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ABSTRACT

EFFECTS OF CHRONIC CARBON BLACK PARTICLE INHALATION ON THE
NASAL AIRWAYS OF LABORATORY RODENTS: A SPECIES COMPARISON

By
Priya Santhanam

The effects of chronic exposure to carbon black (Cb) on the nasal airways
of laboratory rodents have not been previously investigated. The purpose of the
present study was to determine if long-term inhalation of Cb would cause chronic
lesions in the nasal airways of rats, mice, and hamsters. Chronic active rhinitis
and persistent mucous cell metaplasia (MCM) and hyperplasia (MCH) with
increased mucous cells were present in rats exposed to mid and high
concentrations of a high surface area Cb (HSCb). In contrast, rats exposed to the
high concentration of low surface area Cb (LSCb) had no nasal lesions in any
region of nasal epithelium. Mice exposed to mid and high concentrations of
HSCDb had similar but less severe and transient rhinitis, MCM, and MCH.
Interestingly, hamsters exposed to similar concentrations of HSCb did not
develop rhinitis or MCM, but rather only mild MCH in one region of nasal
epithelium. The results of this study indicate that Cb-induced nasal lesions were

dependent on species, particle surface area, dose, and time post-exposure.
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CHAPTER 1

Introduction



I. Carbon Black

A. Carbon Black Particles

Description

Carbon black is elemental carbon with few or no organic components that is
produced by the controlled combustion of gaseous or liquid hydrocarbons.
Although there are many types of carbon black, more than 90% of manufactured
carbon black is “furnace black,” which is produced by the incomplete, controlied
combustion of natural gas. Manufactured carbon black is produced by pumping
petroleum-based oil into a furnace, which creates a stream of gas and powder
that get separated by a series of filters [1]. The carbon powder produced is what

is known as carbon black [1].

Manufacturing and Uses
Packaging of carbon black by manufacturers involves binding the carbon powder
form to water, drying, and packing the compound in the form of granules. Most
types of manufactured carbon black contain 97-99% elemental carbon, but
sometimes the powder can contain attached chemical groups such as hydrogen,
oxygen, nitrogen, and sulfur. These groups create variations in the surface
chemistry of the particles. Bound oxygen is of particular importance, since it
serves as a functional group that binds hazardous compounds like carcinogenic
polycyclic aromatic hydrocarbons.

Carbon black is primarily used as a reinforcing agent in the industrial

manufacturing of rubber and automotive products such as tires, gaskets, and



hoses. Smaller amounts of carbon black are also found as pigments for paints,
plastics, and inks.

In addition, carbon black, also called elemental carbon, is found in the
environment as the inorganic core component of diesel engine exhaust particles
that are found in particulate air pollution [2-4]. Elemental carbon has been
reported to comprise 45-85% of diesel exhaust particulate matter, depending on

the type of engine [5].

Particle Characterization

Carbon black particles are characterized by the size and surface area of the
primary particle, as well as by their degree of agglomeration in air. While the
primary particle diameter is in the nanometer range, the nature of these slightly
charged particles is to fuse together during generation or aerosolization to
produce small clusters of particles called aggregates that are up to one to two
microns in size. It is hypothesized that the clusters remain intact during inhalation
as long as the particles are airborne and even remain in aggregates if inhaled
and deposited in the respiratory tract [6). Controlled combustion during
manufacturing results in variation of parameters, such as size and surface area,
of the different types of carbon black. Manufactured carbon black varies in size
from 10-400 nm primary particle diameter, and has an average aggregate

diameter of 100-800 nm [7].



B. Human Exposure

Occupational Exposure

Exposure Concentrations and Regulations

Human exposure to airborne carbon black particle concentrations is primarily
occupational. The German inhalable standard for workplace concentrations is 4.0
mg/m? (German MAK), while the US inhalable occupational standard is 3.5
mg/m?® (Occupational Safety and Health Administration; OSHA). Carbon black-
induced adverse health effects in the workplace appear to be limited to non-
neoplastic effects, as there is “inadequate evidence for the carcinogenicity in
humans of carbon black” [7]. A survey of total and respirable carbon black dust
concentration was conducted from 1993-1995 in all major US carbon black
production plants [8]. In this study it was determined that the average total
carbon black concentration was approximately 0.6 mg/m?, while the respirable

concentration was approximately 0.2 mg/m?>.

Human Exposure Studies

There have been a few cohort studies designed to determine the adverse health
effects in workers chronically exposed to carbon black. One survey of industrial
workers in the United Kingdom occupationally exposed to carbon black found a
statistically significant number of deaths of these workers was due to malignant
neoplasms and respiratory cancer as compared to general population controls
[9]. A Canadian community study indicated a correlation between lung cancer

and chronic carbon black exposure for painters and rubber industry workers [10].



The investigators of these two studies admit, however, that lack of case-control in
the studies renders their findings as insufficient evidence for excess risk to lung
cancer by carbon black exposure [9, 10]. The discrepancy among carcinogenicity
studies may be due to the changes instituted in the past 50 years in production
and control processes in carbon black manufacturing plants, resulting in
substantial declines in occupational exposure [8]. Therefore these modifications
in industry may have eliminated the risk of carbon black as a human lung
carcinogen, and the compound is not classified as a human carcinogen today [7].
Two more recent studies from 2001 conducted in the US and UK found adverse
physiologic effects in chronically exposed carbon black workers [11]. Both
studies reported a significant decrease in forced expiratory volume in one second
in chronically exposed carbon black plant workers. Additionally, the US survey
showed a correlation between carbon black exposure and chronic bronchitis [11].
However, neither recent study found any other adverse effect, such as

carcinogenic potential, in the chronically exposed workers.

Environmental Exposure
While there are no national ambient air quality standards for carbon black, it does
exist in the environment as the core inorganic component of diesel engine

exhaust and in other airbomne patrticles arising from the tires of motor vehicles.



Ambient Concentrations

Several studies have been conducted to examine the concentration of various
components of ambient particulate matter, including elemental carbon
concentrations. An air quality study in Fresno, CA measured elemental carbon in
mass concentrations up to 7% of the total ambient particulate matter [12]. Daily
mean ambient concentrations of inorganic carbon have been reported to be 1.5
pg/m? in low-traffic environments and up to 10 pg/m? in high-traffic zones [2].
One study of elemental carbon concentrations along a truck route in New York
City reported daily mean control concentrations at 2.6 pg/m® and high-traffic
region concentrations at 7.3 pg/m® [3). Additionally, a study of trucking industry
worker exposure to diesel exhaust particles determined respirable elemental
carbon concentrations within the diesel particles to be significantly lower in
normal traffic regions versus high-truck volume areas [4]. Zaebst, et al. reported
daily mean control carbon concentrations to be 1.1 pg/m? in residential areas and
25 pg/m3 along the highway, while mean exposures to truck drivers was 3.8

pg/m? and to dock workers was 13.8 pg/m?®.

Diesel Combustion Effect

Since estimated concentrations of elemental carbon in ambient air have been
reported to vary with traffic density, variations in the amount of diesel exhaust
particulate can often account for differences in measured ambient carbon
concentrations. While diesel concentrations can obviously vary with degree of

diesel combustion in the region, another reason for the difference can be



changes in the composition of the diesel exhaust itself. It is known that the
makeup of diesel exhaust particulate varies depending on the conditions under
which it is generated [13]. For example, the US EPA reported that the elemental
carbon percentage of diesel exhaust is approximately 75% from a heavy-duty
diesel engine, but only 60% from a light-duty diesel engine [5]. Therefore, the
type of diesel engine may account for differences in elemental carbon

concentrations among high-exposure regions.

C. Animal Studies

Pulmonary Toxicity

Laboratory Rodents: Rats

Several in vivo and in vitro studies suggest that the pulmonary airways of
laboratory rodents are susceptible to carbon black toxicity. Chronic exposure
studies using particle concentrations varying from 4-105 mg/m?® have
demonstrated increased lung weights, type |l cell hyperplasia, neutrophilic influx,
squamous metaplasia, bronchial epithelial cell hyperplasia, and lipoproteinosis in
the lungs of exposed rats. Furthermore, chronic exposure of rats to carbon black

at extremely high concentrations induces pulmonary tumors [14-16].

1. Neoplastic Lesions
Mauderly, et al. have reported a significant incidence of lung neoplasms in male
and female F344 rats with inhalation exposure to 6.5 mg/m?® carbon black for 16

hours/day, 5 days/wk for up to 24 months [16]. Furthermore, the prevalence of



neoplasms increased with the duration of exposure, appearing in 20% of rats at
650 days after the start of exposure and increasing to 70% of rats by 770 days
into the exposure. Nikula, et al. designed an exposure regimen of similar dosage
and duration as Mauderly, et al. for rats, and found a significant prevalence of
lung adenocarcinomas in female rats exposed chronically to carbon black [15].
Additionally, Heinrich, et al. reported that similarly exposed female Wistar rats
develop benign pulmonary squamous tumor cysts, keratin cysts, and adenomas,
as well as malignant adenocarcinomas and squamous cell carcinomas [17].
Laboratory rodents also develop tumorigenic lung lesions induced by
intratracheal instillation of carbon black. In a study by Rittinghausen, et al.,
female Wistar rats had an increased incidence of benign and malignant tumors
upon intratracheal administration of extracted carbon black particles [18].
Specifically, 19% of rats exposed to extracted carbon black particles developed
cystic keratinizing squamous cell carcinomas, while 16% of rats exposed to

nonextracted carbon black developed cystic keratinizing epitheliomas.

2. Non-Neoplastic Lesions

Carbon black particles have also been shown to induce a number of
nonneoplastic lesions in the pulmonary airways of laboratory animals. Several
authors have reported pulmonary injury in rats after exposure to 6.5-7.5 mg/m®
carbon black for 16-18 hours/day, 5 days/week, for 24 months [14-16]. Chronic
alveolitis, alveolar septal fibrosis, and type |l cell hyperplasia were commonly

found in the pulmonary parenchyma. Driscoll, et al. reported genotoxicity of



alveolar epithelial cells and pulmonary inflammation as indicated by increased
cytokine and growth factor expression in rats exposed to carbon black [14]. The
carbon black-induced inflammatory response was hypothesized to activate
alveolar macrophages leading to overproduction of reactive oxygen species,
resulting in further lung injury [19].

Mauderly, et al. has described the stages of progression of lung lesions
associated with chronic carbon black inhalation in rats [16]. Within 3 months of
exposure, rats exposed to 6.5 mg/m? carbon black had an increase in the
number of particle-containing alveolar macrophages, aggregated in the
centriacinar region. Alveolar epithelial hyperplasia and alveolitis, as indicated by
inflammatory cell influxes, were also present in these rats after 3 months of
exposure. Interstitial fibrosis developed after 6-12 months of exposure, followed
by bronchiolar-alveolar and squamous metaplasia, and finally leading to the
appearance of tumors around 18-24 months of exposure. In all of the preceding
studies, increases in the number, size, and severity of histopathological lesions
induced by carbon black correlated with increases in concentration of particles
administered to the rats [14-16].

A recent study conducted by Oberdorster, et al. involved the exposure of rats to
0,1,7,0r50 mglm3 carbon black for 6 hours/day, 5 days/week, for 13 weeks
[20]. Immediately at the end of exposure as well as 11 months post-exposure,
the investigators found increased lung lavage neutrophil counts and the
formation of a known mutagenic lesion [8-oxo-7,8-dihydro-2'-deoxyguanosine (8-

oxo-dG)] in the lung DNA of rats exposed to 50 mg/m3carbon black.



Histopathologic lesions included severe and persistent alveolitis and alveolar
epithelial proliferation, characterized by type Il cell hyperplasia, in rats exposed to
the high carbon black exposure concentration [21].

Common to most carbon black-exposed rats in the previously mentioned
chronic studies were impaired normal particle clearance and particle
accumulation that was progressive with time [15, 16]. At high concentrations,
inhaled carbon black particles are known to overload the defense capability of
the lung by impairing the ability of alveolar macrophages to perform essential
cytoskeletal functions such as phagocytosis [22-24]. Many investigators have
reported a correlation between increased carbon black exposure concentration
and impaired lung clearance, resulting in higher lung burden in rats exposed to
carbon black concentrations ranging from 7-50 mg/m® [14, 15]. Since carbon
black-induced neoplastic lung lesions are observed only in the presence of
particle overload conditions, it is thought that impaired clearance contributes to
the induction of progressive inflammatory and tumorigenic pathways in
chronically exposed animals [25].

Short-term carbon black exposure can also induce lung injury in rats.
Gilmour, et al. found inflammatory indicators in the lungs of rats exposed by
inhalation to ultrafine carbon black particles for 7 hours and sacrificed
immediately after exposure [26]. Specifically, the authors showed an increase in
total lung lavage leukocytes and neutrophils, as well as increased
proinflammatory cytokine levels in lavage cells of the rats. In another acute study,

intratracheal instillation of 35 mg/kg carbon black particles in rats attenuated the
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activity of antioxidant enzymes (e.g., CYP2B1, GST, catalase), which are
associated with detoxification in the lung [27]. Yet another study reported lung
inflammation and oxidative stress caused by a low dosage (125 ug) of carbon

black administered by intratracheal instillation [28].

Laboratory Rodents: Mice

One study using an in vitro murine alveolar epithelial cell line reported an
increase in the expression of protooncogenes and cell proliferation after carbon
black particle administration [29]. Several of the previously mentioned in vivo
rodent studies also examined lung injury in mice chronically exposed by
inhalation to carbon black particles. However, no study indicated more than
minimal lung response in mice. No neoplastic or tumorigenic lesions were found
in mice exposed to concentrations of carbon black similar to those that induced
tumors in rats, even though the mice developed overload conditions similar to
those in the rats [15, 16]. Only the recent study by Oberdorster, et al. found an
increase in lung lavage neutrophils immediately post-exposure in BgC3F1 mice
exposed to 50 mg/m® carbon black [30]. While the increase in neutrophils was
significant in these mice as compared to air-exposed control animals, the
neutrophil response in similarly exposed F344 rats was markedly greater and

more prolonged than that in the exposed mice.

1



Non-Human Primates

Only one study to date has examined the effects of carbon black inhalation on
the pulmonary airways of non-human primates. Nau, et al. exposed monkeys by
inhalation to a moderate concentration of particles continuously for three years
[31]. The animals appeared to have emphysema-like lesions at the end of
exposure, limited to the centriacinar region of the lungs. Inflammation and tumor
formation were not primary conclusions from this single study, however. It has
been suggested that one reason for the differences in lung response to inhaled
insoluble particles, such as carbon black, between rodents and monkeys is a
difference in standard load volume of particles per pulmonary macrophage. Lab
rodent macrophages are about half the volume of monkey macrophages,
allowing for much greater susceptibility of rodents to volumetric loading by

particles and subsequent overload conditions [32].

Humans

There have not been many studies examining the toxicity of carbon black to the
pulmonary airways of humans. Aside from the epidemiological studies previously
mentioned examining the chronic effects of occupational exposure, the rest of the
studies of carbon black have been in vitro studies using human cell lines or
extracts. One study reported the effects of carbon black particles on stimulation
of peripheral neutrophils from chronic obstructive pulmonary disease (COPD)
patiehts versus those from healthy individuals [33]. Van Beurden, et al.

demonstrated that ultrafine carbon black particles stimulated the release of

12



oxidants in vitro, specifically of superoxide anions, from neutrophils collected
from COPD patients but not by neutrophils from healthy people, critically linking
neutrophil activation to particle exposure. In another study, inhibition of tissue
repair was evidenced upon exposure to carbon black particles by inhibited
contraction of an artificial 3-D collagen gel model containing fibroblast cells [34].
Finally, a third study utilized two human cell lines, alveolar epithelial and
monocytic, to determine the effects of carbon black particles on human lung
tissue [35]. In both cell lines, but more so in the monocyte line, genotoxicity was
indicated by DNA damage due to carbon black exposure. According to the
authors, the contribution of carbon black particles to DNA damage in human
pulmonary cell lines may implicate them in the first stages of tumor formation

[35].

Cb Enhancement of Pulmonary Pathology

Allergic Airway Sensitization

Carbon black is known to enhance the adverse effects of other pulmonary
irritants. One of the most well-documented effects is the role of carbon black
particles in the enhancement of allergic airway sensitization. Al-Humadi et al. has
reported an enhanced allergic response, characterized by increases in cytokine
expression and serum IgE levels, in mice dually administered carbon black and
ovalbumin (OVA), an airway allergen [36]. Another study involved administration
of OVA and carbon black particles intranasally to mice, and reported an elevation

in OVA-specific IgE levels in serum versus mice given only OVA [37]. Van
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Zijuerden, et al. reported on the differences in enhancement of allergic
sensitization depending on when the carbon black was administered [38]. They
demonstrated an enhanced allergic response in mice when carbon black was
given just before OVA sensitization, but not when given just before OVA
challenge. However, the optimal allergic response model was seen when carbon
black and OVA were coadministered at all dosages during the sensitization
phase. The results of these experiments suggest that there are time-dependent
processes involved in the immune-stimulating activity of particles [38]. The
authors further determined that carbon black and OVA together induced a mix of
Th1 and Th2 immune responses in the lungs of the allergic mice [39). Other
studies have reported that the organic and inorganic (elemental carbon)
components of diesel exhaust, when coadministered, may further enhance

respiratory OVA allergic sensitization [19, 36, 40].

Viral Infection

Intratracheal administration of carbon black 3 days after respiratory syncitial virus
(RSV) infection led to the development of an enhanced viral infection in mice as
compared to mice exposed to just RSV [41]. This demonstrates a synergistic
effect of carbon black on RSV infection, and suggests a potential mechanism for
increased respiratory tract infections after exposure to ambient particulate matter
[41]. Carbon black has also been shown to induce an immune response in mice,
characterized by increased Th2 proinflammatory cytokine levels, when

administered intratracheally just before RSV [40]. This Th2-response was

14



observed in place of the microbial defense mechanisms which were observed

with RSV administration alone.

Ozone

Pulmonary toxicity of ozone may be enhanced by carbon black particles. Jakab,
et al. coexposed mice to 10 mg/m?® carbon black and 1.5 ppm ozone, or to just
carbon black or ozone, for 4 hours [42]. At 24 hours post-exposure mice exposed
to ozone had increased inflammatory responses and decreased alveolar
macrophage phagocytosis. Mice coexposed to carbon black and ozone had the
same pulmonary responses as those exposed only to ozone but the effects were
significantly enhanced. Kleinman, et al. also showed more severe losses in lung
collagen and repair-related cell proliferation in rats coexposed to carbon black

and ozone than rats exposed only to ozone [43].

Extrapulmonary Translocation

Translocation of inhaled particles and other compounds to organs outside of the
respiratory tract often occurs post-exposure. Examples of this include beryllium
oxide particles, ultrafine iridium particles, and plutonium oxides, all of which are
found in the liver of rats after acute inhalation exposure and deposition in the
lung [44-46]. The iridium particles have also been shown to translocate to the
heart and brain in acutely exposed rats [46]. Additionally, inhaled metal dusts and
aerosols, for example manganese, nickel, and zinc, are known to translocate

from the nasal mucosa to the olfactory bulb of the brain in rats [47]. Similarly, by
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way of extrapulmonary translocation, inhaled carbon black particles may

accumulate in other organs besides the lungs of laboratory rodents.

Liver

One organ that may be affected by systemic translocation of carbon black is the
liver. Oberdorster et al. demonstrated effective translocation of carbon black
particles to the liver from the pulmonary airways of exposed rats [48]. Carbon
black particle burden in the liver was measured by performing mass
spectroscopy on homogenized tissue after rats were inhalation exposed to
radiolabeled carbon particles. Significant liver burden of carbon particles was
observed in rats within one day after a 6 hr whole-body inhalation exposure.
Furthermore, by 18 hours post-exposure, all exposed rats exhibited a 5-fold
increase in liver burden of particles versus the lungs. Another study by
Khandoga, et al. demonstrated procoagulation factor release in the liver of mice
exposed by inhalation to carbon black, but no inflammatory reaction or tissue
damage [49]. The toxic effects of translocated particles as related to hepatic

function have not been examined in detail.

Brain

In another study, Oberdorster, et al. reported that ultrafine carbon particles may
be translocated to the central nervous system (CNS), specifically the olfactory
bulb [50]. In this study, rats were exposed by inhalation to radiolabeled carbon

particles, and 3C concentration was examined by mass spectroscopy in
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homogenized olfactory bulbs from exposed animals. Carbon concentrations were
found to be significantly increased in '3C exposed animals vs. control animals.
However, the potential toxic effects on the CNS of this movement of carbon black

particles via the olfactory nerve are yet to be determined.

Heart

Ambient particulate matter has been implicated in alterations that can lead to
heart disease in humans, including changes in heart rate, blood coagulation, and
endothelin levels [51-54]. Elemental carbon, as a component of inhaled
particulate matter, has been implicated in the increased incidence of
cardiovascular (CV) disease in ambiently exposed individuals. Sorensen, et al.
found a positive correlation between carbon black exposure and plasma protein
oxidation in human blood [55]. Plasma protein oxidation products are an indicator
of protein damage, and are potentially related to the induction of CV diseases.
Metzger, et al. and Mar, et al. reported correlations between elemental carbon
exposure (as a component of particulate matter in polluted US cities) and CV

disease hospital visits and CV mortality, respectively [56, 57].

D. Summary

Inert carbon particles, also known as carbon black, are a known respiratory tract
irritant. Carbon black exposure can occur occupationally in the manufacturing of
rubber and automotive products, as well as environmentally as the inhaled

inorganic core component of diesel engine exhaust. The ultrafine size (diameter

17



< 0.1 ym) of carbon black allows it to deposit in the deep regions of the lung of
exposed animals and humans, and many studies have determined it to be a
potent pulmonary toxicant. Rats chronically exposed to carbon black particles at
very high concentrations are known to undergo particle overload conditions and
subsequently develop severe inflammatory and epithelial lesions and pulmonary
tumors. However, examination of a distinct correlation between long-term
occupational carbon black exposure and the development of lung cancer has
been inconclusive to date in the few human cohort studies that have been
conducted. Therefore, carbon black is characterized as a known pulmonary

carcinogen in lab animals, and a possible human carcinogen [7].
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Il. Pulmonary Toxicity of Particles

Aside from carbon black, many other particles of various sizes and compositions
may cause injury to pulmonary tissues. Environmental exposure to particulate
matter, a component of air pollution, and occupational exposure to hazardous
ultrafine particles, such as diesel particles and titanium dioxide, are examples of

conditions known to induce lung injury in animals and humans.

A. Particulate Matter

One of the most prominent environmental air pollutants is particulate matter.
Particulate matter (PM) is the general term used for a mixture of solid particles
and liquid droplets found in the air [58]. There are three types of particles in PM:
coarse (PM-10; greater than 2.5 pym primary particle diameter), fine (PM-2.5; 1.0
to 2.5 ym), and ultrafine (PM-1.0; less than 1.0 um) [58]. All three sizes of
particles are reported to cause pulmonary inflammation [59, 60].

Airbome particulate matter is known to induce toxic effects on the lungs of
lab rodents. Tao, et al. demonstrated that PM can induce alveolar macrophages,
epithelial cells, and neutrophils to produce reactive oxygen species (ROS) in
vitro, as well as increased cytokines, chemokines, and neutrophil influxes in vivo
[61]. Donaldson, et al. reviewed many other studies exhibiting a link between
ambient PM and oxidative stress in the lung [62]. According to the authors,
oxidative stress created by ROS may be a prominent mechanism of PM-inducing

lung inflammation (70, 71).
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Coarse

Coarse particles, generally generated from sources such as vehicles traveling on
unpaved roads and the breakdown of industrial materials, have been reported to
induce proinflammatory reactions in rat lungs in the form of increased cytokine
levels in vivo and in vitro [63, 64]. In addition to inflammation in pulmonary cells,
Donaldson, et al. reported ROS and free radical formation and DNA damage in
vitro [65]. An epidemiology study of PM-10 also reported that human exposure to
coarse particles causes chronic cough, bronchitis, chest iliness, and increased

mortality [66].

Fine

Fine PM, which originates from fuel combustion, power generation, and industrial
plants, can cause pulmonary toxicity as well. PM-2.5 has been shown to induce
inflammatory responses similar to those seen with exposure to PM-10 in rats, but
the more common response is cytotoxicity [67]. Choi, et al. demonstrated
apoptosis by means of oxidative stress (increased oxidative enzyme mRNA

levels) in rat lung epithelial cells exposed to fine PM in vitro [68].

Uttrafine

Ultrafine PM is thought to deposit in the deepest regions of the lung in animals
and humans. A study by Calderon, et al. examined the pulmonary airways of
dogs in Mexico City using light and electron microscopy [69]. Interstitial,

intravascular, and bronchial wall macrophages all contained ultrafine PM in the
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dogs. Additionally, the canine lungs had bronchiolar epithelial hyperplasia,
peribronchiolar fibrosis, inflammatory cell influxes, and alveolar macrophage
proliferation. Another study of ultrafine PM toxicity examined the lungs of children
living near and away from main traffic roads in the United Kingdom [70].
Significantly greater numbers of alveolar macrophages, many of them containing
ultrafine PM, were found in children living near main traffic roads as compared to
children living away from heavy traffic. Additionally, a study conducted on human
bronchiolar epithelial cells in vitro demonstrated that ultrafine PM causes

increased cytokine production and lipid peroxidation [71].

B. Ultrafine Particle Toxicity

Efficiency of diffusional deposition of coarse, fine, and ultrafine particles varies in
the respiratory tract by region. Known pattems of regional particle deposition in
the human respiratory tract indicate that ultrafine particles (diameter < 0.1um)
such as carbon black deposit foremost in the pulmonary and nasal airways
(Figure 1). In correlation with this information, previous studies have shown
ultrafine patrticles to be the particle type primarily associated with pulmonary
toxicity [72]. In fact, many ultrafine poorly soluble particles (PSPs), such as
carbon black, diesel exhaust particles, and pigment grade titanium dioxide, are
known to cause lung tumors in rats when chronically inhaled at high particle

concentrations [73].
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Diesel Exhaust Particles

Diesel exhaust particles (DEP), commonly found environmentally and
occupationally, are the particulate byproduct of diesel engine combustion. They
have been reported to cause cytoskeletal dysfunctions in canine alveolar
macrophages in vitro [24]. Additionally, DEP is known to inhibit cell-mediated
immunity, suppress the production of inflammatory cytokines by macrophages,
and induce oxidant lung injury via the production of reactive oxygen species in
vitro [19]. Rats exposed to high doses of DEP develop similar chronic non-
neoplastic pulmonary lesions (e.g., fibrosis, alveolitis, bronchoalveolar epithelial
hyperplasia and metaplasia) as those seen in the lungs of rats exposed to high
doses of carbon black. The DEP responses appear to occur in a similar manner
to carbon black responses, in that both particle types create significant lung
burden and overload conditions in exposed rats [15, 16). The lung tumors, both
benign and malignant, observed in rats chronically exposed to high
concentrations of DEP are also of similar type and incidence as those found in

rats exposed to carbon black [15].

Titanium Dioxide

Titanium dioxide (TiO.) is a highly studied PSP with respect to puimonary toxicity
and carcinogenicity. Pigment grade TiO; (ultrafine) is found as the white pigment
in paints, and significant exposure to the pigment is primarily occupational. A
chronic inhalation study by Lee, et al. involved the exposure of rats to 250 mg/m?

TiO,, for 2 years [74]. The prevalence of bronchiolar adenomas and cystic
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keratinizing squamous cell carcinomas was significantly higher in exposed rats
than in air-exposed controls. Another study by Bermudez, et al. examined the
non-neoplastic effects in rats of exposure to 10, 50, or 250 mg/m? TiO; for 13
weeks [75). The authors found severe and persistent lesions in the lungs of rats
exposed to 50 and 250 mg/m?® TiO,, characterized by marked proliferation of
alveolar epithelial cells, increases in macrophage and neutrophil counts, and

substantial pulmonary particle overload.

Mechanisms of Toxicity

The mechanisms by which ultrafine particles induce significant lung injury are
highly speculated. Oberdorster in a review of PSP pulmonary toxicity has divided
adverse effects into 4 stages: inflammation, particle kinetics, morphology, and
chronic disease [76]. First, inflammatory and lavage parameters increase in the
lungs of exposed animals, then particle retention elevates (decreased clearance),
cell proliferation initiates, and finally fibrous and tumorigenic lesions develop.
However, how particle parameters such as size and surface area affect the

severity and incidence of the pathology is still unknown.

1. Influence of Particle Parameters

Two parameters known to influence the incidence of lung burden and lesions in
laboratory rodents are size and surface area/mass ratio of the ultrafine particle.
In a study of ultrafine TiO; in the rat lung it was found that 250 nm-size particles

were much less retained in the lung than 20 nm-size particles [77]. The
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difference in effects were determined by the observation of inhibited alveolar
macrophage-mediated particle clearance in rats exposed to the smaller (20 nm)
particles, and a 2-fold greater particle retention time than rats exposed to 250 nm
particles. However, when two 20 nm-size TiO; particles with different surface
areas (SA; 20 and 50 cm?) but equal mass were examined for particle retention
time, the 50 cm? SA particles had an 8-fold longer retention time vs the 20 cm?
SA particles [77].

Studies have also demonstrated that particles smaller in size have greater
injurious effects than larger particles in the lungs of rats. Brown, et al. observed a
significantly greater neutrophilic influx in the pulmonary airways of rats instilled
with 64 nm-size polystyrene particles versus rats instilled with 202 nm or 535 nm-
size particles [78]. A direct correlation was also found when the surface areas of
the polystyrene particles were plotted vs. neutrophil response, with increasing
responses to higher surface area particles [78]. Furthermore, inflammatory
responses, indicated by lung lavage neutrophils, were increased in the
pulmonary airways of animals exposed to ultrafine TiO, particles (20 nm) of
higher surface area [78]. These and other studies have shown, therefore, a
positive correlation between ultrafine TiO, and polystyrene particle surface areas
and lung injury [77, 79]. While size also appears to affect the toxicity of ultrafine
particles, many believe that surface area/mass ratio is a better dose parameter to

correlate with inflammatory and other toxic responses [20, 77-79].
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2. Speculated Mechanisms
Mechanisms of ultrafine (UF) particle toxicity in the pulmonary airways of lab
rodents have been studied extensively. Ultrafine particles are known to induce
oxidative stress in the lungs of exposed animals [61, 80, 81]. It is hypothesized
that ultrafine particles in particular are able to generate oxidative injury because
of their small size, which allows them considerable tissue penetration and
subcellular localization [82].
There are two speculated mechanisms by which these particles are thought to
induce oxidative stress in pulmonary cells. The first mechanism is via
inflammatory mediators, including inflammatory cytokines and signalling
processes. UF particles have been shown to induce the release of tumor
necrosis factor (TNF) from pulmonary macrophages that is mediated by calcium
signalling [80, 83]. TNF, a proinflammatory cytokine, in turn activates more
macrophages in the pulmonary airways of exposed animals to release more
chemokines and cytokines, including IL-8 [80]. IL-8 is a neutrophilic
chemoattractant, and once neutrophils infiltrate the particle-exposed tissue, they
are known to release elastase and/or directly generate reactive oxygen species
(ROS) [84]. Elastase is a serine protease that impairs mucociliary clearance and
stimulates mucous cell metaplasia and mucin production in pulmonary epithelial
cells [84]. ROS may in turn enhance intraepithelial mucous synthesis and
secretion, as well as upregulate mucin gene expression (Figure 2; [85]).

Direct generation of ROS by particle interaction with the pulmonary tissue

is another possible mechanism of ultrafine particle toxicity [78]. This pathway
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appears to be somehow related to a large surface area on the particles, but its

mechanism is not well understood [59, 78].

C. Summary

Particulate compounds are common respiratory tract irritants. Many particle types
are known to cause adverse effects in the pulmonary airways of exposed animals
and humans, including PM. Particulate matter, a major component of air
pollution, has been shown to induce inflammation and oxidative stress in vivo in
animal lungs and in vitro in human pulmonary cells. Poorly soluble ultrafine
particles are another particle type known to have toxic effects in the pulmonary
tissues of exposed animals and humans. Lab rodents chronically exposed to high
levels of PSPs such as diesel exhaust particles and titanium dioxide develop
inflammation, epithelial alterations, and neoplasia. Particle parameters such as
size and surface area have been shown to influence the severity of the
pulmonary toxicity of PSPs. The mechanism of PSP toxicity in pulmonary tissues
is thought to be by oxidative stress, induced via inflammatory mediators or direct

generation of reactive oxygen species.
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lll. The Nasal Airways
A. Anatomy and Physiology

Aside from olfaction, the nose functions to humidify, warm, and filter inhaled air.
Many nasal toxicants can inhibit these normal functions and cause other injury to
the nasal mucosa. Epithelial cells lining the airways of the nose are the primary
target of injury of inhaled toxicants.

The nasal mucosa of laboratory rodents consists of four types of overlying
epithelium: squamous, transitional, respiratory, and olfactory (Figure 3). Stratified
squamous epithelium (SE) is composed of basal cells and several layers of
squamous cells. Squamous epithelium is a region of high cell proliferation, but is
not a sensitive region to inhaled toxicants. Nasal transitional epithelium (NTE)
consists of nonciliated cuboidal epithelium 1-2 cell layers thick with no mucous
secretory cells. The lack of cilia and mucous cells may make this epithelial type
particularly susceptible to injury from inhaled toxicants. Respiratory epithelium
(RE) is pseudostratified low-columnar and ciliated, containing various numbers of
ciliated cells, mucous cells, and basal cells. In regions of RE, the mucous lining
the epithelial layer may protect the nasal airway from inhaled toxicants.
Mucaociliary clearance is a protective mechanism in the nasal passages, in which
inhaled contaminants are trapped in the mucous layer and then removed by cilia-
generated mucous flow. Finally, olfactory epithelium (OE) consists of basal,
olfactory sensory, and sustentacular cells. Olfactory epithelium plays a vital role

in olfaction and xenobiotic metabolism.
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B. Susceptibility to Toxicity

Mucous Cell Metaplasia

A common pathologic feature of nasal toxicity is increased mucus production in
epithelial cells and increased numbers of mucous goblet cells in the nasal
epithelium in regions that normally have few or no mucous cells present. This
change in cell type from non-secretory cell to mucous cell is known as mucous
cell metaplasia (MCM). The mechanism by which increased mucus production
and mucous metaplasia occur in nasal and pulmonary airways is unknown.
Similar and dissimilar pathways may be involved in the development of MCM in
response to different stimuli, such as allergens, pathogens, and air pollutants.

In rats exposed to an allergen, eosinophils, T-helper 2 (Th2) lymphocytes, and
mast cells have been associated with the induction of pulmonary MCM [86].
Specifically, the allergic inflammatory pathways involve stimulation of Th2 and
mast cells to produce cytokines such as IL4, IL-9, and IL-13 [85]. These
interleukins appear to increase expression of mucin genes [87]. In contrast to the
allergic MCM, rats exposed to stimuli such as ozone and bacterial endotoxin
have been reported to induce MCM by a mechanism partly dependent on
neutrophilic inflammation and neutrophil-derived products [84]. Exposure to non-
allergic pulmonary toxicants leads to the activation of neutrophils to produce
elastase and reactive oxygen species, both of which are also known to increase
expression of mucin genes [84].

Common pathways for both allergic and non-allergic MCM may exist, wherein

EGF receptor activation leads to increases in stored mucous product by way of
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increased mucin gene expression as well as differentiation of non-secretory cells
into mucous goblet cells [88]. Both increased gene expression and cell
differentiation are thought to contribute to the pathophysiologic metaplastic
response in pulmonary epithelium. Presumably similar mechanisms are involved
in the induction of MCM in the nasal airways of rodents exposed to inhaled

toxicants and biogenic substances such as allergens and endotoxins.

Gases

It has been well established that the nasal passages are a site for absorption of
many gases [89-91]. Several studies have demonstrated susceptibility of the
nasal mucosa to injury induced by inhaled gases such as ozone, formaldehyde,

and sulfur dioxide [92-94].

Ozone

Ozone (0O3), the main oxidant air poliutant found in smog, has been reported to
cause injury to nasal tissues in lab animals and humans. Several studies have
investigated the effects of absorbed ozone on rat noses. In either acute (7 days)
or chronic (20 months) exposures to 0.5-1.0 ppm O3 the pulmonary airways of
exposed rats exhibited inflammation, by increases in neutrophils and eosinophils,
greater DNA synthesis in epithelial cells, epithelial necrosis, exfoliation, secretory
hyperplasia and metaplasia, increases in intraepithelial mucosubstances, and
bony atrophy [95-99]. Bonnet monkeys exposed to 0.3 ppm Oj for 90 days had

inflammation, epithelial damage, and proliferative and secretory epithelial
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responses in their nasal mucosae [100, 101]. Finally, in controlled human
studies, where subjects were exposed to either air or 0.4-0.5 ppm O3, 0zone was
shown to induce moderate epithelial disruption and inflammation in the nasal

mucosa of exposed individuals [102-104].

Formaldehyde

Formaldehyde is a well established nasal toxicant and human nasal carcinogen.
More than 90% of inhaled formaldehyde gas is absorbed in the upper respiratory
tract in rats and monkeys [105]. Rats chronically exposed by inhalation to
formaldehyde have been shown to develop squamous-cell carcinomas in the
nasal cavities, while acute exposure to the gas appears to mainly increase cell
turnover rates in nasal epithelium [106, 107]. Rats and monkeys both get DNA-
protein crosslinking in the nasal mucosa upon exposure to formaldehyde, and
additionally rats can get point mutations in tumor suppressor genes [108-110].
Other genotoxic lesions include single-strand DNA breaks and chromosomal

aberrations in vitro with exposure to the gas [111].

Other Gases

Other gaseous nasal toxicants include sulfur dioxide, hydrogen sulfide, and
chlorine gas. Absorption of these gases in the nasal mucosa has varying effects,
depending on the type of gas. While sulfur dioxide and hydrogen sulfide target
olfactory epithelium, chlorine gas appears to induce epithelial damage throughout

the nasal passages [94, 112, 113].
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Particles

According to the regional patterns of deposition described in Figure 1, the nasal
passages are also a potential target site for particle deposition and injury. Many
studies have reported on particle deposition in the nose of lab animals and
humans [114-118]. Injury to the nasal airways by inhaled particles has been

observed in.a number of studies.

Wood dust

Wood dust, a particle type known to be a nasal carcinogen, deposits in the upper
and lower airways of humans [119]. Although the sizes of occupational wood
dust particles is difficult to determine, in animal exposure studies generated wood
dust is about 2-7 um in size (coarse; [120, 121]). Exposure concentrations can
reach higher than 5 mg/m?, especially in wood furniture and cabinet
manufacturing plants [119]. High incidences of adenocarcinomas have been
consistently observed in the nasal cavities and sinuses of workers exposed to
hardwood dust [120-123]. Many case studies and case-control studies in different
occupational groups and regions of the world have shown an increased nasal
cancer risk for wood dust workers [121, 122]. The International Agency on
Cancer Research has classified hardwood dust as a nasal carcinogen in humans

[119].
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Diesel Exhaust Particles

Diesel exhaust particles (DEP) have been shown to induce oxidative stress
signals (ROS formation) and inflammation (increased inflammatory cytokines) in
human nasal epithelial cells in vitro [114, 124]. These epithelial cells were also
observed phagocytizing the particles in vitro [114]. An in vivo study involving
exposure of guinea pigs to 3.20 mg/m® DEP reported enhanced mucosal
reactivity and an influx of eosinophils in the nasal mucosa of exposed animals
[125]. A nasal cytology study of Swiss customs officers chronically exposed to
diesel truck emissions revealed chemically induced rhinitis in exposed workers vs
indoor officers [126]. While the rhinitis consisted of substantial goblet cell
hyperplasia and metaplasia, as well as increased numbers of leukocytes, the
lesions did not appear to be progressive.

Talc

Another type of particle reported to cause nasal injury is nonasbestoform talc. A
National Toxicology Program (NTP) lifetime study of rats exposed to 0, 6, or 18
mg/m? coarse talc particles showed hyperplasia of nasal respiratory epithelium
and the appearance of “eosinophilic droplets” in the epithelium of exposed rats
[127]. A second NTP study using a similar exposure regimen with mice found
that the same droplets appeared in mouse nasal epithelium in a dose-dependent

manner [127].
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Particulate Matter

Particulate matter, found in air pollution, has also been implicated in the
development of nasal lesions. A series of studies conducted in Metro Mexico City
revealed chronic airway injury in children living in the Metro area [128-131].
Epithelial damage in the nasal mucosa of affected children, as evidenced by
nasal biopsy, included basal cell hyperplasia, squamous metaplasia, neutrophilic
infiltrations, and signs of oxidative DNA damage [128, 131]. Additionally,
particulate matter was found inside epithelial cells and in intraepithelial spaces in
exposed children [130]. Chronic airway insuilt, along with DNA damage such as a
point mutation in p53 tumor suppressor gene, suggest the eventual possibility of

carcinogenic effects in the airways of exposed children [129, 131].

C. Summary

Many gases, vapors, and particles are known to induce adverse effects in the
nasal airways of exposed animals and humans. Gases such as ozone and
formaldehyde diffuse into the nasal airways of lab animals during exposure,
causing nasal lesions including metaplasia, bony atrophy, inflammation, and
even nasal tumors. Coarse- and ultrafine-sized particles are also known to
deposit in the nasal airways of exposed animals. A few particle types, like wood
dust and particulate matter, have been shown to induce nasal inflammation and
epithelial alterations in exposed individuals. However, more controlied exposure

studies are required in studying the nasal toxicity of particles.
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V. Research Goals

Carbon black is an irritant of the respiratory tract. Its ultrafine particle size allows
for deposition deep in the pulmonary airways, and many studies have
investigated the toxic effects of carbon black particles on the pulmonary airways
of animals and humans. Carbon black has been classified as a pulmonary
carcinogen in lab rodents. In recent studies, investigators have determined that
these ultrafine particles may also deposit in the nasal passages upon exposure.
However, no study to date has investigated the adverse effects of carbon black
inhalation on the nasal airways. Therefore the guiding hypothesis of the present
studies was to determine if long-term inhalation of carbon black particles will
cause chronic lesions in the nasal airways of laboratory rodents.

The first hypothesis of this research was that a dose-response relationship
would be observed in the nasal mucosa of rodents exposed to carbon black.
Rodents exposed to carbon black have indicated an increase in severity of lung
lesions with increased concentrations of carbon black exposure [15, 16]. In the
case of very high exposure concentrations of carbon black, rodent pulmonary
macrophages are known to experience particle burden and clearance of particles
becomes inhibited [15, 16]. While moderate concentrations of carbon black
induce mild epithelial and inflammatory responses, severe chronic alveolitis and
induction of tumorigenic pathways is seen once overload is achieved in the lungs
of exposed rats [25]. It is possible that, like in the pulmonary airways, the nasal
airways of carbon black-exposed lab rodents will exhibit an increase in severity of

lesions with an increase in exposure concentration. In order to answer this
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question, lab rodents were exposed to low, mid, or high concentrations of carbon
black particles, or filtered air alone (no carbon black patrticles).

The second hypothesis of this research project was that carbon black-
induced nasal lesions persist post-exposure. Previous studies have shown that
carbon black-induced lung lesions remain in lab rodents for weeks and even
months after the end of an exposure period [21, 30]. While the pulmonary
responses attenuated given time after exposure, the presence of particles in
alveolar macrophages and accompanying inflammation did remain up to two
years post-exposure in rodents exposed to chronically to high concentrations of
carbon black [21]). Therefore | hypothesized that nasal lesions induced by carbon
black may persist for weeks and even months after the end of exposure. To test
this hypothesis, rodents in the present study were either sacrificed immediately
after the end of exposure, or 13 weeks or 11 months post-exposure.

A third hypothesis tested in the research was that there would be a
difference in nasal toxicity depending on the size and surface area of the carbon
black particles. Carbon black particles, depending on how they are manufactured
and utilized, have different surface area/mass ratios. Smaller sized particles will
have a greater surface area than larger sized particles of the same mass when
they form airborne spherical aggregates. Therefore, agglomerates of smaller
particles have a greater surface area/mass ratio than agglomerates of larger
particles. It has been shown that the severity of carbon black-induced pulmonary
lesions is dependent 6n the surface area of the carbon black particles used in the

exposure, where particles with higher surface area (smaller in size) had a more
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adverse effect on pulmonary tissues than did low surface area particles [132]. In
the present study rats, which were anticipated to be the most sensitive rodent
species to carbon black-induced nasal toxicity, were additionally exposed to a
high concentration a low surface area carbon black patrticle.

Lastly, the research project examined the hypothesis that the severity,
persistence, and dose-response of carbon black-induced nasal injury were
dependent on the rodent species. Therefore, rats, mice, and hamsters were
exposed to one of the three concentrations of carbon black particles, or filtered
air alone. | hypothesized that there would be a difference among the three rodent
species in carbon black-induced adverse effects.

In summary, the results of the present research project provide an
extensive morphologic characterization of carbon black-induced nasal toxicity in
three commonly used rodent species. The study provides an examination of the
effects of dose, time, particle type, and rodent species on the severity and
persistence of carbon black-induced nasal lesions. The implications of the
research presented in this study can be related to the human risk to carbon black
inhalation exposure. Also the research may provide a starting point for further
investigation along the lines of site-specific nasal dosimetry and computer

modeling of nasal airflow patterns.
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CHAPTER 2
Epithelial and Inflammatory Responses in the Nasal Airways of Rats

Chronically Exposed to Carbon Black Particles
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l. Introduction

Many inhalation studies have examined the toxicity of carbon black particles to
the pulmonary airways [15, 16], but the adverse effects of carbon black on the
nasal airways have not been previously investigated. In the previous lung
studies, rats were shown to be the most sensitive laboratory rodent species to
carbon black toxicity [15, 16]. Additionally, it has been shown that the severity of
carbon black-induced pulmonary lesions is dependent on the surface area of the
carbon black particles used in the exposure [132]. Therefore, the present study
was designed to characterize the morphologic alterations caused by carbon
black particles of two different surface areas (high and low) on rat nasal mucosa.
It tested the hypothesis that chronic exposure to carbon black particles induce

lesions in the nasal airways of laboratory rats.
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Il. Materials and Methods

Animals

Ninety female Fischer 344 rats (Harlan Sprague-Dawley, Indianapolis, IN),
obtained at 5 weeks of age, were used in this study (n=6). The rats were allowed
at least two weeks to acclimate before the start of exposures, and were fed

Purina rodent chow and water on an ad libitum basis throughout the study.

Exposure Protocols

Exposures were conducted under the supervision of Dr. Gunter Oberdorster at
the University of Rochester-NY. Rats were exposed in compartmentalized,
horizontal flow whole-body inhalation chambers (~300L) to either high surface
area carbon black particles (HSCb; Printex 90) or low surface area carbon black
particles (LSCb; Sterling V). The HSCb aerosols had a primary particle size of 17
nm and an aerodynamic diameter of 1.4 um (geometric standard deviation;
GSD=2.7); particle surface area was 300 m%g. The LSCb aerosols had a
primary particle size of 70 nm and an aerodynamic diameter of 0.9 um
(GSD=3.0); particle surface area was 37 m?/g. The HSCb (Printex 90) was
obtained from Degussa-Huels (Germany) and the LSCb (Sterling V) was
supplied by Cabot (Boston, MA). Rats were exposed to 0, 1, 7, 50 mg/m® HSCb
or 50 mg/m3 LSCb for 6 hours/day, 5 days/week for 13 weeks. Rats were
sacrificed 1 day, 13 weeks, or 11 months after the last day of exposure (Figure

4). Images in this thesis are presented in color.
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Necropsy and Nasal Tissue Processing

Rats were killed by exsanguination following deep anesthesia induced with 25
mg/kg sodium pentobarbital. Immediately after death, the head of each rat was
removed from the carcass, and the eyes, lower jaw, skin, and musculature were
removed. The nasal airways of rats were flushed in a retrograde manner through
the nasopharyngeal orifice with 2 ml of 10% neutral buffered formalin, and the
head was immersed in a large volume of the same fixative for at least 24 hours.

After fixation, heads were decalcified for 7 days in 13% formic acid, and
then rinsed in dH20 for 1-2 hours. After decalcification, the nasal airways were
transversely sectioned at four specific anatomic locations, using the following
gross dental and palatine landmarks previously described by Young [133]: (1)
immediately posterior to the upper incisor teeth (tissue block 1); (2) atthe incisive
papilla (tissue block 2); (3) at the second palatine ridge (tissue block 3); and (4) in
the middle of the front upper molar tooth (tissue block 4) (Figure 5). The tissue
blocks were embedded in paraffin and 5-um-thick sections were cut from the
anterior face of each block. Nasal tissue sections were histochemically stained
with the Alcian blue (pH 2.5)/periodic acid-Schiff stain sequence (AB/PAS) to
identify acidic and neutral mucosubstances, or hematoxylin and eosin (H&E) for
histopathologic examination. Finally, tissues were stained with a polyclonal anti-
rat neutrophil antibody to identify neutrophils located in the airway surface

epithelium and lamina propria within the nasal mucosa [134].
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Morphometry

Epithelium covering the maxilloturbinates in sections from tissue block 1 (T1), the
midseptum from tissue block 2 (T2), the maxillary sinuses from tissue block 3
(T3), and the floor of the nasopharyngeal meatus from tissue block 4 (T4) were
morphometrically analyzed. The medial and lateral surfaces of the
maxilloturbinates in the T1 region are covered by nonciliated cuboidal nasal
transitional epithelium (NTE) 1-2 cell layers thick with no mucous secretory cells.
The epithelium lining the midseptum in the T2 region a columnar ciliated RE with
few if any mucous cells. The maxillary sinuses of T3 are lined by pseudostratified
tall-columnar RE composed of ciliated, serous, and basal cells. Finally, the floor
of the nasopharyngeal meatus of the T4 region is lined by tall-columnar ciliated
RE with numerous mucous cells.

The average lengths of epithelium evaluated in each region were 4.6 mm in the
maxilloturbinates of T1, 3.7 mm in the T2 septum, 49.1 mm in T3, and 1.7 mm in
the T4 region. Morphometric analyses were performed with a semiautomatic,
computerized image analysis system consisting of a light microscope (Olympus
BX-60; Olympus Corp., Lake Success, NY) connected to a high-resolution CCD
camera (e.g., VE-1000; Dage-MT], Inc., Michigan City, IN), a Scion LG-3 digital
image-processing board (Scion Corp., Frederick, MD), a color monitor, and a Dell
Dimension XPS T600, running a public-domain image analysis program (NIH
Image; written by Wayne Rasband at the U.S. National Institutes of Health).

Morphometric techniques were used to determine volume density of
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intraepithelial mucosubstances, total epithelial cell density, and neutrophil cell

density. Detailed descriptions of each technique are given below.

Intraepithelial Mucosubstances (Stored IM)

For each rat, the volume density (Vs) of acidic and neutral (AB/ PAS-positive)
intraepithelial mucosubstances (IM) within the surface epithelium overlying the
chosen regions in T1-T4 was determined (Figure 6). The areas of AB/ PAS-
positive IM were calculated from the automatically circumscribed perimeter of the
stained material, and basal lamina lengths were also measured. The method
used to mathematically convert these areas and lengths to Vs involved the

following formula, originally described in Harkema, et al. [101]:

Vs (in nL) = _Area of mucosubstances (inmm?) _ x 1000

Length of basal lamina (in mm) x 4/n

Data were expressed as the mean volume density (Vs, in nl/mm? basal lamina) of

AB/PAS-positive mucosubstances within the epithelium + SEM.

Epithelial Cell Density

Numeric density of the surface epithelial cells (i.e., epithelial cells/mm basal
lamina) was determined by counting the total number of epithelial cell nuclear
profiles present in the surface epithelium lining the maxilloturbinates of tissue

block T1, and dividing by the total length of the basal lamina underlying the
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Figure 6: Intranasal Distribution of HSCb-induced Mucous Cell
Metaplasia/Hyperplasia in the Nasal Epithelium of Rats Chronically
Exposed to Carbon Black (X and ¢ = location of MCM, « = region
chosen for quantitative analysis of MCM)
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epithelium [135]. Secretory mucous cells were also counted in this epithelium,
and expressed as a percentage of total epithelial cells. Data for each
experimental group were expressed as the mean number of NTE cells/mm basal

lamina £+ SEM.

Neutrophilic Inflammation

Another numeric density measured was that of extravasated neutrophils in the
surface epithelium and undedying lamina propria. This cell density was
determined by counting the total number of neutrophils present in these two
regions, respectively, lining the midseptum of tissue block T2, and dividing by the
total length of the basal lamina underlying the epithelium [135]. Neutrophils were
identified by morphologic characteristics (size, multi-lobed darkly-stained
nucleus, clear cytoplasm with dust-like granules) and by positive reactivity to the
neutrophil-specific antibody. Data for each experimental group were expressed

as the mean number of mucosal neutrophils/mm basal lamina + SEM.

Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM). Data were
analyzed using a completely randomized two-way analysis of variance (ANOVA).
Multiple comparisons were made by the Tukey post hoc test. Criterion for

significance was taken to be p < 0.05.
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lll. Results

Histopathology

At the end of the 13-week exposure, rats exposed to 50 mg/m® HSCb had
marked morphologic alterations in the surface epithelium and underlying lamina
propria lining both the proximal and distal nasal airways (T1-T4). Lesions were
present in the nasal tissue lining the medial and lateral meatuses in tissue blocks
1 and 2, in the respiratory epithelium lining the maxillary sinuses and
ethmoturbinates in tissue block 3, and in the epithelium lining the
nasopharyngeal meatus from tissue block 4 (see Figure 6). The most prominent
of these bilateral lesions were found in surface epithelium and underlying lamina
propria lining the maxilloturbinates (T1), midseptum (T2), maxillary sinuses (T3),

and floor of the nasopharyngeal meatus (T4; see Figure 6).

Tissue Section 1 (T1)

At one day post-exposure (PE), alterations to the nasal epithelium lining tissue
section 1 of rats exposed to HSCb were limited to the nasoturbinates,
maxilloturbinates, proximal septum, and lateral wall. Carbon black particles were
microscopically evident in the nasal mucosa (nasal particle burden) in rats
exposed to 50 mg/m® HSCb, in the proximal septum, nasoturbinates, and
maxilloturbinates. Although no necrosis or cell proliferation were noted in
exposed rats, epithelial changes in the maxilloturbinates (T1) included thickening
of the NTE due to increased size and numbers of epithelial cells (i.e., epithelial

cell hypertrophy and hyperplasia, respectively; Figure 7) and MCM (appearance
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Figure 7: HSCb-Induced Epithelial Cell Hyperplasia in Nasal Transitional
Epithelium (NTE) Lining Maxilloturbinates of Rats; Light photomicrographs of
the maxilloturbinate (T1), stained with H&E, from rats chronically exposed to
filtered air (0 mg/md) (A), 50 mg/m? HSCb (B) for 13 weeks and sacrificed 1
day PE (e = surface epithelium, tb = turbinate bone, bv = blood vessels in
lamina propria; arrows = AB/PAS-stained mucosubstances; bar = 50 um)

Figure 8: HSCb-Induced Mucous Cell Metaplasia in Transitional Epithelium
Lining Maxilloturbinates of Rats; Light photomicrographs of the
maxilloturbinate (T1), stained with AB/PAS, from rats chronically exposed to
filtered air (0 mg/md) (A), 50 mg/m® HSCb (B) or 50 mg/m® LSCb (C) for 13
weeks and sacrificed 1 day PE (e = surface epithelium, tb = turbinate bone, bv
= blood vessels in lamina propria; arrows = AB/PAS-stained mucosubstances;
bar = 50 pm)
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of mucous goblet cells in regions normally containing no or few mucous cells;
Figure 8). Air-exposed control rats (0 mg/m®) had 1- to 2-cell thick nonciliated
cuboidal epithelium lacking mucous cells lining their maxilloturbinates, while rats
exposed to 50 mg/m® HSCb had a metaplastic NTE that was 4- to 6-cell thick
nonciliated columnar epithelium with numerous mucous cells. Mucous goblet
cells were identified by intracytoplasmic acidic (AB-staining) and neutral (PAS-
staining) mucosubstances. Other exposure-induced lesions seen at one day PE
in the maxilloturbinates included a mild to moderate mixed inflammatory cell
influx (mainly neutrophils and lymphocytes with plasma cells) and mild atrophy of
the turbinate bone (Figure 8). Neutrophils were present in varying numbers in the
lamina propria underlying the NTE lining the maxilloturbinates of rats exposed to
50 mg/m® HSCb. Associated with the neutrophilic inflammation (rhinitis) in the
surrounding lamina propria was atrophy of the bone in the dorsal aspect of the
maxilloturbinates. Rats exposed to 1 mg/m*® HSCb or 50 mg/m? LSCb did not
have any alterations in the NTE lining the maxillotubinates (Figure 8).

At 13 weeks post-exposure, rats exposed to 50 mg/m*® HSCb had similar
but attenuated nasal lesions in the NTE lining the maxillturbinates. Particles in
the nasal mucosa of the proximal septum, maxilloturbinates, and nasoturbinates
were still present in rats exposed to 50 mg/m* HSCb at this time point, at a
severity similar to rats similarly exposed and sacrificed one day PE. Nasal
inflammation and bony atrophy of the turbinates had resolved by 13 weeks PE in
rats exposed to 50 mg/m® HSCb. A mild MCM was still present in the NTE lining

the maxilloturbinates in these rats, but the metaplasia was significantly reduced
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compared to similarly exposed rats at one day PE. Carbon black-induced
hyperplasia of the NTE was also attenuated but still present at 13 weeks PE.

By 11 months post-exposure, most of the nasal lesions in the
maxilloturbinates had resolved in the rats exposed to 50 mg/m® HSCb. The only
persistent alterations in these rats were a mild MCM and light burden of particles

in the nasal tissues of the septum and maxilloturbinates.

Tissue Section 2 (T2)

Alterations in tissue section 2 of rats exposed to HSCb were primarily in the
nasal mucosa lining the lateral wall, ethmoid turbinates, and midseptum at one
day PE. Carbon black particle burden was substantial in the nasal mucosa at the
dorsal part of the midseptum and the ethmoid turbinates in rats exposed to 50
mg/m® HSCb. The most conspicuous lesion in this tissue section was a chronic
active rhinitis with marked MCM and a mixed inflammatory cell influx (mainly
neutrophils with some lymphocytes and plasma cells) in the midseptum of rats
exposed to 50 mg/m® HSCb (Figure 9). Metaplasia of the respiratory epithelium
(RE) lining the midseptum of rats exposed to 7 and 50 mg/m*® HSCb was
characterized by a change in surface epithelium from 1 to 2-cell ciliated low-
columnar epithelium with no mucous cells to 4-6 cell ciliated tall-columnar
epithelium with many mucous goblet cells present (Figure 9). Additionally, rats
exposed to 50 mg/m® HSCb had a marked neutrophil infiltration in the epithelium

and underlying lamina propria of the midseptum (Figure 10). No epithelial
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Figure 9: HSCb-Induced Mucous Cell Metaplasia in Respiratory Epithelium
Lining the Midseptum of Rats; Light photomicrographs of the midseptum (T2),
stained with H&E (A, C) or AB/PAS (B, D), from rats chronically exposed to
filtered air (0 mg/md) (A, B), 50 mg/m?® HSCb (C, D) for 13 weeks and
sacrificed 1 day PE (* = mixed inflammatory cell infiltrate in lamina propria; e =
surface epithelium, g = glands in lamina propria; arrows = AB/PAS-stained
mucosubstances; bar = 25 or 50 ym, as indicated)

Figure 10: HSCb-Induced Neutrophilic Inflammation in Nasal Mucosa
Lining Midseptum of Rats; Light photomicrographs of the midseptum (T2),
stained with a neutrophil antibody, from rats chronically exposed to filtered
air (0 mg/m?) (A), 50 mg/m® HSCb (B) for 13 weeks and sacrificed 1 day
PE (* = mixed inflammatory cell infiltrate in lamina propria; e = surface
epithelium, g = glands in lamina propria; n = nerve bundles; arrows =
AB/PAS-stained mucosubstances; bar = 50 um)
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changes were observed in rats exposed to either 1 mg/m*® HSCb or 50 mg/m?
LSCb.

While the nasal inflammation (rhinitis) had attenuated by 13 weeks PE in
rats exposed to 50 mg/m® HSCb, a mild MCM still remained present in the RE
lining the midseptum of these rats. However, the amount of stained
mucosubstances in the RE at 13 weeks PE was considerably less than the
abundant staining observed in rats at 1 day PE. Extensive particle burden was
still present in the nasal mucosa of the midseptum and ethmoid turbinates of rats
exposed to 50 mg/m* HSCb at this time point. In addition, rats exposed to 7
mg/m® HSCb had resolved MCM by 13 weeks PE.

By 11 months PE, no nasal lesions were microscopically evident in the T2
section of exposed rats and these rats were histologically similar to those of air-
exposed control animals. Only moderate particle burden was present in this

tissue section at 11 months PE, in rats exposed to 50 mg/m® HSCb.

Tissue Section 3 (T3)

Exposure-induced alterations were also present at 1 day PE in the more distal
tissue section 3. Particles were abundant in the nasal associated lymphoid tissue
(NALT) of rats exposed to 50 mg/m® LSCb, while only mild particle burden was
seen in the NALT of rats exposed to HSCb. In the RE lining the maxillary<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>