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ABSTRACT 

Changes in lung lavage fluid parameters were used to investigate lung 

toxicity of combustion-generated particulates. Rats were intratracheally 

instilled with saline suspensions of diesel exhaust soot and polyurethane foam 

soot (combustion-generated particulates), silica and gallium oxide (comparative 

controls), and saline (vehicle control). Animals were terminated and lungs 

lavaged at 1, 4, 7, 20 and 60 days post-exposure. Lavage fluid was assayed for 

lactate dehydrogenase, alkaline and acid phosphatases, and protein. Lung 

histopathology, lung to body weight ratios, and lung tissue biochemistry 

evaluated at 60 days post-exposure confirmed that early post-exposure 

elevations in these parameters are valid predictors of lung tissue injury. The 

combustion-generated particulates produced little pulmonary response at the 

dose and time points measured. The model employed may be adequate to assess 

both short- and long-term effects of these types of particulates on the lung. 

xiv 



CHAPTER 1 

INTRODUCTION 

Fires result in the death of approximately 8,000 people in the United 

States each year, and injure 200,000 more (Birky and Clarke, 1981). Eighty 

percent of the deaths and many of the injuries are due to what is loosely termed 

"smoke inhalation." Smoke should actually be described as a highly complex 

mixture of heat, gases and particulates (Leonard, 1979), whose composition is 

dependent upon both the chemical constitution of the fuel(s) and the conditions 

under which the combustion process occurs. The inhalation of superheated air 

can result in direct injuries to airways and lungs. Gases produced by combustion 

can exert either systemic or direct effects. Carbon monoxide (CO), for example, 

is an asphyxiant which represents the major danger present in the smoke of most 

fires (McKinnon, 1976). Hydrogen Chloride (HC1) is a potent respiratory irritant. 

Particulates can result in clogging of the airways. The sources and health 

effects of specific combustion products are considered in more detail later in 

this chapter. 

While much research has been done on the effects of heat and fire 

gases, many questions remain regarding combustion-generated particulates. The 

effects of both single and repeated exposures to this visible fraction of smoke 

are not fully known. 

Changes in lung lavage fluid parameters such as lactate dehydrogenase 

(LDH) have been shown to be good early indicators of lung tissue injury induced 

by exposure to certain toxicants (Henderson, 1984). 

1 
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The objective of this project was to utilize changes in lung lavage fluid 

parameters to investigate the lung toxicity of combustion-generated 

particulates. 

Lung Toxicology 

The lung's primary function is to provide for the exchange of oxygen 

and carbon dioxide in circulating blood (Menzel and McClellan, 1980). However, 

the adaptations for this also make the lung an efficient site for the systemic 

entry of toxicants. The extensive surface area, minute separation of air space 

and capillary circulation, along with the lung's receipt of 100% of the cardiac 

output, combine to facilitate absorption. Inhalation is the major route of human 

exposure to toxicants. Inhalation exposure is increased during periods of 

strenuous exercise, such as would be encountered in both fire suppression 

activities and the attempts of fire victims to escape. In addition, individuals 

with chronic pulmonary disease may be at increased risk from such exposure. 

Structure of the Respiratory Tract 

There are three major regions of the respiratory tract: nasopharyngeal, 

tracheobronchial and pulmonary (Menzel and McClellan, 1980). The nasopharynx 

starts with the anterior nares and extends to the larynx. This region filters out 

large inhaled particles, and humidifies and moderates the temperature of the air 

that passes into the lungs. Nasal passages are lined with vascular mucous 

epithelium. The tracheobronchial region consists of the trachea, bronchi and 

bronchioles, which serve to conduct air to the alveoli. The passages in this 

region are lined with ciliated epithelium and are coated with mucus. The inner 

surface of these airways functions as a mucociliary escalator, moving particles 
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from within the lung to the oral cavities. The pulmonary region consists of 

respiratory bronchioles, alveolar ducts and sacs, and alveoli. Respiratory 

bronchioles are tubular, with a length of approximately 1.0 mm and a diameter 

of about 0.5 mm. They are lined with low cuboidal epithelium, and at times, 

with ciliated epithelium. Alveolar tubes and sacs are thin-walled passages, about 

the diameter of a respiratory bronchiole, and open into alveoli on all sides. The 

alveoli are thin-walled pouches which open on one side to either a respiratory 

bronchiole, an alveolar duct or an alveolar sac. They are lined predominantly 

with thin squamous pulmonary epithelial cells. Alveolar epithelium, along with 

basement membrane and endothelium, comprises the very thin air-blood 

boundary. This capillary-alveolar boundary ranges in thickness from 0.36 to 2.5 

mm in man. 

The respiratory tract contains over 40 cell types, including 17 types of 

epithelium, 9 of unspecified connective tissue, 2 of bone and cartilage, 7 related 

to blood vessels, 2 of muscle and 5 associated with the pleural or nervous tissue. 

Certain respiratory tract cells are of particular interest, including those unique 

to it, such as ciliated bronchial epithelium, nonciliated bronchial epithelium 

(Clara cells), type I (squamous alveolar) pneumocytes, type II (great alveolar) 

pneumocytes and alveolar macrophages. Additionally, endothelial cells and 

interstitial cells (fibroblasts and fibrocytes), which make up the largest fraction 

of cells present, and the lining cells of the bronchi and trachea, are highly 

susceptible to injury. 

The ciliated epithelial cells predominate in the trachea, bronchi and 

larger bronchioles. They move a fluid film with inhaled deposited particles from 

the lung to the nasopharynx (mucociliary escalator). Clara cells are found only 
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in the small bronchioles. The function of these cells is largely unknown, but they 

are probably secretory in nature. Alveoli are completely lined with type I and 

type II epithelial cells. Although the type II cells outnumber type I cells three to 

two, the latter are flattened and constitute most of the alveolar lining in terms 

of surface area. Type II cells are long-lived and eventually mature into type I 

cells. Type II cells proliferate in the repair of certain injury to the squamous 

pulmonary epithelium. They are also believed to be the source of the vital 

pulmonary surfactant. This substance consists mostly of dipalmitoyl lecithin, 

which reduces the surface tension in small alveoli. This prevents these small 

alveoli from joining together and decreasing the area available for the exchange 

of blood/alveolar gases. Alveolar macrophages are the lung's phagocytic cells. 

They are located free in the alveoli, where their major function is the ingestion 

of inhaled particulates. The pulmonary capillaries are lined with endothelial 

cells which form a continuous cytoplasmic tube. Fibroblasts are responsible for 

the production of intercellular substances of connective tissues. 

Particulates in the Lung 

An "aerosol" is described as "a relatively stable suspension of solid 

particles or liquid droplets in a gaseous medium" (Menzel and McClellan, 1980). 

Categories of aerosols include dusts, fumes, and smokes. Dusts are generated by 

processes such as milling, blasting or grinding, and have the same chemical 

composition as their parent material. Fumes are produced by combustion, 

sublimation or condensation processes; their formation is generally accompanied 

by a chemical change. Smokes, formed by the combustion of organic materials, 

consist of particles generally smaller than 0.5 um in diameter which do not 

readily settle. 
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The site of particle deposition within the respiratory tract is extremely 

important in assessing its toxicity. The size of the particle is the major factor in 

the determination of deposition sites. Menzel and McClellan explain that this 

"site of deposition affects 1) the severity of the consequenses of tissue damage 

to the respiratory tract, 2) the degree of absorption of systemic toxicants, and 

3) the clearance mechanisms available for the ultimate removal of the 

particles." 

The deposition of particles can occur by four different processes. (1) 

Interception takes place when the path of a particle brings one edge of it in 

contact with the surface of the respiratory tract. This process is mainly 

important in the deposition of fibers such as asbestos. (2) Impaction occurs 

when a suspended particle, traveling in a straight line due to inertia, collides 

with the surface of an airway when the airstream bends, such as at a bifurcation. 

Air velocity and particle mass influence the probability of impaction. (3) 

Sedimentation results in particle deposition in the smaller airways and alveoli, 

areas of small size and low velocity of airflow. Menzel and McClellan (1980) 

describe the process: 

As particles move downward through air, buoyancy and resistance of air 
act on the particles in an upward direction while the gravitational force 
acts on the particle in a downward direction. Eventually, the 
gravitational force equals the sum of the buoyancy and the air 
resistance, and the particle continues to settle with a constant velocity 
known as the terminal settling velocity. 

(4) Diffusion is an important mechanism for the deposition of particles under 0.5 

um in the alveoli and small airways. This process involves random, brownian 

motion imparted to the particles by collision with gas molecules. 

As stated above, the size of a particle is the major factor in 

determining its site of deposition because particle size will determine whether a 
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particle will deposit in the respiratory tract by the mechanisms of interception, 

impaction, sedimentation, and/or diffusion. One method for expressing particle 

size is by measurements of aerodynamic diameter. The aerodynamic diameter of 

a particle takes into account both its density and the aerodynamic drag, and 

"represents the diameter of a unit density sphere having the same terminal 

settling velocity as the particle, whatever its size, shape, and density (Menzel 

and McClellan, 1980)." This is the best measurement of particle size for those 

deposited by impaction and sedimentation processes, while actual particle size is 

the critical factor for those small particles deposited by diffusion. 

Figure 1 illustrates the processes and factors involved in particle 

deposition in the three regions of the respiratory tract. Menzel and McClellan 

(1980) summarize the regional deposition of particles: 

Particles having an aerodynamic diameter of 5 to 30 um are largely 
deposited in the nasopharyngeal region by impaction. Because of their 
size, impaction is an important mechanism for their removal from an 
airstream. The high air velocity and the tortuous nature of the 
nasopharyngeal air passages, forcing many sharp changes in airflow 
direction, provide an ideal area for impaction. Particles having an 
aerodynamic diameter of 1 to 5 um are deposited in the 
tracheobronchial regions by sedimentation. Such particles are of a size 
to be removed by sedimentation, and this mechanism of deposition is 
favored by the slower airflows, which allow time for deposition by 
gravitational forces. As the alveolar regions are approached, the 
velocity of the airflow decreases markedly, allowing even more time 
for sedimentation. The small particles, generally less than 1 um, that 
have penetrated to the alveoli, are deposited primarily by diffusion. 
This is the principal mechanism by which submicron particles are 
deposited. 

Factors that may be present in a fire situation may act to increase 

particle deposition. With increased physical exertion, the body's demand for 

oxygen is increased, and a greater volume of air is inhaled at a higher velocity. 

This results in an increase in deposition by impaction, sedimentation and 

diffusion. Since man is a mouth-breather during heavy exercise, under such 
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Parameters Influencing the Deposition of Particles in the Lung 

3 Redrawn from Menzel and McClellan (1980). 
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conditions he loses some of the pulmonary protection provided by the upper 

respiratory tract, thus increasing the potential toxicity of inhaled materials in 

the deep lung. In other situations, respiratory irritants present in smoke can 

produce bronchoconstriction that would tend to increase tracheobronchial 

deposition and increased toxicity at this region of the respiratory tract. 

Clearance of Particles 

Mechanisms for the removal of deposited particles vary depending upon 

the site of deposition. Particles deposited in the region from the nose to the 

terminal bronchioles are cleared from these ciliated surfaces of the respiratory 

tract by the mucociliary escalator (Menzel and McClellan, 1980). A blanket of 

mucus is secreted by goblet cells, and moved, along with entrapped particles, 

upward by the beating of the cilia of the epithelial cells. This material that is 

cleared is moved to the oral cavity and then ingested. The bulk of deposited 

particles can be cleared within hours by this mechanism, but some can remain 

for weeks, be absorbed into the bloodstream, or penetrate through the bronchial 

epithelium. 

Particles deposited in the pulmonary region of the lung can be removed 

in three ways: (1) phagocytosis followed by clearance via the mucociliary 

escalator; (2) phagocytosis followed by removal via lymphatic drainage; and (3) 

dissolution followed by removal of dissolved material via the bloodstream or 

lymphatic system. However, all particles are not removed and some may 

become sequestered in the lung. 

The alveolar region of the lung contains a large number of alveolar 

macrophages, as described above. Within minutes following inhalation, particles 

may be engulfed by these macrophages, with virtually all inhaled particles taken 
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up within hours. Many of these macrophages are, by unknown means, ultimately 

transported to the mucociliary escalator. Others can be seen in the pulmonary 

interstitial tissue spaces within hours of exposure. Within days of exposure, 

particles can be found in the lymphatics and lymph nodes that drain the lung. 

However, for most particles deposited in the alveoli, slow removal by dissolution 

represents the major mechanism of removal. 

Pulmonary Responses to Toxicants 

Responses of the lung to toxicants have been divided into five general 

categories (Menzel and McClellan, 1980). 

1. Direct airway irritation. This results in bronchoconstriction and, 

frequently, edema and secondary infection. Examples of irritants include 

ammonia and chlorine. 

2. Damage to cells lining the airways. Results include necrosis, 

increased permeability, and edema, which is generally intraluminal rather than 

interstitial in nature. The development of severe edema can be delayed by at 

least 2k hours. Examples of toxicants which produce these types of injury are 

the combustion products phosgene and nitrogen dioxide. 

3. Production of fibrosis (abnormal formation of fiber-containing 

tissue). This may become so massive as to result in obliteration of the lungs' 

respiratory capacity. Silica and asbestos induce fibrotic lesions in the lung. 

k. Induction of allergic response. Inhalation of allergenic agents can 

produce bronchoconstriction and chronic pulmonary disease. Examples include 

farmers lung (due to the inhalation of spores of thermophilia actinomycetes 

produced in warm damp hay), bagassosis (in sugar cane workers), and byssinosis 

(from inhalation of hemp, flax, or cotton dusts). Toluene diisocyanate (TDI), 
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used in the manufacture of polyurethane plastics, will also produce allergic-like 

symptoms upon inhalation. 

5. Production of cancer of the respiratory tract. Cigarette smoke 

includes known carcinogens along with recognized irritants. Benzo(a)pyrene 

along with other polycyclic aromatic hydrocarbons are present in coke oven 

emissions. The cytochrome P-^50 system of the lung is capable of metabolizing 

these materials to reactive intermediates which can induce mutations and may 

lead to malignant transformations. 

Effects of "Smoke Inhalation" 

Smoke was described as being a complex and variable mixture of heat, 

gases and particulates. Its composition is dependent upon the combustion 

temperature, availability of oxygen and the chemical makeup of its fuel. The 

health effects of some combustion gases and the fuels from which they are 

produced are given in table 1. Gases are produced by two separate processes 

which occur simultaneously during a fire: flaming combustion when there is 

ample oxygen, and pyrolysis (smoldering) where heat is available but oxygen is 

low (Levine and Radford, 1978). Under conditions of low oxygen, incomplete 

combustion products are more likely to be produced. 

Nomenclature 

Leonard (1979) has defined smoke to include heat and gases as well as 

the visible particulates, a view also held by Burklin and Purington (1980). 

However, heat, gases and smoke (soot) are also listed as separate categories of 

combustion products (McKinnon, 1976). While this author prefers Leonard's 

definition, it is important to recognize the discrepancy that exists. To avoid 
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Table 1 

Sources and Physiologic Effects of Selected 
Thermodecomposition Gases other than CO and C02a 

Thermode
composition 

Gasb Source 
Highlights of 

Physiologic Effects 

Estimate of 
Short-Term 

(10-min.) 
Lethal 

Concentration 
(ppm)c 

Hydrogen 
cyanide 
(HCN) 

Nitrogen 
dioxide (NO2) 
and other 
oxides of 
nitrogen 

Ammonia 
(NH3) 

From combustion 
of various products 
such as wool, silk, 
polyacrylonitrile, 

nylon, polyurethane, 
and paper, in varying 
amounts; flammable; 

difficult to 
analyze accurately 

Produced in small 
quantities from fabrics 
and in larger quantities 
from cellulose nitrate 
and celluloid (prepared 
from cellulose nitrate 
and camphor, in de
creased use today) 

Produced in combustion 
of wool, silk, nylon, 

and melamine; concen
trations generally low 

in ordinary building 
fires; inorganic com

bustion product 

A rapidly fatal 
asphyxiant poison; 
toxicity suspected 

in some recent fires 
involving upholstery 

and fabrics but 
no definitive data 

Strong pulmonary 
irritant capable of 
causing immediate 

death as well as 
delayed injury; 

notorious from the 
123 deaths in the 1929 
Cleveland Clinic fire 

caused by burning 
"nitrocellulose" x-ray 

films 

Pungent, unbearable 
odor; irritant to 

eyes and nose 

350 

>200 

>1000 
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Table 1. (Continued) 

Thermode-
composition 
Gas Source 

Estimate of 
Short-Term 

(10-min.) 
Lethal 

Highlights of Concentra-
Physiologic Effects tion (ppm) 

Hydrogen 
chloride 
(HC1) 

From pyrolysis of some Respiratory irritant; 

Other halogen 
acid gases 

Sulfur dioxide 
(so2) 

Isocyanates 

wire insulation 
materials such as 

polyvinyl 
chloride (PVC), 
also chlorinated 

acrylics and 
retardant-treated 

materials 

From combustion of 
florinated resins or 

films and some fire-
retardant materials 
containing bromine 

From compounds con
taining sulfur; 

the common oxidation 
product of such 

components in fires 

From urethane isocya-
nate polymers; 
these pyrolysis 

products, 
such as toluene-2, 

4-diisocyanate (TDI) 
have been reported in 
small-scale laboratory 
studies; their signifi
cance in actual fires 

is undefined 

potential toxicity of 
HC1 coated on 

particulate 
greater than that for an 

equivalent amount of 
gaseous HC1 

Respiratory irritants 

A strong irritant, 
intolerable well below 
lethal concentrations 

Potent respiratory 
irritants; believed 
the major irritants 

in smoke of isocyanate-
based urethanes 

>500, if 
particulate 

is absent 

HF ~ WO 
COF2 ~100 
HBr >500 

>500 

-100 (TDI) 
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Table 1. (Continued) 

Thermode-
composition 
Gas Source 

Estimate of 
Short-Term 

(lQ-min.) 
Lethal 

Highlights of Concentra-
Physiologic Effects tion (ppm) 

Acrolein From pyrolysis of 
polyolefins and 

cellulosics at lower 
temperatures (400°C); 

significance, if any, 
in actual fires is 

undefined 

Potent respiratory 30 to 100 
irritant 

a 
From Terrill, Montgomery, and Reinhardt, 1978. 

k All of these gases can be lethal in sufficient concentration. In most common 
fire situations, these combustion gases would be expected to act as 
contributory to death rather than as primary causes of death. 

c ppm = parts per million. 
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confusion, the terms "toxic products of combustion" will henceforth be used to 

include all deleterious products from fires, and "combustion-generated 

particulates" to denote the solid particles produced in the combustion process. 

Systemic Effects 

Carbon monoxide and CO2 are always present in smoke and constitute 

the major portion of its gaseous fraction (Dyer and Esch, 1976). Complete 

combustion of the carbon of organic materials produces CO2 but in a fire 

situation with insufficient oxygen, CO is formed (McKinnon, 1976). Exposure to 

13,000 ppm of CO will cause unconsciousness in 2-3 breaths and be fatal in 

minutes. 

Carbon monoxide constitutes the chief danger in most fire gases 

(McKinnon, 1976). It is not the most toxic component but is always one of the 

most abundant. It acts as an asphyxiant, displacing oxygen from hemoglobin (Hb) 

to form carboxyhemoglobin (COHb). Carbon monoxide has 210 times the affinity 

for Hb than does oxygen (McKinnon, 1976). In addition, CO increases the 

tenacity with which Hb clings to oxygen, resulting in a reduced ability for O2 to 

dissociate from Hb to tissue cells (Mellins and Park, 1975). This means that an 

abnormally low tissue oxygen tension is required for oxygen release. A change in 

the shape of this dissociation curve in the presence of COHb further lowers the 

tissue PO2 needed for oxygen release. Effects of CO poisoning vary according to 

the proportion of COHb in the blood. Levels below 20% can cause mild 

headache, slight breathlessness and some decrease in visual acuity and higher 

cerebral functions. Levels of 20%-f0% result in irritability, nausea, dimness of 

vision, impaired judgment and rapid fatigue. Severe intoxication of 4096-6096 

causes confusion, hallucinations, ataxia, collapse and coma. Levels above 60% 
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generally result in death. Fire victims are normally subjected to additional 

stresses of a reduced oxygen supply, heat and increased levels of CO2, and in the 

field of fire toxicology, the fatal COHb level is generally taken to be 50% 

(Anderson, Watson, and Harland, 1981). A study in the early 1970's of over 200 

fire victims revealed that 50% had died from CO poisoning and that an additional 

30% died from CO poisoning along with other contributory factors such as heart 

disease, alcohol and burns (Terrill, Montgomery and Reinhardt, 1978). 

Carbon dioxide is usually produced in large amounts in a fire 

(McKinnon, 1976). While not a potent toxicant, CO2 acts to increase the rate of 

respiration (3% CO2 results in a 100% increase) which can cause an increased 

rate of uptake of toxic combustion products. It can also act as a mechanical 

asphyxiant, by simply occupying more space in the air (Tong, 1983). 

Hydrogen cyanide (HCN) is now of major concern in fire fatalities since 

it is produced from the thermal degradation of some nitrogen-containing 

polymeric materials (Birky and Clark, 1981). It may be produced in relatively 

large amounts by the incomplete combustion of some nitrogen-containing 

materials including wool, silk, urethane, polyamides, acrylics (McKinnon, 1976), 

and nylon (Terrill et al, 1978). Additionally, the fixation of atmospheric nitrogen 

with carbon from burning materials can occur in wood and paper fires 

(McKinnon, 1976). Like CO, HCN is an asphyxiant, but differs in its mode and 

site of toxicity. Hydrogen cyanide inhibits cellular respiration by reacting with 

Fe^+ of cytochrome oxidase causing cytotoxic hypoxia. Electron transfer from 

cytochrome aj (of cytochrome oxidase) to molecular oxygen is blocked, and 

oxidative phosphorylation is compromised (Smith, 1980). Death results from 

respiratory arrest. It is difficult to assess the toxicological importance of HCN 



in fire-related deaths. When high blood cyanide levels were measured, COHb 

levels were also high. Birky and Clarke (1981) state that "sublethal 

concentrations of HCN may cause confusion, incapacitation, or may 

interact with other toxic substances to produce death." They speculate that 

"cyanide and other toxicants could play an intermediate role leading to early 

incapacitation which prevented escape and as a consequence the victim may 

have been exposed to high levels of CO." 

Oxygen is consumed in the combustion process which can further 

contribute to the hypoxia caused by CO and HCN. Reduced O2 concentration 

itself can induce a hypoxic condition. Fifteen percent O2 in inhaled air results in 

diminished muscular skill (McKinnon, 1976). Levels of 1096-14% cause faulty 

judgment (not self-evident) and for a person to become quickly fatigued. At 

levels of 696-1096, physical collapse results. 

Direct Pulmonary Injuries 

Direct pulmonary injury can be caused by inhalation of superheated air, 

irritant gases and particulates. Heat may cause injury of the respiratory mucosa 

(Mellins and Park, 1975). The oral cavity, pharynx and larynx are excellent heat-

exchangers; thus can limit thermal damage in most cases to these three areas 

(Leonard, 1979). Burns from hot air can cause laryngeal edema which develops 

rapidly and is often life-threatening. Steam contains more heat per unit volume 

than dry air and thus causes more serious burns (Mellins and Park, 1975) and can 

affect the entire respiratory tract (Tong, 1983). Severe burns may also occur in 

the bronchial tree due to the continued oxidation of incompletely burned gaseous 

or particulate material which enters that area (Mellins and Park, 1975). 
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A variety of gases also produce direct injury to the respiratory system. 

Pulmonary irritants (e.g. NO2 and SO2) react chemically with water to form 

corrosive acids or alkalis (Mellins and Park, 1975). This results in a violent 

inflammatory response, causing destruction of lung tissue (Dyer and Esch, 1976). 

The water solubility of gases affects their site of action in the respiratory 

system (Tong, 1983). Highly soluble gases such as NH3 and SO2 will have a more 

acute effect, upon the upper respiratory tract, whereas less soluble gases such as 

NO2 will penetrate deeper into the tract and may produce a delayed effect. 

Toxic gases may also be absorbed onto particulates and therefore be carried into 

the deep lung regions (Mellins and Park, 1975). 

Aldehydes, organic acids and irritant gases have been reported to 

decrease mucociliary transport, and cause peribronchial edema and necrosis of 

mucosal tissue in dogs (Fein, Leff and Hopewell, 1980). These authors state, 

"Chemical tracheobronchitis may result in sloughing of airway mucosa and 

occlusion of both central and peripheral airways... contributing to hypoxia, 

atelectasis and reduced bacterial clearance." Parenchymal tissue can also be 

injured; damage is caused to the alveolar epithelium and capillary endothelium, 

leading to an increase in permeability of the alveolar-capillary membrane, which 

results in pulmonary edema (Fein et al, 1980). 

Leonard (1979) has identified three clinical stages of pulmonary 

complications of injury due to inhalation of toxic materials. Stage I, respiratory 

insufficiency, commenses shortly after exposure and can last up to 36 hours. The 

author describes it as being "characterized by ventilatory insufficiency due to 

obstruction secondary to chemical irritation of the mucous membranes." This 

initially produces loss of integrity of alveolar capillary membranes resulting in 
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hemorrhage and edema. Stage II, pulmonary edema, begins 6-8 hours after 

exposure and can persist for several days. It is characterized by increasing 

edema in the alveoli. Stage III results in pneumonia, beginning 3-4 days after 

injury, due to colonization of lung parenchyma by microorganisms. Disruption of 

the mucociliary clearance system is a major factor in its detection. 

Heat, irritant gases and particulates, in addition to their direct 

pulmonary toxicity, can also contribute to systemic hypoxia by reducing the 

capacity for gas entry and exchange in the lungs. Soot, debris and fluid in the 

airway can cause obstruction leading to decreased ability to inhale (Birky and 

Clarke, 1981). Chemicals and particulates may also stimulate irritant receptors 

in large airways, resulting in bronchoconstriction (Fein et al, 1980). Thus, direct 

pulmonary injury can potentiate hypoxia in a fire situation. 

Inhalation Exposure vs. Intratracheal Instillation of Particles 

In this study, animals were administered suspensions of particulates via 

the technique of intratracheal instillation. An alternative method is 

administration by inhalation of an aerosol. Having discussed particle deposition 

in some detail, above, it seems appropriate now to compare these two 

experimental methods. According to Brain and Valberg (1979), "When the 

method of intratracheal instillation is used, a suspension of particles in a carrier 

fluid is placed directly into the lumen of the trachea or airway. The fluid and 

particles, propelled by gravity and sometimes by air flow, run down into the 

dependent areas of the lung. The carrier liquid is rapidly absorbed into the 

pulmonary circulation, leaving the particles on the internal surfaces of the lung." 

In an inhalation exposure, particles are transferred to an exposure chamber, and 
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deposited in the respiratory tract by inhalation of the aerosol by the test 

animals. 

An obvious advantage of inhalation exposure to aerosols is that it is a 

closer approximation to the 'real-life' situation of inhalation of toxicants in the 

workplace or elsewhere. However, there are also disadvantages. First, the 

generation of an aerosol, of appropriate concentration and size, can be 

technically very difficult. The equipment for aerosol generation and animal 

exposures is complex and can be prohibitively expensive. If animals are 

subjected to whole-body exposure, toxicants can be absorbed through the skin 

and/or ingested because of the animals' natural habit of grooming their fur. This 

then introduces the added complicating factor of multiple modes of exposure. 

Inhalation exposure also presents a problem of unequal dosing. According to 

Brain and Valberg (1979), "...the amount deposited is equal to the product of the 

minute ventilation and the collection efficiency of the animal. The collection 

efficiency, in turn, depends on the effective aerodynamic diameter of the 

aerosol, the breathing pattern of the animal, and the dimensions of the airways 

and alveoli." They go on to explain that "Achieving alveolar deposition in small 

animals is... complicated by the fact that most are obligatory nose breathers; 

considerable numbers of inhaled particles may be deposited in the nose and head 

and rapidly cleared to the gastrointestinal tract." 

Advantages to intratracheal instillation include the fact that the 

technique is relatively simple and inexpensive. The dose is administered directly 

into the respiratory tract, and can be measured more accurately than in an 

inhalation exposure. Intratracheal instillation also allows the administration of a 

large and, thus, effective dose of particulate in a short period of time vs a 
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lengthy period of exposure to an aerosol. With intratracheal instillation, the site 

of deposition is relatively independent of the size of the particle administered, 

as opposed to exposure to an aerosol. Large particles (20 to 100 um) can be 

introduced into the alveolar region. This is an advantage over inhalation for 

purposes of particulate comparison, but represents an unnatural situation. The 

major drawback of intratracheal instillation, according to Brain and Valberg 

(1979), "is the high probability that patterns of particle distribution in the lungs 

may be uneven and unlike those resulting from inhalation." 

The application of intratracheal instillation to combustion-generated 

particulates offers an additional distinct advantage. It allows for the 

administration of one specific component out of the complex mixture of 

combustion products. Combustion toxicology, until now, involved the burning of 

a sample with the animals exposed to the sum total of all the products of its 

combustion. By the use of intratracheal instillation in this study, the effects of 

the particulates alone could be isolated and assessed. 

Evaluations of Lung Lavage Fluid as an Early Biochemical 
Indicator of Lung Tissue Injury 

A number of investigators have measured changes in several 

biochemical parameters contained in lung lavage fluid as indicators of pulmonary 

damage (Henderson, Damon, and Henderson, 1978; Henderson et al, 1978; 

Henderson, Rebar, and DeNicola, 1979; Henderson et al, 1979; Henderson et al, 

1980; DeNicola, Rebar, and Henderson, 1981; Moores et al, 1981; Roth, 1981; 

Beck, Brain, and Bohannon, 1982). Henderson (1984) reports, "The assay of 

bronchoalveolar washings from acutely exposed animals has proven useful as a 

rapid screen for lung injury from inhaled airborne toxins. The screen is useful 



for choosing appropriate compounds and exposure levels for subsequent in-depth 

studies in which complete histopathologic evaluations will be made." Beck et al 

(1982) explain, "Predictions of the potential of particulates to cause chronic 

pulmonary disease have traditionally involved chronic inhalation exposures of 

animals followed by histopathologic analyses of pulmonary tissue." Considering 

the tremendous number of inhaled toxicants in both the workplace and the 

outdoor environment, and the time, complexity and expense of such long-term 

studies, the need for short-term screening methods becomes obvious. Beck et al 

(1982) list several short-term, in vitro systems that have been employed to assess 

the toxicity of dust particles. Most of these utilize a single cell type such as the 

fibroblast, red blood cell, or macrophage. Indices of response have included 

lactate dehydrogenase (LDH) and acid hydrolase releases, and various 

determinations of cell proliferation. However, the authors point out, "These 

systems do not adequately predict the response of the lungs to inhaled particles, 

since a single cell type cannot mimic the integrated response of the lungs to 

inhaled particles." Additionally, most particulates are taken up by alveolar 

macrophages or polymorphonuclear neutrophils (PMNs). Some particulates may 

enter into the pulmonary interstitium where they are engulfed by interstitial 

macrophages or cleared via the lymphatics. According to the authors, "The use 

of intact animals permits these events and thus allows a more thorough 

assessment of the pulmonary toxicity of a dust." 

The bronchoalveolar fluid parameters that would be indicative of lung 

damage have been reviewed by Henderson (1984). If the air-blood barrier is 

damaged and edema is present, lavage fluid would be expected to contain 

elevated levels of serum proteins. If the upper airway is damaged or irritated, 
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lavage fluid would contain elevated levels of mucus secretions, which can be 

determined by an assay for sialic acid, a mucus component. LDH is a cytosolic 

enzyme which catalyzes the oxidation/reduction between pyruvate and lactate in 

the glycolysis cycle (Lehninger, 1982). The presence of elevated LDH levels in 

the lavage fluid would indicate either cell membrane damage or cell lysis 

(Henderson, 1984). Increased LDH has been observed in response to lung damage 

induced by exposure to O2, cadmium or NC>2* Other cytosolic enzymes which 

might be released from an injured cell include glucose-6-phosphate 

dehydrogenase (G6PDH), glutathione reductase and glutathione peroxidase. 

G6PDH is an enzyme in the hexose monophosphate shunt and has been reported 

to be elevated in lavage fluid in response to oxidant injury and in "activated" 

macrophages. It has also been shown to be present in type I pneumocytes. 

According to Henderson (1984), "Glutathione reductase and peroxidase are 

cytoplasmic enzymes involved in the lung's protective mechanisms against 

damage from peroxides formed by high oxygen pressures or exposure to oxidant 

gases." Lysosomal enzymes, including acid phosphatase and ^ -N-

acetylglucosaminidase are released by PMNs and, to some extent, by 

macrophages during the process of phagocytosis. Alkaline phosphatase is 

associated with the cell membrane, can be observed by histochemical techniques 

in type II epithelial cells, and is present in the serum. Elevated lavage fluid 

levels of this enzyme would be an indication of either type II cell damage, 

increased secretion or transudation of serum proteins. 

Henderson (1984) also reports that an examination of the cells present 

in lavage fluid would be a good indicator of lung injury: "An influx of PMNs 

would be expected early in an inflammatory response while an increase in 
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alveolar pulmonary macrophages has been shown to be a long-term component of 

persistent inflammation." 

Henderson (1984) reports that studies have been done to assess the 

validity of using lung lavage fluid analysis an an indicator of acute lung damage. 

She states, "The most useful studies for validation of the method have been those 

in which some correlation was made between the morphological manifestation of 

the induced injury and the biochemical and cytological content of the lavage 

fluid." Table 2 summarizes the responses detected in lung lavage fluid from 

animals with different kinds of acute lung injury. 

In studies in which Syrian hamsters were exposed by inhalation to CdCl2 

(toxic) and CrCl3 (relatively nontoxic), the parameters LDH, G6PDH, acid and 

alkaline phosphatases, sialic acid, protein and cellular content of lavage fluid 

were shown to be the most useful in distinguishing the response differences 

between to these two compounds (Henderson, 1984). The CdCl2-induced damage 

was diffuse and characterized by a severe interstitial pneumonia. There was also 

a good correlation between the extent of the injury and the response of the 

biochemical parameters measured in lavage fluid. 

Exposure of Syrian hamsters to NO2 produced a multifocal type of 

injury with a much different lavage fluid profile. The peak response was 

characterized by a graded, dose-dependent terminal bronchiolitis. Lavage fluid 

analysis showed increased PMNs and elevated sialic acid and protein levels. 

In rats exposed to H2SO4, an upper airway irritant, the only elevated 

lavage fluid parameters found were sialic acid and acid phosphatase. 

Beck et al (1982) developed an in vivo short-term hamster assay for 

predicting the pulmonary toxicity of particulates. They administered to 

hamsters via intratracheal instillation, toxic <x-quartz (silica) and two nontoxic 
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Table 2 

Lavage fluid profiles observed in different types 

of acute lung injury in rodents3 

Location, Causative Agent Lavage Fluid Profile 

Diffuse, CdCl2 
interstitial 
penumonia 

Multifocal NO2 
terminal 
bronchiolitis 

Upper airway H2SO^ 

irritant 

Subclinical, not CrCl2 
detectable by 
light microscopy 

Inflammation Quartz 

Increased levels of both bio
chemical and cytologic indicators 
of injury 

Increased number of leukocytes 
(especially PMNs) and lesser 
increases in biochemical 
indicators of injury 

Difficult to detect by lung wash
ings but some increase in sialic 
acid and acid phosphatase activity 

Increased acid phosphatase 
activity 

Increased LDH, lysomal enzyme 
activity; increased leukocytes 
(especially PMNs) 

Inflammation Paraquat, bromo-
benzene, monocrotaline 

or oxygen 

Immunological Endotoxin 

Inflammation Smoke and MnC>2 

Increased LDH activity; increased 
protein 

Increased leukocytes; increased 
IgG/IgA ratio 

Increased leukocytes 

a From Henderson (1984). 
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compounds, aluminum oxide and iron oxide. The animals were terminated and 

their lungs lavaged with physiological saline. Through cellular and biochemical 

assays of the lavage fluid, they determined (1) in situ phagocytic capability of 

macrophages (2) damage to the capillary-alveolar barrier as indicated by 

elevated albumin and red blood cells (3) inflammatory response as shown by 

increased numbers of macrophages and PMNs and (4) cellular damage, as 

indicated by increased levels of LDH and other enzymes in the lavage fluid. 

Beck et al (1982) state: 

Although more insights into the short-term response are needed, it 
is clear that the intensity of cellular and enzymatic changes in our 
hamster bioassay system correlated with the known potential of the 
mineral dusts to cause chronic lung disease in humans. By comparing 
the responses of a new complex dust to those standards, some 
information regarding its potential effects in humans can be obtained. 
The magnitude of the response will provide a measure of the toxic 
potential of the dust and the pattern of response will provide an 
indicator of the type of injury expected. 

In addition, Henderson (1984) has reported that few studies have been done 

utilizing lung lavage to monitor the development of chronic lung injury. 

However, "Results to date indicate that bronchoalveolar washings may also prove 

to be useful in the detection of developing chronic lung pathology in animals 

exposed to toxicants." 



CHAPTER 2 

MATERIALS AND METHODS 

Experimental Design 

The objective was to investigate the lung toxicity of combustion-

generated particulates following intratracheal instillation by measuring lung 

lavage fluid parameters that are believed to be indicators of ensuing lung tissue 

damage. To confirm that early post-exposure elevation in these parameters 

would accurately predict morphological changes in pulmonary tissue, lung tissue 

histopathology, lung weights, and lung tissue biochemistry were assessed. 

Male Sprague-Dawley rats were instilled intratracheally with . 

suspensions of diesel exhaust soot and soot collected from the controlled burning 

of polyurethane foam (PUF) as the combustion-generated particulates being 

tested. Silica and gallium oxide (Ga2C>3) particulates were used as comparative 

controls. Silica is well known to be highly reactive in the lung and was expected 

to induce significant changes in both lung lavage fluid parameters and, later, in 

lung morphology. Gallium oxide is considered a less reactive particulate. All 

dosing suspensions were prepared in a saline solution, which also constituted the 

vehicle control. Untreated animals were also studied for comparative purposes. 

This project was comprised of three sections: (1) lung lavage studies, 

(2) one-day post-exposure histopathology, and (3) sixty-day post-exposure lung 

tissue confirmatory studies. Figure 2 illustrates the temporal relation of these 

sections. 
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Animals 

Male Sprague-Dawley rats were obtained from Hilltop Lab Animals 

(Scottdale, PA) or from the breeding colony at the Division of Animal Resources 

of the College of Medicine, University of Arizona (Hilltop-derived). Animals 

were housed at the Division of Animal Resources. They were maintained on a 

12-12 hour light-dark cycle at 70° + 2°F and 50% humidity. Water and food 

(Wayne Lab-blox, Wayne Pet Food Division, Continental Grain Company, 

Chicago, IL) were provided ad libitum. Routine animal care and treatment met 

the criteria of the "HEW Guide for Care and Use of Laboratory Animals." 

Particulates 

Silica 

The silica dust used was supplied through the courtesy of Dr. Cleamond 

D. Eskelson of the University of Arizona. This material is used as the standard 

material in experimental pneumoconiosis research. Robock (1973) describes its 

origin: 

A tertiary quartz sand extracted from the Dorentrup deposit in 
Westphalia was supplied by Messrs. Dorentruper Sand- und Thonwerke 
GmbH of Dorentrup, Westphalia, under the name "Ground Product No. 
12" (in short: DQ12), with a size distribution of 60 m. A 5 m size 
fraction was prepared from this material by centrifugal separation in 
air using the laboratory separator of Messrs. Walther-Staubtechnik of 
Cologna. This standard quartz sample is officially designated as 
DQ12 < 5 m. 

Gallium Oxide 

Ga2C>3 particles were provided by Dr. D.E. Carter of the University of 

Arizona. The material was purchased from Alfa Products (Alfa Duratronic, Cat. 

#32102), and pulverized in a freezer mill (Splex Industries, Inc., Metuchen, N3). 
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The resultant powder was sieved through a #400 mesh microsieve (20 um 

openings) in a sonic sifter (Allen-Bradley, Milwaukee, WI). The microsieved 

fraction was used in the study. 

Diesel Exhaust Soot 

The diesel exhaust soot used in this study was "obtained from the 

Lovelace Inhalation Toxicology Research Institute where it was collected in a 

research program supported by the U.S. Department of Energy under Contract 

No. DE-AC04-76EV01013." (McClellan, 1983). The sample furnished "was 

collected on 20" by 20" Pallflex T60A20 (teflon coated, fiberglass) filters from a 

350 cu. in. Oldsmobile V8 diesel engine operated on the Federal Test Procedure 

(FTP) driving cycle." Each of the several filter samples received constituted the 

collection of a portion of the total exhaust stream (diluted 10-fold with air) 

during one FTP driving cycle. The soot was gently scraped off the filters for use 

in preparation of the dosing suspension. According to Griffis et al (1983), "The 

particulate exhaust of diesel engines consists of 0.1-0.2 um mass median 

diameter particles composed of a carbonaceous core and adsorbed organic 

compounds." Approximately 10-20% of the mass of a diesel exhaust particle is 

organic-extractable (Kittelson, Dolan and Verrant, 1978; Frey and Corn, 1967). 

Polyurethane Foam Soot (PUF Soot) 

The PUF soot used in the study was furnished courtesy of The Upjohn 

Company (North Haven, CT). Waszeciak (1984) describes the type of 

polyurethane foam burned and the conditions of sample collection: 

The material burned was a commercial product of polyisocyanurate 
rigid Freon blown foam of nominal 2-lb density.... 
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The method consisted of burning slabs of the foam in an NBS smoke 
density chamber. The slabs were 3" x 3" x 5/16" positioned vertically. 
Incident flux was 2.5 w/cm^. Initial oxygen concentration was 21%. A 
gas flame was used as ignition source. Burning occurred on both sides 
of the material. Weight loss was generally about 40% of the 1.5g 
sample weight. Soot recovered averaged out to 20 mg per sample. 

Soot was collected on at least 8 sq. ft. of glass which was put into 
the chamber as a box around the sample area. Soot was recovered by 
scraping the glass with a common razor blade. On some panes of glass 
soot was found and collected from both sides of the sheet. The ignition 
flame was only "on" for about 30 seconds while the sample burned -the 
time allowed for soot deposition was ten minutes. Thus, any soot from 
the propane ignition should be minimal. The flame was a premixed 
flame and burned sootless without the sample in place. 

Dosing 

Suspensions of particulates were prepared as 30 mg/ml in a solution of 

0.9% saline to which 0.05% polyethylene sorbitan mono-oleate (Tween 80) had 

been added as a surfactant to increase particle dispersion. This saline solution 

also constituted the vehicle control. The suspensions were stirred using a teflon 

coated magnetic spin bar for several minutes prior to the time the dosing aliquot 

was withdrawn. Suspensions were administered from a 1 ml plastic syringe 

through a 1& inch beveled 18 gauge needle. The animal was weighed and an 

aliquot of suspension equal to 1 ml/kg (to the nearest 0.1 ml) was withdrawn. 

The suspension was drawn up and down the syringe 3-5 times before the aliquot 

was taken, and the suspension was always drawn from the middle depth in the 

vial. Just prior to the actual instillation, the syringe was shaken to resuspend 

any settled particulates. 

Rats were anesthetized in a coffee can which contained absorbant 

towels soaked with diethyl ether. When the animal lost consciousness, it was 

removed from the can and placed in a position of dorsal recumbancy with its 

nose placed inside a 50 ml tube which contained cotton soaked in ether. The 
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depth of anesthesia was controlled throughout the surgical procedure by 

adjusting the position of this tube, and thus the amount of ether the rat was 

receiving. 

The throat area was shaved of hair with electric clippers and sprayed 

with 70% ethanol. The skin which covers the throat was lifted up with forceps 

and a 1" incision was made through the skin along the midline of the throat, 

approximately from the base of the jaw to the clavicle. The submaxillary gland 

thus exposed was separated along its midline and pulled to either side using two 

pair of forceps. This exposed the muscle which covers the trachea. As was done 

with the gland, this muscle is gently spread to either side along its midline, 

incurring as little damage as possible. The trachea was at that point exposed. 

The muscle was restrained by the placement of one pair of open forceps over the 

trachea to hold the muscle apart. The syringe was shaken, as described above, 

and the needle inserted, bevel up, between the cartilagenous rings of the 

trachea, below the larynx. After making certain that the bore of the needle was 

completely within the trachea and had not penetrated the dorsal side, the 

contents of the syringe were introduced into the trachea. After a brief delay to 

allow dosed material to move away from the immediate site of injection, the 

needle was withdrawn. The rat was immediately grasped with both hands and 

shaken vigorously downward approximately 10 times in an attempt to move the 

material into the lungs. The skin was then clamped with 4-7 metal wound clips 

to close the incision. 

Lung Lavage Studies 

Four to six animals from each treatment group were terminated at each 

of five time points 1, U, 7, 20 and 60 days post-exposure. Lung lavage fluid was 
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collected and assayed for LDH, alkaline and acid phosphatases, and protein to 

screen for the types of injuries described in Chapter 1. Wet lung to body weight 

ratios were also obtained. 

Lung Removal 

Animals were weighed and terminated by intraperitoneal (IP) injection 

with sodium pentobarbital (Nembutal, Abbott Laboratories, North Chicago, IL). 

Upon attainment of anesthesia, the lungs were removed by making a midline 

incision through the skin from a point posterior to the sternum to the head. The 

peritoneum and the diaphragm were opened. While grasping the xiphoid process 

with forceps, the ribs were severed on both sides up to the clavicle. The clavicle 

was severed on one side and the tissue on the ventral side of the neck cut so as 

to expose the trachea. The trachea was clamped at a point posterior to the 

larynx using a hemostat, then severed anterior to the clamp point. Utilizing the 

attached hemostat, the trachea and lungs were gently pulled outward and 

downward, while trimming away blood vessels and connective tissue. The 

trachea, lungs, heart and sometimes the esophagus and fatty tissue were 

removed en bloc, rinsed in cold 0.9% saline, and blotted dry with a damp paper 

towel. The lungs and all attached tissue were then weighed to the nearest 0.001 

g on a top-loading electronic balance. 

Lung Lavage 

Rinsed and blotted lungs were placed on a damp paper towel for lavage. 

The lavage apparatus is depicted in Figure 3. The lavage tube was inserted to 

approximately the point of bifurcation of the trachea. The three-way stopcock 

was opened to allow cold 0.9% saline to flow from the reservoir into the lungs by 
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Figure 3 

Lung Lavage Apparatus 
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the force of gravity, until they appeared to be fully expanded. The lavage fluid 

was then withdrawn into the collecting syringe, and the volumes of fluid 

administered and collected were recorded. 

Lung Weights 

Following lavage, the heart, trachea and any other attached tissue were 

carefully trimmed away from the lungs. This tissue was weighed and that value 

subtracted from the first weight to obtain the net wet weight of the lung. 

Lavage Fluid 

Immediately after its collection, the lavage fluid was transferred to a 

plastic centrifuge tube, capped and placed in ice. Within one hour lavage fluid 

samples were centrifuged at 300 X g for 10 minutes at 4°C. The pellet was 

discarded and the supernatant stored at 4°C. 

Biochemical Assays of Lung Lavage Fluid 

Lactate Dehydrogenase. The assay for LDH in lung lavage fluid was 

performed according to Sigma Technical Bulletin #340-UV (1977), and utilizing 

an assay kit designed to assay serum samples from Sigma Chemical Company (St. 

Louis, MO). Lung lavage fluid was substituted for serum in the Sigma procedure. 

LDH catalyzes the following reaction: 

pyruvate + NADH > Lactate + NAD 

Since the absorbance of NADH at 340 nm is high compared to that of NAD, the 

reaction can be measured by the rate of decrease in absorbance at this 

wavelength. 

In duplicate for each animal, NADH and an aliquot of lavage fluid (0.05 

ml) were combined. Pyruvate was added, and A340 was immediately recorded as 
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a function of time, using a Beckman Acta C II spectrophotometer (Beckman 

Instruments, Inc., Fullerton, CA). The rate of decrease of A340 was used to 

calculate the units of LDH per ml of lavage fluid. 

Alkaline Phosphatase. The assay for alkaline phosphatase in lung lavage 

fluid was performed according to Sigma Technical Bulletin #104 (1982), utilizing 

an assay kit from Sigma Chemical Company. Alkaline phosphatase catalyzes the 

hydrolysis of p-nitrophenylphosphate: 

p-nitrophenyl phosphate + H2O > p-nitrophenol + H3PCty 

The substrate is colorless in acid or alkali while the p-nitrophenol product is 

colorless in acid but yellow in alkali. The level of alkaline phosphatase activity 

can be measured by the intensity of the yellow color produced when alkali is 

added after the reaction with p-nitrophenol has been allowed to proceed for a set 

amount of time. This procedure, designed for serum, was modified by 

substituting 0.1 ml lavage fluid for serum and by bringing the range of the p-

nitrophenol standard curve from 10 Sigma Units down to 0.1 Sigma Units of 

alkaline phosphatase activity per ml lung lavage fluid. The 30 minute incubation 

method was used. All samples were read with the instrument zeroed on distilled 

water, and the absorbance of the blank subtracted from that of the lavage fluid 

samples. A standard curve was always run along with the lavage fluid samples. 

Absorbance at 400 nm was measured using either: 1) a Gilford Stasar II (Gilford 

Instrument Laboratories, Inc., Oberlin, OH), or a Beckman Model 24 (Beckman 

Instruments, Inc., Fullerton, CA) spectrophotometer. Units of alkaline 

phosphatase per ml lung lavage fluid were determined from the standard curve. 

Acid Phosphatase. The assay for acid phosphatase in lung lavage fluid 

was performed according to Sigma Technical Bulletin #104 (1982) and utilizing a 



kit from Sigma Chemical Company. This assay is based on the same principle as 

the assay for alkaline phosphatase. This procedure, designed for serum, was 

modified by substituting 0.2 ml lavage fluid for serum and by bringing the 

standard curve from 10 Sigma Units down to 0.05 Sigma Units of acid 

phosphatase activity per ml lung lavage fluid. All samples were read with the 

instrument zeroed on distilled water. The absorbance of the reagent blank was 

subtracted from that of the lavage fluid samples. A standard curve was always 

run along with the lavage fluid samples. Absorbance at 400 nm was measured 

using either a Gilford Stasar II or a Beckman Model 24 spectrophotometer. Units 

of acid phosphatase in per ml lung lavage fluid were determined from the 

standard curve. 

Protein. In duplicate for each animal, 1.0 ml of lavage fluid was 

transferred into screw-top glass extraction tubes, to which 9.0 ml of 6N HC1 was 

then added. The tubes were heated to 100-110°C in an aluminum block atop a 

hot plate for 24-48 hours to hydrolyse proteins. A 1.0 ml aliquot from each tube 

of hydrolysate was removed and evaporated to dryness at 50°-80°C under a 

stream of nitrogen. The residue was then taken up in 2.0 ml of a citrate-acetate 

buffer (pH 6.0) and stored at 4°C until assayed. A bovine albumin standard 

(Sigma //A-7030 Bovine Albumin, 98-99% Albumin, Sigma Chemical Co.) was 

prepared in duplicate in a similar manner as described above. Hydrolysed lavage 

fluid protein samples in citrate-acetate buffer, were diluted as necessary. A set 

of protein standards from 50 ug/ml down to 0.781 ug/ml was prepared by serial 

dilutions. The concentration of protein in lavage fluid samples was then 

determined fluorometrically by the procedure of Bohlen et al. (1973) as modified 

by Webb (1983). A 100 ul aliquot of each sample and standard was combined with 
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1A ml borate buffer (pH 9). Fluorescamine (Pierce Chemical Company, 

Rockford, IL) was dissolved in acetone (30 mg/100 ml) and stored in an amber 

dispenser with ground-glass connection. While vortexing the protein-borate 

buffer solution, 0.5 ml of the fluorescamine solution was added. Fluorescence of 

the samples and standards was measured on an Aminco-Bowman 

Spectrophotofluorometer (American Instrument Company, Silver Spring, MD) at 

excitation and emission wavelengths of 390 and 480 nm respectively. Protein 

concentrations in each sample were determined from the standard curve. 

One Day Histopathology 

Lung histopathology was evaluated at one day post-exposure by Dr. 

Susan Wilson (Division of Animal Resources, College of Medicine, University of 

Arizona). One or two animals from each treatment group were terminated one 

day post-exposure. Histological slides of their lungs were examined and 

photographed under both light and scanning electron microscopes. The 

objectives of these one day studies were (1) to confirm the presence of 

administered particulate in the lung, (2) to observe its distribution, and (3) to 

assess any morphological changes in lung tissue at this time point. 

Animals were terminated by an IP injection of Nembutal and the lungs 

removed. Wilson (1985) describes the subsequent procedure: "The tissue was 

fixed in 10% buffered formation. Sections of tissue were embedded in paraffin 

and sectioned at 5 um. Slides were stained with Hematoxylin-Eosin and 

evaluated by light microscopy." 
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Light Photomicroscopy 

Slides were then photographed under the light microscope with an Expo 

Star photographic apparatus using an AO Spencer microscope (both American 

Optical Inc., Buffalo, NY). Ektachrome 160 tungsten film (Kodak, Rochester, 

NY) was used. Color prints, 3ft x 5 inches, were made from the photographic 

slides obtained. Since the images which appear in the prints were more highly 

magnified than those observed through the microscope, the magnification was 

calculated as follows: an easily discernible object was measured on both the 

photographic slide and the color print. A ratio of length on the print to length on 

the slide was determined. This was multiplied by the magnification of the 

microscope at which the sample was photographed, to compute the actual 

magnification of the print. 

Scanning Electron Photomicroscopy 

Histological slides were marked to identify areas which contained 

particulates. The slides were then ashed at 475°C to remove biological material. 

Further sample preparation was done by Mr. David L. Bentley of the College of 

Agriculture Electron Microscope facility at the University of Arizona. The 

ashed slides were coated with 30 nm of a gold-palladium mixture using a Polaron 

E 5100 Magnetron Sputtering System (Polaron Instruments, Inc., Hatfield, PA) 

with a 60:^0 gold palladium target composition. Slides were attached to a 

mounting stub using Avery Spot-of-Glue #6001 (Avery International, Azusa, CA). 

The electrical connection from the slide to the mounting stub was established 

using Pella silver paint (Ted Pella, Inc., Tustin, CA). Slides were examined and 

photographed on an International Scientific Instruments DS-130 Scanning 

Electron Microscope (International Scientific Instruments, Santa Clara, CA), at 
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20 kv and 0° tilt. Photographs were taken using Polaroid type 55 PN film, at 

f5.6 with an exposure time of one minute. Electron microscopy and photography 

was done under the direction of David Bentley and with the assistance of Dr. 

Susan Wilson. 

Sixty Day Lung Tissue Confirmatory Studies 

Lung pathology, lung weights and lung tissue biochemistry were 

evaluated at 60 days post-exposure for silica-, Ga2C>3-, diesel-, saline- and 

untreated rats. 

Pathology 

The whole lung of one animal from each group was photographed for 

representation of gross lesions. Pulmonary histopathology was evaluated for 5 

animals from each group, and representative samples photographed. 

Whole Lung Photographs. Animals were terminated by an IP injection 

of Nembutal and the lungs removed. The dorsal and ventral sides of the whole 

lung was photographed under artificial light with a Fujica ST701 single lens 

reflex camera, using Ektachrome 400 color slide film. Color prints, 3& x 5 

inches, were made from selected photographic slides. 

Pulmonary Histopathology. This was performed by Dr. Susan Wilson. 

Animals were terminated by an IP injection of Beuthanasia-D Special, a mixture 

of sodium pentobarbital and sodium phenytoin (Burns Biotech Laboratories, 

Omaha, NE). Immediately following death, animals were bled by intra-cardiac 

puncture, and blood was saved for M. pulmonis serological testing (ELISA 

method). Selected control animals were also tested for Sendai infection (ELISA). 

Histological slides were prepared as described in "One Day Histopathology 
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Study", except that selected tissues were also stained with Masson's Trichrome in 

order to observe the presence of collagen. Light photomicrographs were 

obtained as described in "One Day Histopathology Study". 

Lung Weight Evaluation 

Lung wet and dry weights were obtained from 3 to 4 animals from each 

group. Lung to body weight ratios were calculated in order to compare lung 

weights among groups of animals of varying total body weight. An increase in 

lung wet weight to body weight ratio over control animals could indicate 

hypercellularity or edematous fluid accumulation in the lung. Lung dry weight to 

body weight and dry lung to wet lung weight ratios can help evaluate the type of 

change in the lung. 

Animals were weighed and then terminated with an IP injection of 

Nembutal. The heart and lungs were removed en bloc and the heart, trachea and 

other extraneous material trimmed away from the lung. Lungs were rinsed in 

cold 0.9% saline and blotted on a damp paper towel. 

The lungs were then weighed to the nearest 0.001 g on a top-loading 

electronic balance to determine the "wet" lung weight. Lungs were then placed 

in a drying oven at approximately 55°C for at least 72 hours, after which the 

"dry" lung weight was recorded. 

Lung Tissue Biochemistry 

The lungs of 5 to 6 animals per group were homogenized and analyzed 

for DNA, protein and collagen. The total amount of these substances in lung 

tissue, along with their percentages of lung and body weights, were used to 

evaluate changes in lung tissue. Increased DNA would be indicative of 
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hypercellularity. Increased protein would be an indication of pulmonary growth 

and increased collagen would suggest fibrotic change. 

Lung Homogenates. The lungs were removed, trimmed, rinsed and 

blotted as described above under "Lung Weight Evaluation". The wet lung weight 

was obtained and the lung was placed into a 50 ml plastic centrifuge tube. Nine 

volumes of cold 0.9% saline were added to lung samples so that a 10% w/w 

homogenate would be obtained. The lung was then homogenized for one minute 

using a Polytron tissue homogenizer (Brinkman Instruments). The homogenate 

was kept on ice and vortexed just prior to the removal of any aliquots for assay. 

DNA Assay. The concentration of DNA in lung homogenate was 

determined by the method of Burton (1956) as modified by Webb (1983; 1981). 

The 10% lung homogenate was vortexed, then, in duplicate for each animal, a 1.0 

ml aliquot was transferred to a plastic centrifuge tube using a positive-

displacement pipet. One ml of 1.0 M HCIO^ was added to the homogenate and 

the mixture gently vortexed. Samples were incubated for 20 minutes in a 70°C 

water bath, then centrifuged for 15 minutes at 10,000 x g, and the supernatant 

saved for analysis. 

A 100 ul aliquot of the supernatant was diluted 10 x with 0.5 M HCIO^, 

and 2.0 ml of a diphenylamine reagent (a mixture of 1.5g diphenylamine (Sigma 

Chemical Co.), 100 ml glacial acetic acid and 1.5 ml concentrated H2SO4 to 

which 500 ul of 2% acetaldehyde was added just prior to use). The samples were 

allowed to sit at least 12 hours at room temperature to allow color development. 

Samples were then vortexed and their absorbance at 600 nm read on a Beckman 

Model 2k spectrophotometer. A DNA standard (Sigma Type I Calf Thymus DNA, 

highly polymerized, Sigma Chemical Co., St. Louis, MO) was prepared and 
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assayed in a similar manner. The concentration of DNA in lung homogenate was 

determined from the curve prepared from this standard. 

Protein Assay. A 1.0 ml aliquot of vortexed lung homogenate was 

transferred to a glass screw-top extraction tube using a positive displacement 

pipet. The sample was then hydrolysed with HC1, evaporated to dryness, 

redissolved in citrate-acetate buffer and stored as previously described. 

Hydrolysed lung homogenate protein samples (in citrate-acetate buffer, as 

above) were diluted by a factor of 50. Diluted samples were assayed by the 

method used for the lavage fluid protein. The protein standard was prepared and 

treated the same as that for the lavage fluid assay. 

Collagen Assay. Lung tissue collagen was determined from the same 

citrate-acetate buffer samples used to determine total lung protein 

concentrations. The concentration of 4-hydroxyproline which is indicative of 

total collagen concentration, in lung homogenate, was determined 

colorimetrically according to the method of Stegemann (1958). This was done by 

using a 200 ul aliquot of each sample in citrate-acetate buffer and diluting each 

sample 5x with water. To this was added 1.0 ml of Chloramine-T solution 

(0.845g chloramine-T (N-chloro-p-toluene sulfonamide sodium salt, Sigma 

Chemical Co.) added to 100 ml of a mixture of 20 ml distilled H2O, 30 ml 

propanol and 50 ml pH 6.0 citrate-acetate buffer). After 20 minutes, 1.0 ml of 3 

M HClCty was added. Five minutes later, 1.0 ml of 5% 

paradimethylaminobenzaldehyde (Fisher Scientific Co., Fair Lawn, NO) in 

propanol was also added. After 18 minutes in a 60°C water bath, the samples 

were cooled to 20°C and the absorbance at 540 nm was read on a Beckman Model 

24 spectrophotometer. A set of 4-hydroxyproline (trans-4-hydroxy-L-proline, 
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Sigma Chemical Co.) standards was prepared and assayed as described above. 

Concentration of 4-hydroxyproline in lung homogenate was determined from the 

standard curve. The concentration of collagen in lung homogenate was 

calculated by multiplying the 4-hydroxyproline concentration by a factor of 7.46, 

based on the amino acid composition of collagen. 

Treatment of Data 

Lung Lavage Studies 

Means and standard errors (SE's) were computed for each treatment 

group at each time point for each lung lavage fluid parameter. Means for 

particulate-treated groups were divided by the mean of the saline control group 

for the same time point and parameter, and multiplied by 100 to yield a "percent 

of control" value. This manipulation allows comparison between groups at 

different time points, for which control parameter levels were unequal. Means 

and percents of control are presented in tabular form, and percents of control 

are also depicted graphically. 

Lung lavage fluid responses to the different treatments were 

statistically compared. Significant differences were established at the p less 

than .05 level. To compare the means among treatment groups at each time 

point for each parameter, a 1-way ANOVA was performed. Among these 

treatments, individual groups were then compared using the Student's t test. 

Lavage fluid response to each particulate over time was also compared. 

Each individual data point (e.g. mg protein per ml lung lavage fluid) was divided 

by the mean of the saline control group for its time point and parameter. For 
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each particulate, the means of each parameter were compared among time 

points using a 1-way ANOVA. Among these time points, individual means were 

then compared using the Student's t test. 

Wet lung to body weight ratios for animals whose lungs were lavaged 

were compared in a similar manner as were lung lavage fluid parameters. 

Additionally, for each of the particulates tested, "comparative plots" 

were prepared in which the percent of control values for each lung lavage fluid 

parameter and wet lung to body weight ratios are graphed. This allows 

qualitative comparison of trends among the various parameters within each 

treatment group. 

Sixty Day Lung Tissue Confirmatory Studies 

Lung Weight Evaluation. Mean and standard error were calculated for 

each treatment group, including untreated animals, for the three indices, wet 

lung to body weight, dry lung to body weight, and dry lung to wet lung weight 

ratios. These results are presented in both tabular and graphical form. 

Lung weight response to each treatment was compared statistically. 1-

way ANOVAs were performed to compare the means for each of the three 

indices among the treatments. Student's t tests were then applied to elucidate 

individual differences between treatment groups for each index. A significant 

difference was established at the p less than .05 level. 

Lung Tissue Biochemistry. Results for DNA, protein and collagen both 

as percent of lung wet weight and as ratio to body weight were treated in a 

manner similar to the results for the lung weight evaluation above. 



CHAPTER 3 

RESULTS 

As described in "Experimental Design", this project consisted of 3 

sections: (1) lung lavage studies, (2) one-day post-exposure histopathology, and 

(3) sixty-day post-exposure lung tissue confirmatory studies. The results for 

each of these sections are presented in this chapter. 

Lung Lavage Studies 

Lavage Fluid Parameters 

Lactate Dehydrogenase. Means + SE's of LDH levels in lavage fluid for 

each treatment group at each time point are presented in table '3. Ratios of 

lavage fluid LDH levels in particulate-treated groups to those in the saline 

control group are expressed as percents of control in table 4 and figure As 

shown in figure U, silica elicited the greatest overall LDH response, followed by 

Ga203- LDH levels for both groups peaked at seven days post-exposure. The 

responses to diesel exhaust soot and PUF soot were much lower, and not 

significantly different from the saline control level at any of the time points 

tested. 

1. In all tables and figures (except photographs), "diesel exhaust soot" 
appears as "diesel" and "PUF soot" appears as "PUF". 
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At 1 day post-exposure, silica elicited the greatest response at 965% of 

control, which was followed by Ga2C>3 (348%), PUF soot (268%), and diesel 

exhaust soot (181%). The silica treated group was significantly different from 

saline control as well as from Ga2C>3 , diesel exhaust soot, and PUF soot. 

Compared to the levels at one day, LDH levels for all particulate-

treated groups had decreased at 4 days post-exposure. Silica showed the 

greatest drop, down to about 1/2 its 1 day value. PUF soot dropped by 41%, 

diesel exhaust soot by 31%, and Ga2C>3 by only 8%. However, none of the LDH 

levels at 4 days post-exposure was significantly different from that at 1 day. 

The relative order of treatments at 4 days remained the same with silica at 

480% of control, followed by Ga2C>3 (320%), PUF soot (158%), and diesel exhaust 

soot (124%). There were no significant differences among the treatment groups 

at the 4 day time point. 

At 7 days post-exposure, LDH response had increased over that at 4 

days for all particulate groups except PUF soot which had declined. The silica 

LDH level was up 4^-fold over its 4 day value (a significant difference), Ga2C>3 

increased 2&-fold (not a significant difference) and diesel exhaust soot by about 

80% (a significant difference). PUF soot decreased by 28% of its 4 day LDH 

level (not a significant difference). At 7 days post-exposure, silica continued to 

show the greatest response at over 2000% of control, followed by Ga2C>3 (832%), 

diesel exhaust soot (224%), and PUF soot (113%). The responses to silica and 

Ga2C>3 were significantly different from the saline control. In addition, the 

silica group was signficantly different from the Ga2C>3, diesel exhaust soot and 

PUF soot groups. Ga2C>3 was significantly different from diesel exhaust soot and 

PUF soot groups. 



Table 3 

LDH in Lung Lavage Fluid3 

Treatment 
Group 1 4 

Days Post Exposure 

7 20 60 

Untreated NTb 111 + 12 48.1 + 1.9 NT 40.0 + 8.6 

Saline 86.2 + 6.0 97.7 + 15.1 54.9 + 4.7 73.3+16 136 + 27 

Silica 832 + 272c 469 + 182 1181 + 207c 275 + 108 1736 + 364c 

Ga2C>3 300 + 38 313 + 50 457 + 124c 563 + 183c 308 + 80 

Diesel 156 + 35 121 + 8 123 + 11 62.9 + 8.6 122 + 51 

PUF 231 + 60 154 + 45 62.1 + 81 70.5 + 30.5 NT 

a - Expressed as units of LDH per ml lung lavage fluid. Values represent mean + SE (n = 3-6) for each group. 

k - Not tested. 

c 
- Significantly different from saline control (p less than .05). 



Table 4 

LDH in Lung Lavage Fluid as the Percent of Saline Control 

Treatment 
Group 1 

Days Post Exposure 

4 7 20 60 

Silica 965a 480 2150a 375 1276a 

Ga2C>3 348 320 832a 768a 226 

Diesel 181 124 224 86 90 

PUF 268 158 113 96 NTb 

a - Significantly different from saline control (p less than .05). 

k - Not tested. 
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Figure 4 

LDH in Lung Lavage Fluid3 

Results are presented as percent of saline control values at each time point (n 
= 4-6). Asterisk (*) denotes those values which are significantly different 
from saline controls. 
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At twenty days post-exposure, the LDH response to all particulates had 

decreased from those at 7 days; for the silica and diesel exhaust soot groups 

these differences were significant. Silica exhibited a sharp drop, to less than one 

fifth of its 7 day level, while diesel exhaust soot dropped to two fifths of its 7 

day value. PUF soot decreased by 15% and Ga2C>3 by only 8%. Ga203 elicited 

the greatest response at 20 days, at 768% of control, followed by silica (375%), 

PUF soot (96%), and diesel exhaust soot (86%). The Ga2C>3 group was 

significantly different from saline control as well as from both diesel exhaust 

soot and PUF soot particulate-treated groups. 

At 60 days post-exposure, the LDH response to silica had increased 3)4-

fold from that at 20 days, while that to Ga2C>3 had decreased to one third and 

diesel exhaust soot remained the same, dropping only 5%. For silica and Ga2C>3 

values, these differences were significant. PUF soot was not tested at this time 

point. Silica elicited the greatest response at 60 days, at about 1300% of 

control, followed by Ga2C>3 (226%), and diesel exhaust soot (90%). The level for 

the silica group was significantly different from that for saline control as well as 

from Ga2C>3 and diesel exhaust soot groups. 

Alkaline Phosphatase. Means + SE's of alkaline phosphatase levels in 

lavage fluid are given in table 5. Ratios of lavage fluid alkaline phosphatase 

from particulate-treated groups to those from saline controls are expressed as 

percents of control in table 6 and figure 5. As shown in figure 5, silica and 

Ga2C>3 elicited the greatest overall alkaline phosphatase response, while that for 

diesel exhaust soot and PUF soot were approximately equal to the response 

shown by the saline control. 



At 1 day post-exposure, Ga2C>3 showed the greatest response at 230% 

of saline control, followed by diesel exhaust soot (165%), PUF soot (141%) and 

silica (59%) treated groups. Only Ga2C>3 was significantly different from saline 

control. Significant differences were also found between silica and Ga2C>3 , 

silica and diesel exhaust soot, silica and PUF soot, and between Ga2C>3 and PUF 

soot groups. 

At 4 days post-exposure, silica showed nearly a 6-fold increase in 

alkaline phosphatase from 1 day while the other three particulates had 

decreased. Ga2Q3 and diesel exhaust soot each dropped by roughly 1/2, while 

PUF soot dropped by only 4%. None of the levels at 4 days were significantly 

different from those at 1 day post-exposure. Silica elicited the greatest 

response at 4 days, at 340% of control, followed by PUF soot (136%), Ga2C>3 

(117%), and diesel exhaust soot (90%) groups. There were no signficant 

differences among any of the groups at this time point. 

At 7 days post-exposure, the response to Ga2C>3 had increased 3-fold 

from that at 4 days, while the response to the other three particulates had 

decreased. PUF soot decreased by 42%, silica by 12%, and diesel exhaust soot by 

8% from their 4 day alkaline phosphatase levels. Only for Ga203 was the 

difference significant. Ga203 showed the greatest response at 7 days, at 370% 

of saline control, followed by silica (300%), diesel exhaust soot (83%), and PUF 

soot (79%). The Ga203 and silica treated groups were significantly different 

from saline control. Significant differences were also found between Ga203 and 

diesel exhaust soot, Ga203 and PUF soot , silica and diesel exhaust soot, and 

between silica and PUF soot groups. 



Table 5 

Alkaline Phosphatase in Lung Lavage Fluid3 

Treatment 
Group 1 4 

Days Post Exposure 

7 20 60 

Untreated NTb .68 + .10 .29 + .04 NT .25 + .12 

Saline .37 + .03 .12 + .07 .29 + .04 .40 + .07 .59 + .09 

Silica .22 + .04 1 .44 + .55 .87 + .16c .76 + .27 4.7 + 1.5C 

Ga2C>3 .85 + . 12c .49 + .10 1.08 + .21c 1.42 + .30c 1.00 + .19 

Diesel .61 + .10 .38 + .08 .2k + .05 .25 + .02 .78 + .21 

PUF .52 + .08 .57 + .13 .23 + .04 .24 + .09 NT 

a - Expressed as units of alkaline phosphatase per ml lung lavage fluid. Values represent mean + SE (n = 3-
6) for each group. 

k - Not tested. 

c - Significantly different from saline control (p less than .05). 
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Table 6 

Alkaline Phosphatase in Lung Lavage Fluid as the Percent of Saline Control 

Treatment 
Group 1 k 

Days Post Exposure 

7 20 60 

Silica 59 340 300a 190 800a 

Ga2C>3 230a 117 370a 360a 171 

Diesel 165 90 S3 62 132 

PUF 1*1 136 79 60 NTb 

a - Significantly different from saline control (p less than .05). 

k - Not tested. 
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Figure 5 

Alkaline Phosphatase in Lung Lavage Fluida 

Results are presented as percent of saline control values at each time point (n 
= 4-6). Asterisk (*) denotes those values which are significantly different 
from saline controls. 
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At 20 days post-exposure, the response to all particulates had decreased 

from the 7 day levels, but none of the differences were significant. Silica 

decreased by 37%, diesel exhaust soot and PUF soot each by about 25%, and 

Ga2C>3 by only 3%. The relative order of treatments remained the same as for 7 

days. Ga2C>3 was highest at 360% of saline control, followed by silica (190%), 

diesel exhaust soot (62%), and PUF soot (60%). Only Ga2C>3 significantly 

different from saline control. Ga2C>3 was also significantly different from silica, 

diesel exhaust soot, and PUF soot treated groups. 

At 60 days post-exposure, the response to silica had increased more 

than 4-fold from that at 20 days, which represented a significant difference. 

The level for the Ga2C>3-treated group had decreased to just under half its value 

at 20 days, also a significant difference. The response to diesel exhaust soot and 

more than doubled from its 20 day level but the difference was not signficant. 

PUF soot was not tested at 60 days post-exposure. At 60 days, the response to 

silica was the highest at 800% of control, followed by Ga2C>3 (171%), and diesel 

exhaust soot (132%). The silica value was significantly different from saline 

control as well as from Ga2C>3 and diesel exhaust soot groups. 

Acid Phosphatase. Acid phosphatase levels were measured at 1, 4 and 

20 days post-exposure only. Mean levels + SE's are given in table 7. Percent of 

control values are presented in table 8 and depicted graphically in figure 6. As 

seen in figure 6, responses to all particulates were close to control levels 

initially, and increased somewhat at later time points. 

At 1 day post-exposure, the responses to all particulates are close to 

the saline control level. Diesel exhaust soot showed the highest response at 

138% of control, followed by PUF soot (123%), silica (113%), and Ga2C>3 (60%). 
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Table 7 

Acid Phosphatase in Lung Lavage Fluid3 

Treatment 
Group 1 

Days Post Exposure 

ft 20 

Untreated NTb .032 + .00ft NT 

Saline .052 + .003 .030 + .006 .009 + .00ft 

Silica .059 + .00ft .066 + .007° .032 + .006 

Ga2C>3 .031 + • 007c .057 + .009c .022 + .015 

Diesel .072 + .007° .066 + .010C .039 + .017 

PUF .06 ft + .004 .069 + .003° .023 + .006 

a - Expressed as units of acid phosphatase per ml lung lavage fluid. 
Values represent mean + SE (n = 3-6) for each group. 

k - Not tested. 

c - Significantly different from saline control (p less than .05). 
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Table 8 

Acid Phosphatase in Lung Lavage Fluid as the Percent of Saline Control 

Days Post Exposure3 

Treatment 
Group 1 4 20 

Silica 113 220b 360 

Ga2C>3 60b 190b 240 

Diesel 138b 220b 430 

PUF 123 230b 260 

a - Data not available for the 7 and 60 day timepoints. 

k - Significantly different from saline control (p less than .05), 
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Figure 6 

Acid Phosphatase in Lung Lavage Fluid3 

Results are presented as percent of saline control values at each time point (n 
= 4-6). Asterisk (*) denotes those values which are significantly different 
from saline controls. 
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Diesel exhaust soot and Ga2C>3 groups were significantly different from saline 

control. Significant differences were also found between Ga2C>3 and silica and 

between Ga2C>3 and both diesel exhaust soot and PUF soot. 

At 4 days post-exposure, the responses to all particulates had increased 

over their levels at one day but none of these differences were significant. The 

Ga2C>3 group showed the greatest increase, with a 4-day acid phosphatase level 

more than 3 times that at 1 day. Silica and PUF soot levels at 4 days were both 

roughly double those at 1 day, while diesel exhaust soot increased about 60%. 

All were approximately 200% of, and significantly different from, the saline 

control level. There were no other significant differences. 

At 20 days post-exposure, the acid phosphatase responses to all 

particulates had increased over the k day levels (a significant difference for 

silica only). Diesel exhaust soot showed the largest increase, to about twice the 

4 day level. Silica exhibited a 64% increase, followed by Ga2C>3 at 26% and PUF 

soot at 13%. The diesel exhaust soot group had the highest value at 430% of 

saline control, followed by silica, PUF soot, and Ga2C>3 groups. There were no 

significant differences among the five treatment groups. 

Protein. Means + SE's of lung lavage fluid protein levels are reported in 

table 9. Percents of control are given in table 10 and shown in figure 7. Overall, 

silica and Ga2C>3 elicited the greatest protein response, while diesel exhaust soot 

and PUF soot were close to the saline control levels. 

At 1 day post-exposure, silica treated animals showed the highest 

lavage fluid protein level at 700% of control, followed by PUF soot (430%), 

Ga2©3 (270%), and diesel exhaust soot (160%). The level for the silica treated 
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group was significantly different from that for the Ga2C>3, diesel exhaust soot, 

and saline control groups. No other differences were significant. 

At 4 days post-exposure, the levels for all four particulate groups had 

decreased from those at the previous time point. The largest decrease was 

shown by the diesel exhaust soot group, which dropped by 36% of its 1 day post

exposure value. This represented a significant difference. None of the other 4 

day protein levels were significantly different from those at 1 day. The PUF 

soot group dropped to 1/4 of its 1 day level, the silica group dropped to about 1/3 

its 1 day level and the Ga2C>3 group decreased by 30%. The response at 4 days 

was highest for the silica treated group, at 240% of control, followed by Ga2C>3 

(190%), PUF soot (106%), and diesel exhaust soot (102%) groups. There were no 

significant differences among the groups at this time point. 

At 7 days post-exposure, protein levels had increased over those at the 

4 day time point for all particulate groups except PUF soot, which had 

decreased. However, none of the 7 day levels were significantly different from 

those at 4 days. Ga2C>3 exhibited nearly a 3-fold increase over its 4 day protein 

level, silica rose by about 80%, and diesel exhaust soot by roughly 20%, while 

PUF soot decreased by about 25%. The response at 7 days was greatest for 

Ga2C>3 at 530% of control, followed by silica (430%), diesel exhaust soot (123%), 

and PUF soot (78%). Ga2C>3 and silica were each significantly different from 

saline control, diesel exhaust soot, and PUF soot groups. 

At 20 days post-exposure, the protein level had increased by 45% over 

that at 7 days for the Ga2C>3 group, decreased by 20% for silica, and increased 

by 14% and 12% for the diesel exhaust soot and PUF soot treated groups 

respectively. None of the 20 day levels were significantly different from those 
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Table 9 

Protein in Lung Lavage Fluida 

Treatment 
Group 1 4 

Days Post Exposure 

7 20 60 

Untreated MTb 146 + 18 114 + 6 NT 138 + 28 

Saline 93 + 9 139 + 14 120 + 5 102 + 16 211 + 12 

Silica 648 + 212c 327 + 92 519 + 73C 357 + 105 1320 + 

O
 

O
 

O
 

Ga203 246 + 23 262 + 43 631 + 214C 785 + 225C 572 + 143 

Diesel 145 + 21 142 + 15 148 + 17 141 + 9 189 + 26 

PUF 396+ 192 147 + 24 93 + 6 89 + 18 NT 

a - Expressed as mg protein/ml lung lavage fluid. Each value represents 
the mean + SE (n = 3-6) for each group. 

k - Not tested. 

0 - Significantly different from saline control (p less than .05). 
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Table 10 

Protein in Lung Lavage Fluid as the Percent of Saline Control 

Treatment 
Group 1 4 

Days Post Exposure 

7 20 60 

Silica 700a 240 430a 350 630a 

Ga2C>3 270 190 530a 77 0a 270 

Diesel 160 102 123 140 90 

PUF 430 106 78 87 NTt> 

3 - Significantly different from saline control (p less than .05). 

b - Not tested. 
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Figure 7 

Protein in Lung Lavage Fluid' 

Results are presented as percent of saline control values at each time point (n 
= ^-6). Asterisk (*) denotes those values which are significantly different 
from saline controls. 



at 7 days. At 20 days the Ga2C>3 group showed the highest response at 770% of 

control, followed by silica (350%), diesel exhaust soot (140%), and PUF soot 

(87%). The Ga2<33 treated group was significantly different from saline control, 

silica, diesel exhaust soot, and PUF soot groups. 

At 60 days post-exposure, the protein level for silica had nearly doubled 

since 20 days, while the level for Ga2C>3 had dropped to about 1/3 of its 20 day 

value, a significant difference. The protein level for the diesel exhaust soot 

group dropped by 36% and also represented a significant difference from its 20 

day value. PUF soot was not tested at 60 days post-exposure. The silica group 

showed the highest response at 60 days, at 630% of control, followed by Ga2C>3 

(270%), and diesel exhaust soot (90%) groups. The silica level was significantly 

different from both the saline control and diesel exhaust soot groups. 

Lung Wet Weight to Body Weight Ratios 

Means + SE's for wet lung to body weight ratios are given in table 11. 

Percents of control are presented in table 12 and portrayed graphically in figure 

8. 

At 1 day post-exposure, the silica treated group had the highest lung 

wet weight to body weight ratio at 123% of control, followed by PUF soot 

(108%), Ga2C>3 (107%), and diesel exhaust soot (100%). There were no significant 

differences among these groups. 

At 4 days post-exposure, the ratio had increased for all particulate-

treated groups, but only diesel exhaust soot, which increased by 26%, was 

significantly different from its 1 day value. Silica increased by 14% while the 

Ga2C>3 and PUF soot groups each increased by less than 3%. The silica group had 

the highest ratio at 4 days, at 140% of control, followed by diesel exhaust soot 



(126%), and Ga2C>3 and PUF soot (both 110%). Both the silica and diesel exhaust 

soot groups were significantly different from the saline control level. In 

addition, significant differences were found between the silica group and both 

the Ga2C>3 and the PUF soot groups. 

At 7 days post-exposure, ratios for silica and Ga2C>3 treated groups had 

increased over the k day values, while those for diesel exhaust soot and PUF soot 

treated groups had decreased. None of these differences were significant. The 

Ga2C>3 group had increased by 15% and silica by 6%, while diesel exhaust soot 

and PUF soot groups had dropped by 7% and 6% respectively. At 7 days, the 

ratio for the silica group was highest at 149% of control, followed by Ga2C>3 

(127%), diesel exhaust soot (117%), and PUF soot (103%) groups. Both the silica 

and Ga2C>3 treated groups were significantly different from the saline control 

group. The silica group was also significantly different from both the diesel 

exhaust soot and PUF soot groups. 

At 20 days post-exposure, the ratios for the Ga2C>3 and PUF soot 

treated groups had increased from their 7 day levels by 20% and 14% 

respectively, while those for the silica and diesel exhaust soot groups had 

decreased (5% and 3% respectively). However, none of the 20 day ratios were 

significantly different from those at 7 days. At 20 days, the ratio for the Ga2C>3 

group was the highest at 153% of control, followed by silica (142%), PUF soot 

(117%), and diesel exhaust soot (113%) group levels. Both Ga2C>3 and silica 

groups were significantly different from the saline control. In addition, the 

GE12O3 group was significantly different from both diesel exhaust soot and PUF 

soot groups. 



Table 11 

Lung Wet Weight to Body Weight Ratios for Animals used in Lung Lavage Studies3 

Treatment 
Group 1 4 

Days Post Exposure 

7 20 60 

Untreated NTb 5.25 + .23 4.35 + .11 NT 3.40 + .06 

Saline 4.6 4 + .07c 

00 00 •a
-

+ .10 4.23 + .11 4.15 + .33 3.84 + .16 

Silica 5.72 + .48 6.84 + .34d 6.30 + .29d 5.89 + .54d 9.47 + 1.54< 

Ga2C>3 4.97 + .18 5.38 + .22 5.36 + .60d 6.35 + • 55d 5.85 + .56 

Diesel 4.6 4 + .24 6.16 + .32d 4.93 + .14 4.69 + .13 4.15 + .118 

PUF 5.02 + .36 5.38 + .47 4.34 + .22 4.86 + .43 NT 

a - Numbers in the table are 10^ x actual values obtained, 

k - Not tested. 

c - Mean + SE (n = 3-6) for each group. 

^ - Significantly different from saline control (p less than .05). 
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Table 12 

Lung Wet Weight to Body Weight Ratios for Animals used 
in Lung Lavage Studies as the Percent of Saline Control3 

Treatment 
Group 1 

Days Post Exposure 

t 7 20 60 

Silica 123 140b 14 9b 142b 247b 

Ga2C>3 107 110 127b 153b 152 

Diesel 100 126b 117 113 108 

PUF 108 110 103 117 NTC 

a - n = 4-6. 

k - Significantly different from saline control (p less than .05). 

c - Not tested. 
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Figure 8 

Lung Wet Weight to Body Weight 
Ratios for Animals used in Lung Lavage Studies3 

a Results are presented as percent of saline control values at each time point (n 
= 4-6). Asterisk (*) denotes those values which are significantly different 
from saline controls. 
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Finally, at 60 days post-exposure the lung wet weight to body weight 

ratio for silica had increased by 74% over its 20 day value while the ratios for 

the Ga2C>3 and diesel exhaust soot groups had each decreased by 4%. PUF soot 

was not tested at 60 days post-exposure. The value for silica at 60 days was 

significantly different from that at 20 days. At 60 days, the ratio for silica was 

highest, at 247% of control, followed by Ga2C>3 (152%), diesel exhaust soot 

(108%). The ratio for silica was significantly different from saline control as 

well as from both the Ga2C>3 and diesel exhaust soot groups. 

Comparative Plots 

Comparative plots are presented in this section as figures 9-12. Results 

shown in these plots have been described above under "Lavage Fluid Parameters" 

and "Wet Lung to Body Weight Ratios". In these figures, they are grouped by 

particulate rather than by test parameters. This grouping facilitates a 

qualitative comparison of the responses to the various early indicators of lung 

tissue injury. These plots will be discussed in Chapter 4. 

One-Day Histopathology Study 

Light and SEM photographs were taken of the lungs of animals 

terminated one day post-exposure to saline, silica, Ga2C>3, diesel exhaust soot 

and PUF soot. Representative photographs are shown in Figures 13-29. Each of 

these was examined by Dr. Susan E. Wilson (1984) and described below, by 

treatment group. 

Saline 

Figure 13 shows a light microscope photograph of animal #403, at 380 

x. It is described as having "Scattered alveoli with thickened, hypercellular 
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Figure 9 

Comparative Plot for Silica-
Treated Animals used in Lung Lavage Studies 

Significantly different from saline control. 

k Values shown represent percent of saline control levels for each parameter (n 
= 4-6). 
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Figure 10 

Comparative Plot for Ga203- ^ 
Treated Animals used in Lung Lavage Studies 

Significantly different from saline control (p less than .05). 

Values shown represent percent of saline control levels for each parameter 
= 4-6). 
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Figure 11 

Comparative Plot for Diesel Exhaust Soot- , 
Treated Animals used in Lung Lavage Studies 

a 
Significantly different from saline control (p less than .05). 

k Values shown represent percent of saline control levels for each parameter (n 
= 4-6). 
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Comparative Plot for PUF Soot- . 
Treated Animals used in Lung Lavage Studies 

Significantly different from saline control (p less than .05). 

Values shown represent percent of saline control levels for each parameter (n 
= 4-6). 
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walls. There is perivascular cuffing. There are individual macrophages and 

clumps of macrophages in scattered alveolar lumens. Note individual 

macrophage." 

Figure 14 shows a SEM photograph of animal #403 at lOOx. It is 

described as follows: "Alveolar walls thin; alveolar lumens free of exudate. A 

few scattered alveolar macrophages can be observed (bright points)." 

Figure 15 shows a SEM photograph of animal #403 at 5090x. It is 

described as "A normal alveolar macrophage with some pseudopodia. The 

nucleus can be seen on the right-hand side." 

Silica 

Figure 16 shows a light microscope photograph of animal #411, at 400x. 

Wilson (1984) describes it: "Bronchial walls and alveolar walls are hypercellular 

and thickened. Numerous macrophages, neutrophils, red blood cells, fluid and 

cellular debris clogging alveoli. No observable particles." 

Figure 17 shows a SEM photograph of animal #411 at lOOx. Wilson 

(1984) describes it: "The alveolar walls are thickened; many alveoli are 

atelectatic. There are numerous collections of bright-staining particles. These 

are located off terminal bronchioles and in alveoli - both in alveolar walls and 

alveolar lumen." 

Figure 18 shows a SEM photograph of animal #411 at 5100x. Wilson 

(1984) describes it: "There is a thickened alveolar wall running from upper right 

to lower left. There are numerous small spherical-to-oblong shaped particles 

adhered to the wall. It is difficult to discern individual macrophages. There is 

also some cellular debris, possibly red blood cells, in the lumen of the alveoli." 



Figure 13 

Histological Section of Rat Lung 1 Day 
after Intratracheal Instillation of Saline 

(H & E, 380x) 



Figure 14 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Saline 

(lOOx) 



Figure 15 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Saline 

(5090x) 



Figure 16 

Histological Section of Rat Lung 1 Day 
after the Intratracheal Instillation of Silica 

(H & E, MOx) 



Figure 17 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Silica 

(lOOx) 



Figure 18 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Silica 

(5100x) 
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Gallium Oxide 

Figure 19 shows a light microscope photograph of animal #405, at 400x. 

Wilson (1984) describes it: "Thickened alveolar walls; lumens contain 

macrophages filled with golden-brown particles. There are nodular 

accumulations in the walls of alveoli and there are alveoli that are filled with 

macrophages, coalescing to form larger nodules. Numerous cells in these nodules 

contain what is presumed to be gallium oxide. There are also neutrophils and 

scattered red blood cells in alveolar lumens." 

Figure 20 shows a SEM photograph from animal #405, at lOOx. Wilson 

(1984) gives the following description: "In general the alveoli have relatively 

thin walls and a few scattered cells in the alveolar lumens. There are scattered 

areas of increased cellular density which are located off terminal bronchioles. In 

these areas alveolar walls are thickened with numerous cells which contain large 

particles. There is also desquammation of macrophages with particles into 

alveolar lumens." 

Figure 21 shows a SEM photograph from animal #405, at lOOOx. As 

described by Wilson (1984), "This section represents an area of increased cellular 

density. There are numerous large particles of varying sizes and shapes which 

appear to be both free in the alveolar lumens and inside macrophages. In the 

lower left-hand side of the field, there is what appears to be a large macrophage 

containing particles." 

Figure 22 shows a SEM photograph from animal #405, at 5090x. As 

described by Wilson (1984), "There are numerous particles in the section. Note 

the large elongated particle in the center of the field. Compare size to other 

smaller particles in the field." 



Figure 19 

Histological Section of Rat Lung 1 Day 
after the Intratracheal Instillation of Ga2C>3 

(H & E, 400x) 



Figure 20 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Ga2C>3 

(lOOx) 



Figure 21 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Ga2C>3 

(lOOOx) 



Figure 22 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of Ga2C>3 

(5090x) 



86 

Diesel Exhaust Soot 

Figure 23 shows a light microscope photograph of animal #401 or #402, 

at 420x. Wilson (1984) describes it: "Alveolar walls are hypercellular and there 

are nodular formations in the alveolar walls and bronchiolar walls made up of 

macrophages and large clumped black particles. There is some desquammation 

of macrophages into alveolar lumens. Macrophages contain small particles. The 

majority of the lesions observed occur off terminal bronchioles (hole in center of 

photograph)." 

Figure 24 shows a SEM photograph of animal #402 at lOOx. Wilson 

(1984) describes "Scattered areas of thickening of alveolar and bronchial walls. 

The thickening occurs off the terminal bronchial tree." 

Figure 25 shows a SEM photograph of animal #402 at 765x. As 

described by Wilson (1984), "Alveolar walls are thickened. There are numerous 

empty holes in the alveolar walls. The alveoli in certain areas have narrowed 

lumens but very little exudate is observed. Cannot readily determine the 

presence of particulates." 

PUF soot 

Figure 26 shows a light microscope photograph of animal #409, at 400x. 

Wilson (1984) describes it as follows: 

In the center of the slide is a bronchiole containing red blood cells. The 
bronchiolar wall is thickened, containing large masses of block 
amorphous material. Inflammatory cells can be seen around edges of 
the black material. Alveolar walls show slight thickening and 
hypercellularity. Alveolar walls contain small amounts of black 
material in the lumens. There are some neutrophils in the alveolar 
lumens. 



Figure 23 

Histological Section of Rat Lung 1 Day after 
the Intratracheal Instillation of Diesel Exhaust Soot 

(H & E, 420x) 
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Figure 24 

Scanning Electron Micrograph of Section of Rat Lung 
1 Day after the Intratracheal Instillation of Diesel Exhaust Soot 

(lOOx) 



Figure 25 

Scanning Electron Micrograph of Section of Rat Lung 
1 Day after the Intratracheal Instillation of Diesel Exhaust Soot 

(765x) 



Figure 26 

Histological Section of Rat Lung 1 Day 
after the Intratracheal Instillation of PUF Soot 

(H & E, 400x) 
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Figure 27 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of PUF Soot 

(lOlx) 



Figure 28 

Scanning Electron Micrograph of Section of Rat 
Lung 1 Day after the Intratracheal Instillation of PUF Soot 

(780x) 



Figure 29 

Photograph of the Ventral Side of 
the Whole Lung of an Untreated Rat 
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Figure 30 

Photograph of the Dorsal Side of 
the Whole Lung of an Untreated Rat 
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Saline. Gross pathology revealed no observable lesions. Serology was 

negative for mycoplasma and positive for Sendai. For histopathology, Wilson 

(1984) reports "Lesions observed (mild pneumonia, focal or multifocal) suggested 

viral infections". 

Figures 31 and 32 illustrate the whole lung of saline-treated animals 

#94. According to Wilson (1985), "Saline shows basically the same gross 

morphology as the untreated." 

Figure 33 shows the lung of animal #1 at 150x. Wilson (1985) describes 

a "normal lung section showing relative acellularity of alveolar walls and 

terminal bronchioles. Numerous small blood vessels with few cells associated 

with them." 

Figure 34 shows the lung of animal #1 at 730x. Wilson (1985) describes 

it: "Higher power of (Fig. 33). Again note thin relatively acellular alveolar 

walls. A small blood vessel is located at the lower left corner; few cells 

associated with the vessel." 

Silica. For gross pathology, "all of the animals in this group had similar 

lesions. The lungs were heavy and edematous. The parenchyma of each was 

filled with light nodules." "ELISA for mycoplasma was negative in 2 animals 

tested (25,61)." Histopathological examination showed: 

Evidence of extra-tracheal injection was present in 3/5 animals. 
Two of these animals (25,61) had peritracheal granulomas; the third (27) 
had a large granuloma in the wall of the esophagus. Animal 27 had no 
significant lesions, and this suggests that all of the silica was lost into 
the esophagus. The two animals with peritracheal granulomas showed 
significantly milder lesions than those which received the full intra
tracheal dose. 

The lesions observed in the silica animals included a moderate to 
severe desquamative alveolitis, pneumonocyte hyperplasia, emphysema, 
and alveolar lipo-proteinosis. In the two animals which received the 
full dose, greater than 50% of the lung was affected. Small, early 



Figure 31 

Photograph of the Ventral Side of the Whole Lung of 
a Rat 60 Days after the Intratracheal Instillation of Saline 



Figure 32 

Photograph of the Dorsal Side of the Whole Lung of a 
Rat 60 Days after the Intratracheal Instillation of Saline 



Figure 33 

Histological Section of Rat Lung 60 Days 
after the Intratracheal instillation of Saline 

(H & E, 150x) 



Figure 34 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation of Saline 

(H & E, 730x) 
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'silica' nodules made up of epithelioid cells and fibroblasts were present. 
Trichrome stain confirmed fibrosis. 

Figures 35 and 36 show the whole lung of animal #93. According to 

Wilson (1985), "The lungs show numerous lightened areas throughout the 

parenchyma and there are some obvious light-colored nodules in the parenchyma. 

Greater than 80% of the lung is discolored." 

Figure 37 is a light microscope photograph of animal #62 at 200x. 

Wilson (198*0 describes it: "Alveoli are filled with proteinaceous debris and 

scattered nuclei (alveolar proteinosis)." 

Figure 38 is a light microscope photograph of animal #62 at 200x. 

Wilson (1984) describes a "'Silica nodule' made upon epithelioid cells, fibroblasts. 

Early fibrosis was noted in these nodules." 

Figure- 39, a light microscope photograph of a Trichrome stain of a 

section of the lung of animal #62 at 390x, is included to demonstrate the 

presence of collagen. Wilson (1985) describes it: "A silica nodule fills most of 

the field which is made up of collapsed alveoli inflammatory cells and bands of 

blue-staining collagen. Alveoli on the left contain large, foamy macrophages." 

Gallium oxide. Gross pathology on animal #9 revealed no observable 

lesions. Animal #10 showed "consolidation in the left apical lobe, white spots on 

the surface of other lobes." Animal #11 had "massive adhesions . . . between the 

lungs and the thoracic wall. An abscess filled the left lobes forming a cyst 

containing clots of cheesy material. The right lobes were firm." For animal 

#47, "white, membraneous material was located around the upper trachea. The 

lungs were not remarkable." In animal #48, "ropey mucous was present in the 

trachea. The lungs were edematous and an area of red consolidation was present 

in the anterior portion of the right apical lobe." Three of 3 animals tested (#59, 



Figure 35 

Photograph of the Ventral Side of the Whole Lung of a 
Rat 60 Days after the Intratracheal Instillation of Silica 



Figure 36 

Photograph of the Dorsal Side of the Whole Lung of a 
Rat 60 Days after the Intratracheal Instillation of Silica 



Figure 37 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation of Silica 

(H <3c E, 200x) 



Figure 38 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation of Silica 

(H & E, 200x) 



Figure 39 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation with Silica 

(Trichrome, 390x) 
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10, 11) were negative with respect to Ga2C>3, histopathology "was observed as 

dark golden granules in macrophages. Macrophages were observed in small 

numbers in alveolar lumen and alveolar walls. Granules were also located around 

vessels and bronchioles. In general, granules illicited little inflammatory 

response." In addition, "three animals in this group had severe pneumonia. In 

two the pneumonia was restricted to the apical lobe (unilateral). In one, the 

pneumonia was massive." 

Figures 40 and 41 represent the whole lung of animal #108. According 

to Wilson (1985), "There are small pinhead-sized white nodules in the 

parenchyma. The rest of the lung is of normal coloration." 

Figure 42 represents the lung of animal #10 at 300x. Wilson (1985) 

describes it: "In comparing (Fig. 42) to (Figs 33 and 34) the alveolar walls are 

thickened and roughened with inflammatory cells. A small vessel is located just 

to the right of center. There is mild perivascular cuffing. Also note there is 

slight endothelial hyperplasia." 

Figure 43 represents "the lung of animal #10 at 780x. As described by 

Wilson (1985), "A bronchiole is located to the right and alveoli on the left. The 

bronchiolar and alveolar walls are severely thickened with inflammatory cells. 

Mucus and alveolar macrophages are found in the lumens of both the bronchiole 

and the alveoli. A few golden-brown crystals can be observed in the cytoplasm 

of macrophages. 

Diesel Exhaust Soot. Gross pathology revealed no observable lesions. 

Two of 3 animals tested (17,55) were ELISA positive for M. pulmonis. 

Histopathology showed: 

Significant chronic tracheitis was observed in 3/5 animals (17, 18, 
55). These lesions are consistent with mycoplasma infection. A 



Figure W 

Photograph of the Ventral Side of the Whole Lung of a 
Rat 60 Days after the Intratracheal Instillation of Ga203 
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Figure 41 

Photograph of the Dorsal Side of the Whole Lung of a 
Rat 60 Days after the Intratracheal Instillation of Ga2C>3 



Figure W2 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation of Ga203 

(H & E, 300x) 



Figure 43 

Histological Section of Rat Lung 60 Days 
after the Intratracheal Instillation of Ga2C>3 

(H & E, 780x) 
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peritracheal granuloma (suggesting partial loss of injected material) 
was present in animal #19. This animal did have lesions consistent with 
other animals of this group, therefore, all material was not lost in 
extra-tracheal injection. 

Pulmonary pathology observed in this group consisted of mild to 
moderate desquamative alveolitis as well as thickening of the alveolar 
walls with inflammatory cells. Black granules were observed in several 
locations: in peribronchial lymphoid follicles, perivascular lymphoid 
accumulations and in walls of inflammed bronchi and bronchioles. 
Alveolar macrophages also contained granules. Small interstitial 
nodules of granule-laden cells were also present. 

Figures 44 and 45 represent the whole lung of animal #101. According 

to Wilson (1985), "Lungs show no obvious abnormalities." 

Figure 46 is a light microscope photograph of the lung of animal #53, at 

220x. According to Wilson (1984), "Black granular material is present in 

bronchiole, in peribronchiolar deposits, and in adjacent alveoli - both walls and 

lumens." 

Figure 47 represents a light microscope photograph of the lung of 

animal #17, at 440x. According to Wilson (1984), "Alveoli are filled with clusters 

of macrophages which are filled with black granules. Alveolar walls show slight 

thickening." 

Lung Weight Evaluations 

Means + SE's are given in table 13. Results are depicted graphically in 
\ 

figures 48-50. 

Lung Wet Weight to Body Weight Ratio. While there were no 

significant differences among the 5 treatment groups, overall, silica and Ga2C>3 

treated animals had higher wet lung to body weight ratios than did the diesel 

exhaust soot, saline control or untreated groups. The silica-treated group 

exhibited a lung wet weight to body weight ratio that was 50% higher than the 



Figure kk 

Photograph of the Ventral Side of the Whole Lung of a Rat 
60 Days after the Intratracheal Instillation of Diesel Exhaust Soot 
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Figure 45 

Photograph of the Dorsal Side of the Whole Lung of a Rat 
60 Days after the Intratracheal Instillation of Diesel Exhaust Soot 



Figure 46 

Histological Section of Rat Lung 60 Days after 
the Intratracheal Instillation of Diesel Exhaust Soot 

(H & E, 220x) 



Figure 47 

Histological Section of Rat Lung 60 Days after 
the Intratracheal Instillation of Diesel Exhaust Soot 

(H & E, MOx) 



117 

saline control value. The ratio for the Ga203 group was 35% above control, 

while that for the diesel exhaust soot was equal to the control value. Untreated 

animals had a 10% lower ratio than did saline controls. 

Lung Dry Weight to Body Weight Ratio. No significant differences 

were found among the 5 treatment groups. Silica treated animals had the 

greatest lung dry weight to body weight ratio at 86% above saline control, 

followed by Ga2C>3 (48% above), and untreated (42% above), and finally by diesel 

exhaust soot (8% above control). 

Lung Dry Weight to Lung Wet Weight Ratio. While no significant 

differences were found among the 5 treatment groups, silica treated animals did 

show the greatest lung dry weight to lung wet weight ratio at 17% above saline 

control, followed by Ga203 and diesel exhaust soot treated animals (both 8% 

above). Untreated animals had a ratio that was 1% above saline control. 

Lung Tissue Biochemistry 

DNA, Protein and Collagen as Percentage of Lung Wet Weight. Means 

and SE's for each treatment group are presented in table 14. Results are 

portrayed graphically in figures 51-53. 

The diesel exhaust soot treated group had the highest percentage of 

DNA at 108% of saline control. Untreated, Ga203, and silica groups all had a 

lower value for DNA as percentage of lung wet weight than did the saline control 

group at 97%, 87% and 68%, respectively. The silica value was significantly 

different from the saline control value. Significant differences were also found 

between silica and untreated, silica and diesel exhaust soot, and between Ga203 

and diesel exhaust soot groups. 



118 

Table 13 

Lung Weight Evaluations at 60 Days Post-Exposure3 

Treatment 
Group 

Lung Wet Weight/ 
Body Weight" 

Lung Dry Weight/ 
Body Weight0 

Lung Dry 
Weight/Lung 
Wet Weight^ 

Untreated 3.6 + .3 12.5 + .9 .223 + .002 

Saline 4.0 + .2 8.8 + .4 .222 + .003 

Silica 6.0 + 1.4 16.4 + 4.8 .260 + .013 

Ga2C>3 5.4 + 1.0 13.0 + 2.7 .239 + .006 

Diesel 4.0 + .2 9.5 + .6 .239 + .008 

a 

- No significant differences were seen using 1-way ANOVA at the p less 
than 0.05 level. 

K l 
- Expressed as 10 x (mean + SE; n = 3-5). 

C (i 
- Expressed as 10 x (mean + SE; n = 3-5). 

^ - Expressed as mean + SE; (n = 3-5). 
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Figure 48 

Lung Wet Weight to Body 
Weight Ratios at 60 Days Post-Exposure3 

Values shown represent means + SE's for each treatment group (n = 3-6). No 
significant diferences among the 5 groups were found. 
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Figure 49 

Lung Dry Weight to Body 
Weight Ratios at 60 Days Post-Exposure3 

a Values shown represent means + SE's for each treatment group (n = 3-6). No 
significant differences among the 5 groups were found. 
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Figure 50 

Lung Dry Weight to Lung Wet 
Weight Ratios at 60 Days Post-Exposure' 

a Values shown represent means + SE's for each treatment group (n = 3-6). No 
significant differences among the 5 groups were found. 
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The untreated group had the highest lung percentage of protein at 155% 

of saline control, followed by the diesel exhaust soot (145%), Ga2C>3 (118%), 

silica (113%). Ratios for diesel exhaust soot, Ga2C>3, and untreated groups were 

significantly different from saline control. Significant differences were also 

found between the diesel exhaust soot and silica, diesel exhaust soot and Ga2C>3, 

untreated and silica, and untreated and Ga2C>3 groups. 

For collagen, the diesel exhaust soot-treated group showed the highest 

ratio at 118% of saline control, followed by untreated (87%), Ga203 (84%), and 

silica (69%) groups. The ratio for the silica group was significantly different 

from the saline control group. In addition, the ratio for the diesel exhaust soot 

group was significantly different from silica, Ga2C>3, and untreated groups. 

Ratio of Lung DNA, Protein, and Collagen to Body Weight. Means + 

SE's are shown in table 15. Results are depicted graphically in figures 54-56. 

For DNA, silica treated animals showed the greatest ratio at 162% of 

saline control, followed by Ga2C>3 (133%), diesel exhaust soot (105%), and 

untreated (90%) groups. The response to silica was significantly different from 

the saline control group, as well as from both the diesel exhaust soot and 

untreated groups. 

For protein, the silica treated group had the highest ratio at nearly 3 

times that of the saline control, followed by Ga2C>3 (185% of control), untreated 

(148%), and diesel exhaust soot (143%) groups. The responses to silica and 

Ga2C>3 were significantly different from the saline control level. In addition, the 

silica group was significantly different from the Ga2C>3, diesel exhaust soot and 

untreated groups. 
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Table 14 

Lung DNA, Protein and Collagen as the Percent of 

Lung Wet Weight at 60 Days Post-Exposure3 

Treatment 
Group DNA Protein Collagen 

Untreated V-
n 00

 
1 +

 .03 17.0 + .5b 2.06 + .06 

Saline .60 + .06 11.0 + .5 2.38 + .23 

Silica .41 + .0 4b 12.4 + .6 1.64 + .12b 

Ga2°3 .52 + .03 13.0 + .4b 2.00 + .22 

Diesel .65 + .03 16.1 + .5b 2.80 + .16 

a - Values represent mean + SE (n = 3-5) for each group. 

b - Significantly different (p less than .05) from saline control. 
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Figure 51 

Lung DNA as the Percent of Lung 
Wet Weight at 60 Days Post-Exposure' 

Values shown represent means + SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p less 
than .05). 
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Figure 52 

Lung Protein as the Percent of 
Lung Wet Weight at 60 Days Post-Exposurea 

Valus shown represent means + SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p less 
than .05). 
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Figure 53 

Lung Collagen as the Percent of 
Lung Wet Weight at 60 Days Post-Exposure 

Values shown represent means _+ SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p less 
than .05). 
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For collagen, the silica treated group again had the highest ratio at 

169% of saline control, followed by the Ga2C>3 (121%), diesel exhaust soot 

(116%), and untreated (83%) groups. The ratio for the silica group was 

significantly different from that for the saline control, Ga203, diesel exhaust 

soot and untreated groups. 
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Table 15 

Lung DNA, Protein and Collagen as 
Ratios to Body Weight at 60 Days Post-Exposure3 

Treatment 
Group DNAb Protein0 Collagen'3 

Untreated 2.08 + .05 6.23 + .70 7.48 + .42 

Saline 2.31 + .31 4.22 + .24 9.06 + .47 

Silica 3.75 + .30d 11.76 + 1.33d 15.33 + 1.27d 

Ga2C>3 3.08 + .76 7.80 + 1.72d 10.96 + 2.41 

Diesel 2.43 + .15 6.04 + .33 10.51 + .87 

a Values represent mean + SE (n = 3-5). 

k Expressed as 10^ x values obtained. 

c Expressed as 10^ x values obtained. 

^ Significantly different (p less than .05) from saline control. 
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Figure 5b 

Lung DNA as the Ratio to 
Body Weight at 60 Days Post-Exposure3 

a Values shown represent means + SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p less 
than .05). 
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Figure 55 

Lung Protein as the Ratio to 
Body Weight at 60 Days Post-Exposure3 

Values shown represent means + SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p iess 
than .05). 
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Figure 56 

Lung Collagen as the Ratio to ' 
Body Weight at 60 days Post-Exposure 

a Values shown represent means + SE's for each treatment group (n = 3-5). 
Asterisk (*) denotes a value significantly different from saline control (p less 
than .05). 



CHAPTER k 

DISCUSSION 

Human exposure to toxic products of combustion kills and injures 

thousands each year. Combustion toxicology has traditionally looked at the 

effects produced by exposure to smoke in its composite form. While such 

information as LC50 or time to incapacitation is very useful, it does not 

elucidate the specific types of damage caused by exposure to the specific 

components of smoke. Smoke is comprised of 3 major components: heat, gases 

and particulates. The human health effects of heat and of some combustion 

gases have been documented but this has not been done on isolated samples of 

the types of combustion-generated particulates such that could be encountered 

in a fire situation. The new, reductionist approach to combustion toxicology 

undertaken in this project represents pioneering research in this field, in which 

the particulate fraction of the smoke from the controlled burning of 

polyurethane foam was isolated and administered to the experimental animals. 

There are a multitude of pros and cons associated with the choice of 

intratracheal instillation as opposed to aerosol inhalation. However, with the 

appropriate use of comparative and vehicle controls, along with the employment 

of 60 day post-exposure tissue studies to validate the test model, the use of 

intratracheal instillation in the current situation was acceptable. This method of 

administration did facilitate the introduction of the isolated soot fraction of the 

smoke. However, as all real-life exposures of the lung to particulates are by 

132 



133 

inhalation, any comprehensive toxicity testing program on such particles should 

include an aerosol inhalation exposure. 

Levels of lung lavage fluid parameters were measured to investigate 

the toxicity of two combustion-generated particulates, diesel exhaust soot and 

PUF soot. The validity of using such parameters as early indicators of 

pulmonary change was established for the test system employed, through the use 

of silica as a comparative control. Gallium oxide, introduced initially as a 

negative particulate control, induced some distinct changes in both lung lavage 

fluid parameters and in lung tissue at 60 days post-exposure. In this chapter, 

results obtained for silica-treated animals will be utilized to validate the test 

system, the effects of Ga2C>3 will be briefly examined, and the lung toxicity of 

diesel exhaust soot and PUF soot will be evaluated. 

While other investigators have established the effectiveness of using 

early post-exposure elevations in lung lavage fluid parameters as predictors of 

later morphological change in pulmonary tissue, such validation was also 

established for the test system being used in this project. As seen in Chapter 3, 

silica-treated animals showed, overall, significant elevations in lung lavage fluid 

levels of LDH, alkaline phosphatase and protein at the 1, 4, and 7 day post

exposure time points. Scanning EM at 1 day post-exposure confirmed the 

presence of silica in the lung. At 60 days post-exposure, histopathology 

confirmed fibrosis. While no significant differences were found, lung weight 

evaluation at 60 days showed both higher lung wet weight and lung dry weight to 

body weight ratios for the silica group, as well as a higher lung dry to wet weight 

ratio. Levels of DNA, protein and collagen in the wet lung were either 

significantly below or not significantly different from saline control values. 
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These low levels are presumed to be due to the high lung wet weights resulting 

from silica-induced pulmonary edema. Looking at lung tissue DNA, protein and 

collagen levels as ratios to animal body weight, it is shown that for the silica 

animals, all 3 were higher than and significantly different from saline controls. 

It is notable that the pattern in lung lavage fluid levels of LDH, alkaline 

phosphatase and protein (figure 9). After a peak in the 1-7 day range, all 

dropped at 20 days, then increased again at 60 days post-exposure. This suggests 

an initial injury to the lung (this is supported by histopathology at 1 day post

exposure) followed by a longer term change. Monitoring of lung lavage fluid 

parameters may therefore be useful not only as an early predictor of later tissue 

injury, but as an adequate test for such chronic change. 

Beck et al. (1983) found that the pattern of isoenzymes of LDH 

affected by different lung toxicants can be related to the type of lung injury. In 

future studies, isoenzyme analysis may be warranted along with quantitation of 

total lavage fluid LDH. Dose-response studies for intratracheally instilled silica 

would be worth including for investigation of the sensitivity of the model used in 

the present research. 

Lindy et al. (1970) induced fibrogenesis in rats by intratracheal 

instillation of silica particles. They found increased collagen at 16 weeks post

exposure, as determined by histochemical evaluation or hydroxyproline content. 

Total LDH in homogenized lungs was significantly elevated in silicotic lungs at 3 

weeks post-exposure. 

Chvapil et al. (1979) studied early post-exposure changes in lung tissue 

following a single intratracheal instillation of 75 mg silica (DQ12<5 um) into 

male 200g Sprague-Dawley rats. They reported that statistically significant 
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changes occurred very early post-exposure, including increased lung wet weight 

at 2k hours, increased cell content as measured by DNA at 2k hours, increased 

content of both noncollagenous protein and total lipids at 72 hours, and collagen 

content at 6 days. Chvapil et al also examined the dose-response effects of 

intratracheally instilled silica. Male 200 g rats were dosed with 10, 30, 50 and 75 

mg, and the effects assessed at 6 days post-exposure. For the low dose, all 

parameters studied (as for 75 mg time-course study) except collagen, were 

significantly elevated at 6 days, and for the 30 mg group, all of the parameters 

were. The authors concluded that the changes observed represented an acute 

silicotic response. They also mention that a characteristic feature of the effect 

of silica is a slow development of fibrotic lesions in the lung. They propose "that 

in early stages of experimental silicosis an excessive amount of collagen 

accumulates in the lung. Later, some of the deposited collagen is resorbed." 

The results of these investigators are notable given the nature of the 

response to silica as shown by lung lavage fluid parameters in the current study. 

It would appear that the response observed is indicative of both the early 

collagen deposition described by Chvapil et al as well as the traditionally 

observed later fibrotic change in the lung. 

Gallium oxide was introduced as a negative particulate control (a 

supposedly inert particulate). However, it elicited a marked pulmonary response, 

as measured both by lung lavage fluid parameters and by histopathology and lung 

tissue biochemistry at 60 days post-exposure. This response was in many cases 

significantly above the saline control level, and sometimes even greater than 

that to silica. In general, the lung lavage fluid response to Ga2C>3 was between 

silica and saline control at 1, k, and 7 days post-exposure, above silica at 20 
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days, but back close to the control level at 60 days, the time at which silica 

exhibited its second peak. Figure 10 shows that most lung lavage fluid 

parameters peaked for Ga203 at either 7 or 20 days post-exposure. Presence of 

Ga2C>3 particulates in the lung was demonstrated by histopathology at both 1 and 

60 days post-exposure. At 60 days, for lung wet and dry weight to body weight 

ratios and lung dry weight to wet weight ratios, Ga2C>3 elicited a response that 

was in between the response to silica and that of the saline control (although 

there were no significant differences among any of the treatment groups). For 

DNA and collagen as percentage of wet lung, the Ga2C>3 group was intermediate 

between silica and saline group levels; for protein, Ga2C>3 and silica levels were 

about the same. When DNA, protein and collagen were presented as ratios to 

animal body weight, the Ga2C>3 animals had levels between silica and saline 

control. Particle size (less than 40 um for Ga2C>3) may have been a factor in the 

high pulmonary response to this compound, but is not believed to be the sole 

cause. Wilson (1984) noted that at 60 days post-exposure, the Ga2C>3-treated 

animals were sick while the other animals housed in the same room were more 

healthy, and speculates that a synergistic relationship may exist between the 

large-sized Ga2C>3 particulate and the infectious agent. 

Webb (1983) also studied the lung response to intratracheally instilled 

Ga2C>3* at 14 days post-exposure. He found that the lung wet weight to body 

weight ratio was elevated over saline controls (not significantly). This is similar 

to the results seen at 60 days post-exposure in the current project. Webb also 

1. Webb used the same Ga2C>3 sample that was supplied by Dr. Carter 
for this project. 
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measured lung tissue protein, 4-hydroxyproline, DNA, and lipids.2 Both protein 

and DNA were higher for Ga2C>3 than for saline control, while 4-hydroxyproline 

was lower, but none of these differences were statistically significant. The 

protein and DNA results were similar to those found at 60 days in this project. 

Webb did report a significant increase in total lung lipid at 14 days post

exposure, but other than that found Ga2C>3 to be relatively non-toxic. 

However, the significant responses to Ga2C>3 demonstrated by lung 

lavage fluid parameters in the current project suggest that this material may be 

inherently more toxic than previously believed. Further investigations using a 

different Ga2C>3 sample, smaller particle size, and at different dosages, are 

warranted. 

Neither of the two combustion-generated particulates tested, diesel 

exhaust soot nor PUF soot, elicited much of a pulmonary response as measured 

by parameters in the lung lavage fluid. Only for the acid phosphatase were any 

of the responses significantly different from saline control levels (diesel exhaust 

soot at 1 and 4 days and PUF soot at k days post-exposure), but some questions 

exist concerning the reliability of these results. The presence of both 

particulates in the lung was confirmed by 1 day histopathology. Sixty day 

confirmatory lung tissue studies were only done on the diesel exhaust soot-

treated animals. Only for the protein as a percentage of lung wet weight was 

the diesel exhaust soot group significantly different from the saline control. 

Figure 11, the comparative plot for diesel exhaust soot, shows that most of the 

lavage parameter levels were within 50-200% of saline control. The elevated 

2. Results were reported as total lung content rather than as ratio to 
body weight. 
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acid phosphatase level at 20 days was not significantly different from control. 

Mauderly et al. (1984a) reported no evidence of a diesel exhaust-

induced decrease in body weight, nor any "consistent evidence of an exhaust-

related alteration of survival" in either rats or mice exposed to diluted whole 

diesel exhaust for up to 30 months. 

Lung lavage fluid was analyzed from rats which were exposed by 

inhalation to diluted whole diesel exhaust for 20 days (Mauderly et al, 1984b). 

LDH was increased by 64% over normal air-breathing controls, while protein and 

alkaline phosphatase were both within 3% of control values (none of these levels 

for the diesel-exposed animals represented a significant difference from 

controls). While their results appear similar to those obtained in the current 

project, it must be kept in mind that Mauderly et al (1984a,b) exposed animals to 

diluted whole diesel exhaust which contained CO, hydrocarbons, and oxides of 

nitrogen in addition to the soot particles. 

Figure 12, the comparative plot for PUF soot, shows a general trend of 

higher values at 1 day post-exposure (none significantly different from saline 

control, however) and levels at or below saline at the later time points. It would 

be interesting to assess both lavage fluid and lung tissue responses to PUF soot 

at 60 days post-exposure. All of the 60 day studies were done first and the 

availability of the PUF soot sample was uncertain, so the project was begun 

using diesel exhaust soot as the only combustion generated particulate. PUF 

soot subsequently became available and was included in the 1-20 day time points. 

As measured by the indicators of lung damage chosen for this project, 

neither diesel exhaust soot nor PUF soot showed significant responses by the lung 

at the dose and time points studied. It would be important to test these 



particulates at higher dosage, after repeated dosage, and at both longer and 

shorter time points before a more definitive statement about their inherent 

toxicities could be made. The method of utilizing lung lavage parameters to 

assess the toxicity of combustion-generated particulates does show promise, 

however of being a useful tool in the testing of materials which could comprise 

fuels in fires in which a major human exposure potential exists. 
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