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I. ABSTRACT

As a result of a request by the California Air Resources Board for
proposals dealing with fine particles, an innovative inhalation toxicology
study, using a reliable animal model, was designed and successfully conducted.
The objective of the study was to evaluate the respiratory system toxicity of
both diesel-engine-generated ard propane-flame-generated fine carbon particles,
especially when an acid mixture of the type observed in California's air was
also present. Atmospheres were generated into stainless-steel exposure
chambers and healthy rats breathed the pollutants nose-only for 5 hours per day
for 5 consecutive days. The atmospheres studied included (a) dilute diesel
exhaust soot + nitric acid + sulfuric acid, and (b) propane-flame-generated
carbon soot + nitric acid + sulfuric acid. Groups of rats were also exposed to
(a) the nitric and sulfuric acid mixture, (b) diesel scot, or (c) propane soct
in order to examine the effects of the components of the soot + acids
mixtures. Controls for exposure were rats exposed using the same schedule to
purified air. When pollutants were present the concentrations of soot or of
the combined acids were about 0.5 mg/m3.

The evaluation of potential health effects in exposed rats included: (a)
measurement of respiratory tract clearance of insoluble tracer particles; (b)
histopathologic examination of respiratory tract tissues, including
autoradiographic measures of cell turnover (an index of cell killing); (c)
morphometric analysis of deep lung tissues; and (d) measurement of effects on

pulmonary alveolar macrophages (immunological endpoints).

Biological effects were seen for each of the atmospheres studied. The
propane soct + acids atmosphere produced a statistically significant (p < 0.1)
delay in deep lung particle clearance; this effect was not seen with the diesel
soot + acids atmosphere, however. Although none of the atmospheres produced
lung cell killing, retained soot deposits were seen in the lung after exposure
to atmospheres that contained soot. Diesel soot + acids, diesel soot alone and
the acids alone all depressed pulmonary macrophage functions. Disturbances in
deep-lung structure were associated with the inhalation of diesel soot alone
and when it was combined with acids.
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the combinations of soot plus acids appear to be attributable to the effects of
the individual components. The interference with normal macrophage functions
is likely to have the most significant implications to human health.
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II. IMPORTANCE OF THE STUDY

This study provides important toxicologic information on previously
unstudied corbinations of California air pollutants. Assessments of lung
injury cover structural and functional (including immunological) factors. Key
features of this study include (a) sensitive and varied measures of biological
effects, and (b) the application of a nose-only exposure system which prevents
neutralization of airbornme acids by animal-generated ammonia. ‘The results are
of relevance for several reasons: the mixture is chemically envirormmentally
relevant from a human health point of view; the multiple repeated exposures are
more representative of the exposure of human populations than either single
acute exposures or continuous (24 hour/day) exposures; and the endpoints have
been selected due to their link to health.

The epidemiclogical literature, and the past great air pollution
disasters, indicate that mixtures of air pollutants can be injurious to
pecple. BAcute toxicology studies implicate certain individual pollutants, but
have not addressed mixtures very well, Our study is among the few to bridge
the gap by examining the toxicologic effects of camplex mixtures of air
pollutants in the laboratory.

“ITTI. SUMMARY AND CONCIIISIONS

Rats were exposed by inhalation for 5 hours per day for 5 successive days
to atmospheres containing fine carbon particles and/or an acid mixture of the
type observed in the South Coast Air Basin of southern California. The target
concentrations of the multicomponent (soot + acid) atmospheres studied were (a)
0.5 my/m> dilute diesel exhaust (diesel soot) + 0.35 mg/m° nitric acid + 0.15
mg/m3 sulfuric acid, and (b) 0.5 rng/m3 propane-flame-generated carbon (propane
soot) + 0.35 mg/m3 nitric acid + 0.15 mg/m3 sulfuric acid. In addition, groups
of rats were exposed to 0.5 m;t/m3 concentrations of (a) the acid mixture, (b)
diesel soot, or (c) propane soot in order to examine the effects of the
camponents of the multicomponent atimospheres. In each exposure a matched group
of rats exposed to purified air served as controls. A tctal of 871 laboratory

rats were inveolved in the study.

The biologic evaluations performed using the exposed animals were chosen
in order to allow us to cbserve both structural (S) and functional (F)
alterations in the upper respiratory tract (URT) and deep lung (DL) regions.
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These evaluations included: (a) measurement of early (F, URT) and late (F,DL}
respiratory tract clearance of insoluble tracer particles; (b) histopathologic
examination of respiratory tract tissues (S, DL), including autoradiography of
cell turnover (S, URT); morphometry of deep lung tissues (S, DL); and effects
on pulmonary alveolar macrophages — the immnological endpoints (F, DL). In
addition to these proposed endpoints, the accumlation of soot particles in
the deep lung (F, DL) was also determined for rats exposed to soot-containing
atmospheres. These evaluations provided major indicators of injury at eritical
sites in the respiratory tract that are commonly injured by air pollutants.

Positive effects were seen in at least one endpoint for each of the
atmospheres studied. The particle clearance studies indicated that the propane
soot + acids atmosphere produced a statistically significant (p < 0.1) delay in
late (presumably deep lung) clearance; the diesel soot + acids atmosphere did
not significantly affect particle clearance rates. None of the atmospheres
produced significant cell killing (histopathology), but retained soot was
present in the deep lung both immediately and seven days post-exposure when
propane soot or diesel soot was inhaled. Diesel soot + acids, diesel soot
alone and the acids alone were each fourd to produce effects - of varying
degrees - on pulmonary macrophage functions. Morphametric analyses (by USC
investigators) indicated that significant disturbances in deep~lung structure
were associated strongly with exposures to diesel soot + acids and diesel soot
alone.

From a requlatory issues viewpoint, this study was important for several
reasons. First, a unique California-type mixture was studied. Previous
studies by us and others had not addressed this mixture. Second, the exposure
schedule used was realistic with respect to the exposure of human beings during
a severe acid-smog episode. Third, the use of many endpoints proved to be more
powerful in terms of assessing potential risks than single endpoints would have
been. Finally, the use of the sensitive macrophage endpoints clearly pointed
to the importance of including immunological measures in animal toxicology
studies.

It is concluded that the studied atmospheres significantly affected the
deep lung tissues rather than the upper airways. The major effects were seen
in lung macrophage functions and in lung alveolar elastic tissue; both types of
effects are likely to be indicators of the potential for the eventual
development of lung disease. The most biclogically active atmospheres were the

combinations of soot ard acids - with effects of the combinations apparently
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attributable to the combined effects of the components. The dilute diesel
exhaust, especially when combined with acids, was toxic, and we recommend that
it be presumed to be capable of producing lung disease upon prolonged
inhalation at elevated concentrations. The data from this study have already
resulted in two peer-reviewed publications (see Appendicies), and a third
scientific paper is now in preparation.

Iv. RECOMMENDATIONS

There are several recammendations that we make as a result of this study:

1. Iong-term (6 months or longer) inhalation studies at even lower
concentrations are strongly recommended in order to provide toxicology
information on the chronic effects of exposure to atmospheres containing acids
and fine particles. The present study involving only 25 hours of exposure
produced changes in respiratory system structure and various fuctions that
could - with more prolonged exposures - lead to respiratory disease. Had the
findings in this study been negative, such studies would not be indicated.

2. The extent to which human populations are exposed to airborne acids

(including nitrogen-containing acids) needs to be determined and appropriate
epidemiological studies (that include immnological assessments) should be
conducted. The effects of (a) the activity (exercise) level of the exposed
individuals, (b) age (lung development), and (c) the presence of co-pollutants
in the air also need to be better defined. Eventually, after additional
studies are completed, environmental air-contaminant criteria for airborne

acids need to be considered.

3. In order to provide support for human risk estimates for the non-
cancer-producing effects of fine particles, a dose-response study is needed.
Such a study would provide detailed information on the exposure levels at which
effects are observed and are not observed. We estimate that effects on
macrophage functions would still be present at much lower doses than were
studied in this project.

4. mr study alone does not challenge either the existing 50
mlcrogram/m 24-hour averaging-time California air standard, or the 30
mlcrogram/m annual average mlo standard. Additionally, our study does not
support these existing standards because these low concentrations were not
studied.
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5. Investigators should be advised to use the nose-only exposure method
and to continue the use of rats in air pollution studies. This animal has been
cbserved to be sensitive to the effects of many pollutants, including mixtures
of acids and fine carbon particles. The rat was sensitive to the atmospheres
studied during this contract with respect to particle clearance, alveolar
structure and macrophage function. Such effects are quite likely to lead to
chronic respiratory health disturbances - especially following chronic
exposures. *

Persons living in areas heavily impacted by vehicular and staticnary
source air emissions are exposed to a large variety of airborme particles and
gases. Included in the particulate pollutants are various metals, minerals,
water-insoluble inorganic compourds, water-soluble inorganic compourds
including weak and strong acids, a great variety of organic compounds,
elemental carbon, and water. This study focused on a particular combination -
fine carbon particles plus acid - which has been associated with excess deaths
and morbidity in past air pollution disasters (Goldsmith and Friberg, 1977),
and which may represent a significant present and future airborne health hazard
in California.

Elemental (graphitic) carbon in the fine particle size range (aerodynamic
diameters below 10 micrometers) is emitted into the South Coast Air Basin at a
rate of about 15 metric tons per day (Cass et al., 1982). The dominant source
is internal cambustion, with the diesel engine responsible for an estimated 60%
of the total emission (Cass et al., 1982). Although elemental carbon
represents only about 1/3 of the total particulate emission in that air basin,
it is not only a substantial portion of the total fine particle inventory, but
also is known to have significant retention times in the lung due to its
resistance to normal particle clearance mechanisms (Nau et al., 1962; Wiester
et al., 1980; Griffis et al., 1983; McClellan, 1987).

Acid mists and fogs in the South Coast Air Basin have been collected and
found to have pH values as low as 2.2 (Brewer et al., 1983). In such samples
ion analyses indicate that nitrate ion and sulfate ion are present in ratios
that are consistent with the relative emission rates of nitrogen oxides and
sulfur dioxide into the air (Waldman et al., 1982; Brewer et al., 1983). The
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acid mist or acid fog droplets contain a variety of anionic and cationic
species, but hydrogen, ammonium, nitrate and sulfate ions account for about 9$0%
of the total ionic species on a chemical equivalency basis (Brewer et al.,
1983).

In view of the preceding, inhalation toxicology studies are needed in
which laboratory animals are exposed to carbinations of carbon particles and
sulfuric ard nitric acids (1125',04 and HNO3, respectively). Such a combination
has a counterpart in the South Coast Air Basin. Since diesel engine-generated
carbon particles (diesel soot) may differ from other flame-generated graphitic
carbon particles (such as propane soot) in their biological effects (especially
when mixed with acid), both should be studied. Both types of carbon particles
have been found in environmental air samples in the same size range (0.1-0.2
micrometers), but diesel particles have a higher percent of extractable
organics than do the propane flame—generated carbon particles (Vostal, 1983).

B. Previous Studies

The forms of airborme carbon to which pecple are exposed are highly varied
(natural graphite, coal dust and combustion—generated particles are examples).
Graphite, in its natural form (which contains contaminant crystalline silica),
is known to produce progressive and disabling pneumoconiosis, and there is
evidence that pure (silica-free) graphite may have similar effects (Key et al.,
1977) . Similar deleterious effects on the lung have also been seen with coal
dusts (Key et al., 1977). An important form of combustion-generated carbon is
found in diesel exhaust, which has been used to represent ambient fine carbon
particles in toxicological studies. Studies of its effects using laboratory
animals show accumilation of particles in the deep lung, production of
"nonspecific" cellular damage, and deterioration of lung defenses (Health
Effects Panel of the Diesel Impacts Study Cammittee, 1981; McClellan, 1987).
Toxicologic studies involving carbon particles also show changes in function
and structure of various respiratory tract cells and biochemical changes in
respiratory tract mucus. The cellular and mucus changes, except for those
cbserved following long-term exposures or high concentration studies, appear to
reverse over time. Repeated exposure, however, appears to lead to prolonged
retention times for carbon in lung tissue over those seen after a single
exposure (Griffis et al., 1983). In one set of long-term studies, diesel
exhaust alone produced lung fibrosis and cancer in chronically exposed rats
(McClellan, 1986). These effects occurred only at concentrations many times

higher than that cbserved in ambient air, and the effect was greater with
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higher particle concentrations. In the lurngs of the groups of rats exposed to
3.5 1'ni11:'u;;rams/m3 or above, clusters of macrophages filled with black pigment
were cbserved in areas that did not yet show fibrotic or cancerous changes. 1In
rats inhaling 0.35 milligrams/m>, the carbon particle load did not continue to
increase, even with extended times of exposure; hence, the rate of particle
clearance matched the rate of particle deposition. Pigment storage in
macrophages was dose-related; i.e., there was more pigment and more pathology
in lungs of rats exposed to higher particle concentrations. Recently,
McClellan (1987) estimated that the cancer risk to human populations (U.S.
total population) was very low - less than 200 deaths/year. However, non-
cancer risks are also possible, and our study was designed to predict the
possibility of such risks.

Most of the available literature regarding the health effects of acid is
concerned with sulfuric acid. There are suggestions that there are variations
in responses of exposed subjects between species, within a given species
(including humans), and across the biological endpoints used to measure
effects. To same extent these variations may be due to the size of the
particles used in exposures, the amount of ammonia neutralization occurring
during exposure, and physical factors such as the temperature ard relative
hunidity during exposure. The variability may also be attributable in part to
host factors such as ammonia production rate, buffering capacity of mucus, and
airway morphology.

Sulfuric acid droplets, when inhaled, have been associated with several
effects. These include bronchoconstriction, alterations in ciliary beating,
loss of cilia, sloughing of epithelial cells ard alterations in clearance of
particles fram the lung (Amdur, 1958; Lippmann et al., 1987; Schlesinger et
al., 1978; Schiff et al., 1979; Phalen et al., 1980; Wolff et al., 1981, 1986;
Chen and Schlesinger, 1983). Very similar effects on particle clearance have
been seen in rats, rabbits, dogs, donkeys and humans. At low concentrations of
inhaled stc4 a stimilation of clearance is observed, but clearance is
depressed at higher levels (Chen and Schlesinger, 1983). A single one hour
exposure to 1 mg/m3 of H2504 aerosol can cause effects on clearance that
persist to 1 week post-exposure (Wolff et al., 1981). Exposures (up to 120

hours, cumilatively) of laboratory animals to 1-12504 aerosols at concentrations
ranging from 0.3 tc 5 mg/mB, and sizes in the range of 0.3 to 1.0 micrameter
mass median aerodynamic diameter (MMAD), have resulted in changes in
respiratory tract morphology including concentration-dependent increases in the
thickness of the tracheal mucus layer in guinea pigs (Wolff et al., 1986),
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edema and cellular infiltration around bronchi and parenchymal blood vessels in
guinea pigs (Bushtueva, 1957), and increased epithelial thickness and increaseq
nurbers of small airways ard secretory cells in rabbits (Schlesinger et al.,
1983). Exposures to H2504 for longer durations (cumlative exposure times
between 120 and 700 hours) resulted in hypertrophy (excessive growth) of
epithelial cells, mainly in the alveolar duct region in rats (Juhos et al.,
1978), and increased density of secretory cells throughout the bronchial tree
accompanied by decreased lumen sizes of small airways in rabbits (Gearhart and

Schlesinger, 1988).

Despite the fact that nitric acid is widely used in industry, the
toxicology data base is extremely limited. Abraham et al. (1982) exposed
sheep to 1.6 ppm (5.5 mg/m3) of nitric acid for 4 hours and found that airway
reactivity (to aerocsolized carbachol) was increased. Studies of the ozone +
nitrogen dioxide cambination at high relative humidity, in which nitric acid is
readily formed, show that both airway permeability and lung pathology are
altered (Bhalla et al., 1987; Mautz et al., 1988). 1In these studies effects
were seen when the ozone and nitrogen dioxide concentrations were as low as
0.35 ppm and 0.6 ppm respectively, and the associated nitric acid formed was

about 0.05 1'ng/m3 .

Recently, Koenig et al. (1989) at the University of Washington exposed
allergy-prone human adolescents to sulfuric and nitric acids for 40 minutes (30
minutes at rest, followed by 10 minutes with moderate exercise). A preliminary
analysis of data obtained using 9 subjects indicated that 0.068 my/m’ of H,S0,
decreased the FEV, by about 6% and increased total respiratory resistance by
about 5% over clean air controls. Nitric acid exposure (0.05 ppm, or about
0.02 mg/m3) was associated with a small decrease (4%) in FEVl, but a
substantial 23% increase in total respiratory resistance. The authors wam
that this is a preliminary result, but if it holds up it indicated that nitric
acid may be a toxicologically significant air pollutant.

In a study by Schiff et al. (1979) hamsters were exposed for 3 hours to
carbon alone (1.5 mg/m3, 0.3 micrometer diameter), H2504 alone (1.1 mg/m3, 0.12
micrometer diameter), or to the mixture. Carbon alone did not charnge the
tracheal cilia beating frequency, but it produced occasional rounded, swollen
epithelial cells and focal loss of ciliated cells. Sulfuric acid alone was
assocciated with statistically significant lowering of ciliary beating
frequency, patchy uneven swollen epithelium, same loss of cilia, rounding and
sloughing of epithelial cells, and alterations in the mucus which covers the
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trachea. The carbon plus H2504 had effects that were the type seen with acid
alone, but in general were more severe and of longer duration. In another
study, mice exposed to acid-coated carbon particles (300 hours cumlative at
2.9 mg/m’) showed greater mortality and pulmonary consolidation following a
challenge exposure to viruses than did rats exposed to equivalent amounts of

either carbon alone or acid alone (Fenters et al., 1979).
c. Biologic Endpoints Used

The selection of the biologic endpoints employed in this study was based
on (a) the sensitivity of the endpoints in identifying effects at many levels

of the respiratory tract, and (b) the fact that these endpoints can be used in

assessing the effects of pollutant atmospheres on both respiratory tract
structure and function (defense mechanisms). The biological endpoints
included: (a) measurement of respiratory tract clearance of insoluble tracer
particles, (b) histopathology of respiratory tract tissues, including
autoradiography (a measure of cell killing), (c) morphometry of deep lurng
tissues, and (d) effects on pulmonary alveolar macrophages (immunological
endpoints). Each of these will be separately discussed below.

1. Particle Cleararce

The ability of the airways to rid themselves of insoluble debris is a
vital respiratory tract defense. Without effective clearance the respiratory
tract would quickly overload with chemical and microbiclogical contaminants and
disease would be inevitable. In mammals the airways of the head, neck and
bronchial tree are coated with mucus which is steadily driven by small hair-
like cilia toward the throat for swallowing. The proper functioning of this
clearance mechanism requires mucus-producing cells and glands and a large
healthy population of mature ciliated cells. Deeper in the lung the clearance
of foreign materials depends largely upcn a population of self-mobile cells
called macrophages. The macrophages actually engulf foreign material and bring
it into contact with internally present digestive chemicals that inactivate
microorganisms and also dissolve many inorganic contaminants. Macrophages
transport material to the mucus, whereby it is subsequently swallowed, or to
1lymph nodes for long-term storage. In same cases macrophages with ingested

debris remain in the deep lung for long periods.
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Our study included assessments of these clearance phencmena during the
early (mucociliary) and late (macrophage) clearance phases. The tracer
particles used to follow clearance were radiolabeled by us (Hinrichs et al. .
1878) so that they could be easily monitored by external detectors after
inhalation. The monodisperse tracer particles were about 1.8 micrameters in
aercdynamic diameter, and thus deposited throughout the entire respiratory
tract.

2. Histopathology

j

Changes in the structure of respiratory tract tissues were investicated
using histopathologic (light microscopy) techniques. Histopathologic
evaluations were made of the respiratory tract from the nasal cavity to the
lung alveolar region in order to directly measure any cellular injury or
derangement induced by inhalation of the air pollutants. The mechanisms of
respiratory system injury and repair inevitably involve interactions between
epithelial (facing the air), endothelial (facing the blood) and mesenchymal
(within tissue) cells. Conditions which delay the normal orderly process of
cell regeneration and replacement (of dead cells) or disturb the essential
interplay between the cells of the respiratory tract predispose the development
of respiratory disease. Continued exposure to irritant gases or aerosols in
sufficient concentrations can be expected to result in alteration of cellular
structure in the nasal cavity, trachea, terminal bronchioles and alveoli.

In conjunction with histologic analyses of tissue structure, measurement
of cell killing and subsequent stimulated cell division provide analysis of
tissue pathologic effects of the exposures. Sites of injury in nasal,
tracheal, and bronchial tissues are identified using an autoradiographic
technique after labeling the whole animal with a radioactive DA precursor.

In addition to the above endpoints, an additional assessment -
quantitation of the number of lung cells containing soot particles - was also
performed. The significance of sooct accumilations following exposures is not
presently known, but we were interested in the effects of acidity on the degree
of accumilation of soot particles in the lung. This is important because
excessive accumilation of socot has been implicated as a contributor to lung
cancer (McClellan, 1987).
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3. Morphometry

The lung morphometry endpoints were included to identify changes in deep
lung structure following inhalation exposures. In these studies, important
architectural features of the lung such as the elastic supporting matrix and
the air-blood barrier were measured. These studies, performed by Drs. Sherwin
and Richters of USC, required the use of very sophisticated camputer-aided
methods. Among the parameters measured were: lung volume; elastin fiber
(flexible tissue elements) number, intercept (which gives the average distance
between the fibers), and field area; alveolar wall area; and alveolar
perimeter. Changes in these parameters are of interest because they are
indicative of disruption of the alveoli in the lung and are potential
indicators of eventual chronic respiratory illness. Iung volume is a coarse
measure of gross organ damage that will indicate a significant change in tissue
stiffness or tissue proliferation or destruction. Elastin fiber numbers,
intercepts and areas are proportional to the amount of elastic tissue in the
lung. Changes in elastin would indicate a disruption in the pliable
architecture of the lung. One would expect such a disruption to occur in
emphysema, for example. Alveolar wall areas and alveolar perimeters are
measures that provide information on the available surface for gas exchange.
Increases in area would indicate thicker walls, and thus imply hampered gas
exchange. Decreases in perimeter would indicate less surface area for gas

exchange.
4. Macrophage Studies

Pulmonary macrophages were evaluated to determine if this crucial element
of pulmonary defense was campromised by the exposures. Pollutant exposure can
result in increased rates of respiratory infections; this is borne out by
studies with laboratory animals which demonstrate increased susceptibility to
infection after exposure to acids and oxidant pollutants (Rose et al., 1988).
Changes in pulmonary macrophages (a key part of the immne defense system)
resulting from pollutant exposure are presumed to be good indicators of adverse
effects of air pollutants.

Macrophages possess receptors on their surfaces for the Fc portion of
imminoglobulin (IgG); these receptors help in the recognition of foreign
particles (Gaafar et al., 1971). They also facilitate phagocytosis and
destruction of foreign material by the macrophages (Boltz-Nitalescu et al.,
1981). The binding of these receptors with immune camplexes facilitates the
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phagocytosis of IgG-coated particles (such as bacteria). The function of the
macrophage Fc receptor in antigen-antibody response was assessed by measuring
the capacity for binding sheep red blood cells in a rosette assay. The ability
of macrophages to enqulf foreign particles (polystyrene latex microspheres) by
phagocytosis was measured using macrophages recovered from lungs of exposed and
control rats. Using these techniques the effects of the pollutant atmospheres
on two functions of macrophages which play major roles in host nmmlmty were
determined.

A flow diagram of the general procedures used in performing the study is
shown in Figure 1. The details of the methods employed are described below.

A. Exposure Techniques

Barrier-reared Sprague-Dawley rats used in this study were purchased from
Hilltop Iab Animals, Inc. Male rats were delivered to the laboratory in filter-
equipped shipping boxes to minimize prior exposure of the animals to
particulate pollutants. The rats were then housed in a laminar air-barrier
caging system (with high-efficiency gas and particle filtration) for about cne
week before the start of the exposure. Microbiological assays, supplied by
Hilltop, indicated that the rats were free of respiratory infection. This fact
was confirmed by quality control histopathologic examinations at our
laboratory.

Groups of rats were exposed to either purified air or the pollutant
atmospheres using unique 1 n stainless-steel Rochester chambers modified by us
for nose-only exposure (Figure 2). The modification included a dander removal
system that was necessary to preserve the air quality in the laboratory. Such
modifications were necessary to permit exposure to acids and to protect
laboratory personnel. Exposures were 5 hours per day for 5 consecutive days.
Each rat was placed into a tube , designed by us, with an alumimm nosepiece
having a conical interior cavity tapered toward the forward end so that only
the tip of the rat's nose protruded into the atmosphere. The tubes were
inserted and sealed (with double o—rings) into nose-only ports in the walls of
chambers. Each port was supplied by a channel on the interior wall of the
chamber which directed the atmosphere downward past the nose of the rat to
prevent rebreathing of that atmosphere by the exposed rat and to prevent
sharing of that sample of atmosphere with ancther rat. This exposure system
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Flow diagram of the experimental procedures used in the study.



A. NOSE-ONLY MODIFICATION TO ROCHESTER CHAMBERS
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FIGURE 2. Rochester chambers modified for nose-only exposure.
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was specifically designed to provide camfort to the rats (to minimize stress)
and to prevent the neutralization of acids in the pollutant atmospheres by
ammonia generated from the rats' excreta. The chambers were supplied with
purified air (prior to the injection of pollutants) at a temperature of about
23 + 1°C, and a relative lumidity of 83 + 2%.

Propane-flame-generated carbon aerosols were produced by a system
developed and used by the National Bureau of Standards ard the U.S. )
Envirormental Protection Agency (EPA) for inhalation study purp