was 

230°C. Helium gas (50 ml/min) was used as the carrier. Data 

was normalized on a "per slice" basis. 

Glucose utilization 

Control and toxicant-exposed slices were incubated (2 per 

vial) for 1-7 hr. During the final hour of culture, slices 

were transferred to fresh incubation vials containing either 

1_1~c-glucose or 6_14c-glucose (0.1 ~Ci/vial). Glucose 
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utilization was measured by quantitating 14C02 evolved during 

the oxidation of radiolabelled glucose. To accomplish this, 

the incubation vials were modified slightly, as follows: 

Using a 3 mm tissue biopsy punch (Acuderm, Inc., Ft. 

Lauderdale, FL), a hole was created in the silicon-backed 

teflon septa of each vial cap. The tip of a polyethylene Beem 

capsule (size 00, Ted Pella Inc., Tustin, CA) was cut off, and 

the cut end was inserted snugly through the opening in each 

cap. This, in effect, created a second chamber for each 

incubation vial, where CO2 could be collected and trapped. 

The Beem capsule was filled with 100 ,,1 of 2 M NaOH, and 

tightly sealed from the outside. In this fashion, the tissue 

slices were incubated with glucose substrate for 1 hour. The 

reaction was terminated by the addition of 200 ,,1 of 6 N 

H3P04, which was injected through the septa. Vials were 

rotated an additional 2 hr to ensure the collection of all 

evolved gas. The Beem capsules were subsequently detached, 

and their contents placed into scintillation vials containing 

10 ml FloScint IV counting cocktail, capped, and placed in the 

dark at 4°C overnight. Samples were subsequently counted for 

radioactivity, and the data expressed as nmoles glucose 

oxidized/hr/mg protein. 

vitamin E content 

vitamin E (a-tocopherol) levels were determined by high 
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Each slice was briefly 

homogenized in 1 ml distilled water, using a Brinkman Polytron 

. (setting 4). The homogenate was then transferred to a 

siliconized screw-cap tube, and s-tocopherol internal standard 

in methanol was added to provide 1 nmol/sample tube. To each 

sample was then added 1 ml 0.1 M sodium dodecylsulfate (SOS), 

2 ml ethanol, and 2.5 ml heptane. The tubes were then 

vortexed and spun at 2000 RPM for 15 minutes. A 1. 5 ml 

portion of the clear heptane extract (upper layer) was then 

removed and transferred to a 12x32 mm screw cap mini sample 

vial. The heptane was evaporated under a gentle stream of N2 

at 30°C, and the dry residue was redissolved in 1 ml methanol. 

Whenever possible, the samples were analyzed the same day. If 

storage was required, the samples were protected from light 

and stored at 0-4°C for no longer than 72 hr. 

Chromatographic analysis was performed on an HPLC 

equipped with a Coulochem (Model 5100A) electrochemical 

detector. The mobile phase was 93% methanol: 7% 0.1 M sodium 

acetate. A standard curve was generated using known amounts 

of a- and s-tocopherol, and the data expressed as nmol a

tocopherol per slice. 

Glutathione Reductase Activity 

For experiments designed to verify the inhibitory effect 

of BCNU [1,3-bis(2-chloroethyl)-1-nitrosourea] on glutathione 
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reductase activity, lung slices were incubated with 100~M BCNU 

(dissolved in 0.05% DMSO) for 45 minutes according to a 

previously established protocol (Hardwick, et aI, 1990). 

Tissues were then removed, rinsed in buffer, and homogenized 

in 1 ml of 100mM KH2P04 buffer (pH 7.4) containing 5 mM EDTA. 

The samples were then centrifuged for 15 minutes at 800 x 9 at 

Glutathione reductase activity was measured 

spectrophotometrically by monitoring the oxidation of NADPH at 

340 nm (Carlberg and Mannervik, 1975). The reaction cuvette 

for each sample (12 pooled slices) contained 1 mM oxidized 

glutathione, 0.1 mM NADPH, 0.5 mM EDTA, and 0.1 M sodium 

phosphate buffer (pH 7.6) in a total incubation volume of 1 

mI. The reaction was monitored for 5 minutes at 37°C. Data 

are expressed as the nmol NADPH oxidized/min/mg protein using 

6.22 as the molar extinction coefficient for NADPH at 340 nm. 

Light/Electron Microscopy 

Cultured lung slices were fixed overnight in 1.5% 

paraformaldehyde/1% glutaraldehyde/0.1 M cacodylate buffer (pH 

7.2). Tissues were then rinsed in cacodylate buffer, followed 

by 0.02% tannic acid. After a second buffer rinse, slices 

were postfixed with 0.25% OS04 for 0.5 hr and washed with 

distilled water. Tissues were then dehydrated through a 

graded series of ethyl alcohols (60%, 80%, 95%, 100%, 100%, 15 

min each) and infiltrated overnight in epoxide mixture (30 9 
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nonenyl succinic anhydride; 7.2 g 4-vinylcyclohexene dioxide; 

7.3 g Quetol 651). Samples were then transferred to fresh 

epoxide mixture, to which 0.7 ml 2-dimethylaminoethanol (OMAE) 

catalyst was added, embedded in teflon molds and polymerized 

at 65°C for 12 hr. For light microscopy, sections 1.5 #m 

thick were cut with a glass knife on a Sorvall JB-4 microtome 

(Sorvall Instruments, Newtown, CT), and picked up on glass 

slides which were then heated to 80°C on a hot plate. All 

sections were immediately stained with 1% Toluidine 

blue/borate buffer. For electron microscopy, ultrathin 

sections were prepared and stained with uranyl acetate and 

lead citrate. 

Enzyme Histochemistry 

Because of their heterogeneous distribution, certain 

enzyme activities can be used as markers to identify specific 

pulmonary cell types (Table 3). In order to preserve enzyme 

activity, all tissue processing was carried out at 4°C. 

Incubated tissue slices were fixed in ice-cold 2% 

paraformaldehyde/0.1 M phosphate buffer (pH 7.2) containing 

0.25 M sucrose for 2 hr. The slices were then washed in ice

cold O. 1 M phosphate buffer /0. 25M sucrose, dehydrated through 

an ascending series of acetone (50%, 80%, 95%, 100%, 100%, 15 

min each) and infiltrated in noncatalyzed JB-4® Component A 

overnight. Samples were then embedded in a modified mixture 
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TABLE 3 . 
I Cellular Localization of Pulmonary EnzYIIles· I 

Location of Enzyme 

Enzyme Cellular Subcellular 

Acid Macrophage Lysosome 
Phosphatase 

Alkaline Type II Plasma membrane 
Phosphatase Pneumocyte 

Nonspecific All Cells Cytoplasm 
Esterase 

p-Galactosidase Activated Lysosome 
Macrophage 
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of glycol methacrylate (25 parts Component A: 1 part Component 

B: 0.4% benzoyl peroxide catalyst). To control the exothermic 

reaction of the polymerizing plastic, embedding molds were 

placed on a tray of crushed ice, and samples were topped with 

aluminum chucks to exclude oxygen. Polymerization was carried 

out at ODC over a period of 2-3 days. Blocks were then 

trimmed, and sections (2-4 ~m) were cut using a Sorvall JB-4 

microtome equipped with 1" glass knives. Sections were air

dried and stored dessicated at 4DC for no longer than one 

week. 

Enzyme stains 

Alkaline Phosphatase: 

Alkaline phosphatase activity was demonstrated according 

to the method of Beckstead et. ale (1981). The substrate was 

naphthol AS phosphate (50 mg in 0.25 ml N,N-dimethylformamide) 

dissolved in 50 ml 0.2 M Tris buffer (pH 9.1). Diazo coupling 

was provided by fast blue BB salt (50 mg). Sections were 

incubated in the filtered solution at 37 DC for 2 hr, 

counterstained with 0.1% aqueous neutral red, air dried and 

mounted in Cytoseal (PolySciences, Inc., Warrington, PA). 

Enzyme activity is indicated by a blue precipitate. 

Acid Phosphatase: 

Burstone's acid phosphatase method (1958) as modified by 
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Barka (1965) was used. Naphthol AS-BI phosphate (25 mg) was 

dissolved in 2.5 ml N,N-dimethylformamide, and added to 34 ml 

0.1 M Michaelis veronal acetate buffer (pH 5.0). Diazotized 

pararosaniline was prepared by mixing 1.6 ml pararosaniline 

(4% in 2 N HC1) with an equal volume of 4% sodium nitrite, and 

allowing to stand for 2 minutes. This mixture was then added 

to the substrate buffer, the pH was adjusted to 5.0 and the 

solution was filtered. sections were incubated for 2 hr at 

room temperature, rinsed with water, and counterstained in 

Gill's triple strength hematoxylin for 1 minute. sections 

were then dehydrated in 100% ethanol, cleared in xylene and 

mounted in Cytoseal. Enzyme activity is indicated by a vivid 

red (granular) color, and the nuclei are blue. 

Nonspecific Esterase: 

The procedure of Yam et. ale (1971) was used to 

demonstrate enzyme activity. Freshly diazoatized 

pararosanilin was prepared by mixing 1.2 ml pararosaniline (4% 

in 2 N HC1) with 1.2 ml 4% sodium nitrite, and allowed to 

stand for 2 minutes. 40 ml 0.2 M sodium phosphate buffer (pH 

6.1) was then added. The substrate, alpha-naphthyl acetate 

(40 mg in 2 ml ethylene glycol monomethyl ether) was added, 

and the pH adjusted to 6.1 with NaOH. The solution was 

filtered, and sections were stained for 2 hr at 37°C. After 

rinsing in tap water, slides were counterstained with Gill's 
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triple strength hematoxylin for 2 minutes, dehydrated in 100% 

ethanol, cleared in xylene and mounted in Cytoseal. Enzyme 

activity is indicated by a reddish-brown (granular) 

precipitate, and the nuclei are blue. 

B-Galactosidase: 

The method of Pearson et. ale (1963) was used to 

demonstrate enzyme activity. The substrate, 5-bromo-4-chloro-

3-indolyl-/l-D-galactoside (2 mg), was dissolved in 0.5 ml N,N

dimethylformamide. Then 31 ml of 0.1 M acetate buffer (pH 

5.4), 0.5 ml of 0.9% saline, and 8 mg spermidine hydrochloride 

were added. In a separate beaker, potassium ferriferrocyanide 

was prepared as follows: 210 mg potassium ferrocyanide in 5 ml 

H20 is mixed with 165 mg potassium ferricyanide in 5 ml H20; 

3 ml of this mixture was then added to the substrate buffer 

and filtered. sections were incubated at 37°C for 30 hr, 

counterstained with Gill's triple strength hematoxylin, and 

mounted in Cytoseal. Enzyme activity is demonstrated by a 

bright blue (diffuse, not granular) color, with the nuclei 

light purple. 

Note: the presence of a granular enzyme product indicates a 

cross reaction between cellular iron (Fe3+) and the 

ferrocyanide in the staining solution; control sections should 

therefore always be run without the /I-galactoside substrate, 

for comparison. 
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Photography 

All photography for light microscopy was performed using 

a zeiss microscope equipped with a Nikon camara. For color 

prints and slides, Kodak Ektachrome film (ASA 160; Tungsten 

light source) was used. For black and white prints, Kodak 

Plus-X Pan or Technical Pan-X film (ASA 160) was used. 

Normalization of Data 

Although wet weight of tissue slices is a widely accepted 

means of data normalization, the wet weight of agar-filled 

lung slices is misleading; since the actual tissue weight of 

a 35 mg lung slice is only 5 mg, wet weight would represent an 

overestimation of the amount of tissue actually present in 

each slice. Whenever possible, biochemical values were 

therefore normalized to total acid-precipitable protein by the 

method of Lowry (1951), which provides a more accurate 

reflection of true tissue mass. However, in assays requiring 

special sample preparation where sonication must be avoided 

(i.e.: nonprotein sulfhydryl content; polyunsaturated fatty 

acid quantitation), data was normalized on a "per slice" 

basis. 

statistical Analysis 

All values are reported as the mean ± standard error of 

the mean (SEM). statistical significance was determined by 
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either one-way ANOVA or by unpaired t test, followed by the 

Neuman-Keull's test for multiple comparison. P valuesSO.05 

were considered significant. 



69 

RESULTS 

Chapter 1: 

Characterization of Lung slices as a Model for pulmonary 
Toxicity Studies: viability of Controls 

Protein synthesis 

Quantitation of protein synthesis by cultured lung slices 
• 

was measured by the incorporation of 3H-leucine into acid-

precipitable prvtein over a 48 hr period. A slight lag phase 

was observed in control tissues during the first half hour of 

culture (Figure 9). During this time, no incorporation was 

detected above that of background radioactivity (average 3H 

background=60 cpm). This apparent lack of protein synthetic 

acti vi ty is probably due to an equilibration between the 

radioactive and nonradioactive tissue pools of the precursor 

amino acid; another contributing factor for the initial lag 

phase may also relate to a nonspecific "recovery" period of 

the tissue slices as they adapt to their new in vi tro 

environment. 

Following the initial lag phase, the rate of leucine 

incorporation became linear over the course of incubation. 

This process was found to be extremely sensitive to the 

effects of cycloheximide (10-5 M), which is an agent that 

inhibits protein synthesis by blocking polypeptide chain 

elongation (Alberts, 1983). By as early as 1 hr of culture, 

a near-maximal inhibition of 85% was observed. 
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Figure 9: Protein Synthesis by Control-incubated Lung 
Slices. 
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For the remainder of incubation, the average inhibi tion 

induced by cycloheximide was 83.8±1.4%. 

DNA synthesis 

The extent of DNA synthesis by lung tissue was estimated 

after various periods in culture by measuring incorporation of 

3H-thymidine following a 3 hr pulse label. Control slices 

demonstrated fairly consistent synthetic activity during the 

first 12 hr in culture (Figure 10). By 24 hr, however, a 21% 

increase in thymidine incorporation, in comparison to the 

earlier time points was observed; by 2 days, the increase was 

38%. This increase in synthetic activity is suggestive of 

increased proliferation, possibly by interstitial fibroblasts. 

An attempt to investigate this possibility via autoradio

graphic techniques proved inconclusive, since many silver 

grains were observed throughout the lung parenchyma, including 

the alveolar spaces (data not shown). 

At each of the time points measured, the incorporation of 

thymidine radiolabel could be almost completely blocked (95%) 

by the addition of hydroxyurea (10 mM). This is an agent 

which is capable of inhibiting DNA replication, but has no 

effect on DNA repair processes (Trosko and Yager, 1974). 

Thus, it can be inferred that all of the observed 

incorporation of thymidine by lung slices can be attributed to 



6000 

5000 

t: 
"a; 4000 
+' 
0 .... 
a. 
C'I 3000 
E 
"-E 2000 a. 
"0 

1000 

0 
0 

• -. - hydroxyurea 
A-A + hydroxyurea 

72 

... ___ ----------e .-
T T~-.-. \ 
.&. 1 

A--.A.-----A----------A 

6 12 18 24 30 36 42 48 

Time (hr) 

Figure 10: DNA Synthesis by control-incubated Lung Slices. 
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Hydroxyurea concentration = 10 mM. 
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true DNA replication, rather than to repair processes in 

response to injury sustained during the slicing procedure. 

DNA content 

The total DNA content in control slices remained constant 

during the initial 12 hr of incubation (Table 4). The average 

value for DNA content during this time was 5.00 ~g/mg protein, 

which was not significantly different than the value for 

freshly prepared slices at time zero (4.60 ± 0.2 ~g/mg 

protein). Directly paralleling the increase in DNA synthesis 

that was observed after 24 hr incubation, was a concomitant 

increase in total DNA content of lung slices. There was a 

statistically significant increase of 20% after 24 hr, and 58% 

after 48 hr, as compared to the time zero value. 

51cr Release Assay 

Using the established protocol, label-and-release data 

generated using control-incubated slices (no toxicant) is 

shown in Table 5. The average uptake of chromium label by 

lung slices was 3. 36X10S cpm, which" represented approximately 

24% of the total amount of counts present in the incubation 

media. Subsequent release was approximately 0.28X10s cpm, or 

7.6% of the accumulated counts. Since this "spontaneous" 

release is small in comparison to reported values using other 

cell types (Ankerst, 1971), the concentration of chromium as 



TABLE 4. 

U~A content of Control-incubated 
Lunq Slices 

Incubation 
Time (hr) p.g DNA/mg protein 

0 4.6 ± 0.2 

6 5.0 ± 0.3 

12 5.0 ± 0.1 

24 5.5 ± 0.2* 

48 7.3 ± 0.2* 
Values q1ven are mean±SEM for N=7 an1mals. 
*indicates significant difference compared 
to 0 hr values (P~O.05). 
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TABLE 5 . 
Sicr Uptake/Release by Control-incubated Lunq Slices 

Uptake (lOS cpm) I Release (lOS cpm) I 
I Slice I Medium I I % I % 

# Slice Uptake Medium Slice Release 

1 10.10 2.98 22.8 .18 2.28 7.3 

2 10.17 3.10 23.3 .24 2.82 8.0 

3 11.53 3.99 25.7 .27 3.28 7.5 
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used in this assay protocol was determined to be negligible to 

lung slices. 

14C- Acetate Uptake and Incorporation into Lipid 

The extent of radio label uptake into control lung slices 

was constant over the entire course of inCUbation (Table 6). 

The average value was 19.8xl03 dpm/sample (2 slices), which 

represented approximately 4.4% of the available counts in the 

culture medium. The uptake of 14C- acetate by agar "slices" 

alone was negligible, and reached a rapid plateau during the 

course of inCUbation. Maximal uptake was 900 dpm/"slice", 

which represented only 5% of the label incorporated by viable 

lung tissue slices. 

The cummulative incorporation of 14c- acetate into total 

lipid proceeded in a linear fashion throughout the course of 

inCUbation. By 48 hr, incorporation reached a maximum of 

17.5xl03 dpm/sample (2 slices). 

Phospholipid synthesis 

Further analysis of lipid synthetic activity was provided 

by quantitating the incorporation of 14C- acetate into specific 

lung phospholipids. The major phospholipids in adult rat lung 

tissue are phosphatidylcholine ~phosphatidylethanolamine 

~phosphatidylinositol =phosphatidyl- serine ~ sphingomyelin. 

Of these, the phospholipid that accounted for the 



Incubation 
Time (hr) 

6 

12 

24 

48 
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TABLE 6. 

14C-Acetate Uptake and Incorporation 
into Total Lipid-soluble components 

of Control-incubated Lung Slices 

Uptakea 

(103 dpm) 

19.0 ± 0.9 

19.1 ± 0.5 

19.6 ± 0.3 

20.6 ± 0.5 

Incorp'orationb 

(103 dpm) 

4.3 ± 0.1 

4.9 ± 0.4 

8.5 ± 0.3 

17.5 ± 2.3 
s11ces/sample) was 

last hour of culture 
"slices" = 800-1000 

aTo measure u~take, lung t1ssue (2 
incubated with 14c-acetate label for the 
as indicated. Counts taken up by agar 
dpm/"slice". 
b To measure incorporation, lung tissue (2 slices/sample) was 
incubated with 14c-acetate label continuously for the duration 
of culture as indicated. 
Values shown represent mean±SEM for N=3-5 animals. 



TABLE 7 . 
Phospholipid synthesis by Control-incubated Lunq Slices 

14C- Acetate Incorporation 
(dpm/samplea ) 

culture 
Time pc PE PI PS Sph 
(hr) 

6 1040 ± 250 31 ± 7 26 ± 3 29 ± 1 18 

12 1303 ± 151 43 ± 9 38 ± 2 57 ± 4 22 

24 2472 ± 342 65 ± 1 51 ± 5 77 ± 2 43 

48 3780 ± 667 145 ± 1 130 ± 10 156 ± 9 54 
PC= phosphat1dylcho11ne; PE= phosphat1dylethanolam1ne; 
PI= phosphatidylinositol; PS=phosphatidylserine; 
Sph=sphinqomyelin. 

a 2 lunq slices/sample. 
Values qiven represent mean±SEM for N=4 animals. 

± 

± 

± 

± 

0 

1 

3 

2 

78 



79 

greatest synthetic activity in lung slices was phosphatidyl

choline (Table 7). This particular phospholipid incorporated 

22-29% of the acetate label present in total lipid, at any 

given time. By comparison, only a minor amount of label was 

incorporated into sphingomyelin (0.3-0.5 % of total). The 

quantity of newly synthesized phosphatidylethanolamine, 

phosphatidylinositol, and phosphatidylserine was intermediate. 

The synthesis of each phospholipid proceeded in a linear 

fashion throughout the course of incubation. 

Total Nonprotein Sulfhydryl content 

The intracellular level of nonprotein sulfhydryl (NPSH) 

components of lung slices was monitored over the course of 48 

hr. Freshly prepared lung slices contained 6.5 nmoles NPSH/mg 

protein (Figure 11). There was no statistically significant 

change in this value over the course of incubation, which 

suggests a preservation of the reduced thiol pool. 

Glucose utilization 

The oxidation of glucose by lung slices in culture was 

measured by quantitating the evolution of 14C02 released from 

either 1_14c-glucose or 6_14c-glucose substrate. Slices pulsed 

with label after 1 hr of culture reflected an early lag phase 

in which very little glucose was oxidized (Figure 12). This 

may relate to the finding of Levey and Gast (1966) that damage 
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Fiqure 11: Total Nonprotein Sulfhydryl Content of Control
incubated Lung Slices. 
Values represent mean±SEM for N=4 animals. 
When not observed, error bars are contained 
within the shapes of the symbols. 
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Fiqure 12: Production of 14C02 from 14C-Glucose by Cultured 
Lung Sliceso 
Values given are mean±SEM for N=3 animals. 
When not observed, error bars are contained within 
the shapes of the symbols. 
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sustained by lung tissue during slice preparation may decrease 

metabolic activity during subsequent incubation. In addition, 

in order to appear in CO2 , the 14C label must first pass 

through intermediate pools. Therefore, the size of these 

pools will affect the delay before the 14C02 production 

reaches a steady state. 

By three hours of culture, however, the slices reached 

such a plateau, at which time the amount of glucose oxidized 

remained constant. There was slightly more 1_14C oxidized 

compared to 6_14C; this difference, however, was not 

statistically significant. 

Histology: 

Light microscopic examination of 7% gelatin-filled lung 

slices revealed rapid deterioration of cellular architecture 

(Figure 13A). As the gelatin melted during slice inCUbation 

(37°C), the alveolar spaces collapsed rapidly. Consequently, 

by as early as 1 minute of incubation, the different cell 

types comprising the septal walls became difficult to 

distinguish. 

In marked contrast, agar-filled lung slices retained 

normal structural orientation of airways and alveolar spaces, 

which were similar in appearance to lung preserved by airway 

fixation (Figure 13B). Throughout inCUbation (Figure 14), 

alveolar septa appeared to be of normal thickness, and 
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numerous pulmonary macrophages were observed both free within 

the alveolar spaces, and in close proximity to the septal 

surface. Their small size and smooth surface characteristics 

suggested that the macrophages remained in a "nonactivated" 

state throughout the course of incubation. 

In addition, there was excellent preservation of the 

delicate ciliated layer on bronchiolar epithelium, and cells 

within connective tissue remained granulated throughout the 

course of incubation. No evidence of necrosis or cellular 

degeneration was observed at any time during culture, and the 

agar matrix remained free of cell debris or other indicators 

of tissue damage. In addition, cross-sectional analysis of 

the slice reveals no underside tissue necrosis (Figure 15). 

Enzyme Histochemistry: 

The acti vi ty of selected pulmonary enzymes was 

demonstrated in lung slices (Figure 16). Nearly all cells of 

the lung stained intensely for nonspecific esterase activity 

throughout the course of incubation. The demonstration of 

alkaline phosphatase activity was used to specifically 

identify the epithelial Type II celli activity of this enzyme 

was confined to the luminal (airway) side of the cell 

membrane. All macrophages stained intensely for the lysosomal 

enzyme acid phosphatase. However, at no time did alveolar 

macrophages stain positive for p-galactosidase activity. 
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Figure 13: Histological Comparison of Agar versus Gelatin 
Infusion Techniques: Comparison with Airway 
Fixation. 
A.) Gelatin inflation (100 x mag.) T=2 min. 
B.) Agar inflation (75 x mag.) T=24 hr. 

(Epon sections; Toluidine Blue stain) 
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Figure 14: Histological Assessment of control-incubated 
Lung Slices after 24 hr Incubation. 
A.) ciliated bronchiolar epithelium 
B.) smooth muscle tissue 
(Epon sectionsiToluidine Blue staini125x mag.) 
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Figure 15: Cross section of Control Lung Slice After 24 
hr Incubation. 
(Epon sectioniHematoxylinjEosin staini40x mag.) 
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Figure 16: Enzyme Histochemistry of Control-incubated 
Lung Slices After 24 hr Incubation. 
A.) Acid phosphatase (hematoxylin counterstain; 

100 x mag.) 
B.) Alkaline phosphatase (neutral red counter

stain; 100 x mag.) 
C.) Nonspecific esterase (hematoxylin counter

stain; 100 x mag.) 
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Chapter 2: 

Characterization of Lung Slices as a Model for Pulmonary 
Toxicity studies: Exposure of Lung Slices to Classical 
Pneumotoxicants 

Seven classical pneumotaxic agents were screened in the 

lung slice model system. For each compound, an index of 

cytotoxici ty was generated by assessing plasma membrane damage 

(Slcr release assay) over a standard 24 hr exposure period. 

In addition, toxicity over a 48 hr period was evaluated by 

morphological assessment and by quantitating protein 

synthesis. In some cases, exposures were carried out for 

longer time periods (up to 5 days). 

Acrolein 

All concentrations of acrolein induced significant 

cytotoxicity as measured by the Slcr release assay (Figure 

17). In addition, a concentration-dependent inhibition of 

protein synthesis (Figure 18) was observed. Toxic effects 

were noted as early as 6 hr with high concentrations of 

acrolein, with the lower concentrations demonstrating effects 

between 12 and 24 hr. Histological alterations closely 

paralleled the changes in protein synthetic activity (Figure 

19). By 6 hr, the highest concentration of acrolein induced 

diffuse damage in the form of pyknotic nuclei and cytoplasmic 

"thinning"ithis damage affected all cell types. The earliest 

indicator of damage was seen by the dramatic depletion of NPSH 



100 

90 

80 

)( 70 
Q,) 

~ 
.£: 60 
CJ ·x 50 
o 
"0 40 ->. 
U 30 

20 

10 

90 

... 

O~--~~~~--~~~--~~~~--------

10 50 100 

Acrolein Concentration Cu.M) 

Figure 17: Acrolein-induced Slcr Release from Pre-labelled 
Rat Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates statistically significant SlCr 
release (P~0.05). 
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Fiqure 18: Effect of Acrolein on Protein synthesis by Rat 
Lung Slices. 
Values represent mean±SEM for N=3 animals. 
*Indicates statistical difference compared to 
corresponding control values (P~O.05). 
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Figure 19: Histological Assessment of Acrolein-exposed 
Lung Slices. 
A.) T= 12 hr. (100 ~M Acrolein) 
B.) T= 24 hr. (100 ~M Acrolein) 
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which was statistically significant after one hour exposure to 

100 ~M acrolein (Figure 20). 

Paraquat 

cytotoxicity proceeded in a concentration-dependent 

fashion, and reached a maximum of 66% at 1 mM paraquat (Figure 

21). Paraquat induced a concentration- and time-dependent 

inhibition of protein synthesis (Figure 22), which was 

statistically significant after 6 hr exposure in the highest 

treatment group (1 mM). At similar concentrations, 

histological alterations did not become apparent until 12 and 

24 hr (Figure 23). Initial damage affected only the type I 

and II epithelial cells, which exhibited pyknotic nuclei and 

loss of cytoplasm. Ultimately, damage encompassed all cell 

types, including the bronchiolar epithelium by 48 hr. 

Nitrofurantoin 

Nitrofurantoin appeared to be more potent that paraquat, 

on an equimolar basis (Figure 24); the cytotoxic index at 1 mM 

concentrations was 84%. Protein sy~thesis was inhibited in a 

concentration- and time-dependent fashion, with the highest 

dose effects reaching significance after 6 hr exposure (Figure 

25). Histological alterations induced by nitrofurantoin were 

similar to those of paraquat (Figure 26). Histochemical 

analysis of nonspecific esterase activity revealed an early 
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Figure 20: Effect of Acrolein on Total Nonprotein Sulf
hydryl Content of Lung Slices. 
Values represent mean ± SEM for N=5 animals. 
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Figure 21: Paraquat-induced 51cr Release from Pre-labelled 
Rat Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates statistically significant 51Cr 
release (P~O.05). 
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Figure 22: Effect of Paraquat on Protein synthesis by Rat 
Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates significant difference compared to 
corresponding control values (P~O.05). 
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Figure 24: Nitrofurantoin-induced 51cr Release from Pre
labelled Rat Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates stastically significant 51cr release 
(PSO.05). 
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Figure 25: Effect of Nitrofurantoin on Protein Synthesis by 
Rat Lung Slices. 
Values represent mean±SEM for N=3 animals. 
*Indicates stastical difference compared to 
corresponding control values (P~O.05). 



Figure 26: Histological Assessment of Nitrofurantoin
exposed Lung Slices. 
A.) T=12 hr. (100 x mag) 1 roM Nitrofurantoin 
B.) T=24 hr. (100 x mag) 1 roM Nitrofurantoin 
C.) T=48 hr. (100 x mag) 1 roM Nitrofurantoin 
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loss of enzyme acti vi ty in Type I and II cells by 12 hr i 

damage progressed to the bronchiolar epithelial cell at 48 hr. 

Bleomycin 

Damage induced by bleomycin was more subtle in magnitude 

compared to the other agents tested. No significant evidence 

of cytotoxicity was observed except at extremely high 

concentrations (500 mU/ml) far exceeding realistic in vivo 

plasma levels (Figure 27). similarly, protein synthesis 

(Figure 28) was only mildly affected, and was not significant 

until later time points (24 and 48 hr). The very specific 

pattern of morphological alterations produced by bleomycin in 

lung tissue, will be further discussed in a later section 

which pertains to cell-specific effects (Chapter 3). 

Amiodarone 

At therapeutically relevant concentrations, amiodarone 

failed to elicit significant direct cytotoxicity as measured 

by the SlCr release assay (Figure 29). Protein synthesis was 

similarly unaffected (Figure 30). The cell-specific effects 

induced by amiodarone will be further discussed in Chapter 3. 

Cyclophosphamide 

Lung slices exposed to cyclophosphamide had insignificant 

cytotoxic indices (Figure 31). Protein synthesis over the 
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Figure 27: Bleomycin-induced SlCr Release from Pre
labelled Rat Lung Slices. 
Values represent mean±SEM for N=3 animals. 
*Indicates statistically significant Slcr 
release (PSO.05). 
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Figure '28: Effect of Bleomycin on Protein Synthesis by Rat 
Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates statistical difference compared to 
corresponding control values (PSO.05). 
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Figure 29: Amiodarone-induced Slcr Release from Pre
labelled Rat Lung Slices. 
Values represent mean±SEM for N=4 animals. 
*Indicates statistically significant Slcr 
release (PSO.05). 
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Fiqure 30: Effect of Amiodarone on Protein Synthesis by Rat 
Lung Slices. 
Values represent mean±SEM for N=3 animals. 
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course of 5 days appeared not to be compromised (Figure 32). 

Similarly, histological evaluation of cultured explants 

revealed no signs of damage (Figure 34). 

Monocrotaline 

Regardless of concentration, the cytotoxic potential of 

monocrotaline was minimal (Figure 31). There was no effect on 

protein synthesis, even after 5 days continuous exposure 

(Figure 33). similarly, histological evaluation revealed no 

difference between drug-treated slices and corresponding 

controls, rega~dless of time in culture (Figure 34). 
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Figure 31: Cyclophosphamide and Monocrotaline-induced 51 Cr 
Release from Pre-labelled Rat Lung Slices. 
Values represent mean±SEM for N=3 animals. 
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Figure 32: Effect of Cyclophosphamide on Protein synthesis 
by Rat Lung Slices. 
Values represent mean±SEM for N-4 animals. 
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Figure 34: Histologic Assessment of A.) cyclophosphamide 
and B.) Monocrotaline-exposed Lung Slices. 
Both compounds: 1 roM; T=24 hr. 
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Chapter 3: 

Use of Lung Slices to Demonstrate Cell Specific Effects. 

Further Investigation of Bleomycin-induced Toxicity 

Lipid synthesis 

112 

Further investigation of the--1n vitro effects of 

bleomycin on lung tissue are shown in Figure 35, which depicts 

the incorporation of 14c- acetate precursor into newly 

synthesized lipid. All doses of bleomycin elicited a 

significant time-dependent stimulation of 14C- acetate 

incorporation. By 24 hr, concentrations of 50, 100, and 200 

mU/ml increased de nQYQ lipid synthesis by 121, 124, and 142% 

of control, respectively. A maximal stimulation was seen at 

48 hr, with counts in the highest dose group approaching 29 x 

103 dpm/2 slices (165% control). 

14c - Acetate uptake 

Table 8 describes the uptake of 14c- acetate into lung 

slices in the presence and absence of bleomycin. Drug 

treatment had no significant effect on the extent of label 

uptake, regardless of concentration or exposure time. In both 

control and treated tissues, average uptake represented 

approximately 4.44±0.4% of available counts present in the 

incubation media (0.2 "Ci/vial). In addition, counts present 

in agar "slices" were negligible, and reached a rapid plateau 
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Figure 35: Effect of Bleomycin on De Novo Lipid Synthesis 
in Lung Slices. 
Values represent mean±SEM for N=3 animals. 
*Indicates statistical significance compared 
to corresponding control values (PSO.05). 
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during incubation (900 dpm/slice). 

Phospholipid synthesis 

In both control and bleomycin-treated lung slices, the 

major phospholipid synthesized was phosphatidylcholine (Table 

9). Although de !lQYQ synthesis of all phospholipids increased 

over time, all were similar to corresponding controls, except 

for phosphatidylcholine. At 24 hr, the incorporation of 14C_ 

acetate into this particular lipid was selectively and 

significantly increased by bleomycin treatment (124% control 

at 100 mU/mli 131% control at 200 mU/ml). The stimulation was 

most pronounced at 48 hri both 100 and 200 mU/ml elicited 

increases of 161% control. There was no significant 

difference between control and the 50 mU/ml treatment group. 

Histopathological/Histochemical Effects 

At 12 hr, 200 mU/ml bleomycin-exposed tissues began to 

exhibit morphological alterations. Aside from an apparent 

thickening of the alveolar walls, Type II epithelial cells 

appeared swollen, many with filamentous structures visible in 

the cytoplasm. The occurrence of swollen pneumocytes was 

widespread throughout the entire tissue slice (Figure 36). 

Similar changes were also apparent in the intermediate dose 

group (100 mU/ml) by 24 hr inCUbation. In the 50 mU/ml dose 

group, there was only an occasional swollen Type II cell, even 



Table 8 . 
uptake of 14c - Acetate into Total Lung Slice Lipid of 

Bleomycin-exposed Lung Tissuea 

Culture Control Bleomycin Bleomycin Bleomycin 
time 50 mU/ml 100 mU/ml 200 mU/ml 
(hr) 

6 19.0±0.9 19. 2±1. 0 19.0±0.7 18.8±0.5 

12 19.1±0.5 19. 2±1. 0 19.3±1.4 19.3±0.5 

24 19.6±0.3 19.5±0.6 19.5±0.7 19.5±0.8 

48 20.6±0.5 20.6±0.6 20.6±0.6 20.6±1.1 
aTo measure uptake, lung t1ssue (2 s11ces/sample) was 
incubated with 14c-acetate label for the last hour of 
culture as indicated. Data expressed as dpm x 103/2 
alices. 

Values given are mean±SEK for N=3-4 animals. 
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*indicates statistically significant difference compared to 
corresponding control values (P~0.05). 



Table 9 . 
14c- Acetate Incorporation into specific 
Phospholipids: Modification by Bleomycin 

I TREATMENT I PC I PE Ips I SPH I 
24 Hr. 

control 2472 ± 342 65 ± 1 77 ± 2 43 ± 3 

Bleo 2990 ± 26 71 ± 1 76 ± 1 40 ± 2 
50 mU/ml 

Bleo 3060 ± 131* 65 ± 0 72 ± 4 45 ± 5 
100 mU/ml 

Bleo 3230 ± 84* 62 ± 1 76 ± 3 41 ± 3 
200 mU/ml 

48 Hr. 

Control 3780 ± 667 145 ± 1 156 ± 9 54 ± 2 

Bleo 4580 ± 62 143 ± 5 141 ± 3 51 ± 5 
50 mU/ml 

Bleo 6070 ± 249* 122 ± 4 123 ± 5 53 ± 7 
100 mU/ml 

Bleo 6100 ± 137* 151 ± 2 142 ± 8 55 ± 2 
200 mU/ml 
hos hat1d lcho11ne' PE= hos hat1d rlethanolam1ne' pc= p p y , p p y , 

PS= phosphatidylserine; SPH= sphinqomyelin. 

Results expressed as dpm/2 slices. Each value represents 
a mean ± SEN for N=5 animals. 
* indicates statistically siqnificant difference compared 
to correspondinq control values (P~O.05). 
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after 48 hr. The identity of the Type II cell was confirmed 

by the demonstration of alkaline phosphatase activity, which 

was primarily localized to the luminal (airway) side of the 

cell (Figure 37). 

Electron microscopic evaluation revealed the presence of 

large numbers of lamellar bodies which appeared to be enlarged 

compared to corresponding controls (Figure 38). No attempt 

however, was made to quantitate this effect for statistical 

significance. occasional macrophage alterations were also 

apparent at the intermediate and high dose levels after 48 hr 

(not shown). These cells were enlarged and contained lamellar 

cytoplasmic inclusions, which gave the cells a "foamy" 

appearance. These effects were not observed in controls, or 

at the 50 mU/ml concentration. 

Further Investigation of Amiodarone-induced Toxicity 

Lipid synthesis 

Amiodarone treatment failed to elicit any significant 

change in the incorporation of 14C- acetate into Folch

extractable lipid, regardless of concentration or exposure 

time (Figure 39). 

Phospholipid synthesis 

Regardless of concentration (data not shown) or treatment 

time, there was no significant quantitative or qualitative 
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Figure 36: Bleomycin-induced Type II Cell Alterations. 
A. & B.) T=24 hr. (125 x mag) 200 mU/ml 

Bleomycin 
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Figure 38: Electron Microscopic Evaluation of Bleomycin
exposed Lung Slices. 
A.) Control T=24 hr. (6800x mag) 
B.) Bleomycin 200 mu/ml T=24 hr. (6900x mag) 
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Figure 37: Enzyme Histochemistry of Bleomycin-induced Type 
II Cell Alterations. 
Alkaline phosphatase activity (neutral red 
counterstain) T=24 hr. (125x magimethacrylate) 
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difference between amiodarone and corresponding control values 

for any of the phopholipids analyzed (Table 10). 

Histopathological/Histochemical Effects 

Histological evaluation of amiodarone-treated lung slices 

revealed dramatic and specific morphological alterations. By 

12 hr, alveolar macrophages appeared greatly enlarged, and 

took on a "foamy" appearance (Figure 40A). The affected 

macrophages showed a change in lysosomal enzyme profile, which 

is commonly observed during activation. While these cells 

displayed a loss of acid phosphatase expression, there was a 

concommitant intensely positive reaction for p-galactosidase 

enzyme (Figure 40 B & C). 
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Figure 39: Effect of Amiodarone on De novo Lipid Biosyn
thesis by Lung Slices. 
Values represent mean±SEM for N=3 animals. 
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Table 10. 

14c - Acetate xncorporation into specific 
Phospholipids: Effect of Amiodarone 

PC PE PS SPH 

24 Hr. 

Control 2579 ± 581 65 ± 8 83 ± 8 43 ± 5 

Amio 2193 ± 285 72 ± 12 76 ± 12 47 ±12 
50 p,g/ml 

48 Hr. 

Control 4109 ± 308 145 ± 9 121 ± 30 57 ± 8 

Amio 4307 ± 815 167 ± 30 111 ± 23 68 ±11 
50 p,g/ml 

hos hat1d lcholine· PE= hos hat1d lethanolam1ne; PC= P P Y , P P Y 
Ps= phosphatidylserine; SPH= sphingomyelin 

Data expressed as dpm/2 slices. Values given are mean±SEM 
for N=3-S animals. 



Figure 40: Amiodarone-induced Changes in Macrophage 
Morphology and Enzyme Histochemistry. 
A.) T=24 hr. 50 ~g/ml Amiodarone (125x mag) 
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B.) Acid Phosphatase (hematoxylin counterstain) 
T=24 hr. (125 x mag) 

c.) ~-Galactosidase (hematoxylin counterstain) 
T=24 hr. (125 x mag) 
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Chapter 4: 

Application of Lung Slices to Approach Mechanistic Questions: 
Further Investigations into the Mechanism of Toxicity of the 
Redox cycling Drugs. Nitrofurantoin and Paraquat 

Effect of Q2 Tension on cytotoxicity 

The cytotoxicity of redox cycling compounds, which 

generate oxygen-derived free radicals, is often enhanced under 

conditions of high oxygen tension. To investigate this effect 

in lung slices, tissue was exposed to an atmosphere of 100% 02 

in the presence of either nitrofurantoin or paraquat (Tables 

11 and 12). The concentration-dependent cytotoxicity of each 

agent was significantly enhanced under an atmosphere of 100% 

oxygen, compared to a similar exposure under ambient air (21% 

02)' The most dramatic effects were observed at the lower 

drug concentrations; for example, with paraquat concentrations 

of 10-3 , 10-4 , and 10-5 M, the cytotoxic index (CI) was 

increased by 19%1 40%, and 134%, respectively, over 

corresponding CI values under ambient air. The most dramatic 

potentiation was observed with 10-5 M nitrofurantoin exposure, 

in which a 212% increase in the CI value was observed. The 

cytotoxic index of 100% 02 alone (no drug) was 7.3%. Thus, 

the enhanced toxicity seen with the test compounds represents 

more than simply an additive effect. 

Effect of Catalase on cytotoxicity 



Table 11. 

Effect of 02 Tension on 51cr Release by Lung Slices 
Exposed to Nitrofurantoin 

cyt?toxic Index eCI) 

Drug 21% 02 100% 02 a 

Concentration 

10-5 M 12.0 ± 2.5 37.4 ± 4.9* 

10-4 M 65.5 ± 2.4* 81.3 ± 3.5* 

10-3 M 83.7 ± 15.0* 95.7 ± 12.9* 
a CytOtOX1C 1ndex of 100% 02 alone - 7.3%. 
Values represent mean±SEM for N=4 animals. 
*Indicates statistically significant 51cr release(P~0.05). 
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Table 12. 

Effect of 02 Tension on 51cr Release by Lung 
Exposed to Paraquat 

Slices 

cytotoxic Index eCI) 

I Drug I 21% 02 I 100% ° a I 2 
. Concentration 

10-5 M 12.4 ± 1.8 28.9 ± 7.1* 

10-4 M 36.6 ± 3.0* 51.2 ± 4.3* 

10-3 M 65.9 ± 2.2* 78.4 ± 10.7* 
a CytotoxIc Index of 02 alone - 7.3%. 
Values represent mean±SEM for N=4 animals. 
* Indicates statistical significant 51cr release (PSO.05). 
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The effect of catalase on 51cr release by nitrofurantoin

and paraquat-exposed lung tissue was also investigated. 

Significant protection from cytotoxicity was observed at all 

doses of either nitrofurantoin or paraquat (Tables 13 and 14) • 

Again, the most dramatic protection was afforded at the lowest 

drug concentrations. Addition of catalase (1100 mU/ml) 

provided almost complete protection from cytotoxicity in the 

10-5 M dose group of either test agent. The possibility of 

higher catalase concentrations providing more complete 

protection at the higher dose levels of toxic agent was not 

investigated. The data suggest, however, that hydrogen 

peroxide formed during the reduction of oxygen, may be 

hydrolyzed by catalase to protect lung tissue from free 

radical attack by nitrofurantoin and paraquat. 

Estimation of Druq-in4uce4 Lipi4 Peroxi4ation 

The polyunsaturated lipid components of membranes are 

frequent targets of attack by free radicals. As an index of 

lipid peroxidation, the disappearance of polyunsaturated fatty 

acids (PUFA) was monitored over time, during exposure of lung 

slices to either nitrofurantoin or paraquat (1 roM), for 

periods up to 48 hr. By expressing the data as a ratio of 

total unsaturated:saturated fatty acids, it is clear that the 

control lung slices retain a ratio of approximately 1 (0.98 ± 

0.06) throughout incubation (Table 15). Drug-treated slices 
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Table 13 . 
Effect of Catalase on 51cr Release by Lunq Slices 

Exposed 
to Nitrofurantoin 

cytotoxic Index (CI) 

Drug (-) Catalase (+) Catalasea 

Concentration 

10-5 M 12.0 ± 2.5 2.0 ± o. O· 

10-4 M 65.5 ± 2.4 9.5 ± 3.0· 

10-3 M 83.7 ± 15.0 51.0 ± 4. O· 
a 1100 un1ts/ml catalase adm1n1stered at the start of drug 

exposure. 
Values represent mean±SEM for N=4 animals. 
* Indicates statistically significant protection (PSO.05). 



Table 14. 

Effect of Catalase on 51cr Release by Lung 
Slices Exposed 

to Paraquat 

I I Cytotoxic Index (CI) 

Drug (-) Catalase (+) Catalasea 
Concentration 

10-5 M 12.4 ± 1.8 2.1 ± 0.8* 

10-4 M 36.6 ± 3.0 17.1 ± 7.1* 

10-3 M 66.0 ± 2.2 33.9 ± 8.3* 
a 1100 unlts/ml catalase admlnlstered at the start of 
drug exposure. 

I 

Values represent mean±SEM for N=4 animals. 
*Indicates statistically significant protection(P~0.05). 
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demonstrate a gradual decline in this ratio, suggesting a 

selective loss of unsaturated fatty acids as compared to the 

total amount of fatty acid in each sample. The depletion does 

not become significant, however, until 24 hr for the 

ni trofurantoin-exposed group, and 48 hr for the paraquat

treated group. The greatest decline was seen with 

nitrofurantoin at 48 hr, where levels were approximately 53% 

of corresponding controls. 

Nonprotein Sulfhydryl content: Modification by BCND 

An important substance for the protection of lung against 

reactive intermediates is reduced glutathione. The effects of 

nitrofurantoin and paraquat (1 mM) on lung total nonprotein 

sulfhydryls (NPSH) was therefore investigated. Although both 

compounds elicited a slight decline in NPSH, the effect did 

not become statistically significant until 48 hr continuous 

exposure (Table 16). Since at this concentration there is' 

clear-cut evidence of widespread cell death (as measured 

previously by SlCr release, protein synthesis, histology , 

etc.), the depletion of NPSH is probably a nonspecific effect 

which parallels cell death. 

BCNU is an agent which selectively and irreversibly 

inhibits the activity of glutathione (GSH) reductase (Frischer 

and Ahmad, 1977). Theoretically, therefore, this agent should 

prevent the reduction of oxidized glutathione. Following a 



Table 15. 

Nitrofurantoin and Paraquat-induced Chanqes 
in Total Unsaturated:Saturated Fatty Acid 
Ratio as an Index of Lipid Peroxidation 

6 Hr 12 Hr 24 Hr 48 Hr_ 

Control 1.17 ± 0.91 ± 0.92 ± 0.92 ± 
.07 .10 .04 .09 

Nitro.- 0.88 ± 0.8l. ± 0.73 ± 0.49 ± 
.11 .03 .08* .05* 

Para.- 0.91 ± 0.80 ± 0.80 ± 0.74 ± 
.07 .07 .09 .04* 

_ Dose evel= 10 H. 
Values represent mean±SEM for N=5-6 animals. 
*Indicates statistical siqnificance compared to control 
values (PSO.05). 
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standard in vitro BCNU treatment protocol designed to inhibit 

GSH reductase (Hardwick et. al., 1990), enzyme activity in 

pooled slice homogenate was found to be inhibited by 79%, and 

remained at this level for at least 24 hr in culture (Table 

17) • 

In an attempt to elucidate the possible implications GSH 

reductase inhibition has on the toxicity of redox cycling 

compounds, slices were pretreated with BCNU (100 ~M) in vitro 

for 45 minutes, before being exposed to either nitrofurantoin 

or paraquat. 

Although the drug-induced depletion of NPSH was 

accelerated by BCNU-pretreatment, the control values also 

declined proportionately (Table 18). Thus, it was inferred 

that BCNU alone was exerting a significant degree of toxicity 

(Figure 41), which precluded its use in lung slices as a 

mechanistic tool. 

Vitamin E content 

Antioxidants such as vitamin E act by allowing free 

radicals to abstract a hydrogen atom fron the antioxidant 

molecule (i.e.: from the hydroxyl group on the aromatic ring 

of vitamin E) rather than from polyunsaturated fatty acids. 

Since the resulting antioxidant radical would be a relatively 

nonreactive species, the chain of free radical reactions would 

thus be broken. 
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Figure 41z Nonprotein Sulfhydryl Content of Nitrofurantoin
or Paraquat-exposed Lung Slices. 
Values represent mean ± SEM for N=3 animals. 
* Indicates statistical significance compared to 
corresponding control values (PSO.05). 
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Table 16 . 
Effect of BeND on Glutathione Reductase 

Activity of Pooled Lung Slices 

Time after Reductase Activity % of 
BCNU (nmol NADPH/min/mq Controla 

(hr) protein) 

1 6.8 ± 0.5 23 

6 6.3 ± 0.9 21 

12 6.7 ± 1.9 23 

24 5.5 ± 1.2 19 
a Reductase act~v~ty ~n control sl~ces - 29.5 ± 3.7 

nmol/min/mq protein. 
A total of 12 slices were pooled for each determination. 
Values represent mean±SEM for N=3 animals (1 determination 
per animal). 



Table 17 . 
Nonprotein Sulfhydryl content of BCNU-pretreated 

Slices8
: 

Effect of Paraquat and 

1 16 Hr 112 Hr 

Control 7.8 ± 0.5 6.0 ± 0.3 

Nitro. b 7.7 ± 0.3 5.6 ± 1.0 

Para. b 7.3 ± 0.9 5.4 ± 2.2 
a 100 ~M BeNU for 45 m1nutes. 
b Dose level = 1 mM. 

Nitrofurantoin 

124 Hr 148 Hr 

6.3 ± 1.1 4.2 ± 0.4 

5.8 ± 0.5 3.7 ± 0.9 

5.8 ± 0.6 3.9 ± 1.3 
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1 

Data expressed as nmoles NPSH/mg protein. Values given 
represent mean±SEM for N=3 animals. No test of significance 
was performed. 
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The effects of nitrofurantoin and paraquat (1 mM) on 

cellular vitamin E content was determined in lung slices 

(Figure 42). By 24 hr, there was a dramatic depletion of 

vitamin E levels (46% of control) in slices incubated with 

nitrofurantoin, which coincided with the disappearance of PUFA 

as previously discussed. By comparison, depletion by paraquat 

was not significant until 48 hr, and was smaller in magnitude 

(62% of control) compared to nitrofurantoin at 48 hr (38% of 

control). 

14C-Glucose Utilization: 

To follow glucose utilization by lung slices in the 

presence of ni trofurantoin or paraquat (1 mM) , the 

incorporation of 14C from glucose into CO2 was quantitated. 

The production of 14C02 from 6_14c-glucose, which represents 

activity of the classic Embden-Meyerhof pathway of glucose 

metabolism, was not altered by drug exposure (Figure 43). 

However, similar production from 1_14c-glucose, which is 

specific for the pentose phosphate pathway, was enhanced by 

drug treatment (Figure 44). In the case of paraquat, a 

maximal stimulation was seen after 2 hour exposure, where 

20.95 ± 0.2 nmols glucose were oxidized/hr/mg protein (6-fold 

increase over control). By comparison, the maximal effect of 

nitrofurantoin was delayed (3 hr) and not as dramatic ( 15.16 

± 0.2 nmols glucose oxidized/hr/mg protein, or a 2.5-fold 
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Figure 42: Protein Synthesis by BCNU-pretreated Lung 
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Figure 43: Vitamin E Content of Nitrofurantoin- and Paraquat
exposed Lung Slices. 
Values given represent mean±SEM for N=4 animals. 
When not observed, error bars are contained within 
the shapes of the symbols. *Indicates statistical 
difference compared to corresponding control value 
(P::S0.05). 
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increase over control). 

As exposure progressed (12 hr), utilization of glucose 

from both pathways declined to levels below control. This 

decrease in activity parallels similar decreases in other 

synthetic activities (protein synthesis, lipid synthesis), as 

previously described in Chapter 2. 
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Figura 44: 6-14C-Glucose utilization by Nitrofurantoin and 
Paraquat-exposed Lung Slices. 
Values given represent mean±SEM for N=4 animals. 
When not observed, error bars are within the shapes 
of the symbols. 
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Figura 45: 1_14C-Glucose utilization by Nitrofurantoin and 
Paraquat-exposed Lung Slices. 
Values given represent mean±SEM for N-4 animals. 
When not observed, error bars are contained within 
the shapes of the symbols. *Indicates statistical 
difference compared to corresponding control value 
(PSO.OS). 
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Chapter 5: Human Lung Slices 

The goal of the preliminary work with human tissue was to 

attempt to characterize viability of the lung slices in 

culture, and to investigate the extent of variability between 

human donors. Protein synthesis was therefore chosen as the 

parameter for initial investigation. Nitrofurantoin (1 mM)was 

chosen as a positive control for toxicology study. Protein 

synthesis data for each of 4 human subjects are summarized 

separately; donor age and gender are denoted in the figure 

legends. No statistical analysis was performed on any of the 

data. 

As expected for human tissue, there is a great deal of 

variability with respect to protein synthetic activity 

(Figures 45-48). For example, tissue from Donor #2 exhibited 

very little protein synthetic activity. This impaired effect 

cannot be related to the donor I s gender or age, since a 

similar sample (Donor #3) demonstrated considerably higher 

activity. An alternative explanation for the depressed 

response may relate to the prolonged time interval to receipt 

of the tissue. While the tissue from the other three donors 

was obtained within 4 hr of clamp time, the transit time for 

this particular sample was 24 hr. Thus, it is possible that 

tissue procurement time is a critical factor for tissue 

viability in culture, and delays must be minimized. 

In comparison with rat lung, protein synthetic activity 
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Fiqure 46: Protein Synthesis by Human Lung Slices: Donor #1. 
Tissue obtained from a 30 yr old male (Caucasian). 

Each value represents mean±SEM from N=4 slices. 
When not observed, error bars are contained with
in the shapes of the symbols. 
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Fiqure 47: Protein synthesis by Human Lung Slices: Donor #2. 
Tissue obtained from a 50 yr old male (caucasian). 

Each value represents mean±SEM from N=4 slices. 
When not observed, error bars are contained with
in the shapes of the symbols. 
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Figure 48: Protein Synthesis by Human Lung Slices: Donor #3. 
Tissue obtained from a 53 yr old male (Caucasian). 

Each value represents mean±SEM from N=4 slices. 
When not observed, error bars are contained with
in the shapes of the symbols. 
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Figure 49: Protein Synthesis by Human Lung Slices: Donor #4. 
Tissue obtained from a 5 yr old male (Caucasian). 

Each value represents mean±SEM for N=4 slices. 
When not observed, error bars are contained with
in the shapes of the symbols. 
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by human lung does not appear to be linear. In all samples, 

there were two distinct phases of incorporation; a relatively 

rapid initial phase, which was seen to 24 hr, and a subsequent 

secondary phase, in which activity began to plateau. Further 

work will be required to ascertain whether this plateau 

represents an impairment of viability, but results indicate 

that human lung tissue can be supported for at least 24 hr in 

culture. During this time frame, the total amount of leucine 

incorporated into protein is strikingly similar to that 

reported for rat (approximately 15 nmoles leucine/mg protein 

at 24 hr.). Furthermore, the dramatic inhibition of protein 

synthesis by nitrofurantoin indicates that human tissue can be 

potentially used for toxicologic screening. 



DISCUSSION 

Methodology: 
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In vitro systems are finding widespread use in both 

descriptive and mechanistic pulmonary studies. These 

techniques include lung subcellular fractions, homogenates, 

monotypic and mixed cell cultures, and the isolated, perfused 

lung (Freeman and O'Neil, 1984). All have the advantage of 

eliminating systemic influences such as neurohumoral or 

organ/organ interactions, which often render in vivo studies 

considerably more complex. studies employing pulmonary tissue 

slices, however, have an additional and distinct advantage 

over other in vitro methods; slices can provide a means of 

identifying biochemical and morphological changes while 

preserving cell-cell and cell-matrix interactions. The 

resultant "integrated response" will therefore most accurately 

reflect the events occurring in vivo following a toxic insult. 

The lung culture procedure described in this report 

offers several additional advantages over conventional organ 

culture techniques. By infusing agar into the tissue prior to 

slicing, a supporting matrix is created which minimizes tissue 

destruction. Furthermore, the Krumdieck mechanical tissue 

slicer enables the rapid and simple preparation of large 

numbers of tissue slices, under carefully controlled and 

minimally traumatic conditions. Unlike hand cut explants, 

these slices are of consistent surface area and thickness, 
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enabling each slice to be used as an individual experimental 

unit. The cultured slices in this system also benefit from 

the advantages of roller culture; because there is a constant 

gentle agitation of the media as the slices are rotated, there 

is an increased rate of gas exchange, and tissue oxygenation 

is improved. As a result, there is little or no necrosis in 

the tissue slice. 

viability of Controls: 

Several parameters were chosen to provide an integrated 

picture of lung slice viability during culture. Although the 

measurement of ionic fluxes or cytosolic enzyme leakage are 

valuable tools to assess plasma membrane integrity, an 

inability to detect subtle changes in our relatively small 

tissue slices precluded their use in our model. More 

sensitive means of assessing tissue viability were therefore 

necessary. One such parameter was protein synthesis, as 

measured by the incorporation of a radiolabeled precursor 

amino acid. The formation of protein requires the integration 

of many pathways culminating in amino acid assembly, and thus 

provides a suitable index of general viability. After an 

initial lag period, slices in our culture system demonstrated 

a constant and cummulative increase in 3H-Ieucine 

incorporation into protein over time. This incorporation is 

almost completely abolished by cycloheximide, an agent which 
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inhibits protein synthesis by blocking polypeptide chain 

elongation (Alberts et. al., 1983). 

A more specific indicator of viability is surfactant 

biosynthesis. Among the various cell types within the lung, 

the alveolar Type II pneumocyte is the cell type involved in 

production, storage, and secretion of surfactant, and as such 

represents a potential target for the action of numerous 

pulmonary toxicants (Castranova et. al., 1988). Since the 

major constituent of surfactant phospholipid is dipalmitoyl 

phosphatidylcholine (Haagsman et. al., 1985), this compound 

was taken as a measure of de DQYQ surfactant synthesis. Our 

data indicate that the Type II cell remains viable during the 

course of incubation, as evidenced by the linear rates of 

acetate incorporation into phosphatidylcholine. 

Another biochemical viability indicator employed in this 

study was the quantitation of DNA synthesis. Cellular 

proliferation is perhaps one of the best measures of true 

tissue viability since this process encompasses many 

biochemical and cellular events (Friedman, 1976). (One caveat 

is that the locus of cell proliferation or its inhibition is 

unknown and would have to be traced by autoradiography.) The 

extent of incorporation of 3H-thymidine into DNA during the 

early phases of incubation was relatively constant, while at 

the later time points, mi totic acti vi ty was accelerated. 

Hydroxyurea was used as a tool to show that the stimulated 



153 

activity was attributable to true DNA replication rather than 

DNA repair processes in response to injury sustained during 

slicing or intoxication; explants pulse-labeled in the 

presence of this replication inhibitor incorporated only a 

very small amount of thymidine (5% of control). Additional 

evidence of DNA synthesis is further provided by the closely 

paralleled increase in total DNA content of lung slices over 

time. 

Cellular GSH and other nonprotein thiols have been 

suggested to act as a buffer against the oxidation of critical 

protein sulfhydryl groups in the lung which are necessary for 

normal cellular function (Minchin and Boyd, 1983). As such, 

maintenance of sulfhydryl pools would be of importance in 

preserving cellular viability. Our data indicate that the 

cellular thiol pool remained intact throughout the course of 

study. The content of glutathione and other low molecular 

weight sulfhydryl compounds is heterogeneously distributed 

between cell types within the lung. Devereux and associates 

(1981) found that isolated rabbit Type II cells c~ntain about 

5.5 nmol/mg protein while isolated rabbit Clara cells contain 

only 2.6 nmol/mg protein. The values reported in this study, 

which reflect the composite NPSH activity of total lung, 

therefore fall within the reported in vivo range (Boyd et. 

al., 1982). 

Finally, all of the biochemical parameters were 
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correlated with histologic evaluation of the tissue slices. 

Alveolar spaces remained patent, with little or no necrosis. 

Septal walls appeared to be of normal thickness. Alveolar 

macrophages were observed both free within the airspaces, and 

in close contact with the alveolar surface. It is this 

ability to correlate biochemical and histological parameters, 

which emphasizes the particular advantage of tissue slices, 

and establishes this method as a unique toxicologic tool; the 

battery of assays that have been developed provide a potential 

screen with which to evaluate potentially toxic agents, as 

well as research tools to define toxic mechanisms. 

Model Validation: 

Several direct-acting toxicants were used to demonstrate 

applicability of the lung slice model for use as a screening 

tool. The toxicity of each compound will be summarized 

briefly, with special emphasis being placed on .in vivo 

correlation. 

Acrolein: This compound is a highly reactive aldehyde which 

is a potent alkylating species in vivo and in vitro (Beauchamp 

et. al., 1985), capable of producing immediate, acute effects. 

Since exposure typically occurs by inhalation, the areas of 

lung most severely damaged in vivo are the upper, or 

conducting airways (Catilina et. al., 1966). However, several 
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studies have also documented numerous distal airway effects, 

including epithelial degeneration with accompanying edema and 

hemorrhage (Kutzman et. ale, 1982) , and macrophage 

accumulation. Reported in titro effects include inhibition of 

protein synthesis (Leffingwell and LOw, 1979), phagocytosis 

(Low et. al., 1977) and chemotaxis (Bridges, et. al., 1977) by 

acrolein concentrations and exposure times similar to those 

used in the present study. Thus, the results obtained using 

rat lung slices are in excellent qualitative and quantitative 

agreement with both in vivo and previous in vitro studies. 

Paraquat: The acute "destructive" phase of paraquat toxicity 

involves damage and necrosis to both the Type I and II 

pneumocytes (1-2 days), although the Type I cells appear to be 

affected earlier. In addition, there is a relatively late 

phase (3-4 days) of bronchiolar and endothelial cell damage. 

In the slice model, both Type I and II cells appeared to be 

damaged concomitantly, with damage to the bronchiolar 

epithelium being considerably more delayed (48 hr). Thus, the 

present in vitro work with slices correlates well with the 

progression of acute injury observed in animal models in vivo. 

Part of the toxic selectivity may be related to 

variations in paraquat accumulation by different cell types. 

In vitro studies by smith et. ale (1976) revealed that the 

uptake of paraquat by lung slices was energy-dependent and 
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occured mainly in the Type I and II cells: capillary 

endothelial cells take up little, if any, paraquat. Thus, the 

selective uptake of paraquat into lungs, and more specifically 

into the alveolar Type I and II cells, may be an important 

predisposing factor in the pulmonary toxicity of the compound. 

Nitrofurantoin: Toxicity induced by nitrofurantoin exhibited 

striking similarities with paraquat. The magnitude of 51Cr 

release and protein synthesis inhibition were similar for both 

compounds, although nitrofurantoin appeared slightly more 

potent on an equimolar basis. In vivo, the progression of 

nitrofurantoin-induced lung injury is similar to that reported 

in the present study. Acute lung injury in rats occurs 1-2 

days after a single s.c. injection (Boyd et. aL, 1977). 

Although nitrofurantoin is not selectively or actively 

accumulated by any cell types in the lung, damage was 

characterized by early necrosis of the Type I and II cells; 

there was no primary damage to bronchiolar epithelium, 

although there were instances where latent damage was 

observed. These observed morphological similarities have led 

investigators to speculate that nitrofurantoin and paraquat 

share a common mechanism of action. This topic will be 

discussed in a later section (see page 151). 

Bleomycin: This compound caused both a concentration- and 
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time-dependent loss of viability of lung slices, as measured 

by protein synthesis and membrane integrity (Slcr release). 

Toxicity was observed at concentrations approaching 

therapeutic levels (Bennett and Reisch, 1979). This 

observation confirms the observations of Moseley et. ale 

(1984) that bleomycin can directly injure lung parenchyma in 

vitro without a systemic requirement. Evidence of toxicity 

was delayed, however, reaching significance only after 24 and 

48 hr of continuous exposure. This observation is in 

excellent temporal agreement with other reports regarding the 

toxicity of bleomycin in vivo (Aso et. al., 1976). 

The degree of damage was relatively mild, which is in 

agreement with a previous in vitro study performed by Martin 

and Kachel (1987) using a purified pulmonary endothelial cell 

preparation. Furthermore, no dramatic evidence of cell death 

could be observed histologically. Therefore, the toxic 

effects of the drug on lung tissue cannot be attributed solely 

to direct cytotoxicity on lung parenchyma. 

Amiodarone: The protein synthesis and Slcr release data on 

amiodarone indicate that the concentrations used were not 

directly cytotoxic within the 48 hr time frame of exposure. 

Only with extremely high concentrations (1000 ~g/ml) could 

significant membrane damage be detected. The apparent lack of 

effect is not surprising, since the production of injury in 



158 

vivo at therapeutically relevant concentrations (5-50 ~g/ml 

plasma) requires several weeks of continuous treatment (Cantor 

et. al., 1984). 

Cyclophosphamide: In the present in vitro system, no evidence 

of direct cyclophosphamide-induced toxicity was observed, even 

after 5 days exposure to concentrations as high as 2 mM. 

Failure to elicit toxicity may be due in part to the time 

frame required to produce both biochemical and morphological 

signs of damage. The toxicity induced by cyclophosphamide in 

vivo is considerably delayed (2-3 weeks) which is outside the 

time frame of viability for cultured lung slices. 

Furthermore, bioacti vation of cyclophosphamide to its 

toxic metabolite(s) is known to occur in a small subpopulation 

of cells, the nonciliated bronchiolar epithelial cell (Boyd, 

1977), which possess the highest cytochrome p450 enzyme 

activity. since these cell types comprise an exceedingly 

small proportion of distal airways (Sl%), it would be 

difficult to demonstrate a toxic effect using anything other 

than an enriched cell preparation. " 

Monocrotaline: Monocrotaline is another compound possessing 

only delayed effects; toxicity in vivo is not observed 

morphologically until several weeks after initial treatment 

(Schoental and Head, 1955). Furthermore, the toxicity is very 
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subtle in nature; when evidence of damage finally does become 

apparent, it occurs only in a select subpopulation of cells 

(endothelial cells), which comprise only 20% of the total lung 

cell population. Thus, without a specific viability marker 

for microvascular injury (i.e.: angiotensin converting enzyme 

activity, 5HT uptake) it will be very difficult to demonstrate 

monocrotaline-induced damage in vitro. Yet, even if these 

tools were available, evidence suggests that monocrotaline 

injury may involve more than direct interaction with lung 

tissue. For example, previous attempts by other investigators 

(Hilliker et. al., 1983) to use lung slices for the study of 

monocrotaline pulmonary injury by monitoring 5HT uptake were 

similarly unsuccessful. After 5 hr exposure to high 

concentrations of either the parent compound or the 

pneumotoxic pyrrole metabolite, there was no change in 5HT 

uptake by lung slices. 

There is mounting evidence to indicate that the 

development of toxicity requires the participation of many 

systemic circulatory components, such as platelets, 

leukocytes, and lymphocytes (Hilliker et. al., 1983a; Czar et. 

al., 1986) • Hilliker et. al. (1982) proposed that 

monocrotaline toxicity may be precipitated by events involving 

platelet deposition, thrombocytopenia, and leukocyte 

aggregation. Thus, application of in vitro models to the 

study of monocrotaline-induced lung damage is best approached 
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using models which preserve pulmonary hemodynamics, such as 

the isolated perfused lung (Lafranconi and Huxtable, 1984; 

Gillis et. al., 1978), although even this technique is lacking 

in the necessary long-term viability. 

In summary, results obtained with the model toxicants 

indicate that lung slices can be a valuable screening tool for 

the pulmonary toxicologist. Biochemical and histological 

observations correlate well, both qualitatively and temporally 

with in vivo reports. Thus, the lung slice model can be a 

good predictor of in vivo toxicity. However, in light of the 

limited time frame of viability of lung slices, this model is 

perhaps best-sui ted for screening compounds which are directly 

toxic to lung tissue (i.e.: require no systemic component such 

as extra-pulmonary bioactivation or influx of inflammatory 

cells) and involve an acute (1-7 days) phase of injury. 

cell-specific Injury: 

Two different pneumotoxicants were employed to 

demonstrate the applicability of the lung slice model for the 

demonstration of cell-specific injury. Bleomycin is an 

anticancer agent of potential benefit in the treatment of 

squamous cell carcinoma, and amiodarone is a promising new 

antiarrythmic agent. Unfortunately, the therapeutic 

usefulness of both compounds is severely restricted by the 
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ability of each to produce pulmonary damage. 

Bleomycin: 

An interesting finding, relating to the further 

characterization of bleomycin toxicity in vitro is its effect 

on phospholipid synthesis by lung tissue. Bleomycin-treated 

slices exhibited a dramatic stimulation of de !lQYQ lipid 

synthesis from acetate precursor. This effect was found to be 

specific for the phosphatidylcholine lipid fraction. This 

contradicts Giri (1987), who observed a depression of lipid 

(specificallyphosphatidylcholine) synthesis. However, in his 

study, lipid synthesis was only quantitated after 3 hr of 

culture with labelled precursor; judging from the results of 

our study, this may not have been long enough to reflect drug

induced changes. 

Dipalmitoylphosphatidylcholine is the major phospholipid 

in pulmonary surfactant (Haagsman and van Golde, 1985) and as 

such represents an important target for the actions of 

pulmonary toxins. There have been several in vivo studies 

documenting the accumulation of pulmonary surfactant in the 

lungs of bleomycin-treated animals (Moseley et. al., 1984; 

J.lartin and Kachel, 1987). In the former study, an increase in 

disaturated lecithin (surfactant) content was observed in the 

lavage fluid of bleomycin-treated mice by as early as 24 hr 

following intratracheal instillation. However, it was not 
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clear whether this excessive accumulation of phospholipids was 

due to increased synthesis or decreased catabolism. Since the 

present study measured actual gg novo synthesis rather than 

total phospholipid content, the findings are consistent with 

the interpretation that the mechanism underlying the 

phospholipidosis is likely to be stimulation of biosynthesis 

rather than inhibition of phospholipid degradative enzymes. 

An explanation for this increased synthetic activity may be 

that bleomycin increases the uptake of substrate under in 

vitro conditions. This does not seem likely, however, since 

no differences in uptake of acetate were observed between the 

control and bleomycin-exposed tissues. 

It has been postulated that this over-abundance of 

surfactant leads to the activation of the mononuclear 

phagocyte system, thus triggering a cascade of events 

culminating in the release of macrophage-derived fibrocyte-

stimulating factors and subsequent fibrogenesis (). It is 

therefore important in our in vitro model system to correlate 

the observed biochemical changes in response to bleomycin with 

histological alterations in exposed tissue. In the present 

study, the alterations in lipid biosynthesis were accompanied 

by morphological changes in the Type II pneumocyte, which is 

responsible for surfactant production (Castranova et. al., 

1988). By 24 hr, bleomycin induced a dramatic and diffuse 

swelling of the Type II cells, which displayed the 
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characteristic staining pattern for alkaline phosphatase 

enzyme. Transmission electron microscopy indicated that the 

affected cells appeared to contain a higher number of lamellar 

bodies (storage units for surfactant) compared to 

corresponding controls. However, no attempt was made to 

morphometrically quantitate the observed increase in number or 

in size of these lamellar bodies. 

After continuous exposure (48 hr), changes in the 

macrophage population were observed. These cells were 

enlarged and exhibited a "foamy" appearance, which is 

consistent with in vivo observations. In addition, enzyme 

histochemistry demonstrated the presence of p-galactosidase, 

which is a lysosomal enzyme associated with macrophage 

activation (Dannenberg and Suga, 1981). 

The present study has focused solely on the direct 

effects of bleomycin on lung tissue. No attempt was made to 

address the relative contribution of the inflammatory response 

(Le. granUlocyte infiltration) that has been reported to 

occur during the early stages of injury. Kaelin et. al. 

(1983) have shown that an intratracheal dose of bleomycin 

elicits the release of a neutrophil chemoattractant. It is 

therefore possible that a systemic component is required for 

a continuation of the disease process, once it has been 

initiated by the parenchymal cells. However, it must also be 

pointed out that the development of pulmonary fibrosis may 
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actually be enhanced by neutrophil depletion (Thrall et. al., 

1981; Kuhn and Clark, 1981). The contribution of the 

infiltrating granulocyte in the ultimate pathogenesis of 

pulmonary fibrosis, therefore, is not clear at this time. 

The present study indicates that early in vivo changes in 

macrophage and type II pneumocyte populations observed in the 

lungs of bleomycin-exposed animals and humans can be 

reproduced in vitro, in a controlled, completely defined model 

system. 

Amiodarone: 

A second compound that was used to elicit cell-specific 

effects was amiodarone. As previously discussed (Chapter 2), 

the protein synthesis and 51Cr release data on amiodarone 

indicate that the concentrations llsed were not directly 

cytotoxic within the 48 hr time frame of exposure. This is not 

surprising, since the production of injury in vivo at these 

therapeutically relevant concentrations requires several weeks 

of continuous treatment (Cantor, et. al., 1984). 

A more interesting finding, however, was the effect of 

amiodarone on lung slice morphology. By 12 hr exposure, 25 

and 50 Jjg/ml drug treatment elicited a striking change in 

alveolar macrophage morphology. These cells were greatly 

enlarged and the cytoplasm exhibited a "foamy" appearance. 

similarly, lung tissue obtained from patients with amiodarone-
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induced pulmonary disease (Martin and Osborn, 1986) or from 

experimental animals (Reasor, 1988) is characterized by the 

presence of "foamy" macrophages. Ultrastructurally, these 

macrophages show an accumulation of osmophilic and membranous 

structures within lysosomes, which are thought to contain 

phospholipid material (Marchlinsky, 1982; Martin and Osborn, 

1986). 

Thus, the inclusion formation by itself may not 

necessarily reflect toxicity, but may be an early indicator of 

impending damage. Recently, Martin and Howard (1985) have 

reported a similar phospholipidosis in cultured pulmonary 

endothelial cells at comparable concentrations, without the 

production of cytotoxicity. 

It is the presence of the lamellar inclusions that has 

prompted investigators to suggest that the pathological 

evidence of amiodarone toxicity mimicks a phospholipidosis. 

Yet in the present study, no increase in de novo lipid or 

phospholipid synthesis was observed in vitro using lung 

slices. The mechanism by which this drug causes an 

accumulation of phospholipid may. therefore relate to an 

inhibition of breakdown rather than an increase in synthesis. 

In support of this theory, a structurally similar compound, 

chlorphentermine produces an identical effect on macrophages, 

yet does not stimulate phospholipid synthesis (Miles, et. al., 

1986) • The mechanism by which phospholipid accumulation 
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occurs may relate to the ability of such cationic amphiphilic 

drugs to bind to lysosomal lipids and impair normal 

phospholipid catabolism by inhibiting key phospholipases 

(Reasor, 1984; Lullman et. al., 1975), such as phospholipase-A 

(Hostetler, 1984). 

Alternatively, the lamellar structures may arise as a 

result of macrophage ingestion of phospholipid-rich surfactant 

material released from neighboring alveolar type II cells, as 

has been suggested by other investigators (Gaton and Wolman, 

1979; Hruban, et. ale 1973). This is currently an area of 

active research, and it is likely that the pathogenesis of the 

IIfoamyll macrophage may be multi-factorial. 

As demonstrated by the studies with both bleomycin and 

amiodarone, the ability to correlate biochemical with 

morphological changes illustrates an important advantage to 

the use of lung slices rather than other in vitro techniques 

(i.e. lung homogenate or cell suspension). ThUS, the lung 

slice system, whir.:h preserves normal cell-cell and cell-matrix 

interactions, can be of particular value in identifying cell

specific effects. Such.in vitro studies may ultimately 

improve our understanding of drug- and xenobiotic-induced 

toxicity to the pulmonary system .in vivo. 

Mechanistic comparison of Redox-cycing compounds: 

Considerable information has been gathered which 
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implicates the enzymatically-catalyzed reduction/oxidation of 

paraquat and nitrofurantoin as the mechanism underlying their 

pulmonary toxici ty. Each compound can undergo a single 

electron reduction from its cation to form a free radical. 

This radical is unstable in the presence of 02' and hence is 

immediately re-oxidized, with the concomitant reduction of 02 

to form superoxide anion (02-). Thus, provided there is a 

continuous supply of electrons, these compounds will continue 

to be reduced and oxidized, thereby continuously producing 02-

(Boyd and Burka, 1978; Boyd and Dutcher, 1978). 

Nevertheless, the mechanism by which this redox cycling 

leads to lung cell damage is still unclear. In addition, the 

progression of cellular events invol ved in the ul timate 

expression of toxicity remain undefined. Since the acute in 

vivo toxicity of both agents can be reproduced in vitro using 

the lung slice model, it is an ideal system with which to 

further investigate the underlying toxic mechanisms of these 

agents. Further characterization of toxicity was therefore 

centered around the suggested oxidant injury hypothesis. There 

are many ways in which tissue damage by 02 radicals can be 

assessed. Although the release of radiolabelled chromium is 

a fairly nonspecific indicator of cell damage and death, if 

used in conjunction with agents which attenuate or enhance 

toxicity, insight into toxic mechanisms can be gained (Sepe, 

et. al., 1985). For example, exposure of lung slices to 
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either nitrofurantoin or paraquat under hyperoxic conditions, 

greatly enhanced toxicity. This would be expected for redox 

cycling compounds, since the increased availability of 02 may 

accelerate the reoxidation of the parent compound, and thus 

stimulate the generation of toxic 02 species. 

In vivo, oxygen appears to be a potent modulator of 

paraquat toxicity. The lethality of paraquat was markedly 

enhanced in rats (Fisher et. al., 1973) and mice (Bus and 

Gibson, 1975) exposed to 02-enriched atmospheres. Likewise, 

toxicity was diminished in animals exposed to atmospheres 

relatively deficient in oxygen (Rhodes, et. al., 1976). 

Similar effects have been reported for nitrofurantoin in vivo 

(Boyd, 1979). 

One theoretical consequence of the generation of 02- is 

the subsequent production of H202; this compound can arise 

either as a result of the two-electron reduction of 02 or by 

the SOD-catalyzed dismutation of 02-. Besides its own 

intrinsic oxidizing capabilities, H202 can also interact with 

02- in the presence of certain transition metals or 

hemoproteins to yield the much more reactive hydroxyl radical 

(HO·) via the iron-catalyzed Haber-Weiss reaction. This 

radical is capable of abstracting hydrogen atoms from 

polyunsaturated fatty acids which comprise cell membranes. 

This type of reaction initiates a cascade of events resulting 

in lipid peroxidation. Thus it becomes apparent that 
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biological systems must have endogenous defenses with which to 

terminate the propagation of these potentially damaging 

events. 

One such defense is catalase. This hemoprotein catalyzes 

the decomposition of H20 2 to yield 02 and water. Indeed, the 

addition of catalase to the incubation medium of lung slices 

did attenuate the cytotoxic effects of nitrofurantoin and 

paraquat. At the lowest drug concentrations (10-5 M), almost 

complete protection was afforded by catalase. significant 

attenuation of injury was also observed at the higher drug 

concentrations compared to corresponding controls which did 

not receive catalase. 

Similar protective effects have been observed by others. 

Autor (1974) reported that i.v. administration of superoxide 

dismutase (SOD) provided partial protection against paraquat 

toxicity in rats. Studies by Martin and coworkers (1983;1985) 

suggest similar protection from nitrofurantoin toxici ty in 

vitro, using both SOD and catalase. Furthermore, a recent 

study by Lying et. ale (1988) indicated that endogenous 

catalase deficiency causes a predisposition to nitrofurantoin 

toxicity in mice. 

Another approach to verify this potential mechanism is to 

measure cellular consequences of oxidant injury. The studies 

of Bus and coworkers (1977) have suggested that formation of 

02 radicals leads to an interaction with lipid membranes and 



170 

hence causes lipid peroxidation. The balance of evidence 

suggests that nitrofurantoin and paraquat induced lipid 

peroxidation does occur in vitro (Fedde, 1976; Buckpitt and 

Boyd, 1978), although some evidence is contradictory (Staub, 

1974). 

using the lung slice model, lipid peroxidation was 

estimated by measuring the change in polyunsaturated: saturated 

fatty acid ratio. Both compounds elicited selective depletion 

of PUFA (decrease in the total ratio), although in both cases, 

the effect was delayed (24 hr for nitrofurantoin; 48 hr for 

paraquat). Attempts to verify this effect by measuring other 

products of peroxidation by a second method (i. e.: MDA 

formation, loss of conjugated dienes, etc.) in slices were 

unsuccessful either because of sensitivity problems 

(conjugated dienes) or agar interference (MDA). 

The observation of delayed lipid peroxidation may be put 

into perspective, however, by considering the numerous 

cellular defense mechanisms that function to block free 

radical propagation. One of these is the glutathione 

peroxidase system. Glutathione peroxidase is an enzyme 

(cytosolic and mitochondrial) which catalyzes the 

decomposition of organic- or hydrogen peroxides at the expense 

of GSH to form oxidized glutathione (GSSG) and either the 

organic alcohol (ROH) , or H20.. Thus, the precursor H20 2 is 

inactivated before it can be used to form HO •. 
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As a consequence of this inactivation, however, it is 

conceivable that cellular stores of GSH would diminish after 

continued exposure to the redox cycling toxicant. In support 

of this theory, pretreatment of mice with diethylmaleate which 

depleted tissues of reduced glutathione significantly enhanced 

paraquat toxicity (Bus et. al., 1975), presumably by removing 

the source of reducing equivalents necessary for GSH

peroxidase acti vi ty. consistent with this view, is the report 

by Bus et. al. (1977) that toxicity of paraquat was also 

enhanced by pretreatment with tri-o-cresyl phosphate, an 

inhibitor of glutathione peroxidase. 

Interestingly, however, in the present study, the level 

of NPSH, 95% of which represents GSH in lung tissue (Boyd et. 

al., 1982) was not changed after lung slices were incubated 

with paraquat or nitrofurantoin. Similarly, Bus (1976) 

reported that GSH levels declined in liver, but not in the 

lung, after treatment of mice and rats with paraquat. 

Thus it may appear that GSH does not represent a major 

detoxification route for these compounds. However, an 

alternative possibility merits consideration; it is 

conceivable that stimulation of GSH reductase activity could 

have been responsible for preservation of reduced GSH pools, 

despite its increased turnover by GSH peroxidase. A slight 

increase in pulmonary GSH reductase activity has been observed 

following chronic paraquat treatment in rats (Bus et. al., 
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1976) • To address this question, rat lung slices were 

pretreated in vitro with BCNU, an agent which selectively and 

irreversibly in.~ibits GSH reductase. Theoretically, 

therefore, the regeneration of GSH would be blocked, and the 

effects of nitrofurantoin and paraquat on NPSH levels could be 

re-addressed. 

Unfortunately, BCNU was found to be intrinsically 

cytotoxic, which precluded its use in the present system. 

Thus, the role of other cellular defense mechanisms in the 

detoxification pathway of nitrofurantoin and paraquat were 

investigated. 

In addition to water-soluble antioxidants such as GSH, 

there are also lipid-soluble antioxidants such as vitamin E 

(a-tocopherol) . Exposure of lung slices to paraquat or 

nitrofurantoin resulted in delayed depletion of vitamin E. 

The effect was statistically significant at 24 hr with 

nitrofurantoin. By comparison, the paraquat-induced depletion 

did not reach statistical significance until 48 hr, and the 

depletion was not as dramatic. 

The present findings were co~firmed in vivo by Bus et. 

al. (1976), who reported a prolonged paraquat-induced 

depression in lung lipid-soluble antioxidants, which did not 

recover to control values until 200 hr after treatment. 

Similarly, the lethality of nitrofurantoin was greatly 

enhanced in rats maintained on a vitamin E-free diet (Boyd et. 
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al., 1977). 

In biological systems, the ratio of vitamin E to PUFA in 

membranes is low. For example, in rat liver microsomal 

membranes, the ratio of vitamin E to PUFA is 1:1000 (Kornbrust 

and Mavis, 1980). However, given that the reactivity of 

peroxylipid radicals with vitamin E may be as high as 104 

times greater than the reactivity with PUFA (Patterson, 1981), 

vi tamin E may provide adequate initial protection against 

lipid peroxidation, thus accounting for the delay in 

polyunsaturated fatty acid depletion that was observed in 

treated lung slices. 

The task still exists, therefore, of finding evidence of 

early cellular events that precipitate the cascade of effects 

that have just been described. Because of their abilities to 

accept electrons, high concentrations of either nitrofurantoin 

or paraquat may simply oxidize the available NADPH, thus 

depleting the cell of an essential cofactor required for 

maintenance of normal cellular processes. Several studies 

have already suggested that this may be an early event in the 

toxicity of paraquat (Boyd et. al., 1978; Sasame et. al., 

1978). 

Compensatory processes such as the stimulation of the 

hexose monophosphate shunt to regenerate NADPH may attempt to 

maintain the reduced nucleotide levels in the lung (Sasame et. 

al.,1978). Such an event would presumably occur quite early 
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The use of 1_14c-glucose can be 

used as a marker for the hexose monophosphate pathway of NADPH 

generation. Whereas the oxidation of 6_14c-glucose remained 

unchanged during toxicant exposure, the oxidation of 1_14C

glucose was dramatically stimulated. After 2 hr paraquat 

exposure, a 6-fold increase was observed; the effect of 

nitrofurantoin was slightly delayed (3 hr) and increased only 

2.5-fold over control. A partial explanation for the blunted 

response by nitrofurantoin may relate to nitrofurantoin's 

ability to inhibit GSH reductase, thus indirectly slowing the 

demand for NADPH. 

Human Tissue 

Perhaps the best future application of the lung slice 

model described herein involves the use of human tissue. wi th 

the increasing public demand to limit the number of animals 

used in experimentation, and with the increasing availability 

of human tissue for research, the lung slice technique 

represents a potentially valuable tool. 

Preliminary work with human tissue has demonstrated that 

the slice technique can be "scaled up" for the production of 

human lung slices, and that these slices can remain viable in 

culture. In addition, one of the best arguments for the use 

of human tissue is that there is no need to extrapolate 

toxicologic data from animals. Thus, the in vitro slice 
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technique offers the opportunity to study human tissue 

response to potential toxicants, while preserving the spatial 

complexity of the tissue, thus facilitating extrapolation of 

in vitro findings to the in vivo level. 



APPENDIX A: BUFFER RECIPES 

Krebs-Henseleit Buffer: 

NaCI 
KCI 
KH2P04 
NaHC03 
Mgs04·7 H20 
caC12·2 H20 

MW 

58.45 
74.55 

136.09 
84.01 

246.50 
147.00 

roM 

118.0 
4.8 
0.95 

23.8 
1.2 
2.89 

6.90 
0.36 
0.13 
2.00 
0.295 
0.425 
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All ingredients were added to the appropriate volume of 
distilled water in the order that they appear on the list. 
The mixture was then gassed with 95% °2:5% CO2 for 15 minutes, 
and the pH adjusted to 7.4 with NaOH. Buffer was stored at 
4°C for periods no longer than 1 week. Immediately prior to 
use, glucose (4.5 gIL) was added to provide a final 
concentration of 25 roM. 

Michaelis Veronal Acetate Buffer (Acid Phosphatase): 

stock: 
sodium acetate(3 H20) 
sodium barbital 
H20 

0.59 g 
1.47 g 

50 ml 

stock solution can be stored at 4°C for several months. Prior 
to use, dilute 10 ml with 24 ml H20. 

Acetate Buffer (O-galactosidase): 

0.2 M sodium acetate 
0.2 M glacial acetic acid 

1.64 gl100 ml H20 
1.20 ml/l00 ml H20 

To prepare buffer (0.1 M) mix 8.8 ml of 0.2 M acetic acid with 
41.2 ml of 0.2 M sodium acetate. Add 50 ml H20. Adjust pH to 
5.0 with 2 N HCl. 



Phosphate Buffer (Nonspecific Esterase): 

0.2 M NaH2P04 
0.2 M Na2Hpo4 

3.12 g/100 ml H20 
2.83 g/100 ml H20 

177 

Combine 5 ml NaH2P04 with 35 ml Na2HP041 and adjust pH to 6.1 
with 2 N HC!. 
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APPENDIX B: MEDIA RECIPES 

Eagle's Minimum Essential Medium (MEM): 

For culturing purposes, one envelope of powdered medium 
was dissolved in 900 ml distilled water. The foil-lined 
packet was rinsed with additional water, and the rinsate added 
to the mixture. NaCl (1.05 g) and HEPES (5.7 g) were added, 
and the pH adjusted to 7.5 with 2 N NaOH. The final volume 
was adjusted to 1 liter with water, and the medium was 
aliquoted and sterile-filtered (0.2 ~m pore size) into 
autoclaved glass bottles (100 ml/bottle). Medium was stored 
at 4°C and used within 1 month of preparation. A 2 ml aliquot 
of Fungibact® antibiotic/fungicide mixture was thawed and 
added to each 100 ml of inCUbation medium prior to use. 

For preparation of the agar/MEM infusion mixture, medium 
was prepared as described above, using only 500 ml distilled 
water, in order to create a double-strength medium. 

Agar/MEM Infusion Mixture: 

To prepare the dilute agar solution for intratracheal 
instillation, 50 ml water and 0.5 g agar were placed into a 
glass bottle. The bottle was loosely capped and autoclaved 
(liquid setting) at 125°C for 3-5 minutes, to produce a clear 
solution of dissolved agar. (Alternatively, 0.5 g agar can be 
added to 50 ml boiling water on a hot plate, and stirred 
vigorously until dissolved. This method, however, may result 
in "clumping" of the agar and inadequate dissolution.) The 
dissolved agar/water mixture was cooled slightly and 50 ml of 
sterile double strength MEM was added. The final 
concentration of agar was therefore 0.5% in full strength MEM. 
The solution was cooled to 40°C prior to intratracheal 
instillation. 



179 

APPENDIX C: FIXATIVES 

Paraforma1dehyde(1.5%)/G1utara1dehyde(1.0%)/Acro1ein(o.25%) 
Fixative: 
(For Light/Electron Microscopy) 

*Caution: Perform all of the following steps in an exhaust 
hoodl· 

Prepare 0.1 M cacodylate buffer by dissolving 5.35 9 sodium 
cacodylate-3 H20 in 250 ml H20. In a separate beaker, heat 
240 ml H20 to 60°C, and add 7.5 9 paraformaldehyde. stir to 
dissolve. Add this solution to the 250 ml cacodylate buffer, 
along with a 10 ml ampule of glutaraldehyde (50%, EM grade). 
Add 1. 25 ml acrolein, and adjust the pH to 7.2. Filter before 
use. store at 4°C for no longer than 1 month. 

Paraforma1dehyde Fixative: 
(For Enzyme Histochemistry) 

Prepare 0.1 M phosphate buffer stock solutions as follows: 

Solution A 
Solution B 

13.61 9 KH2P04 in 1000 ml H20 
14.20 9 Na2Hpo4 in 1000 ml H20 

Mix 57 ml Solution A with 143 ml Solution B to obtain 200 ml 
0.1 M phosphate buffer. Heat buffer to 60°C, add 4 9 
paraformaldehyde and stir vigorously to dissolve. Add 17 9 
sucrose, let cool, and adjust pH to 7.2. Filter. Store 
fixative at 4°C for no longer than 1 week. Stock buffer 
solutions can be stored for several months. 



180 

APPENDIX D: STAINING SOLUTIONS 

Toluidine Blue staining Solution: 

Dissolve 1 g toluidine blue into 100 ml of 1% sodium borate. 
This solution is stable indefinitely, but should always be 
filtered before use. 

Pararosani1in Hel Stock Solution: 

Mix 2 g pararosanilin-HCl with 50 ml 2 N HCl. Heat gently to 
dissolve, then cool and filter. Mixture is stable 
indefinitely. 



BCNU •• 
BSA •• 
cpm .•••••• 
°c .... 
OABA •• 
dia ••. 
OMSO •. 
dpm .. 
g .•.. 
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APPENDIX E: LIST OF ABBREVIATIONS 

.1,3-bis(2-chloroethyl)-1-nitrosourea 
..bovine serum albumin 
• •••. counts per minute 

• ••••..••• degrees centigrade 
..diamino benzoic acid 
. ............ . diameter 

• ••••••.••• dimethyl sulfoxide 
• •••••• disintegrations per minute 

. •••••...•........•..... . gram 
GSH •••••••••••••••••••••••••• glutathione (reduced form) 

..glutathione (oxidized form) GSSG. 
HCI •• 
hr ••. 
MEM •. 
min •• 
mI •• 
rom •• 

. ••••••••••••••. hydrochloric acid 
. .................... . hour 

••••. Minimum Essential Medium 
• •.•••. minute 

..••••••. milliliter 

. .••••.• millimeters 
romole •. . ..••••... millimole 
J.,Lm. • • • • • • • • • • • • • • • micrometer 
N2 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• ni trogen 
nmole ................................................. nanomole 
NPSH ••••.•••••••...••...•..•..•••.•....•. nonprotein sulfhydryl °2 • • • • • • • .. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• oxygen 
PUFA. ••• polyunsaturated fatty acid 
rev. . .................... . revolution 
SEM ••.•••..••.•.••.........•..•••••• Standard Error of the Mean 
SOS •. 
SOO •• 
TCA •• 
wk •••• 

.• sodium dodecyl sulfate 
..superoxide dismutase 

. ..•••...••• trichloro acetic acid 
. •••••..•.•.••..••.• • week 
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