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Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

INTRODUCTION

Many epidemiologic studies, carried out in diverse
locations with varying levels and composition of
ambient particulate matter and other air pollutants,
have reported associations between small increases in
the level of particulate matter and increases in daily
morbidity and mortality. The strongest associations
appear to be in the elderly and in individuals with
cardiopulmonary conditions such as chronic obstruc-
tive pulmonary disease (COPD). However, a biological
mechanism linking low-level particle exposure and
pathophysiologic effects has not been established.
Assessing the effects of inhaled particulate matter in
appropriate animal models is critical to learning how
such pollutants may exert adverse health effects.

Ambient particulate matter varies in size and chem-
ical composition. Some scientists have hypothesized
that very small particles (less than 100 nm in diameter)
are particularly toxic. Although they constitute only
about 1% to 8% of the mass of particulate matter in
ambient air, these ultrafine particles are present in very
high numbers, have greater total surface area than larger
particles, and may deposit in greater numbers in the
lungs. The Health Effects Institute funded the animal
study described in this report to address whether and
how ultrafine particles might exert effects in the air-
ways.

APPROACH

Dr Giinter Oberdérster, from the University of Roch-
ester School of Medicine and Dentistry, and his col-
leagues hypothesized that inhaled ultrafine particles
induce an inflammatory response in the airways of
mice and rats and that animals with preexisting
airway inflammatory conditions may be particularly
vulnerable. The investigators focused on inhaled
carbon and platinum particles because these elements
are constituents of particles found in urban atmo-
spheres. They also evaluated the effects of Teflon
fumes containing ultrafine Teflon particles, which are
not representative of ambient particles but have been

shown to induce a potent inflammatory response
leading to severe physiologic effects in rats. They
exposed animals to 100 pg/m?® carbon and platinum
particles for 6 hours and to 40 pg/m? Teflon particles
for 15 minutes. These concentrations are much higher
than those of ultrafine particles in ambient air. The
investigators also evaluated the effects of intratracheal
instillation of ultrafine titanium dioxide particles and,
in separate experiments, the effects of coexposure to
ultrafine carbon particles and ozone, a gaseous envi-
ronmental pollutant that can induce inflammation.

The investigators tested small numbers of young and
old mice and rats that were healthy or had pulmonary
conditions. They used mice injected with elastase to
model humans with emphysema; old Tsk mice, a strain
with a genetic defect in lung development, to model
the effects of chronic emphysema and age; and mice
and rats pretreated with the bacterial product endo-
toxin to model humans who have a bacterial airway
infection. Pulmonary inflammation was evaluated by
measurement of cellular and biochemical parameters
in bronchoalveolar lavage fluid, focusing on increases
in the percentage of neutrophils and production of
reactive oxygen species, which appeared to be the most
sensitive indicators of a response. Measurements of
cytokine and chemokine messenger RNA levels in tis-
sue extracts as well as histologic assessments were per-
formed.

RESULTS AND CONCLUSIONS

Inhalation of ultrafine carbon or platinum particles,
or Teflon particles in the absence of Teflon-generated
gaseous components, did not induce an inflammatory
response in either young or old healthy mice and rats.
Ultrafine particle exposures had limited effects in
some of the animal models of pulmonary dysfunction
tested and no effect in others. For example, ultrafine
carbon and platinum particles induced small inflam-
matory responses in both young and old elastase-
treated mice, but ultrafine carbon particles had no
effect in the old Tsk mice used to model chronic

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI from 1995 to 1999 and conducted by Dr
Giinter Oberdorster of the University of Rochester School of Medicine and Dentistry, Rochester NY. The following Research Report contains both
the detailed Investigators' Report and a Commentary on the study prepared by the Institute's Health Review Committee.
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emphysema, either with or without endotoxin pre-
treatment. In rats preexposed to endotoxin, ultrafine
carbon particles induced a small inflammatory re-
sponse over background airway inflammation in
young but not old animals. By contrast, a complex sta-
tistical analysis of their results led the investigators to
conclude that older age and a compromised or sensi-
tized respiratory tract increased sensitivity to ultrafine
particle effects in mice and rats. These conclusions are
overstated, however, given that the responses to ultra-
fine particles were small and occurred only in some
animal models and certain end points.

Instilling ultrafine titanium dioxide particles directly
into the trachea of mice, a technique that bypasses the
nasal filtering mechanisms and delivers a much higher
concentration to the lungs than inhalation, induced a
strong inflammatory response. Inhalation of ultrafine
Teflon fumes in rats also induced a strong inflammatory
response, but only if the fumes contained both ultrafine
Teflon particles and gaseous components. Coexposure to
ultrafine carbon particles and ozone induced responses
that appeared to be additive, less than additive, or more
than additive compared with responses to the separate
components, depending on the model and end point
tested. These results suggest that ultrafine particles may

induce inflammatory responses in the airways in some
circumstances: for example, when high doses are depos-
ited in the lower respiratory tract by intratracheal instil-
lation or when the particles are combined with
potentially toxic gases.

In conclusion, the investigators conducted an inter-
esting study in healthy mice and rats and in mice and
rats with preexisting airway conditions to address the
important issue of whether ultrafine particles induce
an inflammatory response in the airways. The find-
ings provide little evidence that inhaled ultrafine par-
ticles cause inflammation, however. This may be due
to limitations in the study’s design, which include
small numbers of animals and experiments, uncer-
tainties about the susceptibility of the animal models
to the effects of ultrafine particles, and the relative
toxicity of the study particles compared to particles of
different chemical composition. These uncertainties
make it difficult to extrapolate the results of this study
to possible effects of ultrafine particles on humans.
Additional research in humans and in a variety of
animal models evaluating multiple endpoints and
particles is required to evaluate further whether
ultrafine particles induce inflammatory or other
adverse health effects.
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PREFACE

In 1994, HEI initiated a research program to investigate
the complex issues associated with the health effects of
exposure to particulate matter (PM)* in the air. This pro-
gram was developed in response to growing concern about
the potential public health significance of reported associ-
ations between daily fluctuations in levels of PM and
changes in daily morbidity and mortality in time-series
epidemiology studies. These results were questioned for a
variety of reasons, including the lack of support from
experimental studies and the lack of a mechanism to
explain how such effects would occur. To address these
issues HEI undertook two research initiatives in 1994:
(1) the Particle Epidemiology Evaluation Project (Samet et
al 1995, 1997), which evaluated six of the time-series epi-
demiology studies that had reported effects of PM on mor-
tality; and (2) a program of toxicologic and epidemiologic
studies (funded from RFA 94-2, “Particulate Air Pollution
and Daily Mortality: Identification of Populations at Risk
and Underlying Mechanisms”), which aimed to under-
stand better how PM might cause toxicity and what factors
might affect susceptibility. In all, HEI has issued five
requests for research on PM and funded 34 studies or
reanalyses over the last five years.

This Preface provides general regulatory and scientific
background information relevant to studies funded from
RFA 94-2, including the study by Giinter Oberdorster that
is described in the accompanying Report and Commen-
tary. All of the studies from RFA 94-2 have been com-
pleted and are either under review by HEI or have been
published. The HEI Program Summary: Research on Par-
ticulate Matter (Health Effects Institute 1999) provides
information on studies funded since 1996.

BACKGROUND

Particulate matter (PM) is the term used to define a com-
plex mixture of anthropogenic and naturally occurring air-
borne particles. The size, chemical composition, and other
physical and biological properties of PM depend on the
sources of the particles and the changes the particles
undergo in the atmosphere. In urban environments, these
particles derive mainly from combustion, including
mobile sources such as motor vehicles and stationary
sources such as power plants. The most commonly used
descriptor of particle size is aerodynamic diameter. Based

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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on this parameter, ambient particles tend to fall into three
size classes (often defined as modes): ultrafine or nuclei
mode (particles less than 0.1 pm in diameter); fine or
accumulation mode (particles between 0.1 and 2.5 pm in
diameter), and coarse (particles larger than 2.5 pm in
diameter). Fine and ultrafine particles are dominated by
emissions from combustion processes while coarse parti-
cles are mostly generated by mechanical processes from a
variety of noncombustion sources. Generally, the ultrafine
and fine fractions are composed of carbonaceous material,
metals, sulfate, nitrate and ammonium ions. The coarse
fraction is composed mostly of mechanically generated
particles and consists of insoluble minerals and biologic
aerosols, with smaller contributions from primary and
secondary aerosols and sea salts (US Environmental Pro-
tection Agency [EPA] 1996).

A number of early epidemiologic studies indicated that
human exposure to high concentrations of PM, such as
London fog, had deleterious effects (such as increased
number of deaths), particularly in children, the elderly,
and those with cardiopulmonary conditions (Firket 1931;
Ciocco and Thompson 1961; Logan 1953; Gore and Shad-
dick 1968). Because of this apparent relation to increased
mortality, the EPA has regulated the levels of ambient PM
since 1971, when the Clean Air Act was first promulgated.
This act authorized the EPA to set National Ambient Air
Quality Standards (NAAQSs) for a number of potentially
harmful air pollutants (including PM) in order to protect
the health of the population, particularly those thought to
be sensitive.

The first NAAQS for PM was based on controlling total
suspended PM or particles up to 40 pm in diameter. In
1978, the standard was revised to regulate inhalable parti-
cles, or particles than can deposit in the respiratory tract
and therefore have greater potential for causing adverse
health effects. These are particles with an aerodynamic
diameter of 10 pm or less (PM;,). More recent epidemio-
logic studies, published in the early 1990s, indicated a rel-
atively consistent association between small short-term
increases in PM levels and increases in both mortality and
morbidity from respiratory and cardiovascular diseases
(reviewed by the Committee of the Environmental and
Occupational Health Assembly, American Thoracic
Society [Bascom et al 1996]).

Some studies also suggested that long-term exposure to
low levels of PM is associated with adverse effects
(Dockery et al 1993; Pope et al 1995). These latter studies
also pointed to a possible role of fine particles (less than
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Table 1. Current NAAQSs for PM (set in 1997)

Daily Standard 150 pg/m3 65 ng/m®
Annual Standard 50 pg/m3 15 pg/m3

2.5 pm in aerodynamic diameter [PM, 5]). In 1997, the
EPA considered the evidence for the effects of fine parti-
cles sufficient to promulgate a fine particle standard while
retaining the PM,, standard (US Environmental Protec-
tion Agency 1997) (see Table 1). The next review of the
PM NAAQS is scheduled to be completed by the year
2002.

RESEARCH PROGRAM FROM HEI RFA 94-2

The wealth of epidemiologic data published in the early
1990s suggested an association between PM and health
effects, but aspects of these findings were not well under-
stood. Problems involved uncertainties in the exposure esti-
mates, confounding by weather or other factors, the role of
copollutants, and the mechanisms by which particles may
cause effects. Moreover, although the epidemiologic find-
ings were consistent across different communities exposed
to distinct mixes and levels of pollutants, they were not well
supported by either human chamber studies or animal inha-
lation studies aimed at delineating pathologic changes that
might result in death. Failure of the experimental studies to
provide support for the epidemiologic findings was attrib-
uted to insufficient statistical power, use of particles not
representative of ambient particles, or use of animals not
representative of the individuals susceptible to increased
mortality.

By the mid 1990s, it became apparent that the research
to advance our understanding of the association between
exposure to particles and daily mortality found in the epi-
demiologic studies needed to focus on identifying (1) sus-
ceptible populations, (2) mechanisms by which particles
may lead to increased mortality, and (3) characteristics of
the particles responsible for the effects. It was recognized
that both epidemiologic and experimental studies would
be required.

The HEI program initiated in 1994 was aimed at ad-
dressing these research needs. Six epidemiologic and toxico-
logic studies were funded through RFA 94-2, and three addi-
tional studies were added through the preliminary
application process. As a group, the five epidemiologic

studies investigated: (1) social and medical factors that might
increase the risk of mortality when particulate pollution
increases (Mark Goldberg of the National Institute of Scien-
tific Research, University of Quebec); (2) components of par-
ticulate pollution that might account for its effect on
mortality (Morton Lippmann of the New York University
School of Medicine [see Lippmann et al 2000] and Erich
Wichmann of the GSF Insitute of Epidemiology and Ludwig
Maximilian University); and (3) cause of death (Harvey
Checkoway of the University of Washington and Mark Gold-
berg) or possible pathophysiologic mechanisms that might
lead to death in people exposed to particulate air pollution
(Douglas Dockery of Harvard School of Public Health [see
Dockery et al 1999]).

The four experimental studies tested the hypothesis
that older animals or animals with preexisting lung or
heart disease or respiratory infections are more sensitive
to the acute effects of particles than healthy animals. They
investigated possible mechanisms leading to mortality
such as inflammation, changes in immune response, or
changes in cardiac and respiratory function. Three of
these studies used for the first time concentrated ambient
particles (CAPs) (John Godleski of Harvard School of
Public Health [see Godleski et al 2000], and Terry Gordon
[see Gordon et al 2000] and Judith Zelikoff of New York
University School of Medicine). In these CAPs studies,
particles in the range of about 0.1 to 2.5 pm are concen-
trated while those greater than 2.5 pm are removed and
those under 0.1 pm remain at the ambient concentration.
CAPs exposures represent a significant fraction of ambient
PM and provide a reasonable approach to mimicking the
exposure to PM in epidemiology studies. The fourth
experimental study (Giinter Oberdorster), presented in
this report, focused on evaluating the effects of different
ultrafine particles that have been hypothesized to be more
toxic than fine particles.

CONTINUING RESEARCH

Many of the key questions identified in the early 1990s
are still relevant and much research is ongoing to address
them. The research strategies have evolved, however, as
results from previous studies have provided insights into
which animal models and which endpoints may be the
most helpful to evaluate. In addition, advances in expo-
sure assessment and statistical methods have pointed to
new approaches for conducting epidemiologic studies.
Since RFA 94-2, HEI has funded a number of research
projects that build on the new findings and approaches.
These studies will be completed by the end of 2002.
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Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

Gilinter Oberddrster, Jacob N Finkelstein, Carl Johnston, Robert Gelein,
Christopher Cox, Raymond Baggs, and Alison C P Elder

ABSTRACT

Ambient fine particles consist of ultrafine particles
(<100 nm) and accumulation-mode particles (~100 to
1,000 nm). Our hypothesis that ultrafine particles can have
adverse effects in humans is based on results of our earlier
studies with particles of both sizes and on the finding that
urban ultrafine particles can reach mass concentrations of
40 to 50 ug/ms, equivalent to number concentrations of 3
to 4 x 10° particles/cm®. The objectives of the exploratory
studies reported here were to (1) evaluate pulmonary
effects induced in rats and mice by ultrafine particles of
known high toxicity (although not occurring in the
ambient atmosphere) in order to obtain information on
principles of ultrafine particle toxicology; (2) characterize
the generation and coagulation behavior of ultrafine parti-
cles that are relevant for urban air; (3) study the influence
of animals’ age and disease status; and (4) evaluate copol-
lutants as modifying factors.

We used ultrafine Teflon (polytetrafluoroethylene
[PTFE]*) fumes (count median diameter [CMD] ~18 nm)
generated by heating Teflon in a tube furnace to 486°C to
evaluate principles of ultrafine particle toxicity that might
be helpful in understanding potential effects of ambient
ultrafine particles. Teflon fumes at ultrafine particle con-
centrations of ~50 ng/m?® are extremely toxic to rats when

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 96, which also includes a Preface, a Commentary by the Institute’s
Health Review Committee, and an HEI Statement about the research
project. Correspondence concerning the Investigators’ Report may be
addressed to Dr Giinter Oberdérster, Department of Environmental Medi-
cine, University of Rochester School of Medicine and Dentistry, 575 Elm-
wood Avenue, Box EHSC, Rochester NY 14642.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award R824835
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peer and administrative review and therefore may not necessarily reflect
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inferred. The contents of this document also have not been reviewed by
private party institutions, including those that support the Health Effects
Institute; therefore, it may not reflect the views or policies of these parties,
and no endorsement by them should be inferred.
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inhaled for only 15 minutes. We found that neither the
ultrafine Teflon particles alone when generated in argon
nor the Teflon fume gas-phase constituents when gener-
ated in air were toxic after 25 minutes of exposure. Only
the combination of both phases when generated in air
caused high toxicity, suggesting the existence of either
radicals on the particle surface or a carrier mechanism of
the ultrafine particles for adsorbed gas-phase compounds.
We also found rapid translocation of the ultrafine Teflon
particles across the epithelium after their deposition,
which appears to be an important difference from the
behavior of larger particles. Furthermore, the pulmonary
toxicity of the ultrafine Teflon fumes could be prevented
by adapting the animals with short 5-minute exposures
on 3 days prior to a 15-minute exposure. This shows the
importance of preexposure history in susceptibility to
acute effects of ultrafine particles. Aging of the fresh Teflon
fumes for 3.5 minutes led to a predicted coagulation
resulting in particles greater than 100 nm that no longer
caused toxicity in exposed animals. This result is consis-
tent with greater toxicity of ultrafine particles compared
with accumulation-mode particles.

When establishing dose-response relationships for
intratracheally instilled titanium dioxide (TiO,) particles
of the size of the urban ultrafine particles (20 nm) and of
the urban accumulation-mode particles (250 nm), we
observed significantly greater pulmonary inflammatory
response to ultrafine TiO, in rats and mice. The greater
toxicity of the ultrafine TiO, particles correlated well with
their greater surface area per mass. Ultrafine particles of
carbon, platinum, iron, iron oxide, vanadium, and vana-
dium oxide were generated by electric spark discharge and
characterized to obtain particles of environmental rele-
vance for study. The CMD of the ultrafine carbon particles
was ~26 nm, and that of the metal particles was 15 to
20 nm, with geometric standard deviations (GSDs) of 1.4 to
1.7. For ultrafine carbon particles, ~100 pg/m? is equivalent
to 12 x 108 particles/cm®. Homogeneous coagulation of
these ultrafine particles in an animal exposure chamber
occurred rapidly at 1 x 107 particles/cm?, so that particles
quickly grew to sizes greater than 100 nm. Thus, controlled
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aging of ultrafine carbon particles allowed the generation
of accumulation-mode carbon particles (due to coagula-
tion growth) for use in comparative toxicity studies. We
also developed a technique to generate ultrafine particles
consisting of the stable isotope '2C by using '*C-graphite
electrodes made in our laboratory from amorphous *3C
powder. These particles are particularly useful tools for
determining deposition efficiencies of ultrafine carbon
particles in the respiratory tracts of laboratory animals and
the translocation of particles to extrapulmonary sites.

For compromised animals, we used acute and chronic
pulmonary emphysema; a low-dose endotoxin inhalation
aimed at priming target cells in the lung was also devel-
oped. Other modifying factors were age and copollutant
(ozone) exposure. Exposure concentrations of the gener-
ated ultrafine particles for acute rodent inhalation studies
were selected on the basis of lung doses predicted to occur
in people inhaling ~50 pg/m® urban ultrafine particles.
Concentrations that achieved the same predicted lung
burden per unit alveolar surface were used in rodents.
Young mice, whether healthy or with elastase-induced
emphysema, were not affected by 6-hour inhalation of
ultrafine carbon or platinum particles at ~110 pg/m?. Old
healthy mice also were not affected by exposures to these
particles. Only old mice with elastase-induced emphy-
sema showed a slight but statistically significant pulmo-
nary inflammatory response to these exposures. Old
emphysematous mice exposed to ultrafine carbon and
platinum particles had lymphocytic infiltration into con-
nective tissue spaces around blood vessels associated with
airways. This was not seen in old emphysematous sham-
exposed or old healthy mice.

Subsequent inhalation studies were performed in eight
groups of young rats (10 weeks) and aged rats (22 months)
sensitized by endotoxin inhalation and then exposed to
ultrafine carbon particles with and without ozone. Anal-
ysis of the results by a three-way analysis of variance
(ANOVA) showed different pulmonary effects in old and
young rats. In the young animals, the ultrafine carbon par-
ticles induced a small inflammatory effect when inhaled
alone, which was additive to the effects of endotoxin and
ozone. Ozone alone also caused a significant effect, but it
was less than additive in endotoxin-sensitized rats. In the
aged rats, ultrafine carbon particles alone did not cause a
response, but they were synergistic with ozone in causing
an effect; in the endotoxin-sensitized lungs of the aged rats,
the effects of ultrafine carbon particles in combination
with ozone were additive. Chemiluminescence of lavage
cells from these animals, both unstimulated and stimu-
lated by phorbol myristate acetate (PMA), confirmed the
significant interaction between ultrafine carbon particles

and ozone to cause oxidant stress in the aged rats. A strik-
ing difference between the young and old rats was that
combined ultrafine carbon/ozone exposure of the endot-
oxin-sensitized animals resulted in a ninefold greater
stimulated chemiluminescence response (indicating
release of reactive oxygen species [ROS]) of inflammatory
cells in lung lavage fluid from the old rats. This implies a
greater risk of the aged organism for oxidative lung injury
under these exposure conditions.

Combined ultrafine carbon/ozone exposures were also
performed in an eight-group inhalation study in 14- to
17-month-old tight skin (Tsk) mice with genetic chronic
pulmonary emphysema, with and without inhaled endot-
oxin priming. A three-way ANOVA revealed that the
inhaled ultrafine carbon particles had a main effect in the
increase of lung lavage neutrophils and release of ROS in
the stimulated lavage cells. As in the aged rats, an ultrafine
carbon/ozone interaction was also observed with these
end points. The chemiluminescence response of the lavage
cells was again highest in the endotoxin-primed Tsk mice
exposed to ultrafine carbon and ozone.

We conclude from these studies in rodents that carbon-
aceous particles inhaled as ultrafine particles of 10 to
50 nm can induce an inflammatory response in the aged
compromised lung. Our results also indicate that the aged
lung is at a greater risk of lung injury from oxidative stress
induced by inhaled ultrafine particles in combination with
ozone than the young lung. This injury occurs at inhaled
concentrations that are predicted to result in deposited
lung doses per unit alveolar surface in rodents similar to
deposited doses in humans exposed to episodic high
concentrations of urban ultrafine particles. Furthermore,
particles of the ambient accumulation-mode size do not
show acute effects at a lung dose, expressed as particle
mass, which elicits effects with chemically identical
ultrafine particles.

INTRODUCTION

Results of epidemiologic studies from several locations
have consistently shown an association between increased
levels of ambient particulate matter (PM) and morbidity
and even mortality in people with preexisting respiratory or
cardiopulmonary conditions (US Environmental Protection
Agency [EPA] 1996). The association with mortality is espe-
cially strong for compromised elderly individuals as
observed in both long-term and short-term studies, and data
indicate that fine particles (PM, 5; 50% cutoff at 2.5 pm
aerodynamic diameter) have a higher associated risk
than PM; /15 (50% cutoff at 10 pm or 15 pm aerodynamic
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diameter), in which most of the mass comes from coarse
particles. The causality of this association has not been
established, and newer studies also suggest that a combi-
nation of gaseous compounds such as ozone or sulfur
dioxide and particles may be associated with adverse
effects (Burnett et al 1997a,b; Samet et al 1997).

The fine mode of urban aerosols consists of the nucle-
ation mode (ultrafine particles of about 0.02 pm in CMD)
and the accumulation mode (particles of about 0.2 pm in
CMD) (Figure 1). For the purposes of the reasearch
reported here, however, we consider nucleation-mode
ultrafine particles to be < 0.1 um, accumulation-mode fine
particles to be 0.1 to 1 pm, and accumulation-mode parti-
cles to be between 0.1 and 1 pm. One conclusion of a
recent National Research Council (NRC) committee report
on airborne particulate matter was that further research
must be done to determine (1) which particles pose the
greatest health risk, and (2) how they do so (NRC 1998). On
the basis of our previous studies, which showed that
ultrafine particles are toxicologically more active than par-
ticles of accumulation-mode size (Oberdorster et al 1992),
we hypothesize that urban ultrafine particles contribute to
the adverse effects observed in epidemiologic studies.
Studies described in this report were designed to address
this hypothesis.

If it is true that ambient ultrafine particles, which occur
at high number concentrations but very low mass concen-
trations, are more toxic and cause increased morbidity
and mortality in compromised elderly individuals, one
would expect the exposure-response relationship
between adverse effects and particulate mass concentra-
tion to be biphasic. The slope should be steeper at lower
mass concentrations and then become flatter at higher
mass concentrations as ultrafine particles are removed by
heterogeneous coagulation, as indicated in Figure 1.
Coagulation between ultrafine and accumulation-mode
particles is 10 to 100 times faster than homogeneous coag-
ulation within the ultrafine mode (NRC 1979). Data from
the London air pollution episodes of the late 1950s to the
early 1970s compiled by Schwartz and Marcus (1990)
display precisely this biphasic behavior with respect to
daily deaths (Figure 2). The line in Figure 2 represents
results of our regression analysis of these data, showing an
inflection point at 128 ng/m?®. Other explanations for this
biphasic exposure-response relationship may exist, but
our interpretation is consistent with the mechanism of
heterogeneous coagulation and supports our hypothesis
that the more reactive ultrafine particles are involved in
adverse health effects at low mass concentrations whereas
larger particles cause such effects only at higher concen-
trations.
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Figure 1. Typical size distribution of trimodal urban aerosol (EPA 1996).
Dp = geometric diameter; and AV = change in volume. DGV (the geo-
metric mean diameter, equivalent to the volume median diameter) and O
(geometric standard deviation) are shown for each particle mode.

A similar phenomenon of toxicity being diminished by
coagulation has been observed for Teflon fumes consisting
of ultrafine particles, which caused severe acute lung injury
in rats at concentrations below 50 ug/m3 (Oberdorster et al
1995). The toxicity of fumes was reduced 80-fold in the
presence of larger particles from wood or diesel fuel smoke,
which most likely served as sinks for the ultrafine particles,
owing to the aforementioned classical coagulation phenom-
enon (Clarke et al 1992). Conversely, measures to reduce
fine particulate mass concentrations (that is, removing
accumulation-mode particles and thereby the major mecha-
nism for ultrafine particle coagulation) may result in an
increase and greater persistence of ambient ultrafine parti-
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Figure 2. Regression analysis of daily mortality data during London smog

episodes from 1958 to 1972, compiled by Schwartz and Marcus (1990),
showing inflection point at a particle mass concentration of ~128 g/m?®.



Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

Overview of Studies and Study Design

Specific Aims Study Design
Evaluate principles of ultrafine particle toxicity
» Compare dose-response relationships of ultrafine  Intratracheal instillation. In rats and mice, sequential postexposure
and fine TiO, lavage analysis
* Evaluate role of ultrafine particles in acute Teflon Inhalation exposure of rats to ultrafine particles and gas phase of Teflon
fume toxicity fume; analysis of lung lavage and cytokines and chemokines; lung histology

Inhalation exposure of rats to fresh (ultrafine) and aged (fine) Teflon
fume; analysis as above

* Evaluate fate of inhaled ultrafine particles after Interstitial translocation of inhaled ultrafine Teflon particles and
deposition inhaled ultrafine carbon particles; analysis by EELS

* Investigate pulmonary response after preexposure  Adaptation to inhaled ultrafine Teflon particles in rats; lavage and
to ultrafine Teflon particles cytokine analysis

Generate and characterize ultrafine carbon and metal particles

* Determine particle size distributions Generation of ultrafine carbon, platinum, iron and vanadium particles
and measurement of number and mass concentrations; analysis by
condensation particle counter, SMPS, and TEOM

* Generate both ultrafine and Use of aging chamber to coagulate ultrafine carbon particles; analysis as
accumulation mode particles above.
* Perform dosimetry of ultrafine particles Inhalation exposure of rats to ultrafine platinum particles and

measurement of dose in lung and liver using ICPMS.

Development of generation of 13C ultrafine particles and their character-
ization for use in dosimetry, using e powder and e glucose.

Examine the impact of age, compromised/sensitized respiratory tract, and pollutant
coexposure on the effects of ultrafine particles

* Compare pulmonary effects of inhaled ultrafine Inhalation exposure of young and old, healthy and emphysematous
carbon and platinum particles between healthy and  mice to ultrafine carbon and platinum particles; lung lavage and lung
emphysematous mice of young/old age RNA analysis; lung histology

* Develop and test model of respiratory tract Establish dose-response relationship for inhaled endotoxin in rats
priming by inhaled low-dose endotoxin and mice and compare response to ultrafine and fine TiO, in primed

rats; lung lavage and lung RNA analysis; chemiluminescence of lavage cells

* Determine pulmonary effects of inhaled ultrafine Inhalation exposure of young and old rats to ultrafine carbon particles
particles and ozone in endotoxin-primed young with and without O3 coexposure and endotoxin priming; lung lavage and
and old rats lung RNA analysis; lavage cell chemiluminescence; lung histology

* Determine pulmonary effects of inhaled ultrafine Inhalation exposure of aged Tsk mice to ultrafine carbon particles
particles and ozone in aged endotoxin-primed with and without O3 coexposure and endotoxin priming; analysis
mice with genetic emphysema as above for rat multigroup study

Ancillary studies (Appendix A): Exposure-response and time course studies in mice

* Expose young and old mice with and without Exposure to three concentrations of ultrafine Teflon fumes using model of
pulmonary emphysema to inhalation of Teflon elastase-induced pulmonary emphysema; lung lavage and lung RNA analysis
fumes of different concentrations and evaluate
¢ X t (concentration X time)
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cles, as has been observed in the city of Erfurt, Germany
(Tuch et al 1997b). Increased incidences of asthma in this
city after ambient levels of fine particles were lowered were
significantly associated with the ultrafine particle number
concentration (Peters et al 1997Db).

Although ambient ultrafine particles are not stable, they
are constantly generated from both anthropogenic and nat-
ural sources and, therefore, can always be found in the
urban atmosphere (Karch et al 1987; Brand et al 1991,
1992; Castellani 1993; EPA 1996). Ultrafine particle mass
concentrations are generally very low; Hughes and col-
leagues (1998) reported average mass concentrations of
~1.5 pg/m?® for the Los Angeles area. However, episodic
peak increases can occur with increases in the volume of
automobile traffic and in correlation with atmospheric
events that are not well understood. The studies by Brand
and coworkers (1991, 1992) showed considerably more
ultrafine particles (0.01 to 0.1 pm) in an urban atmosphere
than in a rural atmosphere and an episodic tenfold increase
of the urban ultrafine particles to 300,000 particles/cm?®
when a warm front was moving through. Particle mass con-
centration at that time increased to ~80 pg/ms, which after
subtraction of background for larger particles gives an esti-
mated ultrafine particle mass concentration of ~50 pg/m?.
Peters and colleagues (1997b) and Tuch and coworkers
(1997a) reported average urban ultrafine particle number
concentrations in the German city of Erfurt of 40,000 to
50,000/cm® at mass concentrations of 3 to 4 ng/m®. How-
ever, in measurements made in the winter periods of
1995-1996, 1996—1997, and 1997-1998, the same group
found episodic increases up to 300,000 ultrafine particles/
cm? as hourly averages, confirming the occurrence of large
episodic increases (TH Tuch and W Kreyling, personal
communication, 1999). Likewise, preliminary results of
measurements in the recently initiated Aerosol Research
Inhalation Epidemiology Study (ARIES) in Atlanta,
Georgia showed that ultrafine particle numbers reached
even higher concentrations of up 1 x 10° particles/cm?®
during episodic events (McMurry, personal communica-
tion, 2000).

The high number concentrations in the urban aerosol in
these studies could only be detected through continuous
monitoring; records of daily averages of number concentra-
tions only, or of mass concentrations only, are insufficient
to detect the high episodic levels, which may only last for
a few hours. Carbonaceous particles are the most prevalent
among the urban fine particles (Gray et al 1984; Willeke
and Baron 1993; Hildemann et al 1994). Given the diffi-
culty of isolating and concentrating urban ultrafine parti-
cles for use in toxicologic studies, laboratory-generated
ultrafine carbon particles appear to be an appropriate sur-

rogate. However, urban ultrafine particles can contain
numerous other compounds including transition metals
(for example, iron and vanadium), which can potentially
amplify effects in the lung (Dye et al 1997). The importance
of these other compounds needs to be evaluated as well
using appropriate particle types and exposure scenarios.

Susceptible elderly subjects are at an increased risk to
be adversely affected by particulate pollution, and one
objective of our studies is to include old age as a modifying
factor. Conceivably, the underlying mechanisms by which
high particle burdens induce adverse effects in the young
organism are the same as those by which lower particle
doses induce adverse effects in the susceptible aged organ-
isms. However, significant changes occur with old age that
can interfere with mechanistic pathways of injury and,
therefore, justify a focus on the aged organism. These
changes include reduced levels and inducibility of antiox-
idants in the lung (Teramoto et al 1994; Gomi et al 1995),
altered alveolar macrophage (AM) cytokine production
and phagocytosis of particles (Higashimoto et al 1994), and
reduced macrophage response to interferon-y (IFN-y)
(Hayakawa et al 1995). Other studies have shown alter-
ations in T-cell responses and impairment of the function
of polymorphonuclear leukocytes (PMNs) in the aging
lung (Perskin and Cronstein 1992). Several inhalation
studies of oxidant gases in rodents have also demonstrated
an increased sensitivity of the aged organism compared
with the young organism with respect to oxidant-induced
cytokine response and damage as well as body weight loss
and slower onset of repair (Bils 1966; Cabral-Anderson et
al 1977; Stiles and Tyler 1988; Vincent et al 1996).

Published data show the generally high deposition
of ultrafine particles, but details on regional deposition
are lacking (Kanapilly and Diel 1980; Kanapilly et al 1982;
Anderson et al 1990; Yeh et al 1997). Patients with lung dis-
ease may be at higher risk from adverse effects of ultrafine
particle exposure because of increased deposition of these
particles in their respiratory tract: Anderson and colleagues
(1990) measured particle deposition in mouth-breathing
people with obstructive lung disease and found, on
average, a 24% greater deposition of ultrafine particles in
the respiratory tract compared with normal subjects.
Altered breathing pattern and changed airway geometry
may explain this finding. More data on deposition and dis-
position of ultrafine particles in the respiratory tracts of
laboratory animals and humans are needed. Some of the
studies described in this report address this question.

Results of our previous studies with ultrafine particles
are consistent with the hypothesis that at low mass con-
centrations urban ultrafine particles have a greater poten-
tial than the accumulation-mode particles to induce
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adverse effects in the susceptible organism. We found in
these earlier hypothesis-forming studies that ultrafine TiO,
particles (average size ~20 nm) elicited a significantly
greater pulmonary inflammatory response than larger TiO,
particles (~250 nm) when administered at the same mass
dose to the lung (Oberddrster et al 1990, 1994b; Ferin et al
1992). Subsequent studies with ultrafine Teflon fume parti-
cles at low inhaled concentrations of ~50 pg/m? for
15 minutes in rats found these ultrafine particle fumes to
induce severe pulmonary hemorrhage and edema (Ober-
dorster et al 1995). Obviously, these highly toxic Teflon
fume particles are not a surrogate for urban ultrafine parti-
cles, but we suggest that these particles can be used to
obtain valuable information about principles of ultrafine
particle behavior and mechanisms related to their toxicity
in general. They were, therefore, used in initial studies for
this purpose as described in this report. The subsequent
studies described in this report used more appropriate sur-
rogates for carbonaceous urban ultrafine particles, that is,
carbon particles and specific metal or metal oxide particles.

SPECIFIC AIMS

Studies performed in this research on ultrafine particles
were directed at three specific aims: (1) to answer basic
questions about principles of ultrafine particle toxicity;
(2) to optimize generation of ultrafine carbon and metal
particles and to characterize their number, size, and mass
relationships for use in animal inhalation studies; and
(3) to determine pulmonary effects of inhaled ultrafine
carbon and metal particles in rats and mice, including
modifying factors of a compromised or sensitized respira-
tory tract, age, and copollutant exposure.

Specific Aim 1 was addressed in studies that used
intratracheal instillations of low-toxicity ultrafine particles
and inhalation of high-toxicity ultrafine particle fumes in
rats and mice. As precursors to the subsequent studies
with environmentally more relevant ultrafine carbon and
metal particles, they were designed to answer the fol-
lowing basic questions: Are dose-response relationships of
ultrafine particles in terms of pulmonary inflammation
different from those of fine particles of the same material,
and what is the time course of the pulmonary inflamma-
tory response? Are the observed adverse effects of inhaled
Teflon fumes due to ultrafine particles alone or are reactive
gas-phase components involved as well? Does the coagula-
tion and aging of ultrafine Teflon particles to particles
greater than 100 nm reduce their toxicity? Can ultrafine
particles be found in interstitial locations shortly after
inhalation exposure? Does repeated short-term exposure to
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ultrafine Teflon fume particles induce tolerance to a subse-
quent highly toxic exposure?

Specific Aim 2 was addressed by (1) studies to determine
the particle size distribution and associations between
number and mass concentrations for ultrafine carbon, plat-
inum, iron, and vanadium particles; (2) coagulation studies
to generate the full range of the ambient fine particle mode,
that is, ultrafine and accumulation-mode particles; and
(3) dosimetry studies with ultrafine platinum particles and
generation of ultrafine '3C particles for use in dosimetry
studies.

Specific Aim 3 was addressed by studies to answer the
following questions: Is the pulmonary response of aged
and young mice to inhaled ultrafine carbon and platinum
particles increased when elastase-induced pulmonary
emphysema is present? Can inhalation of low-dose endo-
toxin prime the lower respiratory tract so that the pulmo-
nary inflammatory response is enhanced when ultrafine
and accumulation-mode particles are subsequently admin-
istered? Does coexposure of ultrafine carbon particles and
ozone in endotoxin-primed aged and young rats result in a
synergistic effect? Are aged Tsk mice with genetic pulmo-
nary emphysema more susceptible to the effects of
ultrafine carbon particles in combination with ozone and
endotoxin priming?

Some of the initial studies with Teflon fumes are ancil-
lary to our overall goals and are described in Appendix A.
These include initially proposed studies with Teflon
fumes to evaluate exposure-response relationships in aged
mice (~18 months) and young mice (~8 weeks) as well as
time course studies conducted by determining pulmonary
inflammatory cellular and biochemical parameters and
chemokine and cytokine responses.

GENERAL METHODS

ANIMAL HUSBANDRY

Mice and rats used in these studies were purchased as
specific pathogen—free animals (vendor information pro-
vided below under each specific study) and were placed in
wire cages with no bedding to avoid exposure to generated
dust particles in a barrier facility (rats and mice separate)
supplied with high-efficiency particulate air—(HEPA-)fil-
tered air under positive pressure at a temperature of 72° +
1°F and relative humidity of 40% to 70%. Number concen-
trations of ultrafine particles in the air of this facility were
9.8 x 10° + 4.5 x 10° particles/cm®. The different treat-
ments were performed after an adaptation period of at least
1 week. Animals that still had to age (old rats, Tsk mice)
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stayed for several weeks or months in the barrier facility.
For the different treatments, animals were moved to the
specific exposure rooms, which were kept at the same tem-
perature and supplied with humidity-conditioned HEPA-
filtered air. In the posttreatment period, animals were
placed in dedicated cubicles (mice and rats separate) with
their own HEPA-filtered and conditioned air supply. Ani-
mals received standard laboratory rodent chow (Purina
5001; Old Mother Hubbard, Lowell MA) and water ad
libitum. Separate sentinel animals were not kept. As indi-
cators of the animals’ clean health and freedom from respi-
ratory infections, we used the results of lung lavage
analysis of untreated or sham-treated control animals. In
our experience, the neutrophil level should be less than
1% of the lavage cells in healthy animals. As part of our
standard operating procedures, we do not use groups in
which controls have more than 2% neutrophils in their
lung lavage cells.

STATISTICAL ANALYSES

Statistical methods used in the analysis of the study
results included one-way and multifactorial ANOVA.
Results derived from one-way ANOVA were further evalu-
ated by multiple group comparisons using the Tukey test.
Multifactorial ANOVA was used to perform statistical
comparisons of mean response levels in groups of treated
animals. Each analysis included an examination of resid-
uals as a check on the required assumptions of normally
distributed errors with constant variance. If the required
assumptions were not satisfied, data transformations were
considered; these were typically log or square-root trans-
formations. The residual analysis was also used to identify
statistical outliers (standardized residual less than —3 or
greater than 3), and these observations were excluded from
the final analysis because they were inconsistent with the
statistical model, which was meant to draw conclusions
about groups of animals rather than single, isolated indi-
viduals. For the purposes of this report, any result with a P
value below 0.05 was considered statistically significant.

EVALUATION OF PRINCIPLES

METHODS

Dose-Response Relationships and Time Course of
Pulmonary Inflammatory Effects of Ultrafine and Fine
TiO, Particles

In extension of our earlier studies with two different
sizes of anatase TiO, particles, we administered a range

of TiO, doses to male F344 rats (Harlan Sprague-Dawley,
Indianapolis IN; body weight 211 + 10 g) and male
C57BL/6] mice (Jackson Laboratory, Bar Harbor ME; body
weight 23.3 + 1.6 g). The average particle sizes of the two
TiO, particle types, ~20 nm (Degussa AG, Frankfurt Ger-
many) and ~250 nm (Fisher Scientific, Springfield NJ),
coincided with the sizes of the ambient ultrafine and accu-
mulation-mode particles. In this report, these TiO, particles
will be referred to as ultrafine TiO, (20 nm) and fine TiO,
(250 nm). Analysis of trace contaminants for the TiO, parti-
cles provided by the manufacturers was as follows:
ultrafine TiO, was composed of TiO, > 99.5%, iron oxide <
0.01%, aluminum oxide < 0.3%, silicon dioxide < 0.2%,
and hydrochloric acid (HCI) < 0.3%; fine TiO, consisted of
TiO, 99.9%, Fe 0.008%, Pb 0.002%, Zn 0.003%, and
As 0.00005%.

Groups of rats received doses of 31, 125, and 500 pg of
ultrafine TiO, and 125, 500, and 2,000 ng of fine TiO,.
Mice received doses of 6, 25, and 100 pg of ultrafine TiO,
and 25, 100, and 400 png of fine TiO,. The intratracheal
instillations were performed under halothane anesthesia
by inserting a Teflon-tipped cannula via the mouth into the
trachea and delivering the TiO, particles suspended in
0.25 mL saline (rats) or 0.05 mL saline (mice) at the end of
exhalation. At 6, 24, and 48 hours after dosing, three
animals of each dosage group were killed by intraperito-
neal pentobarbital overdosing, and the excised lungs were
weighed, then exhaustively lavaged (10 times with 5 mL
saline [rats] or 1 mL saline [mice]). The following cellular
and inflammatory lung lavage parameters were deter-
mined: total cell number, cell viability, cell differential,
total protein, lactate dehydrogenase (LDH), and B-glucu-
ronidase content.

Involvement of Ultrafine Particles and Reactive
Gas-Phase Components in the Toxicity of Inhaled
Teflon Fumes

Our previous studies had confirmed that fumes gener-
ated by heating Teflon consist of ultrafine particles (CMD
14 to 18 nm) that induce extensive pulmonary damage in
rats when inhaled (Oberdorster et al 1995). Whether the
ultrafine particles alone are the cause of the severe lung
injury is not known. The method established in the earlier
studies for generation of these particles included a tube
furnace with 400 mg Teflon in a small boat inside, heated
to 486°C in an airflow of 6 L/min. Higher temperatures
were avoided because heating above 500°C results in the
release of numerous gas-phase products including the
highly toxic carbonyl fluoride and perfluoroisobutylene
(see Appendix A). The fumes exiting the tube furnace
passed a deionizer (210pg, 20 mCi), were cooled by dilut-
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ing air (35 L/min), then passed into a horizontal-flow,
compartmentalized, whole-body rat inhalation chamber
located in a large fume hood. Here as well as in all other
studies with inhaled ultrafine particles in this report the
chamber was first filled with the exposure atmosphere
before the compartmentalized insert containing the
animals was quickly introduced. Particle number and
mass concentrations were continuously monitored with a
particle nuclei counter (model 3022A, TSI, St Paul MN)
and Particle Mass Balance tapered element oscillating
microbalance (TEOM) (model 1400a, Rupprecht &
Patashnik, Albany NY). Particle size distribution was
determined by a Scanning Mobility Particle Sizer (model
3934, TSI), and gas-phase compounds were monitored
using a gas chromatograph (model HP5890, Hewlett-
Packard, Wilmington DE) equipped with dual detectors
(flame ionization and electron capture) and a GasPro
column (Alltech Associates, Deerfield IL). The exposure
concentration was adjusted to an ultrafine particle number
concentration of 5 x 10° particles/cm?®, equivalent to ~45
to 50 ug/m?.

We used this exposure method to evaluate whether the
ultrafine particles, gas-phase products, or both cause the
toxicity of Teflon fumes. Four groups of five male
F344 rats each (Harlan Sprague-Dawley; body weight
262 + 20 g) were each exposed for 15 minutes. During the
exposure, the gas-phase fluoride content was measured
using an F-specific electrode (model 9609BN, Orion
Research, Beverly MA) after trapping the gas phase of the
fumes in a water impinger. Four hours after exposure, the
animals were killed and the lungs were lavaged for
measurement of cellular and biochemical inflammatory
parameters. The animals were divided into the following
groups: group 1, sham-exposed controls; group 2, exposed
to whole Teflon fume, particle and gas phases; group 3,
exposed to gas phase only by passage of the fumes through
a particle filter (model GM7, Gelman Sciences, Ann Arbor
MI); and group 4, exposed to ultrafine particles only by
generation of the fumes in an argon flow in the tube fur-
nace, which did not produce gas-phase products.

Influence of Coagulation and Aging of Ultrafine Teflon
Particles on Pulmonary Toxicity

Our hypothesis is that ultrafine particles elicit greater
pulmonary effects than larger accumulation-mode particles.
Ultrafine particles at a high enough number concentration
will coagulate to larger particles, which should reduce their
toxicity. We made use of this coagulation phenomenon by
passing the generated ultrafine Teflon fume particles
through a copper tube (aging tube) ~2 m long and 10 cm in
diameter before adding diluting air as they entered the
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whole body exposure chamber. This delayed the particle
arrival in the animal chamber by ~3.5 minutes, and the
ultrafine particles had coagulated to particles of more than
100 nm. Particle number concentration, mass concentra-
tion, and size distribution were measured as described
above, as was the F~ content in the gas phase. Three groups
of four male F344 rats (Harlan Sprague-Dawley; body
weight 271 + 22 g) were exposed as follows (lung lavage
parameters were determined 4 hours after exposure): group
1, sham-exposed controls; group 2, exposed to freshly gen-
erated ultrafine particle Teflon fumes; and group 3, exposed
to aged, larger particle Teflon fumes.

Interstitial Translocation of Inhaled Ultrafine Particles
and Disposition of Particles

Our previous subchronic inhalation studies in rats with
20-nm and 250-nm TiO, particles indicated a significantly
faster and greater translocation of the ultrafine particles to
pulmonary interstitial sites. In initial studies using electron
energy loss spectroscopy (EELS) on lung tissue from rats
exposed to ultrafine Teflon fumes (in collaboration with Dr
John Godleski), we could make visible the ultrafine parti-
cles in submucosal conducting airway sites and in intersti-
tial spaces of the alveolar region. We expanded these
studies by preparing lung sections of mice and rats exposed
to Teflon fumes for evaluation by Dr Godleski using EELS.
The animals were exposed to ultrafine Teflon fumes at a
concentration of 5 x 10° particles/cm3 (~50 mg/mS) and
killed 4 hours after exposure. The lungs were perfused
with heparinized saline via the right heart followed by
2.5% glutaraldehyde perfusion and intratracheal instilla-
tion for overnight fixation.

For ultrastructural quantification of the particles in lung
tissue by EELS using the Zeiss CEM902, sections were cut
in the range of 20 to 30 nm, about one-fourth the thickness
of usual transmission electron microscope thin sections.
Ultrathin sections were placed on copper grids with
600 mesh openings. Elemental analysis was done at a
magnification of x30,000 or x50,000. An inelastically scat-
tered electron image was first obtained at an energy loss
level of 250 eV. This gave the best ultrastructural detail of
the section, which was unstained and only 30 nm thick.
This image was used to determine F~ associated with the
ultrafine Teflon particles in the cell or tissue. Structural or
elemental images were measured by the image analysis
capabilities of the system, recorded, and stored. At least
20 areas selected randomly from each lung were studied
with the Zeiss CEM902.

Lungs of mice exposed to ultrafine carbon particles were
also analyzed for particle localization in the lung tissues
and cells using a modified technique for tissue preparation
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followed by electron spectroscopy imaging (ESI). Lungs
from three different mice 18 hours after a 6-hour exposure
to ultrafine carbon particles were serially sliced into 2-mm
slices. Random slices were further dissected to yield
18 tissue samples of 1 mm?, yielding 6 blocks from each
animal. The samples were processed for ESI analysis as
follows: Samples were washed in 0.1 M potassium phos-
phate buffer with 0.01% calcium chloride, then fixed with
1% osmium tetroxide in 0.085 M sodium cacodylate buffer
for 30 minutes. Samples were washed with 0.085 M
sodium cacodylate buffer, dehydrated in a series of ethanol
and propylene oxide, infiltrated with a mixture of propy-
lene oxide and Araldite 502 Kit (Ernest F Fullam, Latham
NY), and embedded in Araldite 502. Sections of 30 nm
were made with an RMC MT6000 (RMC, Tucson AZ) and
placed on uncoated 600-mesh copper grids for examina-
tion with the LEO EM902 (LEO Electron Microscopy,
Thornwood NY).

For each selected cell field for mapping carbon, 200 real-
time images were acquired, digitized (640 x 512 pixels),
averaged, inverted, and stored. Areas were mapped for
carbon by ESI. The following parameters were held con-
stant: EM902 operating at 80 kV, beam current at 60 pA,
20-eV spectrometer slit resolution, 60-pm objective aper-
ture, 0.8-mm spectrometer aperture at x50,000 or x85,000,
on image mode. The determination of elemental distribu-
tions in a cell by ESI requires a discrimination step on an
image formed by subtracting a control image from a test
image; therefore, it was necessary to establish the back-
ground noise level of the system. The noise level was
found using the LEO CEM902 elemental analysis program
(IBAS User’s Manual, Release 2.0, April 1990) run twice
with three images at 235, 255, and 275 eV. The final deter-
mination image from each run was subtracted from each
other image. All pixels with gray levels above 0 in this
determination represented noise. The highest gray level of
noise was then used as a cutoff mark, and the carbon dis-
crimination was done at a constant level above this back-
ground. Once a background was determined for a field,
neither the electron optics nor the video camera controls
were changed. The LEO CEM902 elemental analysis was
again used twice, first collecting at 235, 255, and 275 eV,
and then collecting at 242 and 282 eV, and a peak image for
carbon was collected at 303 eV. The final image from the
second run was subtracted from the final image from the
first run. Carbon was discriminated and its distribution
was represented as a binary image map of the element.

Repeated Short-Term Exposure to Ultrafine Teflon Fumes
and Induction of Tolerance

Preexposure of the lung may influence its response to a
subsequent stimulus, resulting in a state either of height-
ened sensitivity (priming of target cells) or of lowered
sensitivity (adaptation). To explore this concept with
respect to ultrafine particles, we preexposed rats for short
periods of time to ultrafine Teflon fume particles before
subjecting them to exposures known to result in severe
pulmonary toxicity. The following experimental design
was chosen, using male F344 rats (Harlan Sprague-Dawley;
body weight 254 + 20 g), five (controls) or six animals per
group: group 1, sham-exposed controls (5 minutes on days
1, 2, and 3; 15 minutes on day 4); group 2, “adapted” ani-
mals exposed to 5 x 10° particles/cm® of fresh Teflon fume
(5 minutes on days 1, 2, and 3; 15 minutes on day 4); and
group 3, “nonadapted” animals (5 minutes of sham expo-
sure on days 1, 2, and 3; 15-minute exposure to 5 x 10°
particles/cm? of fresh Teflon fume on day 4).

Lung lavage fluid was analyzed 4 hours after the day-4
exposure for inflammatory cellular and biochemical
parameters, and expression of chemokines, cytokines, and
antioxidant proteins was analyzed by membrane hybrid-
ization and by in situ hybridization as described in the
following sections.

Membrane Hybridization For membrane hybridiza-
tion, slot blots were prepared in triplicate from a single
dilution of glyoxal-denatured RNA as described by
Thomas (1983), except that charged nylon membranes
(magnagraph 45 pm, micrometer separations) were substi-
tuted for cellulose nitrate. Each slot was sliced in thirds.
One third of each slot was hybridized to a control comple-
mentary DNA (cDNA) probe encoding the L32 gene as a
housekeeping gene. The other two thirds of each set of
slots was hybridized with 32P-labeled cDNA probes.
Random hexamer labeling (Feinberg and Vogelstein 1983)
was used to prepare cDNA probes, and blots were hybrid-
ized at 68°C for ~18 hours in 1x SSPE (10 mM sodium
chloride [NaCl], 10 mM sodium phosphate [NaH,PO,],
10 mM ethylenediaminetetraacetic acid [EDTA]), 10%
dextran sulfate, and 2x Denhardt solution (0.04% polyvi-
nylpyrrolidone-360, 2% Ficoll gradient, 0.4 mM EDTA,
2.0% sodium dodecylsulfate [SDS]), with 10°® counts per
minute (cpm) of probe/mL hybridization buffer. Mem-
branes were washed, 20 minutes each time, in 0.1x
standard sodium chloride—sodium citrate (SSC) and 0.5%
SDS at room temperature with shaking, followed by four
washes in the same buffer at 68°C without shaking. After
washing, membranes were blot dried, wrapped in Saran
Wrap, and exposed for autoradiography at —80°C using
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x-ray film and intensifying screens. For quantitation, the
dried gels were placed against phosphorimager screens
(Molecular Dynamics, Sunnyvale CA). The intensity of
each specific cytokine band was measured with a com-
puter-linked phosphorimager using the ImageQuant soft-
ware (Molecular Dynamics). To correct for RNA loading,
each intensity score was normalized to the intensity of
hybridization for the L32 gene.

Subcloning and Probe Preparation Mouse cDNA clone
for interleukin-1p (IL-1B), IL-6, and tumor necrosis factor—
o (TNF-a) was subcloned into a plasmid vector (pBlue-
script SK+; Stratagene, La Jolla CA) for the in vitro tran-
scription of RNA. Linearized plasmid DNA of homologous
cDNA clone was used as template for the preparation of
complementary RNA (cRNA) probes. Sense and antisense
orientations were confirmed on Northern blots. The cRNA
synthesis reaction followed modified published methods.
Final concentrations of the synthesis reaction were 40 mM
Tris-HCI (pH 7.5), 6 mM magnesium chloride (MgCl,),
10 mM dithiothreitol (DT), 0.5 mM unlabeled nucleoside
triphosphates, 5 pm 23P-labeled uridine triphosphate (UTP)
and 20 pM unlabeled UTP, 2 mM spermidine, 100 pg/mL
bovine serum albumin, 250 pg/mL yeast transfer RNA
(tRNA), 1,000 U/mL RNase inhibitor (Promega, Madison
WI), 100 pg/mL template DNA, and 1,500 U/mL RNA poly-
merase. These were incubated at 38°C for 90 minutes. The
DNA template was digested with RNase-free DNase I
(Promega), and then the probe was extracted with an equal
volume of phenol/chloroform (1:1), precipitated out of eth-
anol, and resuspended in diethylpyrocarbonate-treated
water. Full-length transcripts were approximately 1.4 to
1.5 kilobase prior to hybridization, and limited alkaline
hydrolysis of RNA probes was performed to reduce tran-
script length to 0.1 to 0.3 kilobase. Partially hydrolyzed
transcripts were sized by denaturing agarose gel electro-
phoresis.

Tissue Processing and In Situ Hybridization Lung tis-
sue was fixed with 2% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) instilled through a tracheal cannula at
10 cm H,O pressure for 15 minutes. Lungs were excised
from the thorax, fixed in the same buffer for another
12 hours, then dehydrated through graded alcohols and
embedded in paraffin, and 5-pm sections were prepared.
Sections were treated according to a modified method.
Briefly, tissue sections were treated for 30 minutes at 37°C
with 1 pg/mL proteinase K, washed, and dipped in fresh
0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0)
for 10 minutes. After dehydration through a series of
ethanol washes, the sections were dried and hybridized
overnight at 56°C in 50% formamide, 0.3 M NaCl, 10 mM
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Tris-HCI (pH 8.0), 1 mM EDTA, 1x Denhardt solution, 10%
dextran sulfate, 0.5 mg/mL yeast tRNA, and 0.3 pg/mL
probe. After hybridization, the slides were washed in
0.1x SSC twice for 10 minutes and once for 40 minutes.
Sections were treated with RNase A (20 pg/mL) in RNase
buffer (0.5 M NaCl, 10 mM Tris-HCI, and 1 mM EDTA, pH
7.5) for 30 minutes at 37°C. Slides were passed through
30-minute washes of 37°C RNase buffer, 0.1x SSC at room
temperature, 0.1x SSC at 68°C, and 0.1x SSC room temper-
ature. The slides were then passed through a series of
graded ethanol washes and dried, and autoradiography
was performed.

RESULTS

Dose-Response Relationships and Time Course of
Pulmonary Inflammatory Effects of Ultrafine and Fine
TiO, Particles

Tables 1 and 2 show the results of the lung lavage in rats
and mice at 6, 24, and 48 hours after intratracheal instil-
lation of different doses of ultrafine (~20 nm) and fine
(~250 nm) TiO, particles. As can be seen from these tables,
the mass doses required to induce the same degree of an
acute pulmonary inflammatory response (for example,
percentage of PMN in lavage) were much lower for
ultrafine than for fine TiO, particles in both species. The
resulting dose-response curves are considerably steeper
for the ultrafine particles in terms of inflammatory cell
numbers, protein, LDH, and B-glucuronidase in lung
lavage samples at all time points. Earlier onset of the
inflammatory response and a longer persistence were also
observed for some of the measured parameters.

Because mass may not be the most appropriate dose-
metric when evaluating poorly soluble particles, the dose
was also considered in terms of particle surface area. The
specific surface area had been determined earlier by
nitrogen adsorption (BET = Brunauer, Emmett, and Teller
1938) and was 6 m?/g for fine TiO, and 48 m?/g for
ultrafine TiO, (Oberdorster et al 1994b). The peak inflam-
matory response, with respect to PMN appearance in lung
lavage, was observed at 24 hours after exposure. This time
point was used to construct dose-response curves, with
dose of TiO, expressed either as particle mass or as particle
surface area. Figures 3 and 4 show that, as a dose metric,
particle surface area correlates very well with the pulmo-
nary inflammatory responses elicited by the two different
sizes of particles of the same material in rats and mice.
Furthermore, taking into consideration the difference in
lung size between rats and mice, the inflammatory
responses observed in both species were also expressed in
terms of particle surface area dose per gram of lung weight.
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Table 1. Lung Lavage Parameters and Lung Weights in Rats After Intratracheal Instillation of Different Doses of Ultrafine and Fine TiO, Particles and at
Different Time Points After Instillation

Dose by Alveolar -
Particle Mass® Total Cells Macrophages PMNs Lymphocytes Viable Cells  Protein LDH Glucuronidase Lung Weight
(and surface area) (x107) (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL) (g)
6 Hours
Control 1.23 £ 0.11 99.2 £ 0.6 04+04 04+0.3 97.0+ 0.9 0.227 £ 0.055 55.2+3.1 0.36 = 0.03 0.892 + 0.044
Fine
125 ng (7.5 cm?) 1.36 = 0.02 98.6 £ 0.4 0.7 £0.5 0.6 £0.1 94.6 + 2.4 0.239 + 0.067 51.3 £6.1 0.31 £ 0.04 0.904 + 0.140
500 png (30 cm?) 1.27 £ 0.21 98.7 £ 0.1 0.8 04 05+x04 94.6 + 2.4 0.215 = 0.007 51.8+7.4 0.34 = 0.02 0.800 + 0.041
2,000 png (120 cm?) 1.76 + 0.34 67.3 +11.5 25.5+4.9 0.1+0.1 96.0 £ 0.7 0.216 + 0.048 68.8 = 13.2 0.68 = 0.03 0.899 + 0.069
Ultrafine
32 pg (15 cm?) 1.34 = 0.06 96.5 + 1.9 3.3+1.9 0.2 0.0 96.5 0.4 0.222 £ 0.026 64.1 = 13.7 0.42 = 0.03 0.880 = 0.054
125 pg (60 cm?) 1.38 = 0.06 91.2 + 4.5 8.4x45 0.4 +0.4 95.0+x1.0 0.198 £ 0.009 56.2 = 3.3 0.46 = 0.02 0.900 £ 0.036
500 pg (240 cm?) 1.94 = 0.28 62.9+x7.2 36.8x7.0 0.3+0.1 96.2 0.9 0.278 +£0.011 84.4+4.9 0.99 = 0.05 0.940 = 0.051
24 Hours
Control 1.30 £ 0.17 98.2 £ 1.0 1.0+ 0.7 0.8+0.3 95.5+0.9 0.166 = 0.031 67.2+7.0 0.33 £ 0.05 0.865 + 0.057
Fine
125 ng (7.5 cm?) 1.21 + 0.24 98.0 £ 1.2 1.5+ 1.6 0.6 £ 0.5 95.8+1.6 0.169 + 0.038 61.5 + 23.2 0.42 = 0.07 0.862 + 0.037
500 pg (30 sz) 1.29 +0.17 87.6 +2.3 12224 0.2 +0.1 94.9+1.4 0.185 +0.065 78.9+17.5 0.43 = 0.05 0.807 £ 0.043
2,000 png (120 cm?) 1.49 +0.19 71.3 35 28.4=x=33 0.3 +0.3 95.7+0.8 0.208 £0.013 121.6+12.9 0.80 £ 0.10 0.934 + 0.046
Ultrafine
32 ng (15 cm?) 1.21+0.21 88.2+1.8 114+x24 1.12+04 95.3+x1.6 0.172 £0.018 63.1+9.0 0.40 = 0.03 0.837 £ 0.061
125 pg (60 cm?) 1.37 = 0.08 83.9+x21 15.7x2.2 0.4 +0.1 95.7 1.0 0.223 £0.018 77.7 £ 0.6 0.67 = 0.08 0.914 £ 0.031
500 pg (240 cm?) 1.78 £ 0.25 67.4 +10.4 31.6+10.6 1.0+0.7 96.4 + 0.8 0.250+0.046 130.3 £36.4 0.96 = 0.09 0.943 £ 0.028
48 Hours
Control 1.25 + 0.01 99.1 £ 0.5 0.5+0.3 04+0.3 95.3+0.8 0.177 £ 0.053 75.0 £15.2 0.42 + 0.04 0.860 + 0.047
Fine
125 ng (7.5 cm?) 1.25 + 0.1 98.0 0.4 1.4 +0.5 0.5+0.3 95.7+1.4 0.154 +0.028 67.6 + 3.2 0.43 = 0.06 0.840 + 0.035
500 pg (30 cm?) 1.30 + 0.1 91.6 £ 1.3 7.7+ 1.5 0.7 £0.3 96.2+0.6 0.179 = 0.032 78.1 9.7 0.42 = 0.01 0.869 + 0.013
2,000 png (120 cm?) 1.76 = 0.4 68.8+6.1 30.8+6.1 0.3+0.1 96.6 + 0.4 0.189 +£0.029 159.5 +28.4 0.84 + 0.05 0.903 = 0.023
Ultrafine
32 pg (15 cm?) 1.18 + 0.1 93.5+£1.2 5.7+ 1.3 0.3 0.1 94.4+1.4 0.159 = 0.015 80.0 +£6.5 0.47 = 0.02 0.825 + 0.060
125 pg (60 cm?) 1.34 = 0.2 76.0x2.7 229=x3.2 1.1+0.8 95.1+x1.1 0.209+0.032 102.3 +£12.2 0.60 = 0.11 0.880 £ 0.014
500 pg (240 cm?) 2.30+0.1 60.0+x26 37920 21=x0.7 97.2+x0.6 0.228 £0.013 151.0 £13.7 1.01 = 0.07 0.891 £ 0.013

& n = 3 for each exposure group.
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Table 2. Lung Lavage Parameters and Lung Weights in Mice After Intratracheal Instillation of Different Doses of Ultrafine and Fine TiO, Particles and at
Different Time Points After Instillation

Dose by Alveolar -
Particle Mass Total Cells Macrophages PMNs  Lymphocytes Viable Cells Protein LDH Glucuronidase Lung Weight
(and surface area) (x109) (%) (%) (%) (%) (mg/mL)  (nmol/min/mL) (nmol/min/mL) (g)
6 Hours
Control 0.70 £ 0.08 98.4+1.0 0.6 = 0.6 1.0 £ 0.7 94.9 £ 2.7 0.155 £0.032 111.5 = 24.7 0.12 £ 0.01 0.121 £ 0.010
Fine
25 pg (1.5 sz] 0.40£0.20 97.1+2.5 2.0+ 2.6 0.9+04 86.6 £ 5.6 0.193 £0.017 161.3 = 20.7 0.12 £ 0.01 0.132 £ 0.025
100 ng (6 sz) 0.30+£0.13 92.8 5.0 5.7+ 3.1 0.4 +£0.2 88.6 £ 2.8 0.206 = 0.026 139.4 + 24.1 0.14 = 0.01 0.130 £ 0.019
400 pg (24 sz) 0.40+0.10 83.6 £+4.6 15.2 £ 4.5 1.2+ 0.0 82.7 £6.7 0.225 = 0.015 155.6 + 24.5 0.40 = 0.06 0.130 £ 0.022
Ultrafine
6 g (2.9 sz)a 041+0.12 87.2+11.5 109+11.2 1.9+0.9 90.2 £ 2.1 0.159 = 0.014 120.0 £ 12.2 0.13 £ 0.03 0.147 + 0.026
25 g (12 sz)a 0.25+0.01 81.2+22.2 20.3+21.6 1.1+0.6 794 +2.4 0.211 £0.028 120.7 = 36.7 0.27 £ 0.06 0.142 + 0.010
100 pg (48 sz) 0.44 £0.03 56.4+10.6 424x11.1 1.2+0.7 85.7 £ 2.7 0.216 £0.014 108.4 = 34.6 0.42 £0.10 0.132 £ 0.016
24 Hours
Control? 0.51+£0.30 98.6 0.8 0.83 £0.7 0.6 0.3 89.1 £ 3.4 0.188 £0.034 136.5 £ 81.3 0.10 = 0.02 0.135 = 0.015
Fine
25 pg (1.5 sz] 0.37 £0.11 98.9+£0.1 0.38 £ 0.2 0.7 0.3 92.9+3.3 0.181 £0.023 107.4 £ 18.7 0.12 £ 0.00 0.148 + 0.007
100 ng (6 sz) 0.36 £0.14 92.8 5.1 6.5 +5.4 0.8 +0.3 86.6 £ 3.3 0.153 = 0.023 72.5 +17.1 0.16 = 0.03 0.122 £ 0.012
400 pg (24 sz) 0.50+0.09 57.5+8.4 42.2 + 8.6 0.3+0.4 89.8 £ 3.6 0.223 +0.025 185.4 + 55.6 0.39 £ 0.13 0.135 £ 0.024
Ultrafine
6 g (2.9 sz) 0.31+0.12 98.1+1.6 1.4+1.8 0.5+0.4 90.1 £ 3.3 0.153 £ 0.035 115.9 + 27.8 0.12 = 0.02 0.138 £ 0.015
25 g (12 sz) 0.76 £0.42 80.9 +3.7 18.7 £ 3.6 0.4 +0.3 89.6 £ 6.0 0.223 +0.031 137.2 £+ 60.4 0.33 = 0.05 0.126 +£ 0.019
100 pg (48 sz) 0.79 £0.40 53.9+8.0 45.6 £ 7.6 0.5+x04 93.1 £ 3.3 0.250 £ 0.066 169.4 £ 42.7 0.45 + 0.08 0.138 £ 0.016
48 Hours
Control 0.26 £ 0.01 98.7 £0.6 0.25 £ 0.0 1.1 £ 0.6 87.9+5.0 0.183 £0.023 138.9 + 28.8 0.01 £ 0.00 0.137 £ 0.015
Fine
25 pg (1.5 sz] 0.22 £0.08 98.0+0.3 0.08 £ 0.1 1.9 +£0.2 88.8 £7.2 0.149 £ 0.016 89.5 £12.6 0.02 £ 0.02 0.134 £ 0.005
100 ng (6 sz) 0.65+0.40 97.2+1.5 1.7+ 1.0 1.1+ 0.9 89.8 £4.8 0.170 = 0.032 107.1 = 30.6 0.07 = 0.02 0.132 £ 0.016
400 pg (24 sz) 0.67 £0.20 74.2 £6.8 23.9+7.5 1.9+1.1 92.5+2.3 0.210 +£0.033 109.8 + 8.5 0.27 = 0.05 0.133 £ 0.008
Ultrafine
6 g (2.9 sz)a 0.61 £0.41 96.8 3.7 2.4+ 3.6 0.8 +0.4 91.2 £ 3.8 0.184 = 0.028 125.5 +45.8 0.08 = 0.04 0.145 + 0.015
25 g (12 sz) 0.52 +0.23 86.3 £6.2 12.1 £ 6.5 1.7 £ 0.7 92.6 £ 3.3 0.202 = 0.046 97.5 + 36.9 0.16 = 0.06 0.138 £ 0.016
100 pg (48 sz) 0.89+0.34 684+10.6 29.0+x10.1 2.6+0.6 90.1 £ 3.2 0.215 £ 0.022 135.2 +17.7 0.50 £ 0.22 0.143 = 0.014

& n = 3 for all other groups; for these four groups, n = 5.
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Figure 3. Pulmonary inflammatory response (percentage of PMNs) in rats
24 hours after intratracheal instillation of 32 to 2,000 pg of fine (~250-nm)
TiO, particles and ultrafine (~20-nm). (A) Dose is expressed as instilled
particle mass; (B) dose is expressed as instilled particle surface area. Data
represented are means + SD.
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Figure 5. Dose-response (percentage of PMNSs) relationship 24 hours after
instillation of ultrafine (~20-nm) and fine (~250-nm) TiO, particles in rats
and mice, normalized for particle surface area and lung weight. Closed
symbols (M, A ) indicate rat data; open symbols (O, A), mouse data. Data
represented are means + SD.
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Figure 4. Pulmonary inflammatory response (percentage of PMNs) in
mice 24 hours after intratracheal instillation of 6 to 400 pg of ultrafine
(~20-nm) and fine (~250-nm) TiO, particles. (A) Dose is expressed as
instilled particle mass; (B) dose is expressed as instilled particle surface
area. Data represented are means + SD.

Figure 5 demonstrates that the 24-hour PMN response in
lung lavage for both species can be described by the same
dose-response relationship after normalization to lung
weight and particle surface area.

Involvement of Ultrafine Particles and Reactive
Gas-Phase Components in the Toxicity of Inhaled
Teflon Fumes

The particle size distribution of the Teflon fume parti-
cles upon heating of Teflon to 486°C is shown in Figure 6,
with a CMD of 16.3 nm and a GSD of 1.43. At a number
concentration of 5 x 10° particles/cm?®, the respective mass
concentration is about 50 ng/m?® (see also Appendix A for
more information on Teflon fume characterization).
Pulmonary lavage parameters from sham-exposed control
rats and from rats exposed for 25 minutes to this ultrafine
particle concentration with and without gas-phase con-
stituents and to the gas phase only are listed in Table 3.
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Table 3. Lung Lavage Parameters of Rats 4 Hours After a 5-Minute Exposure to Particle or Gas Phase of Teflon Fumes?®

Alveolar -

Total Cells Macrophages PMNs Lymphocytes Viable Cells Protein LDH Glucuronidase
Exposure (x107) (OE) (%) (%) (%) (mg/mL)  (nmol/min/mL) (nmol/min/mL)
Control 1.56 £ 0.10 98.67 = 0.55 0.61 £ 0.26 0.71 £ 0.45 94.87 +2.30 0.16 £ 0.02 45.30 +£5.69 0.41 £ 0.10
Particle + gas  1.51+0.78 37.34+43.5358.70 + 45.19Y 3.87 + 3.73 85.55 + 22.84 7.14 + 3.73" 487.10 + 229.63" 2.89 = 1.86"

phase

Gas phase 1.21 £0.12 97.35 + 0.62 1.60 +£ 0.75 1.04 £ 0.60 96.70 = 0.96 0.16 £ 0.01 48.05 + 3.39 0.39 £ 0.04
Particle phase 1.38 £+ 0.09 97.65 + 1.37 0.53 £ 0.45 1.82 +1.34 95.77 £1.25 0.13 £0.02 48.49 +5.94 0.38 £ 0.03

& n = 5/group. Values are all presented as mean + SD.

b P <0.05 by one-way ANOVA followed by Tukey test.

Neither rats exposed to the gas phase alone nor rats
exposed to ultrafine particles alone showed a significant
response in any of the lavage parameters compared with
controls; only the animals exposed to the complete fumes
responded with a statistically significant increase in the
cellular and biochemical lavage end points (Table 3).
Figure 7 displays these differences for two end points,
lavage PMN and protein. Measurements of F~ in the gas
phase showed that the group exposed to the gas phase only
had slightly higher levels than the group exposed to the
complete fumes and that the group exposed to ultrafine
particles only had F~ levels below the detection limit
(Table 4). Measured F~ levels are most likely due to
hydrogen fluoride in the gas phase. The fact that the
ultrafine Teflon particles generated in argon without the
gas-phase component did not cause a response indicates
the generally benign nature of these particles when inhaled
by young healthy animals at low concentrations for a short
time only.
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Figure 6. Particle size distribution of ultrafine Teflon fume particles.
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Table 4. Fluoride in Gas Phase of Teflon Fumes at
Different Exposure Conditions

Fume Generation and

Exposure Condition pg F/L2
Air generated, particle + gas phase 3.6
Air generated, gas phase (particle filter) 4.4
Argon generated, particle phase —b
8 Measured by F —selective electrode.
b Below detection limit.
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Figure 7. Particle-phase versus gas-phase toxicity of Teflon fumes. Lav-
aged PMNs and ?rotein 4 hours after a 25-minute exposure of rats to 5 x
10° particles/cm® (~50 ug/ms) of ultrafine Teflon fumes. Total fumes com-
pared with gas phase alone, particle phase alone, and sham-exposed con-
trol animals (n = 5). Values represented are means + SE. *P < 0.05 by one-
way ANOVA followed by Tukey test.
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Table 5. Lung Lavage Parameters at 4 Hours After a 15-Minute Exposure to Freshly Generated and Aged Teflon Fumes®

Total Alveolar

Cells Macrophages PMNs Lymphocytes Viable Cells Protein LDH B-Glucuronidase
Exposure (x107) ("E] (%) (%) (%) (mg/mL)  (nmol/min/mL) (nmol/min/mL)
Sham 1.15 £ 0.24 98.94 + 0.46 0.18 £ 0.23 0.88 +£ 0.43 94.89 + 0.42 0.12 £ 0.01 49.53 +17.79 0.37 £ 0.10
Fresh fume 1.31%0.51 31.75 +24.82 66.35 + 18.15° 1.90 = 0.82 85.32 +16.45 4.71+1.73° 287.82£3.13°  2.19 + 0.08P
Aged fume 1.34 £0.12 97.94 x 0.27 1.04 £ 0.48 1.02 £ 0.52 94.51 + 2.12 0.14 £ 0.01 61.01 = 10.06 0.27 £ 0.05

@ Fresh fumes had a CMD of 15 nm. Aged fumes were aged for 3.5 minutes and had a CMD of 110 nm. n = 4/group. Values are presented as mean = SD.

b P <0.05 by one-way ANOVA followed by Tukey test.

Influence of Coagulation and Aging of Ultrafine Teflon
Particles on Pulmonary Toxicity

Ultrafine Teflon fume particles increased in size after the
3.5-minute aging process from a CMD of 15 nm to 110 nm.
The number concentration at the same time decreased
from 5 x 10° particles/cm?® in the fresh fume to 1.5 x 105
particles/cm? in the aged fume. Respective mass concen-
trations for the fresh and aged fumes were ~50 pg/m? and
70 ng/m?, and the gas-phase F~ content was 9.0 and
5.3 pg F/L, respectively. Rats exposed to the aged fumes for
15 minutes did not show significant changes in any of
the inflammatory lung lavage parameters at the 4-hour
time point compared with sham-exposed controls, where-
as the group exposed to the freshly generated fumes
showed the usual high increase in all of these parameters,
demonstrating severe inflammatory pulmonary edema and
hemorrhage (Table 5). Figure 8 illustrates these differences
for lavage PMN and protein. Analysis of lung messenger
RNA (mRNA) by membrane hybridization for metallothio-
nein (MT) confirmed that only lungs of animals exposed to
the fresh fumes showed increased expression of this pro-
tein, which may be indicative of oxidative injury.
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Figure 8. Lung lavage parameters in rats after exposure to fresh and aged
Teflon fumes for 4 hours. Lavage was 15 minutes after exposure; PMNs and
protein are shown. Particle mass concentrations were 50 to 70 pg/m® and par-
ticles were CMD 15 nm (fresh fumes) and 110 nm (aged fumes). n = 4/group.
Values represented are means + SD. *P < 0.05 by one-way ANOVA followed
by Tukey test.

Interstitial Translocation and Disposition of Inhaled
Ultrafine Particles

Results of the EELS analysis of lung tissue sections of
rats 4 hours after a 10-minute exposure to ultrafine Teflon
fume particles (CMD 18 nm; GSD 1.8) are shown in
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Figure 9. (Top) Composite image of alveolar wall of a rat 4 hours after
exposure to ultrafine Teflon fumes. Ultrafine particles are scattered
throughout the alveolar cells and the interstitium. The image of lung
parenchyma near the pleural space includes box A and box B insets, which
are shown at higher magnification to illustrate the ultrafine particles. (Bot-
tom) Image of a vascularly perfused rat lung 4 hours after exposure to
ultrafine Teflon fume particles. Shown is a 30-nm section of large airway.
Arrows in top right panels point to fluorine-containing Teflon particles as
determined by EELS.
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Figure 10. (Top) Carbon particles in a type I cell (arrowheads) from the
lung of a mouse 18 hours after exposure to ultrafine carbon particles.
(Bottom) Composite of alveolar region with high magnification of type II
cells showing carbon particles (arrows).

Figure 9. The epithelial and interstitial translocation of the
inhaled ultrafine particles is apparent. Figure 9A shows a
composite image of the alveolar wall. Ultrafine particles are
scattered throughout the alveolar cells and the interstitium.
Sections of lung parenchyma near the pleural space illus-
trate the deep penetration of the ultrafine particles within a
short time after exposure. Figure 9B shows a section of the
conducting airway with ultrafine particles containing F
within and below epithelial cells.

Figure 10 demonstrates that such translocation is not
unique for Teflon fume particles. Shown is a composite of
the alveolar region of a mouse lung 18 hours after expo-
sures to inhaled ultrafine carbon particles (CMD 25 nm;
GSD 1.8). Figure 10 shows these carbon particles in type I
and type II cells. Figure 11 shows a series of a section of a
type I cell demonstrating that the imaged particle aggregate
consists of carbon, as was determined by ESI.

Repeated Short-Term Exposure to Ultrafine Teflon Fumes
and Induction of Tolerance

The severe pulmonary inflammatory response in rats
observed after only 15 minutes of exposure to 50 pg/m?® of
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Figure 11. Section of mouse lung 18 hours after inhalation exposure to
ultrafine carbon. (A) Composite showing ESI of an alveolar type I cell at
250 eV with an aggregate of carbon particles; (B) ESI image of the carbon
particles at 250 eV; (C) carbon distribution; and (D) carbon distribution
overlaid on the ESI image. Magnification for panels B, C, and D is x85,000.

freshly generated ultrafine Teflon fume particles could be
prevented by three preceding daily 5-minute exposures to
these fumes (Table 6; Figure 12). During the 3-day adapta-
tion period, animals of the adapted group did not show
any respiratory symptoms of being affected by these short
exposures to the ultrafine Teflon fumes at a concentration
of 5 x 10° particles/cm®. Neither did the rats of this group
show any clinical signs of respiratory effects after the
15-minute exposure to Teflon fumes on day 4. In contrast,
rats of the nonadapted group (sham-exposed on days 1
through 3) were severely affected by the 15-minute Teflon
fume exposure on day 4, with symptoms starting at about
1 hour after exposure on day 4, so that all of them had to be
euthanized within 3 hours after exposure because of sev-
ere dyspnea. The lung lavage fluid of these animals was a
pink color indicating blood contamination due to severe
epithelial and endothelial cell damage as observed in our
previous studies (Oberddrster et al 1995). Sham-exposed
control animals did not show any effects.

Analysis of the lung lavage fluid confirmed a high
inflammatory response in the nonadapted animals with
significant increases in cellular and biochemical para-
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Table 6. Lung Lavage Parameters of Adapted or Nonadapted Rats 4 Hours After a 15-Minute Sham or Ultrafine Teflon

Fume Exposure®

Total Alveolar

Cells Macrophages PMNs Lymphocytes Viable Cells  Protein LDH B-Glucuronidase
Exposure (x107) ("E] (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Sham 1.56 £ 0.09 98.67 + 0.49 0.61 +0.23 0.71+0.40 94.87 =2.06 0.16 +0.02 45.30 =5.09 0.41 = 0.09
Adapted 1.55 £ 0.26 93.23 +4.19 3.43 = 2.88 3.39+1.62 93.72+1.34 0.32+0.15 84.34 +40.92 0.50 = 0.09
Nonadapted 1.79 £1.19 28.50+25.34" 68.44 +26.01° 3.06 £ 0.86 89.54 + 6.11 6.61+0.73" 731.52 + 78.23>  3.27 = 0.86P

2 Adapted rats had been exposed to Teflon fume for 3 days; nonadapted rats had been sham exposed. The ultrafine Teflon fume contained 5 x 10°

3 3

particles/cm® or ~50 pg/m

b P <0.05 by one-way ANOVA followed by Tukey test.

meters, whereas lung lavage samples of sham-exposed
controls and adapted animals were not significantly dif-
ferent from each other. Total lavage cell numbers were not
different among the groups; the number of alveolar macro-
phages was significantly lower in the nonadapted group
but cell viability was not changed. Table 6 summarizes
the data of the lung lavage analyses from this study 3 to
4 hours after exposure, and Figure 12 depicts the results
with respect to the lavage PMN and protein data. Some
variability among rats was observed within the adapted
group with respect to PMN and protein values. For
example, PMNs in lavage fluid from this group ranged
from 0.9% to 9.7%, and lavage protein ranged from 0.184
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Figure 13. Slot blot hybridization of total RNA (5 pg) of rat lung 4 hours
after a 15-minute Teflon fume exposure (5 x 10° particles/cm®) in adap-
ted, nonadapted, or sham-exposed animals. Samples were slotted to
nylon membrane and hybridized with ¢cDNA probes for MT, MnSOD,
MIP-2 and the L32 gene. Autoradiograms were developed after 24 hours
at —80°C. n = 3/group.

. n = 5/group for sham exposure; n = 6/group for fume exposures. Values are presented as mean + SD.
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Figure 12. Lung lavage PMNs and protein levels in rats adapted and
nonadapted to Teflon fumes. Adaptation involved Teflon fume exposures
5 min/day for 3 days and a 15-minute exposure on day 4 to a concentra-
tion of 5 x 10° particles/cm®. Values represented are means + SD. *P <
0.05 by one-way ANOVA followed by Tukey test.
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Figure 14. Alterations in the relative abundance of MT, MnSOD, and
MIP-2 mRNA. Slot blots of lungs from Teflon fume adapted, nonadapted,
and sham-exposed rats were quantified by video densitometry. All values
were normalized to constitutively expressed mRNA for L32. Each bar rep-
resents the mean of values for 3 rats. The asterisks indicate statistical sig-
nificance relative to other groups. *P < 0.05 by one-way ANOVA followed
by Tukey test.

21



Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

Figure 15. Localization of MT and IL-6 mRNA in lungs from (A) sham-exposed, (B) adapted, and (C) nonadapted rats after Teflon fume exposure. Magni-
fication is x10.
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to 0.626 mg/mL, but the group mean was not significantly
different from that of the sham-exposed group.

Antioxidant and cytokine mRNAs in total lung tissue
were evaluated by Northern and slot blot analyses. Figures
13 and 14 demonstrate increases in mRNA abundance for
messages encoding manganese superoxide dismutase
(MnSOD), MT, and macrophage inflammatory protein—2
(MIP-2) in adapted rats within 3 hours after the single
15-minute Teflon fume exposure at 5 x 10° particles/cm®.
Sham and adapted rats demonstrated no alterations in any
of the messages examined.

To study cell-specific alterations of IL-6 and MT mRNAs
after Teflon exposure in adapted and nonadapted rats, in
situ hybridizations were performed. In control and
adapted lungs, IL-6 and MT messages (Figure 15) were not
detected over background levels (as determined by hybrid-
ization with IL-6 and MT sense strands [not shown]), con-
sistent with the low basal levels of these mRNAs in lung
homogenates. Nonadapted lungs had increased message
levels for IL-6 and MT (Figure 15C) and MIP-2 (not
shown). Transcripts were seen in lymphatic vessels sur-
rounding large airways and also in large and small air-
ways. Increases occurred where edema was visible as well
as in most inflammatory cells. The majority of these cells
were PMNs, particularly those near or surrounding bron-
chioles and blood vessels. Transcripts were apparent in
many cells throughout the parenchyma. Of these cells,
many were localized in corners of alveoli where type II
pneumocytes are located.

GENERATION AND COAGULATION OF
ULTRAFINE CARBON PARTICLES

METHODS

Our toxicologic studies with ultrafine carbon particles
as surrogates for urban ultrafine particles were preceded
by establishing the techniques for their generation and the
characterization of their specific properties. An electric
spark discharge generator supplied with graphite elec-
trodes was used (model GFG-1000, PALAS Co, Karlsruhe,
Germany; Figure 16). The principle of generation involves
an electric spark discharge between two opposing graphite
electrodes (less than 0.2 ppm metals) in an argon flow
(6 L/min) that disperses the particles immediately to pre-
vent continuing coagulation. The argon was of 99.998%
purity and additionally was passed through a moisture
trap, oxygen trap, and hydrogen trap. The particle number
concentration was adjusted by altering the electric spark
discharge frequency, and maximum output of several mil-
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Figure 16. Schematic of ultrafine particle generator showing spark dis-
charge chamber with graphite electrodes.

ligrams per hour was achieved. Addition of diluting air
(medical grade air, 29 L/min) immediately after passing
the particles through a deionizer (*'°Po, 20 mGCi) prevented
their further coagulation before use in animal exposure
studies. A low flow of oxygen (1.6 L/min) was also added
to maintain a normal oxygen concentration in the expo-
sure chamber, which was monitored with an oxygen
analyzer (model 60T, Teledyne Electronic Technologies,
Los Angeles CA). For generation of ultrafine metal parti-
cles the same generator was used. Rods of the respective
pure metals (3.1 mm diameter, 25 mm length; ESPI,
Agoura Hills CA) were implanted into the tips of the
graphite electrodes such that the metal rods were opposing
each other in the spark discharge chamber.

Particle Size Distribution and Associations Between
Number and Mass Concentrations of Ultrafine Carbon
and Metal Particles

Number, mass, and size of the particles generated by
spark discharge were determined in the breathing zone of
the whole body animal exposure chamber using a particle
nuclei counter (TSI), a particle scanning mobility analyzer
(TSI), and a TEOM (Rupprecht & Patashnik). Correlations
between mass and number concentrations were estab-
lished for ultrafine carbon, platinum, iron, and vanadium
particles, and for the oxides of iron and vanadium parti-
cles. The metal oxides were generated by adding a low
flow of oxygen (~50 mL/min) into the argon flow to the
spark discharge chamber.

Coagulation Studies with Ultrafine Carbon Particles

In order to obtain information on the coagulation
behavior of the generated particles in an initial study,
ultrafine carbon particles were introduced into the whole
body animal exposure chamber at concentrations ranging
from 1 x 10% to 1 x 107 particles/cm®. Further input was
stopped, then air samples were taken over the next 30 min-
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utes to determine particle sizes and particle number
concentrations.

In a subsequent study, we stimulated the particles gener-
ated by spark discharge to form larger accumulation-mode
particles by passing the ultrafine particles through an
aging tube. Urban ultrafine particles coagulate onto accu-
mulation-mode particles, which are more stable because of
the resulting lower number concentration. Although the
present studies were not aimed at comparing the two dif-
ferent particle types, results of our studies with ultrafine
and larger sizes of TiO, particles and Teflon fume particles
(see above) point to the need in future studies to have both
particle sizes of the same material available for side-by-
side evaluation of pulmonary responses. The aging tube
added an aging time of 7 minutes before the particles
entered the exposure chamber. To increase ultrafine par-
ticle coagulation in this study, the output of the ultrafine
particle generator was maximized. Particle sizes, particle
number concentrations, and particle mass concentrations
before and after the aging process were measured as
described above.

Dosimetry Studies with Ultrafine Platinum Particles and
Generation of 13C Particles for Dosimetry Studies

Existing models of the deposition of particles in the res-
piratory tract predict a high deposition efficiency of
inhaled ultrafine particles in the conducting airways and
alveolar region. Furthermore, our earlier subchronic inha-
lation studies with ultrafine and larger TiO, particles
showed a greater propensity of the ultrafine particles to
translocate across epithelial cells to interstitial sites (Ferin
et al 1992; Oberdorster et al 1994b). Likewise, our studies
have shown that ultrafine Teflon particles can be found in
the pulmonary parenchyma ~30 minutes after exposure
(Ferin et al 1992; Oberdorster et al 1994b).

For quantitation of both deposition and translocation of
inhaled ultrafine particles within the respiratory tract and
translocation to extrapulmonary organs, detailed dosim-
etric analyses are needed. Particle types suitable for this
purpose are also needed. As an extension of our earlier
studies, we exposed a rat for 6 hours to ultrafine platinum
particles (CMD 18 nm, ~100 pg/m?) and quantitated plat-
inum content in individual lung lobes, trachea, blood,
kidney, and liver shortly after exposure using isotope dilu-
tion analysis by inductively coupled plasma mass spec-
troscopy (ICPMS; see below). Platinum particles seem to
be ideal because of their extremely low tissue background
levels. In our VG Elemental Plasma Quad II+ used for
ICPMS, combined with the Cetac MCN-6000 nebulization
system, platinum detection limits of less than 10 pg/g (10
parts per trillion) are readily achieved. Other rats were
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exposed for 3 hours to ultrafine platinum particles, and
platinum content was measured in lung lobes and lavage
cell pellets by ICPMS about 30 minutes after exposure.

For ICPMS determination of platinum, tissue samples
were digested in hot aqua regia (HCl/nitric acid; 3:1) and
taken to dryness. The residue was resuspended in 5%
nitric acid. Ultrapure reagents were used throughout.
Ultrex-grade acids were purchased from commercial
sources (JT Baker Chemical Co, Phillipsburg NJ), and H,0
of 18 MQ resistivity was prepared in our laboratories. Plat-
inum concentrations in samples were quantified in one of
two ways: using external standards to obtain a calibration
curve of measured signal versus platinum concentration;
or adding a solution with an enriched stable isotope of
platinum (a spike solution) to the sample for isotope dilu-
tion analysis. Either method provided data with 1% to 5%
accuracy and precision. Isotope dilution analysis is more
efficient and reliable. In this method, the isotopic compo-
sitions of normal platinum in the sample and of the spike
solution are known, as is the amount of spike platinum
added. Therefore, the concentration of platinum in the
sample was determined from a single measurement of the
isotopic composition of the spike-sample mixture. During
digestion for the analysis, 198Pt spike solution was added
to the sample. Because only a single isotope composition
measurement is involved, isotopic dilution analysis is
rapid, and the concentration determination is insensitive
to loss of sample subsequent to addition of the spike (loss
of sample affects the measured signal intensity, but not the
isotopic composition of the mixture). Most importantly,
isotopic dilution analysis is insensitive to time-dependent
or matrix-dependent drift in instrument response. These
can be serious problems in ICPMS analysis; matrix effects
can be particularly problematic when analyzing digested
tissues.

Although metallic platinum particles are extremely
resistant to acid dissolution, we cannot exclude the possi-
bility that some very small fraction may be solubilized and
then transferred to extrapulmonary tissues. Therefore, we
developed a method to produce insoluble ultrafine carbon
particles consisting completely of the stable isotope 3C
and characterized their size and the relationship of mass
concentration to number concentration. In order to make
13C graphite electrodes for use in the spark discharge gen-
erator, we started with amorphous *C powder (Isotec,
Miamisburg OH), which was mixed with a small amount
of 13Cﬁ-glucose (Isotec) as a binder. The mix was formed
into small 4-mm diameter cylinders by extrusion through a
tube, and these were baked at 180°C for 40 minutes in
argon. The baked raw carbon cylinders were graphitized in
argon in a self-made electric furnace at approximately
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Figure 17. Size distributions of ultrfine carbon and metal particlea gener-
ated by the electric spark discharge system.

2,600°C, measured with a remote sensing pyrometer
(Pyrometer Instrument Co, Northvale NJ). The resulting
13C graphite electrodes were mounted into the PALAS
spark discharge ultrafine particle generator for generation
and further characterization of the 13C particles.

RESULTS

Particle Size Distribution and Associations Between
Number and Mass Concentrations of Ultrafine Carbon
and Metal Particles

Ultrafine particles were generated in the PALAS system
by spark discharge in argon atmosphere using electrodes of
99.99%-pure graphite, platinum, iron, and vanadium. For
generation of metal oxide particles, oxygen was added into
the spark discharge chamber at a rate of 200 to 500 mL/min.
Particle size distributions determined by the scanning
mobility analyzer are shown in Figure 17, and associations
between number concentration and mass concentration of
the different particle types are depicted in Figure 18.
Although, in general, the ultrafine metal and metal oxide
particles are smaller than the ultrafine carbon particles,
with CMDs ranging from ~13 to 24 nm for metals and ~22

200 200 .
150 1501 Platinum
100 100+
50 504
0 0 T v T
0 20 0o 1 2 3 4 5
1004 1004
£ ron Iron Oxide
2 75 751
s
®
£ sof 05 50
8
s
3 25 25
7]
8
Z 9 I — . 0 . . . .
0 1 2 3 4 5 6 00 25 50 75 100
751
Vanadium 1001 /anadium Oxide
50 75
|}
50+
25+
25
0 4 T T " 0 v v v
0.0 2.5 5.0 7.5 10.0 0 1 2 3

Particles/cm® (x 10°) Particles/cm® (x 10°)
Figure 18. Correlation between particle number concentration and par-
ticle mass concentration for ultrfine carbon and metal particles generated
by the electric spark discharge system.

to 30 nm for carbon, sizes can easily be adjusted by
increasing the output of the generator, which results in
increased coagulation and, thus, larger ultrafine particles.
Such coagulation is also the reason that the correlation
between particle number concentration and particle mass
concentration is not linear but in general curves upward
(Figure 18). The size of the generated particles corresponds
well with the ambient ultrafine particle mode (see Fig-
ure 1), which makes them appropriate surrogates.

Ultrafine carbon and platinum particles were also
imaged by scanning electron microscopy. Figure 19 shows
the particles at high magnification after collection on a
nucleopore filter, taken with a LEO 982 Field Emission
scanning electron microscope (LEO Electron Microscopy,
Cambridge, England). It appears that the carbon particles
form aggregates to a greater extent than platinum particles.
Whether this may be an artifact that occured during par-
ticle collection on the filter or had already occurred in the
airborne state is unknown. However, the somewhat
smaller particle sizes determined for the ultrafine metal
particles (Figure 17) may well be due to a difference in
aggregation state. There was no evidence for generation of
fullerenes among the ultrafine carbon particles.
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Figure 19. Scanning electron micrograph of (left) ultrafine carbon particles and (right) platinum particles collected on a nucleopore filter.
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Figure 20. Change of particle number concentration and particle size
(CMD) in animal exposure chamber under no-flow conditions. (A) Rapid
coagulation occurs at high initial particle number concentration; (B) slower
coagulation occurs at lower initial particle number concentration. Abscissa
displays minutes after stopping aerosol flow into the chamber.
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Recent results from Dr Kreyling (personal communica-
tion, 2000) indicate that ultrafine carbon particles
generated with the electric spark discharge system by the
PALAS generator contain up to 20% organic carbon. We
have therefore analyzed our ultrafine carbon particles
in collaboration with Dr G Cass (Georgia Institute of
Technology, Atlanta GA), who confirmed that significant
amounts of organic carbon are on the filters with the
collected ultrafine carbon particles. We suspect that these
organic carbon contaminants consist of adsorbed hydro-
carbons, which are always present at low concentrations
in air. Further analyses are underway to confirm this.

Coagulation Studies with Ultrafine Carbon Particles

The coagulation rate is dependent on the particle
number concentration (Hinds 1982). Filling an animal
whole body inhalation chamber with ultrafine carbon
particles at concentrations of 1 x 107 particles/cm® and
then stopping the aerosol flow resulted in fast coagulation,
as indicated by a rapid decrease in particle number
concentration and an increase in particle size; a lower ini-
tial concentration slowed down this process (Figure 20).
Therefore, a dynamic-flow exposure system and contin-
uous monitoring of the particle number concentration are
important for inhalation studies with ultrafine particles.

The rapid coagulation of ultrafine particles at high
number concentrations can be exploited to generate parti-
cles that correspond in size to the ambient accumulation-
mode particles. Results of our studies using an aerosol
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Figure 21. Size distributions of ultrafine and accumulation-mode carbon
particles generated by the electric spark discharge system. Results of indi-
vidual scans for the two particle modes. The left ordinate displays the
number concentration for ultrafine particles and the right ordinate for the
accumulation-mode particles. The mass concentrations of these scans were
11.1 pg/m?® for ultrafine particles and 2.8 pg/m® for accumulation-mode
particles.

aging system (~7 minutes of aging) show a considerable
shift of the initial ultrafine particle size distribution to
accumulation-mode sizes, from a CMD of 18 nm to a CMD
of 260 nm in the example shown in Figure 21 (compare
with urban aerosol in Figure 1). Thus, the aerosol aging
system can effectively be used to produce the accumula-
tion-mode counterpart to the ultrafine particles of the
same material composition. Availability of the two modes
separately (Figure 21) allows for the design of future inha-
lation studies with emphasis on side-by-side comparison
of the effects of the two different particle sizes within the
fine particle mode.

Dosimetry Studies with Ultrafine Platinum Particles
and Generation of Ultrafine 13C Particles for
Dosimetry Studies

Initial studies with ultrafine platinum particles
(~110 ug/ms, 3-hour exposure) in rats (n = 3) resulted in a
retained lung burden of 753 + 195 ng (measured by ICPMS)
at 1 hour after the exposure. Of this amount, 25% was
obtainable by lavage, that is, associated with macrophages,
which contrasts with ~70% obtainable shortly after inhala-
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Table 7. Results of ICPMS Analysis in Rat Tissues After a
6-Hour Exposure to 5.4 x 10° Particles/cm? of Ultrafine
Platinum Particles

Tissue Weight  Platinum Mass?

Tissue (g) (ng)
Sham Exposure

Lower right lungP 0.2046 0.09
Upper right lung® 0.2823 0.13
Left lung 0.2728 0.12
Blood 1.9041 0.30
Trachea 0.2085 0.21
Liver 0.9218 0.11
Platinum Exposure

Lower right lungP 0.2075 673.61
Upper right lung® 0.2763 665.50
Left lung 0.2931 699.66
Blood 2.0015 0.47
Trachea 0.1621 81.97
Liver 0.8880 15.99
Kidney 0.9151 0.55

@ In total tissue sample.
b Diaphragmatic lobe.

¢ Cranial and intermediate lobes.

tion exposure to larger-sized (0.9-pm) particles found in
earlier studies (Lehnert 1983). This finding is consistent
with a lower uptake of inhaled ultrafine particles by alve-
olar macrophages and may indicate a greater association of
these particles with epithelial and pulmonary interstitial
sites. To evaluate ultrafine particle translocation further,
one rat was exposed for 6 hours to 5.6 x 10% ultrafine
platinum particles/cm3 with a CMD of 13 nm and GSD of
1.7 and killed 30 minutes later. Lung lobes and trachea as
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Figure 22. Measurement by ICPMS of platinum in rat trachea. (A) Platinum signal in trachea from control rat; (B) platinum signal in trachea from rat after
6-hour exposure to ~110 pg/m?® ultrafine platinum particles (amu = atomic mass units).
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Figure 23. Relative platinum burdens in lung sections and liver of a rat
after 6 hours of ultrafine platinum particle exposure. CMD was 13 nm;
GSD was 1.67; total platinum in lower respiratory tract was 2.12 pg = 100%;
estimated deposition efficiency was 20%.

well as samples of liver, kidney, and blood were prepared
for ICPMS with isotope dilution analysis.

Table 7 shows the results of this analysis. Figure 22
demonstrates the sensitivity of this method with the tra-
chea as an example for platinum analysis. The result was
obtained using an external standard in the ICPMS system.
Figure 22 contrasts the absence of signal in the control
trachea (which was similar for all control tissues) with the
strong signal in the exposed trachea. The relative abun-
dance of the platinum isotopes shown is as expected for
normal platinum (192p¢, 0.79%; 194Pt, 32.9%; 195P¢,
33.8%; 195Pt, 25.3%; 198Pt, 7.2%). A signal of about 17,000
counts per second is seen at 1°°Pt. As shown in Table 7,
exposed lung tissue had about 6,000-fold higher platinum
levels than the control lung, with a total retained lung
burden of 2.12 pg. Even the trachea of the exposed rat had
a 500-fold increased platinum concentration per gram of
tissue, demonstrating that extremely low concentrations of
platinum can be measured in individual generations of the
conducting airways. Moreover, the 150-fold greater plat-
inum concentration in liver from exposed versus control
rats may indicate significant translocation of the deposited
ultrafine platinum particles to the liver (Figure 23) within
the 6-hour inhalation exposure.

Replacing the regular graphite electrodes in the PALAS
generator with 13C-graphite electrodes made from '3C
amorphous powder resulted in the generation of '3C
ultrafine particles. These had essentially the same charac-
teristics in terms of size distribution and mass concentra-
tion versus number concentration as the regular ultrafine
carbon particles (Figure 24). The correlation between
particle number concentration and particle size for 13C
particles did not show the typical curvilinear pattern seen
with the regular carbon particles. However, because this
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Figure 24. (A) Particle size distribution and (B) mass concentration ver-
sus number concentration of ultrafine 13C particles generated by the elec-
tric spark discharge system.

correlation was determined with only four data points, the
shape of the curve may not be adequately described by this
limited data set and further test runs should be performed.
The insoluble ultrafine 13C particles will be ideal for lung
dosimetry studies and for quantitating ultrafine particle
translocation to other organs.

ACUTE EFFECTS OF ULTRAFINE CARBON
PARTICLES

Because we expected to see effects only in the compro-
mised organism, we used three different models of lung
injury in mice and rats: elastase-induced pulmonary
emphysema, inhaled endotoxin for sensitizing target cells
in the respiratory tract, and a genetic mouse model of
advanced-age emphysema.



G Oberdorster et al

METHODS

Pulmonary Response to Inhaled Ultrafine Carbon and
Platinum Particles in Aged and Young Mice With and
Without Elastase-Induced Pulmonary Emphysema

Male C57BL/6] mice, 8 weeks of age (Jackson Laboratory;
body weight 25.2 + 0.9 g) and 18 months of age (Charles
River National Institute on Aging, Kingston NY; body
weight 33.3 + 3.0 g), were used for induction of pulmonary
emphysema. The following protocol was used: porcine pan-
creatic elastase (Calbiochem, La Jolla CA) was intratrache-
ally instilled twice to produce a uniform pattern of lung
emphysema. For young mice, two doses of 20 units each
in 100 puL saline separated by 7 days were instilled through
a catheter inserted into the trachea via the mouth in
halothane-anesthetized animals. In the old mice, the two
instillations of 20 units of elastase were separated by
14 days. Control mice received saline instillations at the
same time points. After the acute elastase-induced response
had subsided, groups of animals were exposed on day 9
(young mice) or day 15 (old mice) after the second instilla-
tion to 12 x 108 particles/cm? of ultrafine carbon or ultrafine
platinum particles, equivalent to ~105 to 115 pg/m3. The
exposure in a whole-body compartmentalized exposure
chamber lasted for 6 hours, and animals were killed the
following day. Lung lavages were performed for evaluation
of cellular and biochemical parameters. Lungs of other ani-
mals were prepared for RNA analysis by ribonuclease pro-
tection assay (RPA) (see below) of inflammatory cytokines,
chemokines, and antioxidants, or were perfusion-fixed for
histopathological examination.

Lavage Fluid Analyses A sample of pooled lavage cells
was stained with trypan blue and analyzed using a bright-
line hemacytometer to determine cell viability and
number. A modified Wright-Giemsa stain (Diff-Quik;
Baxter Scientific, Edison NY) was used to stain cytocentri-
fuged cells for differential analysis. Cells were viewed at
a magnification of x250 (Photomicroscope II, Zeiss,
Gottingen, Germany), and at least 500 cells per sample
were identified to determine percentages and absolute
numbers of alveolar macrophages, neutrophils, and lym-
phocytes.

Total protein concentration in the lavage fluid super-
nate, an indicator of epithelial and cell membrane integ-
rity, was determined using a bicinchoninic acid (BCA)
assay system (Pierce Chemical Co, Rockford IL). The LDH
activity was measured as an indicator of cytotoxicity via
its ability to oxidize nicotinamide adenine dinucleotide
(reduced form) using a commercially available kit
(DG1340-UV, Sigma Chemical Co, St Louis MO). Last, the
activity of the lysosomal enzyme B-glucuronidase was

measured via the production of p-nitrophenol from its sub-
strate, 4-nitrophenylglucuronide. Reagents for this assay
were also purchased from Sigma.

Ribonuclease Protection Assay Total RNA was isolat-
ed from lung tissue using TRIzol reagent (Life Technolo-
gies, Grand Island NY) according to the manufacturer’s
instructions. Each frozen lung lobe (50 to 100 mg) was
homogenized in 1 mL of TRIzol reagent. Each final RNA
pellet was resuspended in 50 pL of diethylpyrocarbonate-
treated water. The RNA concentration and purity were
quantified using the GeneQuant RNA/DNA Calculatory
(Pharmacia Biotech, Piscataway NJ). Steady-state cytokine
and chemokine mRNA levels were quantified using a pre-
viously described RPA (Hobbs et al 1993; Johnston et al
1998). Ribonuclease protection assays were performed
with sets of riboprobe templates (BD Pharmingen, San
Diego CA). The template sets used were mouse cytokine—2
(mCK-2) (specific for IL-12 p35, IL-12 p40, IL-10, IL-1q,
IL-1B, IL-1 receptor antagonist, macrophage inflammatory
factor [MIF], IFN-y, L32, and glyceraldehyde-phosphate
dehydrogenase [GAPDH]); mCK-3 (specific for TNF-f,
lymphotoxin [LT]-B, TNF-a, IFN-y, IFN-B, TGF [trans-
forming growth factor]-pB,, TGF-B,, L32, and GAPDH); or
mCK-5 (specific for lymphotactin [Ltn], RANTES, Eotaxin,
MIP-1B3, MIP-1a, MIP-2, IFN-inducible protein [IP]-10,
monocyte chemotactic protein [MCP]-1, T-cell activation
[TCAI-3, L32, and GAPDH).

The riboprobe synthesis reaction solution consisted of
50 ng of mCK-2, mCK-3, or mCK-5 template set; 120 mCi
[a-32P]JUTP (3,000 Ci/mmol; Dupont NEN, Wilmington
DE); 5 nmol adenosine triphosphate; 5 nmol guanosine
triphosphate; 5 nmol cytidine triphosphate; 150 pmol
UTP; 2.5 ng yeast tRNA; 100 nmol dithiothreitol; 1 ng
bovine serum albumin; 20 nmol spermidine; 10 U RNase
inhibitor; and 50 U T7 RNA polymerase (Life Technolo-
gies) in 1x transcription buffer (40 mM Tris-HCI, pH 7.5,
6 mM MgCl,).

The reaction mixture was incubated for 90 minutes at
37°C, and then diluted to 100 pL with DNase I buffer
(50 mM Tris-HCI, pH 7.5; 10 mM MgCl,; 0.02 U/pL RQ1
DNase I [Promegal). After a 30-minute incubation at 37°C,
the riboprobes were purified by phenol/chloroform extrac-
tion and ethanol precipitation. The dried pellet was then
resuspended in 50 pL of hybridization buffer (400 mM
NaCl; 40 mM disodium salt monohydrate [PIPES], pH 6.7;
1 mM EDTA, pH 8.0; 80% formamide [Sigmal), analyzed
by scintillation counting, and then diluted to a final con-
centration of 2.6 x 10° cpm/pL in hybridization buffer.
Samples (10 pg) of each RNA assayed were dried in a
Speed-Vac Concentrator (Savant, Farmingdale NY), and
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resuspended in 8 pL of hybridization buffer. The diluted
riboprobe (2 pL) was added to each RNA sample, heated to
80°C for 3 minutes, and then immediately placed at 56°C
for 16 hours.

After solution hybridization, 100 pL of RNase cocktail
(0.2 pg/mL RNase A [Sigmal; 600 U/mL RNase T1 [Life
Technologies]; 10 mM Tris-HCI, pH 7.5; 300 mM NaCl;
5 mM EDTA, pH 8) was added to each sample, and the
samples were incubated 45 minutes at 30°C. Proteinase K
cocktail (18 pL) (0.67 mg/mL proteinase K [Life Technolo-
gies], 3.5% SDS, 100 pg/mL yeast tRNA) was then added to
each sample, and the samples were incubated for 15 min-
utes at 37°C.

The protected RNA duplexes were purified by phenol/
chloroform extraction and ethanol precipitation, and the
pellets were resuspended in 5 pL of RPA loading buffer
(80% formamide, 0.5x TBE, 0.05% bromphenol blue
[Sigmal).

The protected, radiolabeled RNA fragments were elec-
trophoresed on a 5% acrylamide/8 M urea sequencing gel,
and the dried gel was used to expose X-AR film (Eastman
Kodak, Rochester NY) at —80°C with intensifying screens
(Quanta III, Dupont).

Pulmonary Inflammatory Response to Ultrafine and Fine
TiO, Particles After Low-Dose Endotoxin Inhalation

A model of endotoxin priming was established in rats
and mice using inhalation of a low dose of endotoxin (also
referred to in this report as LPS) in order to simulate gram-
negative bacterial infection. Endotoxin can prime target
cells so that they show a greater response to a subsequent
stimulus (Walmrath et al 1994, 1996; Roth et al 1997).
Administration of endotoxin to the lung will give rise to an
inflammatory response, ranging dose-dependently from a
mild neutrophilic influx into the alveolar space without
increase in protein to severe respiratory distress including
large neutrophilic and protein influx. The goal was to
establish an endotoxin inhalation model resulting in a pul-
monary inflammatory response characterized by a neutro-
phil content in the bronchoalveolar lavage fluid of 5% to
10% of the lavage cells 24 hours after the start of the inha-
lation exposure. Different concentrations of Pseudomonas
aeruginosa endotoxin (L9143, Sigma) diluted in saline
were aerosolized with an Aerotech II jet nebulizer (CIS-US,
Bedford MA), with flow output of 20 L/min, for 12 min-
utes, and delivered to male F344 rats or male C57BL/6]
mice in compartmentalized whole-body chambers dedi-
cated for the endotoxin exposures. Dose-response relation-
ships were established in both 18-month-old rats (Harlan
Sprague-Dawley, National Institute on Aging; body weight
418 + 28 g) and 11-week-old rats (Harlan Sprague-Dawley;
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body weight 255 + 35 g) as well as in 18-month-old mice
(Charles River, National Institute on Aging; body weight
33.2 + 3.3 g). The particle size distribution was determined
with a Mercer impactor to be 0.7 pm with a GSD of 1.64.

The doses of endotoxin deposited in the alveolar region
of rats and mice were estimated based on predictive
models of lung deposition of particles, so that results can
be expressed as dose-response relationships. The depos-
ited dose of inhaled endotoxin was calculated using the
predictive particle deposition model of Schum and Yeh
(1980) for the rat lung. The following parameters were
used for these calculations: the mass median aerodynamic
diameter (0.7 pm) and GSD (1.64) of the endotoxin aerosol
in the exposure chamber (measured with a seven-stage
Mercer impactor), exposure duration (12 minutes) and
animal breathing frequencies and tidal volumes (assuming
normal ventilation dependent on body weight as described
in EPA 1988), and the endotoxin aerosol concentration,
calculated from lipopolysaccharide (LPS) supply to the jet
nebulizer and nebulizer output.

The animals were killed 24 hours after the start of
exposure, and inflammatory cellular and biochemical
parameters in lung lavage fluid were measured. Cells in
lavage fluid were subjected to a luminescence assay to
determine spontaneous and stimulated release of ROS by
these cells (see below). Lung tissue RNA was also analyzed
for expression of cytokines, chemokines, and antioxidants
as described before.

To measure unstimulated and stimulated respiratory
burst activity, lavaged cells (1 x 10°) were mixed with
luminol (Sigma) in Krebs-Ringer-HEPES buffer (1.5 mM
MgCl,—6H,0; 1 mM calcium chloride; 1 mM potassium
hydrogen phosphate; 126 mM NaCl; 5 mM potassium chlo-
ride; 10 mM dextrose; 25 mM HEPES, pH 7.3) such that the
cell suspension equaled one half the reaction volume and
the final concentration of luminol was 10™* M (borosilicate
glass, 12 x 75 mm). PMA (Sigma) was added to some tubes
at a final concentration of 1.5 x 1077 M to activate cells for
induction of respiratory burst. Chemiluminescence was
measured using a TD-20e luminometer (Turner Designs,
Sunnyvale CA) immediately after addition of luminol or
luminol/PMA and every 4 minutes thereafter up to 20 min-
utes. Respiratory burst was measured within 3 hours after
cell isolation, even though in our earlier studies the
response to luminol did not change in as much as 5 hours
after cell isolation. A time-response curve (response given
in luminometer units [LU]) for each sample with and
without PMA was constructed, and respiratory burst
activity was quantified by calculating the area under these
curves using SigmaPlot (Jandel Scientific, San Rafael CA).
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For the purpose of this report, the integrated time-response
values are expressed as luminometer units on the figures.

To test the validity of the endotoxin priming model, low
doses (50 pg) of ultrafine and fine TiO, particles were
administered by intratracheal instillation to 10-week-old
F344 rats (Harlan Sprague-Dawley; body weight 235 + 39 g)
30 minutes after a 12-minute inhalation exposure to the
endotoxin. The endotoxin dose was selected on the basis
of the dose-response relationship established for inhaled
endotoxin; the estimated lung dose to achieve the desired
mild inflammatory response was 70 endotoxin units (EU)
in the alveolar region. The rats were killed 24 hours after
TiO, was administered and inflammatory lung lavage
parameters were determined.

Pulmonary Inflammatory Response to Inhaled
Ultrafine Carbon Particles With and Without Ozone
Coexposure in Aged and Young Rats After Low-Dose
Endotoxin Inhalation

Oxidant gaseous copollutants in the urban atmosphere
are generally present together with particulate matter, and
it has been suggested that combined exposures will result
in greater effects and may explain the epidemiologic find-
ings of an association between adverse health effects and
low urban particle concentrations. The low-dose endotoxin
inhalation model described above was used to evaluate this
aspect of oxidant copollutant exposures, using a multi-
group study design that allowed for a powerful statistical
analysis of the data despite small group sizes. Male F344
rats, both young (10 weeks; Harlan Sprague-Dawley; body
weight 225 + 31 g) and old (22 months; Harlan Sprague-
Dawley, National Institute on Aging; body weight
415 + 28 g), were exposed for 6 hours as follows (n = 3 per
group): group 1, sham-exposed controls; group 2, exposed
to ultrafine carbon particles, ~105 pg/m?®; group 3, exposed
to ozone, 1 ppm; group 4, exposed to ultrafine carbon par-
ticles plus ozone; group 5, endotoxin-primed by inhalation,
12 minutes (~70 EU deposited in alveolar region); group 6,
exposed by inhalation to endotoxin followed by ultrafine
carbon particles; group 7, exposed by inhalation to endot-
oxin followed by ozone; group 8, exposed by inhalation to
endotoxin followed by ultrafine carbon particles plus
ozone.

In the combined exposures, ultrafine carbon particles
and ozone were administered together, and groups with
endotoxin received the 6-hour carbon/ozone exposures
30 minutes after endotoxin priming. The 30-minute time
point was chosen on the basis of results of preliminary
studies with the endotoxin priming model and instillation
of ultrafine TiO, particles. Particle number, mass concen-
tration, and size distributions were measured as described

above, and ozone concentration in the exposure chamber
was continuously monitored in the breathing zone
of the animals (model 1003AH, Dasibi Environmental
Corporation, Glendale CA). On the day following expo-
sure, the animals were killed, cellular and biochemical
lung lavage parameters as well as lung mRNA were ana-
lyzed, and spontaneous and PMA-stimulated ROS release
from the lavage cells was measured. RPA was performed
with the riboprobe template rat cytokine—1 (rCK-1) (IL-1a,
IL-1B3, TNF-B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, TNF-a,
IFN-y, L32, and GAPDH).

For histopathologic examination, lungs were inflated
and fixed with 10% buffered formaldehyde, and 4-pm par-
affin sections were cut and stained with hematoxylin and
eosin. The lung specimens were oriented radially, such
that the terminal airways and alveolar ducts as well as the
alveoli were well demonstrated. Specimens were exam-
ined without knowledge of the treatment, and scored from
0 to 4+ for the degree of emphysema, the diffuseness or
amount of lung affected, alveolitis or PMNs in the alveoli,
the hyperplasia of alveolar macrophages, hyperplasia of
type II alveolar epithelial cells, inflammation and necrosis
occurring in the bronchioles, and the presence of peribron-
chiolar lymphoid aggregates.

Pulmonary Inflammatory Response to Inhaled Ultrafine
Carbon Particles With and Without Ozone Coexposure in
Aged Tsk Mice With Genetic Pulmonary Emphysema
After Low-Dose Endotoxin Inhalation

The third model of a compromised respiratory tract was
a genetic model of lung emphysema in Tsk mice of
advanced age (Snider et al 1986). At the age of ~8 weeks,
Tsk mice start to develop pulmonary emphysema and they
have well-developed lung emphysema by the age of
12 months, at which time they also begin to develop right
ventricular hypertrophy (Martorana et al 1990; Gardi et al
1994). Young Tsk mice are available in limited numbers
only (Jackson Laboratories). This limited availability and
potential losses during aging because of the frailty of these
mice make them less than ideal for simultaneous expo-
sures of large groups of the same age. Thus, we had to per-
form the exposures of Tsk mice in small groups over a
period of several months. Small groups of six mice per
group, eight groups total, of these animals at the ages of 14
to 17 months (body weight 26.1 + 3 g) were used to
examine the effects of ultrafine carbon particles with and
without ozone exposure including respiratory tract
priming by our endotoxin inhalation model. Exposures of
the Tsk mice consisted of a 6-hour ultrafine carbon particle
inhalation at a concentration of ~110 pg/ma, ozone at
1 ppm with and without prior endotoxin priming by LPS
inhalation (estimated alveolar deposited dose of
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Table 8. Lung Lavage Analysis of Mice 18 Hours After 6-Hour Exposure to Ultrafine Carbon or Platinum Particles

Total Alveolar -
Exposure Cells Macrophages PMN Lymphocytes Viable Cells  Protein LDH Glucuronidase
Group? (x 109 (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Sham
Young mice
Healthy (n = 4) 1.72 £ 0.29 97.76 = 0.24 0 2.24 +0.24 93.84+1.75 0.13 £+0.02 60.40 + 6.87 0.18 = 0.02
Elastase (n = 5) 3.30 £ 0.48 96.53 +2.40 2.07+1.04 1.40+1.43 91.60+3.81 0.16 +0.02 81.41 +40.11 0.17 £ 0.03
Old mice
Healthy (n = 4) 1.26 £ 0.19 98.01 £0.72 0.17+0.11 1.83 £0.80 90.60+ 2.89 0.15+0.02 55.35+«27.21 0.20+0.03
Elastase (n = 4) 3.57 £ 1.00 97.17 £ 0.43 0.37+0.61 2.46 +0.99 92.04+2.42 0.19+0.05 69.09 +7.83 0.22 = 0.07
Carbon
Young mice
Healthy (n=7) 1.38 £ 0.39 98.76 + 0.43 0.09+0.17 1.43+0.44 93.20+2.14 0.16 +0.02 84.12 +21.60 0.17 +0.03
Elastase (n = 6) 4.26 = 0.65 92.85 £ 2.65 4.61x2.19 2.58+1.03 92.68+3.84 0.18+0.11 77.42+18.34 0.23 £0.05
Old mice
Healthy (n = 4) 1.10 £ 0.11 98.22+1.26 0.30+0.22 1.47 +1.10 92.22+3.34 0.15+0.01 58.41+23.72 0.22 £ 0.06
Elastase (n = 5) 4.87 = 0.59 93.47 £6.09 3.18+5.02 3.34+1.18 92.35+1.19 0.19+0.04 81.30+24.95 0.28 £ 0.06
3-Day exposureb
Elastase (n = 4) 4.34 + 1.06 96.54 + 2.87 2.33+2.48 1.25+0.73 93.53+1.70 0.22+0.05 115.30 +13.11 0.20 = 0.06
Platinum
Young mice
Healthy (n = 4) 1.36 £ 0.34 99.08 = 0.49 0 0.92+049 92.30+3.86 0.14 +0.01 103.14 +10.21 0.16 = 0.01
Elastase (n = 4) 5.60 = 1.64 92.03 £2.25 4.74+2.61 3.24+1.45 92.20+4.01 0.12+0.04 71.55+15.36 0.15 + 0.02
Old mice
Healthy (n = 4) 0.91 = 0.26 96.52 = 1.43 0 3.49+143 8947 +0.88 0.16 +£0.02 60.40 = 6.87 0.18 = 0.02
Elastase (n = 5) 4.65 = 0.52 90.91 +2.97 5.27+2.63 3.82+0.77 92.78+£3.63 0.25+0.15 70.86 + 25.73 0.23 £ 0.12
& Young mice were 8 weeks old; old mice were 18 months old. Emphysema had been induced with elastase treatment.
b 3 days of 6 hr/day exposure.
RESULTS
Pulmonary Response to Inhaled Ultrafine Carbon and
Platinum Particles in Aged and Young Mice With and 9
Without Elastase-Induced Pulmonary Emphysema 8 [ Healthy T
B2 Elastase-treated
Exposure of mice to the ultrafine carbon and platinum 71
particles for 6 hours (~105 to 115 pg/m®) was estimated to
result in a lung deposition of about 0.5 pg particles. (This ;\?6'
estimate is based on predictive deposition models for ‘Z"5«
healthy lungs, and it may be different for emphysematous =4
lungs. However, no data are available on deposition effi- o
ciencies of ultrafine particles in emphysematous lungs to 3
permit an adjustment.) No animal in the different groups 2
(8 weeks old and 18 months old, with and without elastase- 14
induced emphysema) showed any clinical signs of effects
. . 0- ==
on the day after exposure; neither did a group of 18-month- Sham Carbon  Platinum  Sham  Carbon  Platinum
old mice exposed on three consecutive days, 6 hours each, Young Mice Old Mice

to the ultrafine carbon particles. Table 8 summarizes the
data on lung lavage analysis of the animals exposed
to ultrafine carbon and platinum particles in the different
exposure groups prior to statistical analysis. Lavage PMN
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Figure 25. Lavage PMN responses in young (8-week-old) and old (18-
month-old) healthy and elastase-induced emphysematous mice, 18 hours
after a 6-hour exposure to ultrafine carbon and platinum particles. Values
represented are means + SD.
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Figure 26. Linear interaction plot of lung lavage PMN data (mean values)
for emphysematous young and old mice after 6-hour sham, ultrafine car-
bon, or ultrafine platinum exposure.

counts were greater in the elastase-induced emphysematous
young animals after carbon exposure and in the emphyse-
matous old animals after platinum exposure. Figure 25
summarizes these results showing that, in general, all
elastase-induced emphysematous animals showed greater
PMN responses than their healthy counterparts.

We analyzed this result from the elastase-treated
animals further by using a two-way ANOVA, with the two
factors in the ANOVA being treatment (three levels: sham,
carbon, and platinum) and age (two levels: young and old).
This ANOVA provides overall tests for each of the two fac-
tors separately, as well as a test for interaction between the
two factors. A significant interaction would indicate that
differences among the three treatments are different for
young and old animals. The ANOVA included an analysis
of residuals as a check on the assumptions of normally
distributed errors with constant variance. The residual
analysis indicated that the variance was increasing with
the mean, and a power transformation such as the log or
square root was employed to stabilize the variance. The
results of the analysis using a logarithmic transformation
indicated that the test for interaction was indeed signifi-
cant (P =0.05). The residual analysis revealed the presence
of two statistical outliers. One of these was a high value of
12% lavage PMNs in the platinum-treated young animals
and the other was also a high value of about 12% lavage
PMNs in the carbon-treated old animals. When these two
outliers were removed, the test for interaction was signifi-
cant (P = 0.001).
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Figure 27. Logarithmic interaction plot of transformed lung lavage PMN
data (mean values) for emphysematous young and old mice after 6-hour
sham, ultrafine carbon, or ultrafine platinum exposure.

The nature of the interaction between the two experi-
mental factors (age and particle compounds) can be seen
by plotting the means of the various treatment combina-
tions. Figures 26 and 27 show the plots of means for both
the original and the transformed data, the latter without
the outliers. These plots reveal an interesting pattern. On
the original scale (Figure 26) no interaction is apparent;
the curves for the young and old animals are nearly par-
allel. For the log-transformed data, however (Figure 27), a
different pattern can be seen. In this plot the greatest dif-
ference between young and old is seen in the sham-treated
animals. There is less difference between young and old
animals for carbon exposure, and no difference between
young and old animals for platinum exposure. Further-
more, relatively little difference is evident between sham
treatment and either particle treatment in young elastase-
treated animals; whereas in old elastase-treated animals,
the two ultrafine particle treatments both produce an
increase in lavage PMNs compared with sham treatment,
and platinum has the greater effect.

We also measured mRNA in lung homogenates of the
exposed animals, including IL-1a, IL-1B, IL-6, and MIF.
The only statistically significant increase in the abundance
of the cytokines was found in the healthy mice (not treated
with elastase) at 18 months of age for IL-1p (Figure 28),
whereas the old elastase-treated animals showed a de-
crease in mRNA abundance of IL-1P. Young animals, either
healthy or elastase-treated, did not show significant differ-
ences after the 6-hour exposures to ultrafine carbon or
ultrafine platinum particles.
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Figure 28. Relative abundance of IL-1p after a 6-hour sham, ultrafine car-
bon, or ultrafine platinum particle exposure in (A) healthy and (B)
elastase-treated old mice. RNase protection assays were quantified by a
phosphoimager. All values were normalized to constitutively expressed
mRNA for L32. Each column represents the mean + SD of data for 3 mice.
*P < 0.05 by one-way ANOVA followed by Tukey test.

Araldite-embedded tissue from the lungs of the 18-
month-old groups was also examined histologically after
sectioning at 0.5 pm and staining with toluidine blue. The
main conclusion from light microscopic evaluations relates
to changes in the connective tissue space around blood ves-
sels associated with airways. In healthy sham-exposed old
mice, there were normal amounts of connective tissue
space and no unusual lymphoid aggregates around vessels
(Figure 29). In the elastase-treated, sham-exposed, old
mice, the lung tissue showed atelectasis, ductasia, and
emphysema throughout. The amount of connective space
around blood vessels associated with airways was normal,
and there were no unusual lymphoid aggregates. Some
lymphatic vessels contained a few lymphocytes near blood
vessels and airways (Figure 30). In the elastase-treated old
mice exposed to ultrafine carbon particles, lung tissue
showed atelectasis and ductasia, with emphysema
throughout. There were large lymphoid aggregates next to
blood vessels, especially associated with airways, in two of
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Figure 29. Lung section of healthy 18-month-old sham-exposed mouse.
Normal amount of connective tissue space around blood vessels associated
with airways.

-

-

Figure 30. Lung section of elastatse-induced emphysematous 18-month-
old sham-exposed mouse. Normal amount of connective tissue space
around blood vessels associated with airways. Bottom panel is a higher
magnification of the section indicated by an asterisk in the top panel.
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-

Magnification 2.5x (bar = 100 pm)

-

Magnification 20x (bar = 12.5 pm)

Figure 31. Lung section from elastase-induced emphysematous 18-month-
old mouse after ultrafine carbon particle exposure. The connective tissue
space around blood vessels is obscured by mononuclear cells (lympho-
cytes). Middle: magnification of section indicated by asterisk (*) in top
panel; Bottom: magnification of section idicated by two asterisks (**) in
top panel.

Platinum elastase 20x magnification (bar = 12.5 pm)

Figure 32. Lung section from elastase-induced emphysematous 18-month-
old mouse after ultrafine platinum particle exposure. The connective tis-
sue space around blood vessels is obscured by lymphocytic infiltrations.
Bottom panel is magnification of section marked with asterisk in top panel.

the three mice. The connective tissue space around blood
vessels had disappeared or decreased from sham levels and
was obscured by lymphocytes (Figure 31). In the elastase-
treated old mice exposed to ultrafine platinum particles,
lung tissue showed atelectasis and ductasia, with emphy-
sema throughout. A few small lymphoid aggregates were
forming next to blood vessels in two of three mice. One
mouse had lymph ducts full of lymphocytes and a few mac-
rophages surrounding all the large blood vessels. As with
the mice exposed to ultrafine carbon, the connective tissue
space around blood vessels had disappeared or decreased
from sham levels and was obscured by mononuclear cells
(Figure 32).
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Table 9. Mean Lung Lavage Data from Young and Old Rats 24 Hours After Inhalation Exposure to Different

Concentrations of Endotoxin

Estimated Total Alveolar Viable B-
Lung Dose Cells Macrophages PMNs Lymphocytes Cells Protein LDH Glucuronidase
(EU) (x107) (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Young Rats
17.5 (n=6) 1.34 96.05 2.89 1.07 93.65 0.15 45.93 0.21
35.0 (n=15) 1.40 92.30 6.20 1.50 94.32 0.13 43.49 0.25
52.5 (n=2) 1.30 91.24 8.54 0.22 92.45 0.13 56.62 0.31
70.0 (n=6) 1.25 89.91 8.08 2.02 92.42 0.10 37.88 0.19
105.0 (n=2) 2.04 76.60 21.02 2.39 94.47 0.15 46.34 0.32
350.0 (n=9) 1.98 67.16 30.88 1.98 94.77 0.14 72.09 0.34
3,500.0 (n=3) 6.41 40.88 56.47 2.67 97.67 0.22 112.44 0.44
Old Rats
23.0 (n=6) 1.28 95.92 2.25 1.84 90.86 0.17 38.70 0.22
47.0 (n=2) 6.66 90.84 4.81 4.36 93.57 0.37 52.62 0.26
70.0 (n=15) 3.03 88.64 9.65 1.78 91.62 0.25 63.20 0.30
93.0 (n=3) 2.42 86.71 9.86 3.43 95.05 0.21 52.64 0.20
467.0 (n=9) 3.85 65.04 32.33 2.24 94.18 0.23 91.60 0.29
The morphological alterations observed only in the old 701 A
animals exposed to ultrafine particles appear to be 601 :
responses to these particles, possibly caused by their fast Young Rats
translocation to epithelial and interstitial sites as was = 501 .
demonstrated for ultrafine Teflon and carbon particles s 401
(Figures 10 through 12). =
E 30
Pulmonary Inflammatory Response to Ultrafine and Fine 201
TiO, Particles After Low-Dose Endotoxin Inhalation .
The inhalation of different doses of P. aeruginosa endo- 101 : i
toxin by rats and mice resulted in dose-dependent o i P . _ ,
10 100 1000 5000

increases in most cellular and biochemical parameters in
the lung lavage 24 hours later (Table 9). However, there
was no increase in lavage protein at the lower lung doses;
only at the highest inhaled endotoxin concentration and
respective lung doses did lung lavage protein increase.
Figures 33A and B show individual data points of lavage
PMN responses in young and old rats and in old mice as a
function of the estimated deposited lung doses of LPS.
Variability in response seems to be greater in old rats. The
estimated deposited endotoxin dose selected for priming
of the respiratory tract of rats was 70 EU, which resulted in
a mean PMN response in lavage between 5% and 10% of
the lavage cells. For mice, the respective estimated depos-
ited alveolar dose was 7.5 EU (Figure 34).

The time course of the PMN response in mice, together
with the mRNA expression of a cytokine (TNF-a),
chemokine (MIP-2), and antioxidant protein (MT), after a
higher dose of endotoxin (50 EU deposited) is shown in
Figure 35. The PMN response increased steadily up to
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Figure 33. Dose-response relationship of lung lavage PMNSs 24 hours after
different lung doses of inhaled endotoxin in rats. (A) 10-week-old rats; (B)
18-month-old rats. Lung doses are expressed as endotoxin units (EU) esti-
mated to be deposited after a 12-minute inhalation. Each data point repre-
sents one rat.
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Figure 34. Dose-response relationship of lung lavage PMNs 24 hours after
different lung doses of inhaled endotoxin in 18-month-old mice. Lung
doses are expressed as endotoxin units (EU) estimated to be deposited after
a 12-minute inhalation. Each data point represents an individual mouse.

24 hours, whereas the message expression was maximal at
the earliest time point measured, 2 hours after exposure,
and decreased thereafter, reaching baseline levels by
24 hours.

The unstimulated and PMA-stimulated respiratory burst
measured with the luminol assay using a fixed number of
1 x 10° lavage cells showed an increase in chemilumines-
cence with increasing PMN content for unstimulated cells
in young rats, except for the highest dose administered
(Figure 36A). The chemiluminescence of the PMA-stimu-
lated respiratory burst in young rats displayed a similar
response; that is, at the highest dose administered (3,500
EU estimated alveolar deposition), the PMA-stimulated
response was lower than that measured at the estimated
dose of 350 EU (Figure 37A). In contrast, the chemilumi-
nescence of lavage cells from aged rats with unstimulated
respiratory burst showed a flat response with increasing
doses of endotoxin and a steep increase of response only at
the highest dose (Figure 36B). The PMA stimulation of
lavaged cells of aged rats resulted in dose-dependent
increases of chemiluminescence (Figure 37B). Chemilumi-
nescence of unstimulated and PMA-stimulated respiratory
burst in old mice was similar to that observed for old rats
(Figure 38). Moreover, the luminol response was much
greater in old rats at the higher doses than in young rats,
indicating that the old rats had a greater release of ROS by
activated cells than the young rats. This may be significant
when pulmonary inflammatory responses exceed a certain
level in the aged rat.

To test the utility of endotoxin inhalation for sensitizing
the respiratory tract, young rats were primed by inhalation
of low-dose endotoxin (70 EU estimated alveolar deposi-
tion), followed 30 minutes later by intratracheal instillation
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Figure 35. Time course of lung mRNA expression for TNF-a, MIP-2 and
MT, and the percentage of PMNs in lung lavage at different time points
after endotoxin inhalation in 8-week-old mice.
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Figure 36. Chemiluminescence of unstimulated lung lavage cells from
rats 24 hours after different estimated deposited lung doses of inhaled
endotoxin. (A) 10-week-old rats; (B) 18-month-old rats. Values repre-
sented are means + SE. Note difference in ordinate scale between young
and old rats.
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Figure 37. Chemiluminescence of PMA-stimulated lung lavage cells from
rats 24 hours after different estimated deposited lung doses of inhaled
endotoxin. (A) 10-week-old rats; (B) 18-month-old rats. Values represented
are means + SE. Note difference in ordinate scale between young and old
rats.

of 50 pg of ultrafine or fine TiO, particles. The result of
lung lavage PMN determination 24 hours later is shown in
Figure 39. Ultrafine TiO, particles in the endotoxin-
primed rats caused a significant amplification of the
inflammatory response induced by endotoxin or the parti-
cles alone, whereas fine TiO, particles did not. Although
this result was obtained with a relatively high instilled
bolus dose of 50 pg, it confirms that effects of ultrafine
particles can be significantly enhanced in the endotoxin-
sensitized respiratory tract.
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Figure 38. Chemiluminescence of lung lavage cells from 18-month-old
mice 24 hours after exposure to different estimated deposited lung doses
of inhaled endotoxin. (A) Unstimulated cells; (B) PMA-stimulated cells.
Values represented are means + SE.

TiO, LPS LPS Control TiO, LPS LPS
+TiO, +TiO,
Ultrafine Fine

Figure 39. Pulmonary inflammatory response as determined by lavaged
PMNs 24 hours after intratracheal instillation of 50 pg of ultrafine (20-nm)
or fine (250-nm) TiO, particles into rats. TiO, = TiO, without endotoxin
priming; TiO, + LPS = TiO, with endotoxin priming; LPS = endotoxin prim-
ing without TiO,; control = saline-instilled control rats. Values represented
are means + SE. *Significant difference from control rats; **significant dif-
ference from endotoxin-primed group and from group exposed to ultrafine
particles only. P < 0.05 by one-way ANOVA followed by Tukey test.
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Table 10. Lung Lavage Data from 10-Week-Old Rats After Inhalation Exposure to Endotoxin (LPS) Alone or in
Combination with Ultrafine Carbon Particles and Ozone (1 ppm) for 6 Hours?

Total Alveolar

Cells MacrO})hages PMNs Lymphocytes Viable Cells Protein LDH B-Glucuronidase
Exposure (x 107) (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Sham 0.93+0.10 98.87+0.95 0.31+x0.38 0.82+x0.64 94.84+1.85 0.12+x0.01 33.30=9.15 0.24 = 0.01
Carbon 1.50 £ 0.23 98.35+0.68 048 +0.27 1.18+0.41 95.02+1.80 0.14+0.01 42.62 * 3.66 0.39 = 0.08
Ozone 1.21+£0.05 95.39+0.15 2.47+044 2.14+0.31 94.42+1.86 0.40+0.03 60.25 =+ 14.79 0.35 = 0.00
Ozone + carbon 1.17 +0.04 93.10+1.72 4.05+1.15 2.85+0.57 93.33+1.57 0.35+0.04 60.04 + 26.98 0.33 = 0.02
LPS 1.36 £ 0.04 88.25+2.43 947 +2.06 2.28+0.37 94.85+0.61 0.11+0.01 35.72*2.96 0.21 + 0.02
LPS + carbon 1.45+0.04 83.84+2.79 1452+2.70 1.64+0.38 94.25+0.76 0.16+0.001 41.21 +6.52 0.24 = 0.04
LPS + ozone 1.36 £ 0.11 83.41+3.78 13.51+3.29 3.08+0.60 94.96=+0.57 0.37+0.05 43.33 £12.12 0.33 = 0.05
LPS + carbon + 1.57 +0.23 80.04 +2.33 17.43+1.98 2.53+0.56 93.16+1.77 0.33+0.04 95.09 +13.74 0.35 + 0.02

ozone

2 Endotoxin alveolar deposition was ~70 EU; ultrafine carbon particles were present at ~110 pg/m?; and lavage was performed 24 hours after exposure. n = 3/
group. Values are presented as mean + SD. See text for description of statistical analysis on data by three-way ANOVA.

Pulmonary Inflammatory Response to Inhaled
Ultrafine Carbon Particles With and Without Ozone
Coexposure in Aged and Young Rats After Low-Dose
Endotoxin Inhalation

Exposure of the two age groups of rats (10 weeks and
22 months) under different exposure scenarios (6 hours of
ultrafine carbon with or without ozone, and with or without
inhaled endotoxin priming) resulted in several significant
effects. Tables 10 and 11 summarize the lung lavage data for
young and aged rats, which were killed the day following
the exposures. In both young and old rats, changes relative
to sham-exposed control rats in PMN response and bio-
chemical parameters occurred mostly for groups that

included endotoxin or ozone exposures. Figures 40 and 41
show the lavage PMN results for young and old rats in these
groups. There were some distinct differences between the
PMN response in young and old rats. For example, the
young rats had a greater response to ultrafine carbon par-
ticle exposure following endotoxin priming. However, both
young and old rats showed the strongest PMN response
when they were primed with endotoxin and inhaled
ultrafine carbon particles in combination with ozone.

A three-way ANOVA was performed on the data with
the three factors being presence or absence of LPS, carbon,
and ozone. The ANOVA included statistical tests for each
of the three factors separately, as well as in combination in

Table 11. Lung Lavage Data from 22-Month-Old Rats After Inhalation Exposure to Endotoxin (LPS) Alone or in
Combination with Ultrafine Carbon Particles and Ozone (1 ppm) for 6 Hours?®

Total Alveolar

Cells MaCIO})hages PMNs Lymphocytes Viable Cells  Protein LDH B-Glucuronidase
Exposure (x 107) (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Sham 218 +£0.53 98.70+0.83 047 +0.30 0.83+0.54 91.06=+2.66 0.17 +£0.01 49.05 + 18.60 0.35 = 0.08
Carbon 1.65 +0.24 98.26 +0.44 0.32+0.09 1.42=+0.41 91.59+2.21 0.17+£0.02 26.15 + 19.38 0.25 + 0.05
Ozone 2.27+£0.64 97.82+0.26 0.78+0.30 1.40=x0.04 90.99=+0.42 0.45+0.04 6543 +9.58 0.43 = 0.09
Ozone + carbon 2.29+0.58 97.78+0.77 1.59+x0.40 0.97=+0.84 89.88=+3.75 0.49=+0.06 69.44 +5.07 0.41 = 0.03
LPS 1.88 £0.16 89.91+2.71 7.82+218 2.27+x0.77 88.76+4.58 0.21 £0.01 43.09 +19.55 0.30 = 0.02
LPS + carbon 1.90 £ 0.58 95.33+0.19 2.41+0.61 2.25+x0.75 92.32+1.18 0.21 £0.06 46.92 * 20.51 0.24 = 0.03
LPS + ozone 2.20+0.21 88.77+3.84 8.81+3.52 241=+x0.60 91.83+0.49 0.45=+0.09 55.94 =+ 14.50 0.30 = 0.07
LPS + carbon + 215+0.63 75.62+7.61 20.71+x7.61 3.67+1.28 88.70x1.63 047 +£0.17 60.83 +4.03 0.49 = 0.24

ozone

2 Endotoxin alveolar deposition was ~70 EU; ultrafine carbon particles were present at ~110 pg/m?®; and lavage was performed 24 hours after exposure.

n = 3/group. Values are presented as mean + SD.
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Figure 40. Lung lavage PMN response of 10-week-old rats after inhalation
exposure to endotoxin (~70 EU estimated deposition in alveolar area) alone
or in combination with inhalation exposures to ultrafine carbon (~110 ng/
m?3) with or without ozone (1 ppm) for 6 hours (n = 3/group, except
ultrafine carbon alone group = 4). Values represented are means + SD.

the form of tests for interaction. The ANOVA also included
an analysis of residuals as a check on the required assump-
tions of normally distributed errors with constant
variance. For the groups of young rats, the residual
analysis indicated that the error distribution was skewed,
and a square root transformation was used to stabilize the
variance. The results of the analysis of the transformed
data are shown in Table 12. There was a significant inter-
action between LPS and ozone (P = 0.0085), and a main
effect (across all levels of the other two factors) of ultrafine
carbon particles (P = 0.0015). Thus, the conclusion from
this analysis is that the effect of ozone in the young rats

Table 12. Analysis of Variance for PMN Data from
Young Rats?

Source of Sum of Probability
Variation df Squares F Ratio (P)>F
Carbon 1 1.413072 14.2672 0.0015
Ozone 1 4.546828 45.9073 < 0.0001
Ozone + carbon 1 0.000165 0.0017 0.9679
LPS 1 38.910209 392.8594 < 0.0001
LPS + carbon 1 0.131618 1.3289 0.2650
LPS + ozone 1 0.877800 8.8628 0.0085
LPS + carbon + 1 0.067962 0.6862 0.4189
ozone
Sum of squares 17 1.683741

error
Corrected total
sum of squares

24 49.148068

@ Mean square error = 0.09904, R? = 96.6%.
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Figure 41. Lung lavage PMN response of 22-month-old rats after inhala-
tion exposure to endotoxin (~70 EU estimated alveolar deposition), alone
or in combination with inhalation exposures to ultrafine carbon (~110 ng/
m?®) with or without ozone (1 ppm) for 6 hours (n = 3/group). Values repre-
sented are means + SD.

depended on the presence of LPS (in fact, the presence of
both LPS and ozone produced a lower response level than
would be expected from data on each factor separately),
and that ultrafine carbon particles produced a consistently
higher response level regardless of the other two treat-
ments. The value of R was high; the ANOVA explained
96.6% of the variation in PMN levels. Obviously, in-
creasing the sample size will increase the sensitivity of the
statistical analysis to evaluate potential synergistic effects
between the different treatments.

The magnitudes of these statistically significant effects
can be seen in Figure 42. This plot of the predicted means
in each of the eight groups of the young rats is based on the
ANOVA model including only the significant effects (in
this case, ultrafine carbon particles and the interaction
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Figure 42. Predicted means from three-way ANOVA of transformed data
from Figure 40, 10-week-old rats.
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between endotoxin and ozone, which includes these two as
main effects as well). Data were analyzed on a transformed
(in this case, square root) scale, and the predicted means
were plotted on the original scale, so that the ordinate of
the graph is nonlinear. The relative estimated effects can be
seen by comparing predicted means for different groups of
animals. For example, the effect of ultrafine carbon parti-
cles is reflected in the difference between the carbon and
sham groups, as well as the difference between any group
with carbon and the corresponding group without carbon;
the difference in heights is the same for each such compar-
ison, reflecting the lack of any interaction with carbon in
the model. The interaction between endotoxin (LPS) and
ozone is shown graphically by comparing the predicted
mean for the endotoxin-ozone group with the sum of the
effects for endotoxin and for ozone alone. This interaction
also affects the predicted mean for the group exposed to
endotoxin, ozone, and carbon.

Three-way ANOVA was also used on the lavage PMN
data for the aged rats. In this instance a log transformation
was required to stabilize the variance. The value of R?
showed that 92.9% of the variation was explained by the
ANOVA (Table 13). In the older animals there was a signif-
icant interaction between ultrafine carbon particles and
ozone (P = 0.0014). This combination produced a signifi-
cant increase in the response above that expected from
each of the individual treatments. The effect of endotoxin
(P < 0.0001) was to increase the mean response by the same
amount regardless of any other treatments. These effects
can be seen in the graph of the predicted means from the
ANOVA including only the significant effects (Figure 43).
Both the group exposed to carbon and ozone and that
exposed to carbon, ozone, and endotoxin have higher pre-
dicted means than would be expected from the individual
effects. Note that the effect of carbon alone, although not
significantly different (P = 0.75) is actually negative.

The chemiluminescence of unstimulated and PMA-
stimulated lavaged cells was also evaluated. Respective
results for young and old rats of the different groups are
shown in Figures 44 and 45. Ultrafine carbon exposure
alone did not increase the release of ROS in young or old
rats. However, in both young and old rats the unstimulated
release of ROS was increased in the endotoxin-primed
rats, and it was also increased in the young rats of this
group when their lavaged cells had been stimulated with
PMA. In general, the ROS response in the lavaged cells
corresponded with the PMN response. An obvious excep-
tion was the ROS response of the endotoxin-primed rats
exposed to the combination of ultrafine carbon particles
and ozone. In young rats, neither unstimulated nor PMA-
stimulated release of ROS were different from those of the

Table 13. Analysis of Variance for PMN Data from
Old Rats?

Source of Sum of Probability
Variation df  Squares F Ratio (P)>F
Carbon 1 0.0047186 0.1077 0.7470
Ozone 1 1.3886466 31.7074 < 0.0001
Ozone + carbon 1 0.6553032 14.9627 0.0014
LPS 1 7.0492525 160.9577 < 0.0001
LPS + carbon 1 0.0515927 1.1780 0.2938
LPS + ozone 1 0.0000011 0.0000 0.9961
LPS + carbon + 1 0.0743470 1.6976 0.2110
ozone
Sum of squares 16 0.7007307
error
Corrected total 23 9.9245923

sum of squares

@ Mean square error = 0.04380, R? = 92.9%.

group primed only with endotoxin, whereas in old rats the
group exposed to all three factors combined showed the
highest response of all groups (Figures 44 and 45). Thus, in
young rats the combination of endotoxin priming and
exposure to ultrafine carbon and ozone inhibited release of
ROS, whereas this inhibition was not observed in old rats.

Another notable difference was the higher level of ROS
released by lavaged cells from old rats compared with
young rats. The highest levels achieved in both the unstim-
ulated and PMA-stimulated lavaged cells were about three-
fold greater in the old rats compared with the young rats,

Sham Carbon Ozone Carbon+ LPS LPS+ LPS+ LPS+
Ozone Carbon Ozone Carbon +
Ozone

Figure 43. Predicted means from three-way ANOVA of transformed data
from Figure 41, 22-month-old rats.
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Figure 44. Chemiluminescence of lung lavage cells from 10-week-old rats
after different exposures to ultrafine carbon particles and ozone with and
without inhaled endotoxin priming. (A) Unstimulated cells; (B) PMA-stim-
ulated cells. Values represented are means + SE. Notice the difference in
ordinate scale from Figure 45, old rats.

indicating the greater potential for activated inflammatory
cells to induce oxidative stress in the old rats.

A three-way ANOVA was performed on the results of
the chemiluminescence assays of lavaged cells from young
and old rats. For each of the four data sets, the same three-
way ANOVA was performed. The three factors were endo-
toxin, carbon, and ozone, each at two levels (present and
absent). In each case the residual analysis indicated that
the variance was not constant, and a variance-stabilizing
transformation was used. Results of the analysis of the
transformed data are summarized in Tables 14 and 15.

In the case of the young rats, a power transformation with
an exponent of 0.2 (similar to a square root transformation)
was used for the data set from chemiluminescence assays of
unstimulated release of ROS in lavaged cells. The ANOVA
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Figure 45. Chemiluminescence of lung lavage cells from 22-month-old rats
after different exposures to ultrafine carbon particles and ozone with and
without inhaled endotoxin priming. (A) Unstimulated cells; (B) PMA-stim-
ulated cells. Values represented are means + SE. Note differences in ordi-
nate scale from Figure 44, young rats.

in Table 14 shows that the three-way interaction was signif-
icant (P = 0.0087), as were all three two-way interactions.
Thus the pattern of statistically significant effects is com-
plex. The three-way interaction indicates that the combina-
tion of the three treatments produced a lower unstimulated
response level in young rats than would be expected from
the individual and pairwise effects. The combination of
endotoxin and carbon produced a significantly increased
response level.

For the PMA-stimulated cells of the young rats, the
appropriate transformation was logarithmic. In this case
only the endotoxin-ozone interaction (P = 0.0066) and
carbon-ozone interaction (P < 0.0001) were statistically sig-
nificant, although the three-way interaction was not
(P =0.07). For both of these interactions, the combination
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Table 14. Analysis of Variance for Chemiluminescence Data for Unstimulated and PMA-Stimulated Lavaged Cells from

Young Rats
Unstimulated?® PMA-Stimulated®
Sum of Probability Sum of Probability

Source of Variation df Squares F Ratio (P)>F df Squares F Ratio (P)>F
Carbon 1 147.19226 14.5330 0.0015 1 0.196880 4.4118 0.0519
Ozone 1 152.71235 15.0780 0.0013 1 1.094287 24.5217 0.0001
Ozone + carbon 1 75.45280 7.4498 0.0148 1 4.305546 96.4822 < 0.0001
LPS 1 209.31357 20.6665 0.0003 1 16.960243 380.0589 < 0.0001
LPS + carbon 1 172.40969 17.0228 0.0008 1 0.002750 0.0616 0.8071
LPS + ozone 1 105.56998 10.4234 0.0053 1 0.434489 9.7364 0.0066
LPS + carbon + ozone 1 90.54992 8.9404 0.0087 1 0.168775 3.7820 0.0696
Sum of squares error 16 162.0505 16 0.714005

Corrected total sum of 23 1,115.2511 23 23.876974

squares

3 Mean square error = 10.128, R? = 85.5%.
b Mean square error = 0.04463, R? = 97.0%.

decreased the response level. In the case of the endotoxin-
ozone interaction, the effect was relatively small but still
statistically significant.

For unstimulated chemiluminescence of lavaged cells
from the old rats, the error distribution was quite skewed
and a negative reciprocal transformation was required. In
the ANOVA for the transformed data, the endotoxin-carbon
interaction (P = 0.0017) and carbon-ozone interaction

(P =0.0086) were statistically significant. Both of these
effects increased the predicted response level.

Finally, for the PMA-stimulated lavaged cells from the
old rats, a logarithmic transformation was adequate to
stabilize the variance. In this analysis only the carbon-
ozone interaction was statistically significant (P = 0.0062).
This effect was also in the positive direction, predicting
an increased mean response.

Table 15. Analysis of Variance for Chemiluminescence Data for Unstimulated and PMA-Stimulated Lavaged Cells

from Old Rats
Unstimulated? PMA-Stimulated®
Sum of Probability Sum of Probability

Source of Variation df Squares F Ratio (P)>F df Squares F Ratio (P)>F
Carbon 1 0.0410196 0.7267 0.4065 1 0.145078 0.9681 0.3398
Ozone 1 0.9491297 16.8141 0.0008 1 9.720753 64.8680 < 0.0001
Ozone + carbon 1 0.5063696 8.9705 0.0086 1 1.489677 9.9408 0.0062
LPS 1 3.5850632 63.5103 < 0.0001 1 21.740972 145.0806 < 0.0001
LPS + carbon 1 0.7998828 14.1701 0.0017 1 0.265631 1.7726 0.2017
LPS + ozone 1 0.2059680 3.6488 0.0742 1 0.106744 0.7123 0.4111
LPS + carbon + 1 0.1721336 3.0494 0.0999 1 0.074987 0.5004 0.4895

ozone
Sum of squares 16 0.9031762 16 2.397671

error
Corrected total 23 7.1627427 23 35.941513

sum of squares

3 Mean square error = 0.056449, R? = 87.4%.

b Mean square error = 0.14985, R? = 93.3%.
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Table 16. Histopathologic Evaluation of Lungs from Young and Old Rats After Inhalation Exposure to Endotoxin (LPS)
Alone or in Combination with Ultrafine Carbon Particles and Ozone®

Alveolitis Alveolar Peribronchiolar

(PMN in Macrophage Type II Cell Lymphoid
Exposure alveoli) Proliferation Proliferation Bronchiolitis® Aggregates
Young Rats
Sham 0 0.5 0 0 0.8
Carbon 0 1.3 0 0 1.0
Ozone 0.7 0 0.2 1.2 1.0
Ozone + carbon 1.0 2.0 1.0 1.0 0.7
LPS 0.5 1.7 0 0.3 0.8
LPS + carbon 0 0.5 0.2 0 1.0
LPS + ozone 0.5 0 2.0 1.2 1.0
LPS + carbon + ozone 2.0 2.0 1.0 2.0 1.0
Old Rats
Sham 0 0.3 0 0 1.3
Carbon 0 0.3 0 0.2 0.8
Ozone 0 0.5 0 0 0.7
Ozone + carbon 0.3 0.8 0.7 0.5 0.8
LPS 0.2 0.7 0 0.3 0.8
LPS + carbon 0 0.3 0 0.3 0.8
LPS + ozone 0.3 1.0 0.8 0.7 1.5
LPS + carbon + ozone 0 0.6 0.2 0.2 1.0

& Scores are group means on a scale of 0 to 4.
b proliferation of type II alveolar epithelial cells.

¢ Inflammation and necrosis in bronchioles.

The results of the histopathological evaluation of lungs
of young and old rats after different exposures are shown
in Table 16. Peribronchiolar lymphoid aggregates were
present in some animals of all groups, and because they
probably represent immunologic responses occurring over
a long time, are not likely to be related to the short-term
exposures of endotoxin, ozone, or carbon. In the young rats
exposed to ultrafine carbon and ozone with endotoxin
priming, there was an increased mean alveolitis score,
together with alveolar macrophage proliferation, alveolar
type II epithelial cell proliferation, and bronchiolitis. This
was supported by the observation that this treatment group
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had the highest response of cellular and biochemical
parameters in lung lavage analysis. The histologic exami-
nation found old rats to be less responsive than young rats.

We also examined lung mRNA for expression of cytok-
ines, chemokines, and antioxidants using RNA protection
assays. No differences from sham-exposed controls in any
of the exposed groups were found, which can be explained
by the time point selected (24 hours after the start of expo-
sure) because message expression and the peak of other
inflammatory end points, such as PMNs in lavage fluid,
occur at different time points (see also Figure 35).
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Table 17. Lung Lavage Data from Tsk Mice 24 Hours After Inhalation Exposure to Endotoxin (LPS) Alone or in
Combination with Ultrafine Carbon Particles and Ozone (1 ppm) for 6 Hours?

Alveolar

Total Cells Macrophages PMNs Lymphocytes Viable Cells  Protein LDH B-Glucuronidase
Exposure (x10) (%) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Sham 112 +0.24 97.71+1.70 0.62+0.99 1.67+1.20 91.28+3.99 0.13+0.07 52.82+12.16 0.13 = 0.06
Carb 1.35+0.19 97.66 = 1.52 1.36 £ 0.80 0.98 +1.92 89.35+5.16 0.15+0.07 51.61 +11.58 0.13 = 0.03

arbon

Ozone 1.38 £ 0.39 92.55 +7.28 5.27 £6.20 2.33+1.70 81.38+8.42 0.24+0.06 50.43 +9.29 0.19 = 0.05
Carbon + ozone 1.03 +0.54 90.12 + 8.58 7.28+7.14 260=x1.77 82.12+3.67 0.19+0.07 47.29 +12.67 0.16 = 0.05
LPS 1.62 +0.89 87.04 +6.62 9.57+4.75 3.40+233 8832x7.20 0.14+0.04 57.83 +33.93 0.17 = 0.06
LPS + carbon 1.40 = 0.47 90.84 = 5.02 6.77 +3.26 2.39+2.03 91.94+1.81 0.12+0.01 42.37+7.28 0.14 = 0.03
LPS + ozone 1.50 £ 0.72 85.33 £5.10 12.04+4.39 2.44+x190 88.60+6.92 0.23+0.06 45.69 = 14.68 0.21 + 0.05
LPS + carbon + 1.74 £0.57 75.56 +5.33 23.69+5.02 1.10+0.50 88.02+7.28 0.25+0.05 58.69+17.25 0.21 + 0.08

ozone

& Mice were 14 to 17 months old; n = 6 to 7 per group. Values are presented as mean + SD. Estimated deposited alveolar dose of inhaled endotoxin, ~7.5 EU;

ultrafine carbon particle exposure, ~110 pg/m®.

Pulmonary Inflammatory Response to Inhaled Ultrafine
Carbon Particles With and Without Ozone Coexposure in
Aged Tsk Mice With Genetic Pulmonary Emphysema
After Low-Dose Endotoxin Inhalation

Results of lung lavage parameters of the multigroup
study in 14- to 17-month-old Tsk mice are summarized in
Table 17. Control Tsk mice had very low alveolar lavage
neutrophil counts, indicating that the population of
animals was originally disease-free and remained so
throughout the experiment. We have found in previous
studies that the alveolar lavage neutrophil count is a sensi-
tive indicator of disease, increasing well before morpho-
logic alterations are detectable. Similar to the results in
young and old rats, endotoxin priming by inhalation
followed by a combined exposure to ultrafine carbon and
ozone for 6 hours resulted in the highest response of several
lavage parameters, both cellular (PMN) and biochemical
(protein, LDH, B-glucuronidase). Figure 46 illustrates the
lung lavage PMN response. Comparison of some groups
shows large variations in response, for example, between
the group exposed to ozone alone and that exposed to
carbon and ozone combined.

A three-way ANOVA was performed to analyze these
data. The three factors, each at two levels (present and
absent) were endotoxin, ultrafine carbon, and ozone.
There were six or seven animals in each of the eight treat-
ment groups, for a total of 52 animals. The ANOVA
included tests for each factor separately, as well as tests for
interactions among the three factors. An analysis of resid-
uals was used as a check on the required assumptions of
normally distributed errors with constant variance. This
analysis indicated that the residual variance was not con-
stant, and a square root transformation was employed to
stabilize the variance. (See Appendix B for a more detailed

discussion of the appropriateness of using three-way
ANOVA for this study.)

The result of the analysis (Table 18) showed that the
value of R? (percentage of variation explained by the
ANOVA) was 83.4%, about the same as in similar data sets
from rats. There were two outliers, one in the ozone alone
group and the other in the carbon-and-ozone group. Both of
these were high: 19.3% PMN and 22.2% PMN, compared
with the average of 2.9% and 4.8% in their respective
groups. The three-way interaction of LPS, carbon, and
ozone was statistically significant (P = 0.0076). In addition,
the interaction between carbon and ozone indicated a
significant increase in percentage of PMN over what would
be expected from each substance alone (P =0.012). The
predicted values from the ANOVA are plotted in Figure 47.
Inspection of the predicted means on both the transformed
and the original scales shows that the interaction between
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Figure 46. Lung lavage PMNs from 14- to 17-month-old Tsk mice after
inhalation exposure to endotoxin (LPS) (~7.5 EU estimated alveolar depo-
sition), alone or in combination with inhalation exposures to ultrafine
carbon (~110 ug/ms) with or without ozone (1 ppm) for 6 hours (n = 4/
group). Values represented are means + SD.
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Table 18. Analysis of Variance for PMN Data from
Tsk Mice?

Source of Sum of Probability
Variation df Squares FRatio >F
Carbon 1 3.064370 8.0283 0.0070
Ozone 1 17.273108 45.2534 < 0.0001
Ozone + carbon 1 2.608517 6.8340 0.0124
LPS 1 55.271414 144.8043 < 0.0001
LPS + carbon 1 0.005283 0.0138 0.9069
LPS + ozone 1 0.405379 1.0620 0.3086
LPS + carbon + 1 3.002659 7.8666 0.0076
ozone
Sum of squares 42 16.031287
€ITor
Corrected total 49 96.371530

sum of squares

8 Mean square error = 0.6178, R? = 83.4%.

carbon and ozone was enhanced by LPS treatment. The
ANOVA also indicated that each of the three treatments
independently increased the level of the response. The
high value of R? indicates that there is relatively little
unexplained variation in the data and makes it unlikely
that systematic bias of some sort is influencing the results.
The consistency of values for different animals within each
of the exposure groups was relatively high.

The result of the luminol assay of the lavaged cells of the
Tsk multigroup study is shown in Figure 48. For technical
reasons, the lavaged cells of one mouse of the sham-exposed
group and one mouse of the group exposed to carbon and
ozone could not be used for the luminol assay. These data
were analyzed by three-way ANOVA, as for the percentage
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Figure 47. Predicted means from three-way ANOVA of transformed data
from Figure 46, Tsk mice.
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of PMNs in lavage fluid. There were 50 animals in the
eight treatment groups, with six or seven in each group
(except the sham group, which had five animals because
the number of cells from one mouse was inadequate for the
analysis of respiratory burst activity). For the unstimulated
release of ROS, an analysis of residuals to check the
assumptions of ANOVA suggested that a negative recip-
rocal transformation of the data was required. The results of
the analysis also showed that there were two outliers, one
in the group exposed to ozone only and one in the group
exposed to carbon plus ozone; these were removed for the
subsequent analysis. The results of this analysis (Table 19)
show a significant effect of LPS (P = 0.0001) on unstimu-
lated respiratory burst activity. The R? value was 47%.
There were no significant interactions among the factors.
For the PMA-stimulated respiratory burst activity, the
three-way ANOVA was used (total of 50 Tsk mice with six
or seven per group, except for the sham group with five
animals). Initial analyses revealed a deviation from the
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Figure 48. Chemiluminescence of lung lavage cells from 14- to 17-month-
old Tsk mice after different exposures to ultrafine carbon particles and
ozone with and without inhaled endotoxin (LPS) priming. (A) Unstimu-
lated cells; (B) PMA-stimulated cells. Values represented are means + SE.
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Table 19. Analysis of Variance for Chemiluminescence Data for Unstimulated and PMA-Stimulated Lavaged Cells from

Tsk Mice
Unstimulated?® PMA-Stimulated”

Sum of Probability Sum of Probability
Source of Variation df Squares F Ratio >F df Squares F Ratio >F
Carbon 1 0.62744 2.40 0.1294 1 2.84309 7.49 0.0090
Ozone 1 0.86143 3.29 0.0771 1 2.17745 5.74 0.0211
Ozone + carbon 1 0.40644 1.55 0.2199 1 1.30193 3.43 0.0710
LPS 1 7.65507 29.26 0.0001 1 30.42265 80.18 0.0001
LPS + carbon 1 0.00221 0.01 0.9273 1 0.00475 0.01 0.9115
LPS + ozone 1 0.00018 0.00 0.9794 1 1.40888 3.71 0.0608
LPS + carbon + ozone 1 0.31119 1.19 0.2820 1 0.78991 2.08 0.1565
Sum of squares error 40 10.4658 42 15.9365
Corrected total sum of 47 19.8788 49 52.9199

squares

& Mean square error = 0.26164, R? =47.4%.

b Mean square error = 0.37944, R? = 69.9%.

assumptions of ANOVA, prompting a log transformation of
the data. There were no outliers in this data set. Table 19
shows the results of the analysis. Carbon (P = 0.01), ozone
(P =0.02), and LPS (P = 0.0001) all had significant main
effects on PMA-stimulated respiratory burst activity. The
R? value for this analysis was 70%.

The histopathological analysis of the lungs of the Tsk
mice is summarized in Table 20. The scoring system used
was 0 to 4+ for the degree of emphysema, the diffuseness
or amount of lung affected, alveolitis or PMNs in the
alveoli, the proliferation of alveolar macrophages,

proliferation of type II alveolar epithelial cells, inflamma-
tion and necrosis occurring in the bronchioles, and the
presence of peribronchiolar lymphoid aggregates. This
type of scoring system made it possible to differentiate
between a diffuse process (in all alveoli, for instance) with
only a slight increase in the number of neutrophils per
alveolus and a process occurring in a few alveoli but with
many neutrophils in the affected alveoli. In general, the
histological analysis indicated the Tsk mice were less
responsive than either the young or old rats.

Table 20. Histopathologic Evaluation of Lungs from Tsk Mice After Inhalation Exposure to Endotoxin (LPS) Alone or in

Combination with Ultrafine Carbon Particles and Ozone?

Alveolar Peribronchiolar

Degree of Amount of Macrophage Type I Lymphoid
Exposure Emphysema Lung Affected Alveolitis® Proliferaton Proliferation® Bronchiolitis!  Aggregates
Sham 3.0 2.5 0 0 0.3 0 0
Carbon 2.9 3.0 0 0.5 0.1 0 0.3
Ozone 2.2 3.0 0 0.6 0.5 0 0.5
Ozone + carbon 2.5 2.5 0 0.3 0.1 0 0.1
LPS 2.0 3.0 0 0 0 0 0.3
LPS + carbon 2.2 2.5 0 0.5 0 0 0.5
LPS + ozone 2.0 2.7 0 0.3 0.4 0 0.4
LPS + carbon + 2.5 3.0 0.4 0.9 0 0 0

ozone

& Mice were 14 to 17 months old. Scores are group means on a scale of 0 to 4.

b PMN in alveoli.
¢ Proliferation of type II alveolar epithelial cells.

d Inflammation and necrosis in bronchioles.
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DISCUSSION

MODULATORS OF ULTRAFINE PARTICLE EFFECTS

A notable outcome of our studies is that short-term
inhalation of low concentrations of ultrafine carbon
particles—which served as surrogates for urban carbon-
aceous nucleation-mode particles—caused a significant
acute pulmonary inflammatory response in rodents under
certain conditions: old age, a sensitized respiratory tract,
and oxidant copollutant exposure. Table 21 summarizes
the results, based on three-way ANOVA of the multigroup
combined exposure studies in young and aged rats and Tsk
mice for all groups exposed to ultrafine carbon particles.
End points considered in Table 21 are the level of neutro-
phils in lung lavage fluid after exposure and the chemilu-
minescence of PMA-stimulated and unstimulated lavaged
cells as indicators of ROS release by these cells. In our
experience the level of neutrophils is a more sensitive indi-
cator of a pulmonary inflammatory response than other
lavage parameters. A consistent finding in rats pertained to

the interaction between ozone and ultrafine carbon parti-
cles, but this interaction was in the opposite direction for
young and old rats. In the aged rats, there was a significant
synergistic response for all three end points (P < 0.01),
whereas in young rats the interaction led to a decrease in
response in the two chemiluminescence end points. A sig-
nificant main effect (P = 0.0015) of ultrafine carbon on lav-
aged neutrophils was also found in young rats. Thus,
combined ultrafine carbon and ozone exposures resulted in
a synergistic effect in the aged rats, and prior priming with
inhaled endotoxin showed only an additive effect for
carbon. The increase of lavage protein and cytoplasmic and
lysosomal enzymes in the aged rats (Table 11) may reflect
this interaction between ultrafine carbon and ozone.

The results obtained with the old Tsk mice (Table 21)
confirm the finding in rats with respect to the synergistic
interaction between ultrafine carbon and ozone
(P =0.0124 for lavaged PMNs). These mice also showed a
significant main effect of ultrafine carbon on lavaged
neutrophils and stimulated release of ROS (P = 0.01). For a
more detailed discussion of the statistical analysis used in

Table 21. P Values for Main Effects and Interactions Involving Ultrafine Carbon Particles for Inflammatory End Points in
Rats and Mice of Multigroup Comparison Studies: Summary from ANOVA Tables

Main Effect and P Value
End Point Indicating Inflammation Carbon Carbon + LPS  Carbon + Ozone  LPS + Carbon + Ozone
Young Rats
Lavaged PMNs Increase —a — —
0.0015 0.27 0.97 0.42
Unstimulated release of ROS Increase Increase Decrease Decrease
0.0015 0.0008 0.015 0.0087
PMA-stimulated release of ROS Decrease — Decrease [Decrease]b
0.052 0.81 < 00001 (0.07)
Old Rats
Lavaged PMNs — — Increase —
0.75 0.29 0.0014 0.21
Unstimulated release of ROS — Increase Increase —
0.41 0.0017 0.0086 0.10
PMA-stimulated release of ROS — — Increase —
0.34 0.20 0.0062 0.49
Old Tsk Mice
Lavaged PMNs Increase — Increase Increase
0.007 0.9069 0.0124 0.0076
Unstimulated release of ROS — — — —
0.13 0.93 0.22 0.28
PMA-stimulated release of ROS Increase — (Increase) —
0.009 0.91 (0.071) 0.16

@ Indicates the lack of a significant main effect or interaction in the 3 way ANOVA.

b The P values for the interactions noted in parentheses approached significance.
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this study, see Appendix B. Because the study design did
not include a comparison group of normal mice, we do not
know whether the observed response is specific for this
mouse model with genetic emphysema or whether old or
young normal mice would respond in a similar manner in
such a multigroup comparison. However, given the differ-
ences we found between old and young rats and the
changes in antioxidant levels with increasing age
(Teramoto et al 1994; Gomi et al 1995), we expect similar
differences in responses between young and old members
of other mammalian species.

The inclusion of endotoxin priming in these multigroup
comparisons made the ultrafine carbon effect more
obvious when three-way ANOVA was applied. The
greatest inflammatory response in both young and aged
rats, in terms of lavaged PMNs, was seen with endotoxin
priming and subsequent combined exposure to ultrafine
carbon particles and ozone (Figures 40 and 41). The most
striking difference in the inflammatory cell response
between young and aged rats was after combined exposure
to ultrafine carbon particles and ozone in the endotoxin-
primed rats: for old rats both the unstimulated and the
PMA-stimulated respiratory bursts determined by the
luminol assay were higher than in any other group (Figure
45), whereas for young rats they were lower than in other
groups (Figure 44). Because the number of lavaged cells
used for the luminol assay was fixed at 1 x 10° cells, the
chemiluminescence was generally related to the per-
centage of PMNs in the lavage fluid. Obviously, this rela-
tionship did not hold for the young rats exposed to the
combination of ultrafine carbon particles and ozone after
endotoxin priming. Although this exposure group had the
highest level of lavaged PMNs of all exposure groups of
young rats, the level of respiratory burst activity (chemilu-
minescence) was comparatively low. The significantly
greater release of ROS from lavaged inflammatory cells of
aged rats compared with that in young rats in the endo-
toxin-primed group exposed to ultrafine carbon particles
and ozone may indicate an increased cellular oxidant
stress, which would translate into a risk for the aged
organism to be more adversely affected by the same degree
of an inflammatory cell response in the lung than a
younger organism. A lower respiratory burst response was
also observed in young rats at high doses of endotoxin
despite a high lavaged PMN level (Figure 37A). In contrast,
in old rats the respiratory burst activity increased with
increasing endotoxin doses and lavaged PMN levels
(Figure 37B).

These results indicate differences between young and
old animals in responsiveness or in the oxidant-antioxi-
dant balance of inflammatory cells. Quantitative differ-

ences between young and old rats may exist with respect
to the amount of ROS induced by inflammatory lavage
cells upon stimulation in vitro. Whereas ROS levels
induced at resting conditions in the cells of both young
and aged sham-exposed control rats were about the same
(Figures 44 and 45), PMA stimulation increased their
release to much higher levels in the aged animal. Maximal
levels reached in any group were about 110 LU in the aged
rats (LPS + carbon + ozone group) versus about 38 LU in
the young rats (LPS + ozone group without LPS priming).
This generally greater ROS release in old rats may reflect a
decrease in cellular antioxidant defenses in the aging
organism.

The multigroup study in the 14- to 17-month-old Tsk
mice with well-developed genetic chronic emphysema
also showed the greatest responses in terms of lavage
parameters (PMN, protein, LDH, and B-glucuronidase) in
the endotoxin-primed (LPS) group after exposure to the
mixture of ultrafine carbon particles and ozone (Figure 46;
Table 17). Likewise, the PMA-stimulated release of ROS
from inflammatory cells was highest in this group (Figure
48) indicating the potential for inducing oxidant stress
upon activation of these cells.

Two groups of the Tsk mice each had one animal that
responded with high neutrophilic influx of about 20%
PMN in the lavage fluid (ozone group and carbon + ozone
group). By the analysis of residuals of the ANOVA, these
were identified as outliers (see Methods section) and not
included in the final analysis. One could argue that the
outliers are exactly those animals that are most sensitive
and best represent the small susceptible section of the
human population. In fact, this is not necessarily a valid
argument. In the human population, the susceptible sub-
group is most likely the result of the confluence of several
factors, including genetic background and prior environ-
mental exposures. In the genetically more homogeneous
Tsk mouse population, a variation in response is due
mainly to some uncharacterized environmental factor.
Also, our experiments were not designed to study the
response of the most susceptible animals. That would
require a very different study design with hundreds of ani-
mals. The fact that a statistically significant effect could
still be determined after removing one highly responsive
outlier in each of two groups demonstrates this effect to be
present even in a normal group of aged mice. The objective
of demonstrating an effect of the treatment can, therefore,
be well achieved by removing occasional outliers without
wasting unnecessarily large numbers of animals.

The availability of Tsk mice is very limited; therefore,
exposures had to be scheduled at different times, which
may have contributed to the variability of the results. The
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Tsk mouse may be an appropriate model of a compromised
respiratory tract, although different from the human condi-
tion of chronic obstructive pulmonary disease (COPD) or
pulmonary emphysema; however, the limited availability
of this strain makes it less than ideal for these studies. It is
also important to consider that mice may be less suscep-
tible to effects of inhaled ultrafine particles than rats, as
can be implied from our studies with ultrafine Teflon
fumes in mice (see Appendix A).

Results from ultrafine particle exposures of mice with
elastase-treated pulmonary emphysema can be summa-
rized as follows: Ultrafine carbon and platinum particle
exposures for 6 hours at concentrations of ~110 pg/m? did
not cause significant effects in healthy or emphysematous
young mice or in healthy aged mice; these exposures did
cause a significant lung inflammatory response in aged
emphysematous mice (Figure 27). Analysis of lung tissue
for the inflammatory cytokine IL-1p also showed a signifi-
cant difference between healthy and emphysematous
(elastase-treated) old mice after ultrafine particle exposure
(Figure 28). Histomorphological examinations of lung sec-
tions seem to support these findings of ultrafine carbon
and platinum effects in emphysematous aged mice. The
emphysematous old mice exposed to ultrafine carbon and
platinum had a striking increase of lymphocytic infiltra-
tions into connective tissue spaces around blood vessels
associated with airways that was not seen in sham-
exposed emphysematous or healthy old mice (Figures 29
through 32).

The inflammatory response in the lungs of these mice,
as quantified by lavage parameters, was only slight, and
thus the observed response in the connective tissue space
may be a consequence of the interaction of the translocated
ultrafine particles with epithelial or interstitial cells. We
have observed such epithelial translocation of ultrafine
carbon and Teflon fume particles shortly after exposure of
rats and mice (Figures 9 through 11). This translocation of
single ultrafine particles could be one difference related to
larger particles such as those in diesel exhaust, which in
earlier studies by Mauderly and coworkers (1989) elicited
a lower inflammatory response in elastase-induced
emphysematous rats than in normal rats. The observed
lymphocytic infiltrations are sometimes considered to be a
long-term immunologic response. However, the sham-
exposed old mice did not show these infiltrations. A
thorough histomorphological evaluation of lung tissues
from young and old animals exposed to ultrafine particles
could add valuable information about the potential effects
of these particles on interstitial sites.
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EXPOSURE METHODS

The foregoing discussion of our results on the effects of
inhaled ultrafine particles illustrates the complexity of
exposure methods and study design that is required to
demonstrate effects of ultrafine particles in laboratory ani-
mals under conditions that are relevant for urban particle
exposures. It is much easier to show acute effects of low
doses of toxic but environmentally irrelevant particles (see
our studies with Teflon fume particles, Oberdérster et al
1995), or of extraordinarily high doses of relevant particles
of low toxicity, even in healthy animals. Indeed, numerous
studies have reported effects of collected samples of envi-
ronmental particles that were instilled directly at high
doses into the lungs of rodents (Su et al 1995; Li et al 1996;
Dreher et al 1997; Dye et al 1997; Gavett et al 1997; Koda-
vanti et al 1997; Watkinson et al 1998; Ghio et al 1999) or
inhaled for a short period at extremely high concentrations
of tens of milligrams per cubic meter, with and without
copollutants, or administered in vitro to specific target
cells (Ghio et al 1997; Goldsmith et al 1997; Vincent et al
1997). Doses deposited in the lung in these studies over a
short time or interacting with target cells in vitro are
several orders of magnitude greater than the doses that
humans experience when breathing particulate concentra-
tions below 100 ug/m3 (Oberdérster and Yu 1999). Though
epidemiologic studies find significant adverse effects asso-
ciated with these low concentrations, these effects are
observed only in compromised people and not in healthy
people. One compromised group is elderly persons with
respiratory disorders.

These studies have merit in that they establish concepts
and formulate specific hypotheses; however, follow-up
studies should be designed to justify these hypotheses and
to aid in the development of an environmental particle
standard based on the causality of observed effects. Such
studies would use low lung particle doses that predictably
occur in humans under environmental exposure condi-
tions and appropriate animal models that mimic the
conditions of compromised or susceptible humans who
are at greatest risk.

PARTICLE LUNG DOSIMETRY

The exposure concentrations used in our studies of the
acute effects of ultrafine carbon particles inhaled by
rodents were carefully selected by considering the expo-
sure concentrations and lung dose levels experienced by
human subjects under urban exposure scenarios. As
reviewed in the Introduction, episodic increases of urban
ultrafine particles to 3 x 10° particles/cm? (equivalent to
~50 pg/m? in terms of mass concentration) have been mea-
sured (Brand et al 1992) and preliminary results from
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ongoing studies in Atlanta find even higher peak number
concentrations in episodic events (McMurry, personal
communication). Our selected exposure concentrations of
~110 pg/m? for ultrafine carbon particles in the rodent
studies are based on the following considerations: Using
the particle deposition model for rats by Hsieh and col-
leagues (1999), the alveolar deposition fraction for a 300-g
rat with a minute ventilation of 207 mL/min is 0.27 for
20-nm ultrafine particles. At an alveolar surface area of
0.55 m? and a 6-hour exposure to 10 pg/m?, the predicted
deposited dose is 365 ng/m? of alveolar surface in the rat
lung. Using the International Commission on Radiological
Protection (ICRP) (1994) human deposition model, the
same exposure concentration of 20-nm particles results in a
deposited dose of 692 ng/m? alveolar surface in the human
lung (that is, about twofold more than in rats). (ICRP data
for human, nose-breathing adults are: minute ventilation =
25,000 mL/min [light exercise], alveolar surface 65 m?,
alveolar deposition fraction 0.5). Thus, a rat exposure con-
centration of 100 png/m? of ultrafine particles is equivalent
to a deposited alveolar dose of about 50 pg/m?® for human
exposures.

Models of particle deposition in the respiratory tract
predict that ultrafine particles of ~20 nm have the highest
deposition efficiency of any particle size in the alveolar
region, that is, up to 50% in the human lung (ICRP 1994).
For rats that fraction is ~27% (Yu and Xu 1996). These pre-
dictions are based on mathematical calculations and very
little experimental information is available to validate the
deposition models of ultrafine particles in the respiratory
tract of laboratory animals and humans. Kanapilly and
Diel (1980) used 9-nm and 21-nm 239Pqu particles to
measure lung deposition in rats after a 47-minute expo-
sure. They found deposition in the lung to be twofold to
fourfold greater than for micrometer-sized particles, and
although ultrafine particles were found in all lung regions,
their distribution was not uniform. Deposition efficiencies
were not quantified. There was no substantial transport
into other organs such as liver, spleen, and kidney. In
another study, Kanapilly and associates (1982) measured
deposition of 20-nm and 100-nm 87Ga,0; particles in
Beagle dogs following a 30-minute exposure and deter-
mined alveolar depositions of 32% and 25% and tracheo-
bronchial depositions of 12% and 7%, respectively, of the
inhaled ultrafine particles. Yeh and coworkers (1997)
reported very high total lung deposition of 68% in
anesthetized Rhesus monkeys after a 5- to 8-minute expo-
sure to 14-nm 22°Rn progeny particles, and lung deposi-
tion for 5-nm and 100-nm particles was found to be 34%
and 38%, respectively. Only one human study has pro-
vided information about total respiratory tract deposition,

which was determined to be 33%, 38%, and 47% for par-
ticles of 80, 40, and 20 nm respectively, in normal subjects
(Anderson et al 1990).

Our laboratory-generated ultrafine carbon particles are
only surrogates. The most realistic ultrafine particle type
for animal studies would be ambient ultrafine particles.
However, given the normally very low ambient ultrafine
particle concentration, an ultrafine particle concentrator
would be required. Such a concentrator has only very
recently become available for animal studies (Sioutas et al
1999). Furthermore, use of ambient particles also has the
disadvantage of nonreproducibility owing to unknown
compositional changes from one day to the next. Thus,
because combustion-generated carbonaceous particles are
a major component of urban ultrafine particles (Gray et al
1984; Willeke and Baron 1993; Hildemann et al 1994), we
decided to use laboratory-generated ultrafine carbon parti-
cles as relevant surrogates for our animal exposures. This
ensures reproducible and well-characterized exposures.
Although urban particles may contain trace amounts of
metals, we used particles generated from pure carbon and
focused on the ultrafine size. As described in the Methods
section for generating the ultrafine carbon particles, how-
ever, they contain about 20% organic carbon, which makes
them probably even more relevant as surrogates for urban
ultrafine particles. Because urban ultrafine particles con-
tain a number of other constituents including transition
metals (Hughes et al 1998), one could hypothesize that
effects seen with plain carbon particles might be amplified
with particles that contained such metals. This hypothesis
is based on animal studies showing that bioavailable tran-
sition metals in larger ambient particles were responsible
for acute inflammatory effects (Dye et al 1997). These
effects were seen only after very high intratracheally
instilled doses, so the concept of transition metals causing
effects needs to be validated with lower, more relevant
doses. Inhalation studies with metal-containing carbon-
aceous ultrafine particles are planned.

With respect to the dose level of 1 ppm of the copol-
lutant ozone in our studies, Hatch and colleagues (1994)
determined that rats inhaling 2 ppm of 180, have the same
dose at pulmonary target sites as humans exposed to
0.4 ppm 80,. However, this relationship may not be
appropriate for scenarios of humans exposed during
normal daily life activities (probably equivalent to light
exercise) because the human subjects in the study by
Hatch and associates (1994) were undergoing heavy exer-
cise (minute ventilation of 60 L/min) for half of the 2-hour
exposure in the study. Therefore, we estimated that 1 ppm
for our rat studies would be equivalent to ~0.3 to 0.4 ppm
for human exposures. Future studies should include lower
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ozone levels. Our results, though, indicate that the combi-
nation of ultrafine carbon particles and ozone can induce
synergistic effects in the aged and sensitized lung.

ANIMAL MODELS OF INCREASED SUSCEPTIBILITY

In addition to using environmentally relevant concentra-
tions and resulting lung doses, appropriate animal models
need to be employed. Healthy rats and mice, either young
or old, did not show significant effects in our studies after
exposure to ultrafine carbon particles alone. We used three
different models in an attempt to mimic the compromised
human respiratory tract: acute pulmonary emphysema
induced by two separate intratracheal instillations of
elastase; slowly developing chronic pulmonary emphy-
sema with right ventricular hypertrophy at advanced age in
Tsk mice, which are genetically predisposed to emphy-
sema; and inhalation of a low-dose endotoxin. The first
two models were intended to simulate aspects of pulmo-
nary emphysema in humans, which to differing degrees is
present in people with COPD; the third model was
designed to mimic the early phase of respiratory tract
infection by gram-negative bacteria inducing a priming
effect in the lower respiratory tract.

The elastase-induced emphysema does not reflect the
emphysematous changes associated with the human
condition of COPD. The limitations of the elastase model
of pulmonary emphysema lie in the acute nature of induc-
tion (a few weeks) compared with the chronic processes of
lung emphysema in humans. In earlier studies, Mauderly
and colleagues (1989) used elastase-induced emphysema
in groups of rats exposed chronically to diesel exhaust or
nitrogen dioxide, with the expectation that emphysema-
tous rats would show greater effects than simultaneously
exposed healthy rats. They found the opposite: the effects
of diesel exhaust were lower in the emphysematous rats.
The retained dose of diesel particles in the elastase-treated
animals was also only one third of the retained dose in ani-
mals not treated with elastase. The authors concluded,
therefore, that the lower deposited pulmonary particle
dose in the emphysematous rats was the reason for the
observed lower effects in these rats.

Whether the same mechanism of decreased particle dep-
osition played a role in our studies is not known. Ultrafine
particles deposit and translocate differently in the lung
than do larger particles, but not enough data are available
to compare normal and emphysematous rats. We suggest
that, in addition to potential differences in deposition and
differences in interstitial translocation, another mecha-
nism may be involved in the lower-than-expected inflam-
matory response in rats with elastase-induced emphy-
sema. The marked inflammation early after intratracheal
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elastase instillation may lead to adaptive responses
causing tolerance, rather than increased sensitivity, toward
a second inflammatory stimulus. Indeed, results from
studies not described in this report show that, at least
2 weeks after elastase instillation, the inflammatory
response of rats to an inhaled endotoxin was only half that
of rats that did not receive elastase; that is, the elastase-
treated rats had developed tolerance. This is similar to the
results of ultrafine Teflon particle exposures in healthy or
elastase-induced emphysematous young and old mice
described in Appendix A of this report. Cellular and bio-
chemical inflammatory lung lavage parameters and
cytokine, chemokine, and antioxidant expression were
lower in the elastase-instilled emphysematous animals
than in the nonemphysematous animals (Appendix A,
Table A.3).

Conceivably, in our studies the mild inflammatory
response of the elastase-induced emphysematous old mice
to inhaled ultrafine carbon and platinum particles
(Figure 27) was attenuated by adaptive responses in cells
of the respiratory tract. Given that the young elastase-
induced emphysematous mice did not show an ultrafine
particle effect, it may be that they had even stronger adap-
tive responses, which were modified with age. Thus,
because of the potential of inducing adaptive responses, an
animal model of acute lung injury by elastase instillation,
monocrotaline injection, or other means is not representa-
tive of a chronic condition in the human lung.

The genetic chronic emphysematous Tsk mouse model
appears to be more useful than the elastase treatment
model. However, the alveolar enlargement with increasing
age in the Tsk mice may well be due to defective alveolar
formation and not necessarily to the breakdown of normal
lung tissue, which occurs in pulmonary emphysema in
humans. This difference—which is caused by a molecular
defect of the extracellular matrix protein fibrillin in the
Tsk mouse—presents a limitation for extrapolating the
results of our studies with aged Tsk mice directly to the
elderly human population with pulmonary emphysema.
One major drawback of this model is the limited avail-
ability of Tsk mice. This made it impossible to obtain a suf-
ficient number of animals of the same age group;
exposures had to be spread over several months, perhaps
contributing to the greater variability of response observed
in these animals (Figure 46).

The third model used in our studies, endotoxin priming,
seems to be useful to mimic a respiratory tract sensitized
by bacterial infection (Roth et al 1997). Infection by gram-
negative bacteria has been identified in several studies as
the cause for pneumonia and bronchitis (Barreiro et al
1992; Hamacher et al 1995; Chendrasekhar 1996; Klein
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and Cunha 1997), and epidemiologic studies have identi-
fied pneumonia of the elderly as one factor for increased
susceptibility to urban particles (EPA 1996). We therefore
characterized the response to inhaled endotoxin in young
and old rodents to select a dose level that caused only a
slight inflammatory response by 24 hours after instillation
(Figures 33 and 34).

Endotoxin exposure can produce both a state of
increased sensitivity (priming) and a state of adaptation
(Virca et al 1989; Anderson et al 1990; Ziegler-Heitbrock
1995; Zingarelli et al 1995; Wilson et al 1997). It can
directly activate inflammatory cells, epithelial cells (Khair
et al 1996), endothelial cells, and platelets to increase
expression of proinflammatory cytokines, chemokines,
and antioxidants and induce pulmonary sequestration of
PMNs (Nolop and Ryan 1990; Quax et al 1990; Ulich et al
1990; Driscoll et al 1993; Brown et al 1996; Schmal et al
1996; Geiger et al 1997). Prior endotoxin exposure is also
known to induce pulmonary protection from or tolerance
to other oxidant stimuli such as hyperoxia (Berg and Smith
1984; Berg et al 1990; De et al 1990; Tang et al 1996). In
addition to effects on the lung as target organ, systemic
effects of endotoxin including changes in the blood
coagulation cascade could be relevant to people with car-
diovascular disease who are at increased risk of being
affected by particulate pollution (EPA 1996). Future
studies will evaluate this important aspect of potential sys-
temic ambient particle effects.

Because of the possibility of adaptation, a subsequent
stimulus should be delivered early after endotoxin inhala-
tion. Late administration will most likely result in an
attenuated response, whereas early or concurrent endo-
toxin exposure can increase the magnitude of responses to
toxic compounds (Roth et al 1997). For example, Peavy
and Fairchild (1978) showed that repeated exposures to an
endotoxin led to a state of tolerance and decreased suscep-
tibility to a subsequent oxidant stimulus. These authors
found a synergistic effect in mice exposed to ozone
immediately after intraperitoneal endotoxin exposure, in-
dicating an increase in susceptibility, whereas repeated
5-day exposure to endotoxin protected against a lethal
challenge of ozone. The relatively narrow window of
increased susceptibility after endotoxin priming may be
the reason Vincent and coworkers (1996) did not find a
modifying effect of endotoxin injected 18 hours prior to
ozone exposure in rats. Our studies were therefore
designed to place the priming stimulus of low-dose endo-
toxin inhalation between 30 and 60 minutes before
subsequent exposure to ultrafine particles and ozone.

While developing the endotoxin inhalation model, we
found an interesting difference between young and old ani-

mals with respect to the release of ROS in lavaged cells. The
unstimulated release was the same in young and old rats,
but the PMA-stimulated release of ROS after higher inhaled
endotoxin doses decreased in young rats despite increasing
PMN levels in lung lavage fluid (Figure 37A). In contrast, in
old rats PMA-stimulated release of ROS at high endotoxin
doses increased to much higher levels (Figure 37B), sug-
gesting a greater potential for damage due to oxidative
stress in the aged organism. This is similar to effects
observed in the multigroup study in endotoxin-primed
young and old rats after exposure to ultrafine carbon parti-
cles and ozone (Figures 44 and 45). These differences are
possibly due to differences in cellular antioxidant levels
between age groups and require further studies.

PRINCIPLES OF ULTRAFINE PARTICLE TOXICITY

Our studies, aimed at assessing specific concepts of
ultrafine particle toxicology by using either high instilled
doses or ultrafine particles of known high toxicity,
produced some interesting results. First, comparing the
pulmonary inflammatory potential of ultrafine particles
(TiO,) with that of larger particles of the same material
confirmed the significantly greater toxicity of the ultrafine
particles when the same dose, expressed as mass, was
instilled into the lungs of rats and mice (Figures 3 and 4).
Instilled doses as low as 6 pg of ultrafine TiO, in mice and
32 ng in rats elicited inflammatory responses, demon-
strating their greater inflammatory potency. However, if
the dosemetric was changed from a mass basis to particle
surface area, particles of both sizes gave the same degree of
response (Figure 5). The importance of particle surface
area for the inflammatory potential of ultrafine particles is
also supported by findings from Donaldson and coworkers
(1998). Although this could be interpreted as showing that
particle surface area may account fully for differences in
toxicity between different sizes of particles, other factors
need to be considered that cannot be evaluated by instilla-
tion studies. These factors are deposition of inhaled parti-
cles and disposition after deposition.

As mentioned before, the ICRP (1994) lung deposition
model predicts the highest deposition efficiency for
inhaled particles of ~20 nm (which is the peak size of
urban nucleation-mode particles), in both the conducting
airways and the alveolar region in the human lung. Fur-
thermore, we suggest that the deposited single ultrafine
particles largely escape alveolar macrophage phagocytosis,
are readily endocytosed by epithelial cells, appear at inter-
stitial sites, and possibly are even translocated to remote
organs via the circulation. This suggestion is based on our
findings of low recovery of inhaled ultrafine platinum
particles in lavage macrophages, significant amounts of
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platinum in the liver shortly after ultrafine platinum inha-
lation (Figure 23), and the deep interstitial localization of
ultrafine Teflon and carbon particles soon after their inha-
lation (Figures 9 through 11). All of these findings are con-
sistent with a rapid translocation of deposited ultrafine
particles. The greater deposition of inhaled single ultrafine
particles and their greater propensity to translocate—
relative to larger particles—are likely to add to their tox-
icity. However, although our finding of significant
amounts of platinum in the liver shortly after ultrafine
platinum inhalation for 6 hours is consistent with translo-
cation from the lung to other organs, we cannot exclude
the possibility that a small fraction of the poorly soluble
metallic platinum was dissolved in the lung or dissolved
after ingestion in the gastrointestinal tract and then trans-
ferred to the liver. Thus, extrapulmonary translocation of
deposited ultrafine particles needs to be confirmed and
quantified by studies using, for example, insoluble 13C
particles.

The significantly greater pulmonary inflammatory
potency of ultrafine TiO, was also confirmed in endotoxin-
primed rats when ultrafine TiO,, but not the larger TiO,,
caused a significant increase of endotoxin-induced inflam-
mation (Figure 39). A contributing factor to the increased
toxicity of ultrafine particles in a compromised lung could
be an even more enhanced particle translocation to inter-
stitial sites, as has been demonstrated in the injured lung
for larger particles (Adamson and Prieditis 1998).

We also observed significant differences in effects
induced by ultrafine particles versus larger particles in
inhalation studies. Aging of ultrafine Teflon fumes (CMD
~16 nm) for a few minutes resulted in larger particles
(CMD > 100 nm), which no longer induced the lethal
toxicity of the freshly generated ultrafine particles (see
Figure 8). However, whether this result solely reflects a
particle size effect can be disputed. Some changes in par-
ticle surface chemistry may also have occurred during the
aging process, which could not be measured but may have
influenced toxicity. Nevertheless, we conclude that the
large surface area per mass of ultrafine particles, their high
deposition efficiency, and their interstitial and possibly
systemic disposition are all important contributors to their
toxicity.

Our Teflon fume experiment, which evaluated the con-
tribution to pulmonary toxicity of the gas phase versus the
particle phase (see Figure 7), documented several princi-
ples important for ultrafine particle effects. First, it
showed that, when Teflon ultrafine particles are generated
in argon, very short exposures to the particles alone do not
cause toxicity in healthy animals. Second, it demonstrated
that, to observe toxicity from exposure to the combined gas
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and ultrafine particle atmosphere, the ultrafine particles
are necessary possibly because they act as carriers for
adsorbed reactive gases or possibly because radicals
causing toxicity exist on the surfaces of the Teflon particles
when they are generated in air (Pryor et al 1990; Seidel et
al 1991). Third, it established that very low inhaled mass
concentrations (~50 ug/m3) of the ultrafine Teflon fumes
can cause extensive lung damage, probably because of the
aforementioned deposition efficiency and tissue disposi-
tion of these highly reactive particles. It should again be
emphasized that these ultrafine Teflon fume particles are
not a surrogate for ambient particles but rather serve only
to reveal concepts of ultrafine particle toxicity.

Another significant finding of our Teflon fume experi-
ments in rats is the development of tolerance, following
repeated very short exposures, to a subsequent highly
toxic exposure (see Figure 12). This result demonstrates
the importance of preexposure history and of the adapt-
ability of the organism’s defenses to highly toxic stimuli.
The potential to adapt may be different in the young and
aged organisms. As discussed before, the existence of such
an adaptive response should be considered when using
animal models of a compromised respiratory tract induced
by an acute inflammatory event because the adaptive
response may attenuate responses to a second stimulus.
Indeed, responses to Teflon fume exposure in elastase-
induced emphysematous mice were lower than those in
healthy mice (Appendix A, Table A.3).

We have not investigated further the mechanisms that
may be responsible for the development of tolerance in the
animals adapted to Teflon fume, except to find that
messages for proinflammatory cytokines, oxidants, and
chemokines were at control levels, in contrast to their high
levels in nonadapted rats (see Figures 13 through 15). We
did not determine whether the respective proteins may
have been increased in response to the oxidative stress
induced by the ultrafine Teflon fume. The phenomenon of
adaptation has been described in previous work using
exposure to oxidant gases or to cadmium aerosols (Crapo
et al 1978; Horvath et al 1981; Balfoort et al 1989; Hart et al
1989; Van der Wal et al 1994). These and other studies that
demonstrated development of tolerance following oxida-
tive stress reported increases in levels of antioxidant pro-
teins (Balfoort et al 1989; Hart et al 1989; Lewis-Molock et
al 1989; Vogt et al 1995; Tang et al 1996; Weller et al 1997).

An important aspect of ultrafine particle toxicology is
respiratory tract dosimetry. Although particle deposition
models predict a high deposition efficiency for these parti-
cles in the lung, no experimental data are available to
corroborate these predictions. We have succeeded in
producing ultrafine '3C particles (Figure 24) to use in
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measuring the doses deposited in the respiratory tracts of
laboratory animals. This enables us to measure regional

deposition in the lower respiratory tract and translocation
to extrapulmonary tissues.

CONCLUSIONS

The following conclusions can be drawn from the

results of our studies. Each conclusion is followed by an
explanatory note to clarify and support it.

Of the fine particles (< 1 pm), insoluble or poorly solu-
ble ultrafine particles (< 0.1 pm) induce per given mass
a significantly greater inflammatory effect in the lower
respiratory tract than chemically identical particles of
the size of the accumulation mode (0.1 to 1 pm).

This conclusion is not only based on our present dose-
response studies with instilled aggregates of ultrafine
and fine TiO, particles in rats and mice but is also
supported by results of studies from our and other
laboratories with different ultrafine and fine particles
administered by inhalation or intratracheal instilla-
tion (Ferin et al 1990, 1992; Oberdorster et al 1990,
1992, 1994a,b; Heinrich et al 1995; Li et al 1996, 1999;
Gilmour et al 1997; Osier and Oberdorster 1997;
Stone et al 1998, 2000).

The high surface area per given mass of insoluble or
poorly soluble ultrafine particles appears to be an
important determinant of their inflammatory potency.
This conclusion is based on our present results with
instilled ultrafine and fine TiO, that confirm earlier
observations of the relationship between particle sur-
face area and pulmonary effects in inhalation and
instillation studies (Oberdorster and Yu 1990;
Driscoll et al 1996; Oberdorster 1996; Lison et al
1997). Toxicologists like to think of a dose in terms of
mass. However, this is not very meaningful for poorly
soluble particles of low cytotoxicity since it is the par-
ticle surface with which cells interact. The HEI
Health Review Committee expressed concern with
this conclusion because the surface area determined
for the dry fresh particles is not the same as that of the
saline resuspended particles. (The HEI Health Review
Committee probably meant the bioavailable surface
area.) It is indeed conceivable that bioavailable sur-
face area may change for air-suspended versus fluid-
suspended particles (for example, inner surface area
of zeolites is probably not bioavailable). Although it
will be of interest to determine the size of a particle’s
bioavailable surface area in the lung, it is not critical

for this conclusion given the evidence from several
studies that particle surface area is a better dosimeter
than particle mass for different pulmonary effects (Li
et al 1996, 1999; Driscoll et al 1996; Donaldson et al
1998).

Ultrafine carbon particles (~25 nm CMD) can cause
pulmonary inflammatory responses in rodent models
when inhaled at concentrations resulting in depos-
ited doses per unit alveolar surface, which are pre-
dicted to occur in people living in cities and being
exposed to episodic increases of ultrafine particles.

Inflammatory effects of ultrafine carbon particles
alone were seen in our studies both in old (emphy-
sematous mice; Tsk mice) and young (rats) rodents.
Episodic increases of ultrafine particles to 3 x 10° par-
ticles/cm® with a mass concentration of ~50 pg/m?
were seen by Brand and associates (1992). Even
higher particle number concentrations in the urban
air up to 1 x 10° particles/cm? are seen now by other
investigators, as described in the Introduction. Rat-
equivalent exposure concentrations in terms of
deposited dose per unit alveolar surface area for
ultrafine particles (20 nm) were derived from rat and
human specific particle deposition models as
described in the Discussion (100 pg/m? inhaled by
rats is equivalent to ~50 pg/m?® inhaled by humans).

Ultrafine particles deposited in the lower respiratory
tract translocate rapidly to epithelial and interstitial
sites. They may also be translocated to extrapulmo-
nary organs; however, this needs to be verified using
insoluble ultrafine particles.

This conclusion regarding ultrafine particle transloca-
tion to epithelial and interstitial sites is based on our
results with ultrafine Teflon, carbon and platinum
particles described in this report. They confirm earlier
findings of Stearns and coworkers (1994) with inhaled
ultrafine copper particles in hamsters. With respect to
the translocation of inhaled ultrafine particles to
extrapulmonary sites, only one experiment was per-
formed using ultrafine platinum particles as described
in this report; significant amounts of platinum were
detected in the liver. We discontinued the use of
metals for these experiments once we realized that
some solubilization may occur even with an almost
insoluble metal such as platinum (only iridium may
be less soluble), especially given the high surface area
to mass ratio of ultrafines. This may have contributed
to the observed extrapulmonary tissue levels. We
decided that none of the ultrafine metal particles that
we have generated—platinum, gold, silver, titanium,
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vanadium, nickel, iron, with the possible exception of
iridium—should be used for translocation studies
because of the solubilization problem. Instead, we
have developed a method to generate ultrafine

13

carbon particles, which are insoluble and can be

traced to other organs in future studies.

Age and a compromised/sensitized respiratory tract
are host factors that can increase susceptibility to
ultrafine particle effects in rats.

(a)

The aged lung exposed to ultrafine particles may
be at higher risk for oxidative stress induced lung
injury.

This conclusion is based on the increased oxida-
tive stress response (greatest oxidant release of
lavage cells), which was consistently observed in
these studies only in the LPS-sensitized aged rats
exposed to ultrafine carbon and ozone. In con-
trast, young rats exposed the same way showed a
significantly decreased oxidative stress response.
Since this result is based on only one assay of
oxidative stress, we are cautious with this con-
clusion by stating that the aged lung may be at
higher risk.

Ultrafine particle effects in the lung can be signif-
icantly enhanced by ozone copollutant exposure
in the aged organism.

This conclusion is based on increased neutrophil
numbers in lung lavage as well as unstimulated
and PMA-stimulated chemiluminescence of
lavage cells after combined ultrafine carbon plus
ozone exposure only in old rats and old Tsk mice
but not in young rats (see summary in Table 21).

Low-dose endotoxin inhalation can sensitize the
respiratory tract to enhance the inflammatory
response of ultrafine particles.

This conclusion is based on our studies using
LPS inhalation in rats showing enhanced pulmo-
nary inflammation after subsequent dosing by
instillation with ultrafine TiO, but not fine TiO,.
Preexposure history involving low oxidative
stress may confer tolerance to subsequent ultra-
fine particle exposure.

This conclusion is based on our studies with the
highly toxic ultrafine Teflon fumes in rats which
demonstrated the development of tolerance fol-
lowing short-term inhalation exposure to these
ultrafine particles on each of three preceding
days. Although the ultrafine particles in Teflon
fume must not be viewed as surrogates for atmo-
spheric urban particles, the concept of devel-

oping adaptive responses following oxidative
stresses is very important and needs also to be
considered in future studies with benign ultra-
fine particles. The phenomenon of tolerance and
adaptation following oxidative stress needs to be
explored further in studies on the health effects
of particulate matter in general.

IMPLICATION OF FINDINGS

Our data show that inhaled ultrafine carbon particles,
which we used in our studies as surrogates for urban
ultrafine carbonaceous particles, can contribute to signifi-
cant inflammatory effects in the compromised or sensi-
tized respiratory tract of rats and mice, particularly in aged
animals. The rapid translocation and interaction of depos-
ited ultrafine particles with epithelial and interstitial sites
may contribute to the pulmonary responses. Furthermore,
our results showed increased oxidative stress in the lungs
of aged animals at predicted deposited doses of ultrafine
carbonaceous particles per unit of alveolar surface area,
which humans experience when exposed to high episodic
concentrations of ultrafine carbonaceous particles in
urban settings. Obviously, urban ultrafine particles consist
of more than carbon—they include organic materials, toxi-
cologically active metals, and possibly other adsorbed
materials. There is a need to better characterize the
chemical makeup of these particles. Because of these other
constituents, we expect that urban carbonaceous ultrafine
particles are more active biologically than the carbon par-
ticles used in our studies, which induced significant
inflammatory responses in rats primed with low-dose
endotoxin. Inhaled endotoxin priming was used to mimic
early stages of a mild respiratory tract infection by gram-
negative bacteria. It is conceivable that humans with this
condition will respond similarly to urban carbonaceous
ultrafine particles given that altered tissue and cellular
homeostasis resulting from low doses of endotoxin have
been described for several mammalian species including
humans (Roth et al 1997).

Increased morbidity in elderly people with compromised
cardiorespiratory systems has been associated with increased
levels of ambient particulate matter, and our results should
raise concern that high levels of urban carbonaceous ultrafine
particles may adversely affect certain parts of the population.
Given this concern, the appropriateness of a new National
Ambient Air Quality Standard for PM, 5 based on particle
mass and averaged over 24 hours may be questioned for the
following reasons: Within the fine particles, by far most of the
mass is in accumulation-mode particles, which will mainly
be targeted by a fine particle mass standard. As has been
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reported for the city of Erfurt in Germany, reduction of
ambient particle levels by mass resulted in a doubling of
ultrafine particle numbers (Tuch et al 1997b), probably owing
to reduced heterogeneous coagulation of ultrafine particles
onto accumulation-mode particles once the latter had been
reduced successfully. (Heterogeneous accumulation is the
major removal mechanism for ambient ultrafine particles
[NRC 1979].) Furthermore, expressing particle levels as an
average over 24 hours further reduces the likelihood that
increases in the number of ultrafine particles will be
detected, because such increases are of an episodic nature
lasting perhaps only a few hours. Measurements of urban
particle levels by Brand and associates (1992) demonstrate
well that daily averaging of neither particle mass concentra-
tion nor number concentration is adequate to detect episodic
increases in ultrafine particle numbers. Rather, continuous
monitoring of particle numbers is required. Consequently, if
results of our animal studies can be extrapolated to humans,
and urban ultrafine particles cause increased morbidity in
susceptible people, another standard, expressed as particle
number concentration, needs to be considered, and moni-
toring needs to be continuous.

Our studies focused exclusively on events in the respi-
ratory tract. These results need to be supported by further
studies focusing on these dosimetric and mechanistic
aspects: (1) quantitation of the deposition of ultrafine
particles in different regions of the respiratory tract and of
their translocation to interstitial and extrapulmonary
tissues; (2) characterization of animal models in relation to
human conditions of increased susceptibility; (3) evalua-
tion of cellular and molecular mechanisms of ultrafine
particle effects and modification by host susceptibility
factors of age, disease, and sensitization; (4) the time
course of responses relative to exposure level and dura-
tion; and (5) the impact of copollutants (gases, metals, and
organics) associated with urban ultrafine particles. In
future research we also plan to evaluate the systemic
effects provoked by a pulmonary inflammatory response
(Seaton et al 1995). For example, epidemiologic studies
have found an association between changes in plasma
viscosity or heart rate and low levels of particulate matter
(Peters et al 1997a; Dockery et al 1999). Our focus in future
studies will be a rigorous comparison of the effects of
inhaled ultrafine and fine (accumulation-mode) carbon-
aceous particles. These toxicologic studies should be
paralleled by detailed physiochemical characterizations of
urban ultrafine particles as well as by epidemiologic and
clinical assessments of the ultrafine particle hypothesis.

ACKNOWLEDGMENTS

The authors appreciated the collaboration of Ariel
Anbar, John J Godleski, and Kent E Pinkerton on this
project.

The authors gratefully acknowledge the excellent tech-
nical assistance of Pamela Wade-Mercer, Nancy Corson,
Kiem Nguyen, and Chris Reed in conducting these studies.
The invaluable assistance of Judy Havalack in preparing
the manuscript is highly appreciated. These studies were
supported by HEI (Research Agreement 95-11) and in part
by National Institute of Environmental Health Sciences
grants ESO4872 and ESO1247.

REFERENCES

Adamson 1Y, Prieditis H. 1998. Silica deposition in the
lung during epithelial injury potentiates fibrosis and
increases particle translocation to lymph nodes. Exp Lung
Res 24:293-306.

Anderson PJ, Wilson JD, Hiller FC. 1990. Respiratory tract
deposition of ultrafine particles in subjects with obstruc-
tive or restrictive lung disease. Chest 97:1115-1120.

Balfoort HW, Bloemen HJT, Van Bree L, Dormans JA, Rom-
bout PJA. 1989. Tolerance to ozone induced in rats by pre-
exposure to cadmium chloride aerosol. Inhalation Toxicol
1:149-152.

Barreiro B, Esteban L, Prats E, Verdaguer E, Dorca J, Man-
resa F. 1992. Branhamella catarrhalis respiratory infec-
tions. Eur Respir ] 5:675—679.

Berg JT, Allison RC, Prasad VR, Taylor AE. 1990. Endo-
toxin protection of rats from pulmonary oxygen toxicity:
Possible cytokine involvement. ] Appl Physiol 68:549-553.

Berg JT, Smith RM. 1984. Endotoxin protection of rats from
O, toxicity: Chemiluminescence of lung neutrophils. Res
Commun Chem Pathol Pharmacol 44:461-476.

Bils RF. 1966. Ultrastructural alterations of alveolar tissue
of mice: I. Due to heavy Los Angeles smog. Arch Environ
Health 12:689-697.

Brand P, Gebhart J, Below M, Georgi B, Heyder J. 1991.
Characterization of environmental aerosols on Heligoland
Island. Atmos Environ 25A(3/4):581-585.

Brand P, Ruob K, Gebhart J. 1992. Performance of a mobile
aerosol spectrometer for an in situ characterization of envi-
ronmental aerosols in Frankfurt City. Atmosp Environ
26A:2451-2457.

57



Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

Brown CY, Lagnado CA, Vadas MA, Goodall GJ. 1996. Dif-
ferential regulation of the stability of cytokine mRNAs in
lipopolysaccharide-activated blood monocytes in
response to interleukin-10. J Biol Chem 271:20108-20112.

Brunauer S, Emmett PH, Teller E. 1938. Adsorption of gases
in multimolecular layers. ] Am Chem Soc 60:309-319.

Burnett RT, Brook JR, Yung WT, Dales RE, Krewski D.
1997a. Association between ozone and hospitalization for
respiratory diseases in 16 Canadian cities. Environ Res
72:24-31.

Burnett RT, Cakmak S, Brook JR, Krewski D. 1997b. The
role of particulate size and chemistry in the association
between summertime ambient air pollution and hospital-
ization for cardiorespiratory diseases. Environ Health Per-
spect 105:614-620.

Cabral-Anderson, L], Evans MJ, Freeman G. 1977. Effects
of NO, on the lungs of aging rats: I. Morphology. Exp Mol
Pathol 27:353-365.

Castellani CM. 1993. Characterization of the atmospheric
aerosol in an urban area and the vicinity of a main
highway. In: ENEA Environment Department Meetings and
Seminars held in Bologna and Rome. INTO 7:35-55.

Chendrasekhar A. 1996. Are routine blood cultures effec-
tive in the evaluation of patients clinically diagnosed to
have nosocomial pneumonia? Am Surg 62:373—-376.

Clarke FB, Van Kuijk H, Valentine R, Makovec GT, Seidel
WEF, Baker BB Jr, Kasprzak DJ, Bonesteel JK, Janssens M,
Herpol C. 1992. The toxicity of smoke from fires involving
perfluoropolymers: Full-scale fire studies. J Fire Sci
10:488-527

Crapo JD, Marsh-Salin J, Ingram P, Pratt PC. 1978. Toler-
ance and cross-tolerance using NO, and Oj: II. Pulmonary
morphology and morphometry. ] Appl Physiol: Respir
Environ Exercise Physiol 3:370-379.

De SK, McMaster MT, Andrews GK. 1990. Endotoxin
induction of murine metallothionein gene expression. J
Biol Chem 265:15267-15274.

Dockery DW, Pope CA III, Kanner RE, Villegas GM,
Schwartz J. 1999. Daily Changes in Oxygen Saturation and
Pulse Rate Associated with Particulate Air Pollution and
Barometric Pressure. HEI Research Report Number 83.
Health Effects Institute, Cambridge MA.

Donaldson K, Li XY, MacNee W. 1998. Ultrafine
(nanometre) particle-mediated lung injury. ] Aerosol Sci
29:553-560.

58

Dreher KL, Jaskot RH, Lehmann JR, Richards JH, McGee
JK, Ghio AJ, Costa DL. 1997. Soluble transition metals
mediate residual oil fly ash induced acute lung injury. J
Toxicol Environ Health 50:285-305.

Driscoll KE. 1996. Role of inflammation in the develop-
ment of rat lung tumors in response to chronic particle
exposure. Inhalation Toxicol (Suppl) 8:139-153.

Driscoll KE, Hassenbein DG, Carter J, Poynter J, Asquith
TN, Grant RA, Witten J, Purdon MP, Takigiku R. 1993. Mac-
rophage inflammatory proteins 1 and 2: Expression by rat
alveolar macrophages, fibroblasts, and epithelial cells and
in rat lung after mineral dust exposure. Am J Respir Cell
Mol Biol 8:311-318.

Dye JA, Adler KA, Richards JH, Dreher KL. 1997. Epithe-
lial injury induced by exposure to residual oil fly ash par-
ticles: Role of reactive oxygen species. Am ] Resp Cell Mol
Biol 17:625-633.

Feinberg AP, Vogelstein B. 1983. A technique for radiola-
beling DNA restriction endonuclease fragments to high
specific activity. Anal Biochem 132:6-13.

Ferin J, Oberdorster G, Penney DP. 1992. Pulmonary reten-
tion of ultrafine and fine particles in rats. Am J Respir Cell
Mol Biol 6:535-542.

Ferin J, Oberdorster G, Penney DP, Soderholm SC, Gelein
R, Piper HC. 1990. Increased pulmonary toxicity of
ultrafine particles? I. Particle clearance, translocation,
morphology. ] Aerosol Sci 21:381-384.

Gardi C, Martorana PA, Calzoni P, Cavarra E, Marcolongo P,
de Santi MM, van Even P, Lungaretta G. 1994. Cardiac col-
lagen changes during the development of right ventricular
hypertrophy in tight-skin mice with emphysema. Exp Mol
Pathol 60:100-107.

Gavett SH, Madison SL, Dreher KL, Winsett DW, McGee
JK, Costa DL. 1997. Metal and sulfate composition of
residual oil fly ash determines airway hyperreactivity and
lung injury in rats. Environ Res 72:162-173.

Geiger M, Stone A, Mason SN, Oldham KT, Guice KS.
1997. Differential nitric oxide production by microvas-
cular and macrovascular endothelial cells. Am ] Physiol:
Lung Cell Mol Physiol 273:L.275-1.281.

Ghio AJ, Meng ZH, Hatch GE, Costa DL. 1997. Luminol-
enhanced chemiluminescence after in vitro exposures of
rat alveolar macrophages to oil fly ash is metal dependent.
Inhalation Toxicol 9:255-271.



G Oberdorster et al

Ghio AJ, Stonehuerner J, Dailey LA, Carter JD. 1999.
Metals associated with both the water-soluble and insol-
uble fractions of an ambient air pollution particle catalyze
an oxidative stress. Inhalation Toxicol 11:37—49.

Gilmour PS, Brown D, Beswick PH, Benton E, MacNee W,
Donaldson K. 1997. Surface free radical activity of PM;
and ultrafine titanium dioxide: A unifying factor in their
toxicity? Ann Occup Hyg (Suppl) 41:32-38.

Goldsmith CA, Frevert C, Imrich A, Sioutas C, Kobzik
L.1997. Alveolar macrophage interaction with air pollution
particulates. Environ Health Perspect 105:1191-1195.

Gomi F, Dooley MM, Matsuo M. 1995. Effects of oxygen
inhalation on the antioxidant capacity of lungs, livers, and
brains in normal and vitamin E—deficient rats at various
ages. ] Nutr Sci Vitaminol 41:139-149.

Gray HA, Cass GR, Huntzicker JJ, Heyderdahl EK, Rau JA.
1984. Elemental and organic carbon particle concentra-
tions: A long-term perspective. Sci Total Environ 36:17-25.

Hamacher ], Veogel F, Lichey ], Kohl FV, Diwok K, Wendel
H, Lode H, for the COPD Study Group. 1995. Treatment of
acute bacterial exacerbations of chronic obstructive pul-
monary disease in hospitalized patients: A comparison of
meropenem and imipenem/cilastatin. ] Antimicrob
Chemother 36(Suppl A):121-133.

Hart BA, Voss GW, Willean CL. 1989. Pulmonary tolerance
to cadmium following cadmium aerosol pretreatment.
Toxicol Appl Pharmacol 101:447-460.

Hatch GE, Slade R, Harris LP, McDonnell WF, Devlin RB,
Koren HS, Costa DL, McKee J. 1994. Ozone dose and effect in
humans and rats. Am J Respir Crit Care Med 150:676—683.

Hayakawa H, Sato A, Yagi T, Uchiyama H, Ide K, Nakano
M. 1995. Superoxide generation by alveolar macrophages
from aged rats: Improvement in vitro treatment with IFN-
gamma. Mech Ageing Dev 80:199-211

Heinrich U, Fuhst R, Rittinghausen S, Creutzenberg O,
Bellman B, Koch W, Levsen K. 1995. Chronic inhalation
exposure of Wistar rats and two different strains of mice to
diesel engine exhaust, carbon black, and titanium dioxide.
Inhalation Toxicol 7:535-556.

Higashimoto Y, Ohata M, Uetani K, Fujimoto H, Nakamura
Y, Suruda T, Funasako M, Shimada Y, Fukuchi Y. 1994.
Influence of age on mouse pulmonary alveolar mac-
rophage clonal growth. Nippon Ronen Igakkai Zasshi (Jap-
anese Journal of Geriatrics) 31:854—859.

Hildemann LM, Klinedinst DB, Kouda GA, Currie LA, Cass
G R. 1994. Sources of urban contemporary carbon aerosol.
Environ Sci Technol 28:1565-1576.

Hinds WC. 1982. Time for number concentration to halve
and particle size to double by simple monodisperse coagu-
lation, pp 235-239. In: Aerosol Technology. John Wiley &
Sons, New York NY.

Hobbs MV, Weigle WO, Noonan DJ, Torbett BE, McEvilly
RJ, Koch RJ, Cardenas GJ, Ernst DN. 1993. Patterns of
cytokine gene expression by CD4+ T cells from young and
old mice. ] Immunol 150:3602—-3614.

Horvath SM, Gliner JA, Folinsbee LJ. 1981. Adaptation to
ozone: Duration of effect. Am Rev Respir Dis 123:496—499.

Hsieh TH, Yu CP, Oberdérster G. 1999. A dosimetry model
of nickel compounds in the rat lung. Inhalation Toxicol
11:229-248.

Hughes LS, Cass GR, Jones J, Ames M, Olmec L. 1998.
Physical and chemical characterization of atmospheric
ultrafine particles in the Los Angeles area. Environ Sci
Technol 32:1153-1161.

International Commission on Radiological Protection.
1994. Human Respiratory Tract Model for Radiological
Protection. A Report of Committee 2 of the ICRP. Pergamon
Press, Oxford, England.

Johnston CJ, Finkelstein JN, Gelein R, Oberdorster G. Pul-
monary cytokine and chemokine mRNA levels after inha-
lation of lipopolysaccharide in C57BL/6 mice. Toxicol Sci
46:300-307.

Kanapilly GM, Diel JH. 1980. Ultrafine 2*°PuQ, aerosol
generation, characterization and short-term inhalation
study in the rat. Health Phys 39:505-519.

Kanapilly GM, Wolff RK, Denee PB, McClellan RO. 1982.
Generation, characterization and inhalation deposition of
ultrafine aggregate aerosols. Ann Occup Hyg 26(1—4):77-91.

Karch R, Kruisz C, Reischl GP, Winklmayr W. 1987. Con-
tinuous measurement of ultrafine particle size distribu-
tions in the range from 2 to 200 nm from the southern
California air quality study, June—July 1987 (preliminary
report). Institut fiir Experimentalphysik der Universitat
Wien, Vienna, Austria.

Khair OA, Davies R.], Devalia JL. 1996. Bacterial-induced
release of inflammatory mediators by bronchial epithelial
cells. Eur Respir ] 9:1913-1922.

Klein NC, Cunha BA. 1997. Pasteurella multocida pneu-
monia. Semin Respir Infect 12:54-56.

59



Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

Kodavanti UP, Jaskot RH, Su WY, Costa DL, Ghio AJ, Dreher
KL. 1997. Genetic variability in combustion particle-
induced chronic lung injury. Am J Physiol 272:1.521-L532.

Lehnert BE. 1983. Lung clearance and alveolar mac-
rophage studies following the inhalation of iron oxide.
PhD Thesis. University of Rochester, Rochester NY.

Lewis-Molock Y, Suzuki K, Taniguchi N, Nguyen DH,
Mason R]J, White CW. 1989. Lung manganese superoxide
dismutase increases during cytokine-mediated protection
against pulmonary oxygen toxicity in rats. Am J Cell Mol
Biol 10:133-141.

Li XY, Brown D, Smith S, MacNee W, Donaldson K. 1999.
Short-term inflammatory responses following intratra-
cheal instillation of fine and ultrafine carbon black in rats.
Inhalation Toxicol 11:709-731.

Li XY, Gilmour PS, Donaldson K, MacNee W. 1996. Free
radical activity and proinflammatory effects of particulate
air pollution (PM,g) in vivo and in vitro. Thorax 51:1216—
1222.

Lison D, Lardot C, Huaux F, Zanetti G, Fubini B. 1997.
Influence of particle surface area on the toxicity of insol-
uble manganese dioxide dusts. Arch Toxicol 71:725-729.

Martorana PA, Wilkinson M, van Even P, Lungarella G.
1990. Tsk mice with genetic emphysema. Am Rev Respir
Dis 142:333-337.

Mauderly JL, Bice DE, Cheng YS, Gillett NA, Henderson RG,
Pickrell JA, Wolff RK. 1989. Influence of Experimental Pul-
monary Emphysema Ontoxicological Effects from Inhaled
Nitrogen Dioxide and Diesel Exhaust. Research Report
Number 30. Health Effects Institute, Cambridge MA.

National Research Council, Committee on Research Priori-
ties for Airborne Particulate Matter. 1998. Research Priori-
ties for Airborne Particulate Matter. National Academy of
Sciences, Washington DC.

National Research Council, Subcommittee on Airborne
Particles, Committee on Medical and Biologic Effects of
Environmental Pollutants. 1979. Airborne Particles. Uni-
versity Park Press, Baltimore MD.

Nolop KB, Ryan US. 1990. Enhancement of tumor necrosis
factor—-induced endothelial cell injury by cycloheximide.
Am J Physiol 259:1.123-L129.

Oberdorster G. 1996. Significance of particle parameters in
the evaluation of exposure-dose relationships of inhaled
particles. Inhalation Toxicol 8 (Suppl):73-90.

60

Oberdorster G, Yu CP. 1990. The carcinogenic potential of
inhaled diesel exhaust: A particle effect? ] Aerosol Sci
21:S397-S401.

Oberdorster G, Ferin J, Finkelstein, JN, Wade P, Corson N.
1990. Increased pulmonary toxicity of ultrafine particles?
II. Lung lavage studies. ] Aerosol Sci 21:384-387.

Oberdorster G, Ferin J, Gelein R, Soderholm SC, Finkel-
stein J. 1992. Role of the alveolar macrophage in lung
injury: Studies with ultrafine particles. Environ Health
Perspect 97:193-197.

Oberdorster G, Ferin J, Lehnert BE. 1994a. Correlation
between particle size, in vivo particle persistence and lung
injury. Environ Health Perspect 105(Suppl 5):173-179.

Oberdorster G, Ferin J, Soderholm SC, Gelein R, Cox C,
Baggs R, Morrow PE. 1994b. Increased pulmonary toxicity
of inhaled ultrafine particles: Due to lung overload alone?
Ann Occup Hyg 38(Suppl 1):295-302.

Oberdorster G, Gelein RM, Ferin J, Weiss B. 1995. Associa-
tion of particulate air pollution and acute mortality:
Involvement of ultrafine particles? Inhalation Toxicol
7:111-124.

Oberdorster G, Yu CP. 1999. Commentary: Lung dosim-
etry—Considerations for noninhalation studies. Exp Lung
Res 25:1-6.

Osier M, Oberdorster G. 1997. Intratracheal inhalation vs.
intratracheal instillation: Differences in particle effects.
Fundam Appl Toxicol 40:220-227.

Peavy DL, Fairchild EJ II. 1978. Toxicologic interactions
between ozone and bacterial endotoxin. Environ Res
42:63-71.

Perskin MH, Cronstein BN. 1992. Age-related changes in
neutrophil structure and function. Mech Ageing Dev
64:303-313.

Peters A, Doring A, Wichmann H, Koenig W. 1997a.
Increased plasma viscosity during an air pollution epi-
sode: A link to mortality? Lancet 349:1582—1587.

Peters A, Wichmann HE, Tuch T, Heinrich J, Heyder J. 1997b.
Respiratory effects are associated with the number of
ultrafine particles. Am ] Respir Crit Care Med 155:1376—1383.

Pryor WA, Nuggehalli SK, Scherer KV Jr, Church DF. 1990.
An electron spin resonance study of the particles pro-
duced in the pyrolysis of perfluoro polymers. Chem Res
Toxicol 3:2-7.



G Oberdorster et al

Quax PH, van den Hoogen CM, Verheijen JH, Padro T,
Zehub R, Gelehrter TD, van Berkel TJ, Kuiper J, Emeis JJ.
1990. Endotoxin induction of plasminogen activator and
plasminogen activator inhibitor type-1 messenger RNA in
rat tissues in vivo. ] Biol Chem 265:15560-15563.

Roth RA, Harkema JR. Pestka JP, Ganey PE. 1997. Is expo-
sure to bacterial endotoxin a determinant of susceptibility
to intoxication from xenobiotic agents? Toxicol Appl Phar-
macol 147:300-311.

Samet JM, Zeger SL, Kelsall JE, Xu J, Kalkstein LS. 1997.
Air pollution, weather, and mortality in Philadelphia. In:
Particulate Air Pollution and Daily Mortality: Analysis of
the Effects of Weather and Multiple Air Pollutants, The
Phase 1.B Report of the Particle Epidemiology Evaluation
Project. Health Effects Institute, Cambridge MA.

Schmal H, Shanley TP, Jones ML, Friedl HP, Ward PA.
1996. Role for macrophage inflammatory protein-2 in
lipopolysaccharide-induced injury in rats. ] Immunol
156:1963-1972.

Schum M, Yeh HC. 1980. Theoretical evaluation of aerosol
deposition in anatomical models of mammalian lung air-
ways. Bull Math Biol 42:1-15.

Schwartz ], Marcus A. 1990. Mortality and air pollution in
London: A time series analysis. Am J Epidemiol 131:185—
194.

Seaton A, MacNee W, Donaldson K, Godden D. 1995. Par-
ticulate air pollution and acute health effects. Lancet
345:176-178.

Seidel WC, Scherer KV Jr, Cline D Jr, Olson AH, Bonesteel
JK. 1991. Chemical, physical and toxicological character-
ization of fumes produced by heating tetrafluoroethene
homopolymer and its copolymers with hexafluoropropene
and perfluoro(propyl vinyl ether). Chem Res Toxicol
4:229-236.

Sioutas C, Kim S, Chang. 1999. Development and evalua-
tion of a prototype ultrafine particle concentrator. J
Aerosol Sci 30:1001-1012.

Snider GL, Lucey EC, Stone PJ. 1986. Animal models of
emphysema. Am Rev Respir Dis 133:149-169.

Stearns RC, Murthy GCK, Skornik W, Hatch V, Katler M,
Godleski JJ. 1994. Detection of ultrafine copper oxide par-
ticles in the lungs of hamsters by electron spectroscopic
imaging. In: ICEM 13, Proceedings of the International
Congress of Electron Microscopy, pp 763-764, July 17-22,
1994; Paris, France.

Stiles J, Tyler WS. 1988. Age-related morphometric differ-
ences in responses of rat lungs to ozone. Toxicol Appl
Pharmacol 92:274-285.

Stone V, Shaw J, Brown DM, MacNee W, Faux SP,
Donaldson K. 1998. The role of oxidative stress in the pro-
longed inhibitory effect of ultrafine carbon black in epithe-
lial cell function. Toxicol in Vitro 12:649-659.

Stone V, Tuinman M, Vamvakopoulos JE, Shaw J, Brown
DM, Petterson S, Faux SP, Borm P, MacNee W, Michaelan-
geli F, Donaldson K. 2000. Increased calcium influx in a
moncytic cell line on exposure to ultrafine carbon black.
Eur Respir ] 15:297-303.

Su WY, Kodavanti UP, Jaskot RH, Costa KL, Dreher KL.
1995. Temporal expression and cellular distribution of
pulmonary fibronectin gene induction following exposure
to an emission source particle. ] Environ Pathol Toxicol
Oncol 14:215-225.

Tang G, Berg JT, White JE, Lumb PD, Lee CY, Tsan M. 1996.
Protection against oxygen toxicity by tracheal insufflation
of endotoxin: Role of MnSOD and alveolar macrophages.
Am ] Physiol 266:1.38-L45.

Teramoto S, Fukuchi Y, Uejima Y, Teramoto K, Ito H,
Orimo H. 1994. Age-related changes in the antioxidant
screen of the distal lung in mice. Lung 172:223-230.

Thomas PS. 1983. Hybridization of denatured RNA trans-
ferred or dotted to nitrocellulose paper. Methods Enzymol
100:255-266.

Tuch TH, Brand P, Wichmann HE, Heyder J. 1997a. Varia-
tion of particle number and mass concentration in various
size ranges of ambient aerosols in Eastern Germany. Atmos
Environ 31:4193-4197.

Tuch TH, Heyder J, Heinrich J, Wichmann HE. 1997b.
Changes in the particle size distribution in an Eastern
German city. Relationships between Respiratory Disease and
Exposure to Air Pollution, Sixth International Inhalation
Symposium, February 24-28, 1997. Hannover, Germany.

Ulich TR, Guo KZ, Irwin B, Remick DG, Davatelis GN.
1990. Endotoxin-induced cytokine gene expression in
vivo. II: Regulation of tumor necrosis factor and inter-
leukin-1-alpha/beta expression and suppression. Am J
Pathol 137:1173-1185.

US Environmental Protection Agency. 1988. Recommen-
dations for and Documentation of Biological Values for
Use in Risk Assessment. US EPA/600/6-87/008. Office of
Health and Environmental Assessment, Environmental
Criteria and Assessment Office, Cincinnati OH.

61



Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice

US Environmental Protection Agency. 1996. Air Quality
Criteria for Particulate Matter, Vol. III. US EPA/600/P-95/
001CF. National Center for Environmental Assessment,
Research Triangle Park NC.

Van der Wal WAA, Van Bree, L, Rombout PJA. 1994. Atten-
uation of acute lung injury by ozone inhalation: The effect
of low level pre-exposure. Toxicol Lett 72:291-298.

Vincent R, Bjarnason SG, Adamson IYR, Hedgecock C,
Kumarathasan P, Guenette J, Potvin M, Goegan P,
Bouthillier L. 1997. Short communication: Acute pulmo-
nary toxicity of urban particulate matter and ozone. Am J
Pathol 151:1564—1570.

Vincent R, Vu D, Hatch G, Poon R, Dreher K, Guenette J,
Bjarnason S, Potvin M, Norwood J, McMullen E. 1996.
Sensitivity of lungs of aging Fisher 344 rats to ozone:
Assessment by bronchoalveolar lavage. Am ] Physiol
271:L555-L565.

Virca GD, Kim SY, Glaser KB, Ulevitch RJ. 1989.
Lipopolysaccharide induces hyporesponsiveness to its
own action in RAW 264.7 cells. ] Biol Chem 264:21951—
21956.

Vogt BA, Alam J, Croatt AJ, Vercellotti GM, Nath KA. 1995.
Acquired resistance to acute oxidative stress: A possible role
of heme oxygenase and ferritin. Lab Invest 72:474—483.

Walmrath D, Ghofrani H, Grimminger F, Seeger W. 1996.
Synergism of alveolar endotoxin “priming” and intravas-
cular exotoxin challenge in lung injury. Am ] Respir Crit
Care Med 154:460—468.

Walmrath D, Ghofrani H, Rosseau S, Schutte H, Cramer A,
Kaddus W, Grimminger F, Bhakdi S, Seeger W. 1994.
Endotoxin “priming” potentiates lung vascular abnormali-
ties in response to Escherichia coli hemolysin: An
example of synergism between endo- and exotoxin. ] Exp
Med 180:1437-1443.

Watkinson WP, Campen JJ, Costa DL. 1998. Cardiac
arrhythmia induction after exposure to residual oil fly ash
particles in a rodent model of pulmonary hypertension.
Toxicol Sci 41:209-216.

Weller BL, Crapo JD, Slot J, Posthuma G, Plopper CG, Pink-
erton KE. 1997. Site- and cell-specific alterations of lung
copper/zinc and manganese superoxide dismutases by
chronic ozone exposure. Am J Respir Cell Mol Biol
17:552-560.

Willeke K, Baron PA, eds. 1993. Aerosol Measurement:
Principles and Techniques and Applications. Van Nos-
trand Reinhold, New York NY.

62

Wilson CS, Sealter SC, Rodriguez JL, Bellingham J, Clair L,
West MA. 1997. In vivo endotoxin tolerance: Impaired
LPS-stimulated TNF release of monocytes from patients
with sepsis, but not SIRS. J Surg Res 69:101-106.

Yeh H-C, Muggenburg BA, Harkema JR. 1997. In vivo dep-
osition of inhaled ultrafine particles in the respiratory tract
of Rhesus monkeys. Aerosol Sci Technol 27:465-470.

Yu C, Xu G. 1996. Predictive Models for Deposition of
Inhaled Diesel Exhaust Particles in Humans and Labora-
tory Species. Research Report 10. Health Effects Institute,
Cambridge MA.

Ziegler-Heitbrock HW. 1995. Molecular mechanism in tol-
erance to lipopolysaccharide. J Inflamm 45:13-26.

Zingarelli B, Chen H, Caputi AP, Halushka PV, Cook JA.
1995. Reorientation of macrophage mediator production in
endotoxin tolerance. Prog Clin Biol Res 392:529-537.

APPENDIX A. Characterization and Exposure-
Response Studies in C57BL/6] Mice Exposed to
Teflon Fumes Containing Ultrafine Particles

Our previous studies in rats showed that Teflon fumes
containing ultrafine particles induced highly inflamma-
tory acute effects in the lungs of healthy rats and also death
at ultrafine particle mass concentrations of about 50 pg/m?®
(corresponding to a number concentration of 5 x 10°
particles/cms). Because C57BL/6] mice seem to be less
sensitive to these particles than rats, the time period of
exposure at this concentration was increased from the
15 minutes used for rats to 30 minutes for the current
exposure-response studies. Although the mice also devel-
oped severely acute lung injury, the number of PMNs in
their bronchoalveolar lavage fluid was noticeably lower
than in the rats. Thus, in order to characterize the mouse
model, baseline exposure-response data for these highly
toxic Teflon ultrafine particles were established in young
and old adult mice as a prerequisite for evaluating dose-
response relationships for other ultrafine particles of envi-
ronmental relevance. We characterized and standardized
the exposure to the Teflon ultrafine particles to determine
which constituents of the Teflon fumes are responsible for
the high level of acute pulmonary toxicity.

In principle, the Teflon fumes consist of a condensation
aerosol, which is generated by heating and vaporizing a
small amount of Teflon in a tube furnace at a critical tem-
perature and then cooling it to achieve condensation.
Addition of diluting air at the end of the furnace is neces-
sary to obtain the correct concentration before the fumes
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enter the animal exposure chamber. We used particle
sizing instrumentation consisting of a particle mobility
analyzer and condensation nuclei counter as well as a par-
ticle mass monitor for characterizing the particle phase.
Measurements of the particle mass concentration at
different number concentrations showed a very good cor-
relation between these two parameters (Figure A.1). Sub-
sequent measurements of the mass concentration in the
actual animal experiments showed that 5 x 10° particles/
cm?® was approximately equivalent to a mass concentration
of 50 ng/m?.

We have determined that gas-phase compounds vary
greatly with the temperature of the Teflon. Heating to
580°C results in numerous gas-phase compounds at rela-
tively high concentrations, whereas heating to 486°C
results in fumes that are practically devoid of major gas-
phase components. The two gas chromatograms in Figure
A.2 can best be compared by evaluating the peak induced
by air versus the other gas peaks; the air peak is the first
major peak reflecting mainly oxygen (nitrogen does not
appear in our detection system). At the higher tempera-
ture, the air peak reached a height of more than 200,000
counts (relative number), and at the lower temperature it
reached a level of ~140,000 counts. The first major gas
peak, appearing at about 2.8 minutes in the gas chromato-
gram, reached almost 1 million counts at the higher
heating temperature but only 3,150 counts at the lower
temperature. The lower temperature was selected to gen-
erate ultrafine Teflon particles for these studies, and the
ratio of gas peak to air peak was chosen as a parameter to
standardize our exposure conditions. We have not yet

counts
580°C
Gas Peak
1x10° 2.787 minutes
8x10° “
6x10° -
ax105
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0.728 minutes
2x105 I
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10{
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Figure A.1. Mass concentration versus number concentration for parti-
cles in Teflon fume. Dotted lines show the 95% confidence interval.

R T )

determined the nature of the gas in this chromatogram
owing to the difficulty of obtaining appropriate fluoride-
containing calibration gases. As we subsequently proved
(and describe in the main portion of our Investigators’
Report), the gas phase alone did not induce a significant
pulmonary response.

Another potentially important component of the gas
phase is fluoride, most likely in the form of hydrogen fluo-
ride. For each experiment, the fluoride content of the gen-
erated fumes was determined on membrane filters that had
been treated with 0.5N sodium hydroxide after a known
amount of the fumes had been pulled through. Again, at
high heating temperatures, the fluoride content was very
high, whereas it was below 10 pg/L at the low temperature
used for the animal exposures.

1.4x10°
Air Peak

0.743 minutes

486°C

1.2x10°]
1x40°
8x10%]
ex10% -
ax10* 4

210’ Gas Peak

2.824 minutes
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~

minutes

Figure A.2. Gas chromatograms for PTFE. The conditions shown for 486°C were selected for the animal studies.
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Table A.1 summarizes the standardized exposure condi-
tions that were used for the exposure-response studies
with Teflon fumes in young and old mice, either healthy or
with elastase-induced emphysema. The length of time
over which the Teflon sample was heated in the tube
furnace was also found to be an important parameter for
the generation of ultrafine particles. The Teflon fume expo-
sure system is shown schematically in Figure A.3. We also
used an elaborate monitoring setup to control the Teflon
exposure atmosphere as much as possible and thus avoid
major variation in the observed effects due to changes in
fume constituents (Figure A.3). Our system also enabled us
to expose animals to only the gas phase by guiding the
fumes through a particle membrane filter that left the gas-
phase components unaltered. These studies and results are
described in the main portion of our Investigators’ Report.

For establishing exposure-response relationships, three
concentrations of the ultrafine Teflon particle fumes were
used: 1.25, 2.5, and 5 x 10° particles/cm3 (nominal con-
centrations). The animals were exposed in whole-body
chambers compartmentalized into individual sections for
each mouse. Sham-exposed control mice were exposed to
filtered air only. Mice were either young adult males

Magnehelic | ‘ Exhaust
Particle
Counter
Whole Body
Exposure Chamber
Particle (Compartmentalized) L] |

—

Table A.1. Standardized Teflon Fume Exposure
Conditions for Animal Studies®

Particles/cm?® Fluoride
Exposure Level (x 10%) (pg/L)
Low 1.15 = 0.04 0.65 + 0.37
Medium 2.58 £ 0.03 1.80 = 0.52
High 5.08 £ 0.15 6.95 + 1.41

& Conditions common to all exposures: furnace temperature was 499°C =
6°C; Teflon temperature was 487°C + 3°C; the gas peak/air peak ratio was
4 + 0.7 (x 1,000); and the Teflon was heated for 1.4 + 0.2 hours before
exposure started. Values are presented as mean + SD for all exposure-
response studies.

(8 weeks, body weight 26.3 + 1.1 g), or old adult males
(18 months, body weight 33.9 + 1.49 g). For each of the
sham and high-dose exposures, 10 mice were used; for all
the other exposure groups, 7 mice were used. These
animals were exposed for 30 minutes to the respective
concentrations; 6 hours after the exposures, animals were
killed and evaluated for the endpoints.

Four mice of each group underwent lavage with saline
(at a volume of 1 mL) repeatedly for a total of 10 lavages

Diluting Air
(36 L/min)

Airin
(4 L/min)

L]

Tube Furnace
(486°...490°C)

Deionizer

Particle I

Balance
(TEOM)

=

Filter Samples

Particle (Temp. cont.)

Filter

l—) Valve

Gas Chromatograph

(Electron Capture Detection)

Figure A.3. System used for PTFE fume generation and exposure. (TEOM = tapered element oscillating microbalance.)
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per mouse. Three animals were prepared for histopatho-
logic and cytokine analysis: that is, both lungs were
perfused via the right heart to clear the blood out of the
pulmonary vasculature, and then the right lung was flash
frozen in liquid nitrogen for separation of RNA and the left
lung was fixed with 10% formalin. The lungs of the
remaining three animals of the sham and high-dose expo-
sure groups were prepared for electron microscopy and
sent to Dr John Godleski (Harvard School of Public Health)
for determination of ultrafine particle disposition. Part of
the tissues were kept for further electron microscopy if
needed. Exposure conditions for these studies are summa-
rized in Table A.2 with respect to the actual ultrafine par-
ticle concentration, fluoride content, the ratio of gas peak
to air peak, and other parameters used to characterize the
exposure. The actual exposure concentrations were very
close to the nominal concentrations except for the lowest
exposure group, for which the actual concentration was
6% to 12% lower than the target concentration.

CELLULAR AND BIOCHEMICAL
LAVAGE PARAMETERS

Unlike the rats in our previous studies, mice did not
respond with a high degree of inflammatory cell influx
at 6 hours after exposure (Table A.3). Also, their lavage
fluid was generally clear and free of red blood cells

macroscopically, in contrast to the severe hemorrhagic
pulmonary edema with bloody lavage fluid that high
exposure concentrations had induced in rats. However,
clinical signs of significant effects (such as labored
breathing and immobility) were apparent in the mice after
exposure. In the low-exposure and medium-exposure
groups with elastase treatment, five mice instead of four
were used for the lavage data.

In general, the lowest exposure concentration did not
result in any significant effects, whereas medium and high
doses resulted in significant responses for most of the eval-
uated parameters. Statistical analysis revealed that age,
disease state, and exposure concentration influence the
outcome.

STATISTICAL ANALYSIS OF LAVAGE DATA

All data were analyzed by three-way ANOVA. The three
factors were health (healthy or elastase-induced emphy-
sema), dose (sham, low, medium, or high), and age (young
or old). Each ANOVA included tests for the individual
factors (main effects) as well as tests for interactions
between factors: for example, a two-way dose-age interac-
tion assesses whether the effects of various doses were the
same for young and old animals. There were three possible
two-way interactions and one three-way interaction,
which was the most complex but possibly the most inter-

Table A.2. Conditions for Teflon-Fume Exposure of Young and Old C57BL/6] Mice?

Temperature (°C)

Time of Heating

Particles/cm?® Gas Peak/Air Teflon Before
Exposure Level (x 10%) Fluoride (ng/L) Furnace Probe Peak (x 1,000) Start of Exposure
Young Healthy Mice
Low 1.16 0.16 505 489 4.75 1 hr 15 min
Medium 2.62 1.70 486 477 2.40 1 hr 15 min
High 5.07 5.50 496 488 3.85 1 hr 15 min
Old Healthy Mice
Low 1.18 0.80 494 486 3.29 1 hr 30 min
Medium 2.56 1.36 496 488 4.98 1 hr 20 min
High 5.11 8.54 497 487 3.70 1 hr 15 min
Young Elastase-Treated Mice
Low 1.09 0.61 503 489 4.64 1 hr 45 min
Medium 2.57 1.60 503 489 4.39 2 hr
High 4.88 6.06 506 488 4.18 1 hr 15 min
Old Elastase-Treated Mice
Low 1.18 1.04 503 487 4.09 1 hr 25 min
Medium 2.55 2.55 499 487 3.92 1 hr 15 min
High 5.25 7.70 497 489-488 3.55 1 hr 25 min

8 Young mice were 8 weeks old; old mice were 18 months old.
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esting interaction. In total, 68 animals were available for
analysis. Because two dose groups of both young and old
elastase-treated animals had five instead of four animals,
the analysis was unbalanced. A balanced analysis is pref-
erable, although the imbalance caused by four extra ani-
mals should not be great. In total, eight parameters were
available for analysis.

Each ANOVA included an analysis of residuals as a
check on the required assumptions of normally distributed
errors with constant variance. In every case, examination
of the residuals indicated skewed error distributions and
inhomogeneity of variance. For this reason, the data were
transformed for further analysis. For six of the parameters,
a log transformation was adequate to stabilize the variance
and produce normally distributed errors. The remaining
two parameters were percentages, which were close to
100%, and in these cases a logit transformation was used.
Values outside the domain of the transformation were
recoded (for example, changing values of 0 to 0.10 for the
log transformation on the basis of the distribution of the
observed data) so that all the data could be used.

The results of the eight ANOVAs were nearly identical.
With the exception of total cells and percentage of via-

bility, the three-way interaction was highly significant and
the values of R were high (Table A.4).

The significant three-way interaction means that dif-
ferences among doses depend on both health and age
(combined). Without performing further analysis, the best
way to understand the nature of these effects is to examine
the means of the four doses for each of the four combina-
tions of health and age (see Table A.3). Further statistical
analysis may also be helpful in understanding the nature
of these interactions. For total cells, both the dose-health
interaction (P = 0.0004) and the dose-age interaction
(P < 0.0001) were statistically significant, indicating that
differences among doses depend on health and age sepa-
rately but not together. Again the nature of these differ-
ences is best understood by examining the appropriate
means. For percentage of viable cells, only the main effects
of health and dose were statistically significant, as shown
above, and there were no significant interactions. The four
dose means were compared using the Tukey method of
multiple comparisons. This analysis showed that the high
dose was different from all others and that there were no
other differences.

Table A.3. Lung Lavage Data from Mice 6 Hours After a 30-Minute Exposure to Teflon Fumes?®

Exposure

COI}CGH' Alveolar

tration Total Cells Macrophages PMNs Lymphocytes Viable Cells Protein LDH B-Glucuronidase
(x 10%) (x 105) ("E) (%) (%) (%) (mg/mL) (nmol/min/mL) (nmol/min/mL)
Young Healthy Mice

Sham 1.06 + 0.31 99.32 + 0.23 0+x0 0.68 £0.23 94.16 + 1.77 0.19 = 0.02 100.27 + 31.01 0.16 £ 0.01
1 1.07 £ 0.18 99.25 + 0.51 0.14 = 0.09 0.61 = 0.61 93.88 + 1.88 0.18 = 0.01 109.22 + 25.51 0.17 £ 0.01
2.5 0.62 £ 0.37 88.87 +5.37 7.84 +4.67 3.54 £ 1.61 87.37 + 8.73 0.76 £ 0.42 208.60 + 104.9 0.50 £ 0.29
5 0.36 + 0.06 90.10 £ 4.93 7.94 +4.81 1.97 £0.22 83.40 = 8.61 0.85 + 0.42 278.99 + 87.17 0.71 £ 0.31
Old Healthy Mice

Sham 1.00 +£ 0.10 99.75 £ 0.20 0.16 = 0.20 0.15+0.10 93.85 + 2.75 0.14 = 0.01 62.87 + 13.93 0.20 + 0.03
1 0.93 £ 0.48 96.58 = 2.00 0.06 +0.12 3.30 £2.09 90.32 +4.37 0.18 £ 0.09 73.48 + 28.40 0.20 £ 0.01
2.5 1.18 +£ 0.28 93.44+1.74 1.93+1.45 4.65 +2.28 91.80 £ 2.57 0.15 + 0.02 37.05 = 5.65 0.22 £ 0.08
5 0.44 £ 0.10 71.67 £7.84 23.57 +7.68 4.76 £ 2.87 81.05 £1.85 1.34 £ 0.20 188.22 + 56.50 0.44 + 0.05
Young Elastase-Treated Mice

Sham 3.43 + 0.91 95.38 £ 0.72 2.13 +£0.40 2.43+£0.75 96.14 = 1.79 0.16 = 0.01 76.39 £ 5.57 0.12 £ 0.03
1 3.41 £1.02 97.19+1.17 0.84 = 0.68 2.01+£0.86 96.22 +1.74 0.19 £ 0.20 84.27 + 14.72 0.15 +£ 0.04
2.5 1.33 £ 0.20 96.42 +1.14 1.15 +0.30 2.44 +£0.84 96.70 +1.01 0.16 + 0.02 90.14 + 14.64 0.16 + 0.03
5 2.64 £ 0.27 91.02 +£1.77 5.30 = 2.24 3.68 £1.17 90.80 £1.65 0.46 £ 0.14 119.43 + 18.14 0.34 £ 0.07
Old Elastase-Treated Mice

Sham 3.19 + 1.35 94.02 £ 2.75 0.99 +1.23 4,99 +1.92 95.56 +1.94 0.22 £ 0.10 76.98 + 23.32 0.17 £ 0.07
1 3.08 £ 0.66 94.48 + 3.70 0.66 = 0.39 4.86 + 3.55 95.58 £ 2.39 0.23 £ 0.07 91.43 = 50.47 0.12 £ 0.03
2.5 2.95 £ 0.42 81.72 +2.28 3.54+1.56 14.74+3.52 94.76 +£0.97 0.46 = 0.07 103.25 + 26.45 0.32 £0.10
5 2.18 £ 0.44 88.29 + 3.36 1.96 + 1.44 9.75 +£2.27 91.92 +4.25 0.50 £ 0.15 93.18 + 22.00 0.27 £ 0.08

& Values are presented as mean + SD; n = 4/group.
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Table A.4. Three-Way Analysis of Variance of Cellular
and Biochemical Lavage Parameters

Individual Variables

R? Three-
Parameter (%) Way Health Dose Age
Total Cells 89.0 0.56% — — —
AM 90.0 <0.0001
PMN 86.2 <0.0001
Lymphocytes 89.7 <0.0001
Viable Cells 63.0 O.ZOb <0.0001 <0.0001 0.30
Protein 74.0 0.0004
LDH 74.8 <0.0001
B-Glucuronidase 76.7  0.0006

@ Because this value was so far from significance, we performed no
additional ANOVASs on individual variables.

b This value warranted further ANOVAS to evaluate the possible
significance of individual variables.

CYTOKINE PROTEIN IN LAVAGE FLUID

One aspect of our studies was to measure changes in
cytokine expression following ultrafine particle exposure.
In addition to measuring changes in mRNA abundance, we
measured changes in cytokine protein abundance in
lavage fluid using specific enzyme-linked immunosorbent
assays (ELISAs).

Our data on changes in mRNA abundance show acute
increases in proinflammatory cytokines. Thus, we chose to
quantify three representative cytokines in lavage fluid: IL-
1B, IL-6, and TNF-a. In many inflammatory injuries in
which neutrophil recruitment plays a prominent role, TNF-
o has been observed to increase significantly. As shown in
Figure A.4, TNF-a was increased in lavage fluid of healthy

mm Young Mice
1,000 Qld Mice

101
e il
Medium High
Teflon Dose
Figure A.4. TNF-a in lavage fluid of Teflon-exposed young and old mice
(determined by ELISA). Values represented are means + SD.

Control

young animals after exposure to Teflon particles, but only
at the medium and high doses. However, no difference
between the medium and high dose levels was noted.

A similar trend was noted in the older animals, but none
of the particle-induced changes caused by higher baseline
levels of TNF-a in older animals were statistically signifi-
cant. In contrast to TNF-a, no changes in IL-1f (Fig-
ure A.5), either with age or with particle exposure, were
evident in these mice. Figure A.6 shows the changes in
IL-6 protein in lavage fluid from young and old mice after
Teflon fume inhalation. Background levels of IL-6 were
extremely low in both young and old animals. A slight
increase was noted in young animals at the intermediate
exposure concentration. In both young and old animals,
however, IL-6 in lavage cells increased substantially after
the highest exposure concentration. Because IL-6 induces
an acute-phase response, changes in IL-6 levels in lavage
fluid may indicate significant systemic effects.

Another goal of our studies was to establish the utility of
an elastase-induced emphysema model in assessing the
response of these animals to Teflon fume inhalation. Anal-
ysis of the lavage fluids from these animals showed no
significant change in cytokine content after Teflon fume
inhalation at any dose level. Analysis of IL-6 suggests that
the elastase treatment itself was causing an altered expres-
sion of inflammatory cytokines that masked any possible
effects of age or ultrafine particle exposure. A slight
increase in lavaged PMNs in elastase-treated sham-
exposed mice (Table A.3) also indicates an existing inflam-
matory state due to elastase treatment.

MESSENGER RNA IN LUNG SAMPLES

Effects on cytokine and antioxidant message expression
in the lung were evaluated after isolation of RNA from the

300

250 4 mm Young Mice
@ Old Mice

1L-1B (pg/mL)

g

Contro Medium High
Teflon Dose

Figure A.5. IL-1B in lavage fluid of Teflon-exposed young and old mice
(determined by ELISA). Values represented are means + SD.
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Figure A.6. IL-6 in lavage fluid of Teflon-exposed young and old mice
(determined by ELISA). Values represented are means + SD.

lungs of three animals in each group. RNase protection
assays and slot blot analyses were performed to detect
proinflammatory cytokine and antioxidant mRNAs within
representative total lung RNA samples of 8-week-old and
18-month-old C57BL/6] mice 6 hours after a 30-minute
exposure to 0, 2.5 x 10° and 5 x 10° particles/cm®. Message
levels of the RNase protection assays are shown in Figures
A.7 and A.8. Separate two-way ANOVA within the groups
of young and old mice were performed, and significant dif-
ferences are marked in Figures A.7 and A.8. In the 8-week-
old mice, dramatic dose-dependent increases were seen in
the abundance of mRNAs encoding TNF-a, IL-6, IL-1(,
IL-3, MT, MnSOD, and MIP-2 after both the medium and
high exposures. In contrast, in the 18-month-old mice, only
the high exposure induced an increase in mRNA abun-
dance of these messages. Messages encoding IL-1a, IL-2, IL-
4, IL-5, IFN-y, platelet-derived growth factor-p, and TNF-3
were unaltered after any dose in both age groups of mice.

With respect to the elastase-treated mice, slight in-
creases in messages encoding TNF-a, IL-6, IL-1f, IL-3,
MIP-2, and MnSOD were detected after a 5 x 10° particles/
cm? exposure in both the 8-week-old and 18-month-old
mice. However, MT was increased dramatically in the
18-month-old mice after both 2.5 x 10° particles/cm® and 5

x 10° particles/cm3 exposures, whereas the 8-week-old
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mice demonstrated an increase in MT after a 5 x 10° parti-
cles/cm® exposure only. Messages encoding IL-1a, IL-2,
IL-4, IL-5, IFN-y, platelet-derived growth factor-p, and
TNF-B were unaltered after any dose in both ages of mice
with elastase-induced emphysema.

HISTOPATHOLOGY

The response to the Teflon fume exposure was charac-
terized by increased PMNs, macrophages, and prolifera-
tion of type II alveolar epithelial cells 6 hours after the
30-minute exposure. There was an exposure-response rela-
tionship in all groups except the emphysematous old
mice. The histological evaluation was performed without
knowledge of experimental treatment using a grading scale
with scores from 0 to 4+. The parameters evaluated were
the severity of emphysema and its diffuseness as well as
the number of alveolar PMNs, macrophages, and type II
alveolar epithelial cells. A score of zero severity and zero
diffuseness meant a nonemphysematous lung. In general,
the severity for all groups treated with elastase ranged
from moderate to moderately severe (2 to 3) and only mod-
erately diffuse. This means that the intratracheal elastase
treatment had produced a nonuniform pattern of emphy-
sema. Figure A.9 depicts the data from the histological
evaluation.

In the elastase-treated groups, the young mice showed a
fairly good dose-dependent response with respect to the
scores of alveolar PMN and macrophage content. This was
not so apparent in the old animals, which had somewhat
higher baseline scores for PMN and macrophage content,
but these cells were somewhat elevated in the group
exposed to the mid-level Teflon fume concentration. At
the highest exposure concentration, both PMN and mac-
rophage scores were decreased. In the healthy animals (not
treated with elastase), dose responses for PMNs, macro-
phages, and alveolar epithelial type II cell hyperplasia
were measured in both the young and old animals. Of some
interest is the apparent diminution in severity of this expo-
sure response in the elastase-treated animals. This seems
to correspond with the lavage data shown in Table A.3.
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Figure A.7. Relative mRNA abundance (IL-1f, IL-6, IL-3) in lungs of
PTFE-exposed young and old animals 6 hours after a 30-minute exposure.
Data are the result of slot blots and RNase protection assay. n = 3 in each
young and old exposure and sham group. *P < 0.05 by one-way ANOVA
compared with control animal. Values represented are means + SD.
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Figure A.9. Teflon fume exposure of young and old mice with and without elastase-induced emphysema.

SUMMARY

At 6 hours after exposure for 30 minutes to the highest
concentration of 5 x 10° Teflon particles/cm® (equivalent
to ~50 pg/m?®), a high level of acute pulmonary inflamma-
tory response was found in C57BL/6] mice exposed for 30
minutes; the low concentration of 1.25 x 10° particles/cm®
did not evoke a response. The acute pulmonary response
was associated with increased cellular and biochemical
inflammatory lung lavage parameters, increased messages
for inflammatory cytokines and antioxidants in the lung,
and altered pulmonary histopathology showing inflamma-
tory cell accumulation and type II cell proliferation. The
exposure-response relation was less obvious in the ani-
mals with elastase-induced emphysema, and the old ani-
mals did not consistently respond with a higher degree of
inflammation than the young ones.

The mouse strain used, C57BL/6], is less sensitive in
responding to the Teflon fumes than previously used F344
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rats. The mice with elastase-induced emphysema did not
respond with a higher degree of inflammation, possibly
owing to the continued inflammatory reaction after
elastase instillation.

Overall, our studies show that Teflon fumes containing
ultrafine particles can cause acute lung injury in mice at
low inhaled mass concentrations, but a model of chemi-
cally induced lung emphysema did not lead to a greater
sensitivity for induction of an inflammatory response. Old
mice did not respond with greater sensitivity. From our
statistical analysis, we can conclude that old and young
healthy mice have a dose-dependent response to Teflon
fumes and that younger animals appear to have a lower
threshold for reaction to these fumes. In the elastase-
induced emphysema model, a weaker dose response was
observed and there was no difference in the responses of
young and old animals (Table A.5).
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Table A.5. Summary of Exposure-Response Studies in
Young and Old Adult Mice With and Without Elastase-
Induced Pulmonary Emphysema?

Young Mice Old Mice
Emphyse- Emphyse-

Parameter Healthy matous Healthy matous
Lavage
PMNs ++ ++ +++ +
Protein (total) ++ + +++ ++
Enzymes ++ + ++ +
TNF-a ++ - ++ -
IL1 - - - -
IL-6 +++ - +++ -
mRNA Abundance in Total Lung
TNF-a + - ++ -
IL-1B +++ + ++ ++
IL-6 +++ - ++ +
IL-3 + - + _
MIP-2 ++ + ++ ++
MnSOD ++ + ++ ++
MT +++ ++ +++ +++
Lung Histopathology
AM (%) ++ + ++ +
PMNs (%) + + ++ +
Type II proliferation ~ ++ +/— ++ -

@ Compares animals exposed to the highest concentration of Teflon
particles (5 x 10° particles/cmB) with sham-exposed controls. () = no
difference from sham-exposed controls; (+, ++, +++) indicate degree of
response above controls.

APPENDIX B. Comments on Statistical Analysis of
Multigroup Tsk Mouse Study with Ultrafine Carbon
Particles

These comments should clarify our use of the three-way
ANOVA as the primary analysis of our data to show a sig-
nificant inflammatory effect of inhaled ultrafine carbon (as
compared to the use of a descriptive analysis).

The first question appears to be whether to use ANOVA
in the analysis of data from a factorial design versus a
series of two group comparisons. A related issue is what
the scale of the comparisons should be. Standard statis-
tical methods for the comparison of means use differences
between means as the measure of effect. Another approach
is to use ratios of means (or percentage of change). This
method is commonly used in basic science work although
there does not seem to be a rationale for this approach. Pre-
sumably ratios are appropriate when effects are propor-
tionate rather than additive. Ratios of means typically have

Table B.1. Percentage of PMNs in Lung Lavage Fluid as
Measure of Inflammatory Cell Response

Treatments Neither (O LPS 05 + LPS

Carbon 1.36 7.28 6.77 23.69
(0.80) (7.14) (3.26) (5.02)

No carbon 0.62 5.27 9.57 12.04
(0.99) (6.52) (4.75) (4.39)

undesirable statistical properties; for example there is no
simple expression for the variance, although approxima-
tions can be used. There should be no disagreement that
the ANOVA, after transformation of the data when this is
appropriate, is the correct method for statistical analysis of
the data from this series of experiments involving eight
experimental groups. If one wants to report pairwise com-
parisons involving ratios, then it is appropriate to include
a measure of variation for each such comparison, whether
or not the comparison is viewed as descriptive.

The second issue has to do with the interpretation of the
results of one of the ANOVAs that we performed. The gen-
eral question is how to interpret a significant main effect
when one or more interactions involving that effect are
also statistically significant. Here it should be possible to
agree on general principles, although individuals may
legitimately disagree with regard to the interpretation of
the analysis of any given set of data. First, in the presence
of interactions, a main effect must be interpreted as an
average of effects over the levels of the other factors in the
ANOVA, including those in the set of significant interac-
tions. In this situation it is possible that the main effect
will be influenced by an interaction effect at one or more
particular levels of another factor and may not simply rep-
resent a consistent difference across all factors. It may be
difficult, therefore, to interpret the main effect as an effect
of the particular factor alone (as if the other factors had not
been included in the experiment). For this reason exami-
nation of the individual means of the groups included in
the ANOVA may be useful. The eight means of inflamma-
tory cell response (% PMN in lung lavage) that are com-
pared to test for a main effect of carbon, together with their
standard deviations, are shown in Table B.1.

Comparison of the Carbon mean with the No Carbon
mean allows us to assess the effect of carbon across the
levels of the other two factors included in this experiment.
It should be noted that the ANOVA we performed included
an analysis of residuals and that this analysis identified
two outliers, as well as indicating the need for a square
root transformation of the data in order to stabilize the
variance. The two outliers in each of the two ozone groups
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Table B.2. Percentage of PMNs (Without Outliers) in Lung
Lavage Fluid as Measure of Inflammatory Cell Response

Treatments Neither (O LPS O3 + LPS

Carbon 1.12 2.09 2.54 4.84
(0.35) (0.72) (0.62) (0.51)

No carbon 0.57 1.60 3.01 3.42
(0.60) (0.66) (0.78) (0.64)

(second column of data in the table) were from very high
responding animals. When these outliers are removed, the
untransformed means are, respectively, 4.79 (3.01) and
2.93 (2.24). Removing these outliers reveals a fairly clear
proportionate effect across the columns of the table, which
is consistent with the need for a transformation of the orig-
inal data for the ANOVA. The means of the transformed
data, without outliers, are given in Table B.2.

This is actually the data that should be and were used to
evaluate the effect of ultrafine carbon on the additive scale.
These means indicate that, although the effect of carbon is
largest in the O3 + LPS groups, there is a fairly consistent
additive effect of carbon in the other comparisons, with the
exception of the LPS only groups. This is presumably the
reason why the main effect of carbon was significant in our
study. The mean square error from the ANOVA was 0.3817,
corresponding to an estimate of residual error of 0.6178.
The mean of a group of 6 measurements would then have a
standard error of 0.2522, and the difference between two
such means would be 0.36. Thus the carbon effects in the
Neither and O4 groups are both a little less than two stan-
dard errors in magnitude and both would be marginally sig-
nificant in individual comparisons. Of course the best way
to assess an overall effect of carbon is through the test for a
main effect in the ANOVA, but the interpretation of this
main effect is complicated by the presence of significant
interactions. A careful discussion of these data should
involve all of the above considerations.
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ABBREVIATIONS AND OTHER TERMS

g geometric standard deviation
AM alveolar macrophage
amu atomic mass units
ANOVA analysis of variance
cDNA complementary DNA
CMD count median diameter
COPD chronic obstructive pulmonary disease
CPC condensation particle counter
cpm counts per minute
cRNA complementary RNA

df  degrees of freedom
EDTA
EELS
EPA US Environmental Protection Agency

ethylenediaminetetraacetic acid

electron energy loss spectroscopy

ESI electron spectroscopy imaging
EU endotoxin units
GAPDH glyceraldehyde-phosphate dehydrogenase

GSD geometric standard deviation (o
HCl hydrochloric acid

g)

HEPA high-efficiency particulate air [filter]
ICPMS inductively coupled plasma mass
spectroscopy
ICRP International Commission on Radiological
Protection
IL interleukin
IFN interferon
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LDH
LPS
LU
mCK
MIF
MgCl,
MIP
MnSOD
mRNA
MT
NaCl
NRC
PM
PM; 5

lactate dehydrogenase
lipopolysaccharide (endotoxin)
luminometer units

mouse cytokine

macrophage inflammatory factor
magnesium chloride

macrophage inflammatory protein
manganese superoxide dismutase
messenger RNA

metallothionein

sodium chloride

National Research Council
particulate matter

particulate matter 2.5 um in aerodynamic
diameter

PMA
PMN
PTFE
ROS
RPA
SDS
SSC
TEOM
TGF
TiO,
TNF
tRNA
Tsk mouse
UTP

phorbol myristate acetate
polymorphonuclear leukocyte
polytetrafluoroethylene (Teflon)

reactive oxygen species

ribonuclease protection assay

sodium dodecylsulfate

standard sodium chloride—sodium citrate
tapered element oscillating microbalance
transforming growth factor

titanium dioxide

tumor necrosis factor

transfer RNA

tight skin mouse

uridine triphosphate
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INTRODUCTION

Particulate matter (PM)* is the term used to describe the
complex mixture of particles in the atmosphere. The size,
chemical composition, and other physical and biological
properties of these particles are highly variable from place
to place owing to differences in the weather, seasonal pat-
terns, and sources of PM (which may be either natural in
origin or generated by human activities such as driving
vehicles). Particle properties are also influenced by
changes they undergo in the atmosphere.

Epidemiologic studies have indicated that short-term
increases in PM are associated with short-term increases in
morbidity and mortality, particularly among the elderly
and individuals with compromised cardiopulmonary
function (reviewed by the US Environmental Protection
Agency [EPA] 1996). A plausible mechanism linking expo-
sure to low levels of particles and pathophysiologic effects
has not been established, however. Assessing the effects of
PM in appropriate animal models is one of the critical
ways to study how PM may exert adverse health effects in
humans.

In 1994, HEI issued RFA 94-2 to address questions about
the health effects of PM. In response, Dr Giinter Ober-
dorster at the University of Rochester School of Medicine
and Dentistry proposed to study the effects of exposure to
ultrafine particles (< 100 nm in diameter) on normal mice
and mice with preexisting pulmonary conditions. Ober-
doérster and his colleagues hypothesized that inhaling
ultrafine particles would induce an inflammatory response
in the lungs and that animals with preexisting pulmonary
inflammatory conditions would be more sensitive and thus
have a greater response than normal animals. The HEI
Health Research Committee thought that an assessment of
the effects of ultrafine particles would provide critical
information in an important area and funded the proposed
study.” Dr Oberdérster’s report underwent external peer

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

T Dr Giinter Oberdsrster's 3-year study, Ultrafine Particles as Inducers of
Acute Lung Injury in Rats and Mice: Mechanisms and Correlation with Age
and Disease, began in September 1995 with total expenditures of $673,726.
The Investigators’ Report was received for review in March 1999. A revised
report, received in August 1999, was accepted for publication in November
1999.As part of the review process, the HEI Health Review Committee and
the principal investigator exchanged comments and clarified issues in the
Investigators’ Report and in the Commentary.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.
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review under the direction of the HEI Health Review Com-
mittee, which discussed the report and the reviewers’ cri-
tiques and prepared the Commentary. The Commentary is
intended to aid HEI sponsors and the public by high-
lighting the strengths of the study, pointing out alternative
interpretations of the results, and placing the report in sci-
entific perspective. As part of the review process, the HEI
Health Review Committee and the principal investigator
exchanged comments and clarified issues in the Investiga-
tors’ Report and in the Commentary.

BACKGROUND

EFFECTS OF PARTICLE SIZE

In epidemiologic studies that showed an association
between PM and morbidity and mortality and had data on
the levels of particles less than 2.5 pm (2,500 nm) in diam-
eter (PM; 5), the level of PM, 5 was found to correlate with
the observed effects (Dockery et al 1993; Pope et al 1995).
These particles comprise two major fractions—fine or
accumulation-mode particles (100 to 2,500 nm in diam-
eter) and ultrafine particles (< 100 nm). Ultrafine particles
are less stable than fine particles and tend to coagulate to
form larger (ie, fine) particles. Because ultrafine particles
are constantly generated from atmospheric processes (gas-
to-particle conversion) and from combustion sources,
however, they are always present in the ambient air at
some level. At present, the composition and concentration
of ultrafine particles in ambient air are not well character-
ized. One earlier study measured ultrafine particles in the
urban atmosphere at several hundred thousand particles
per cubic meter in sizes from 17 to 50 nm (Castellani
1993). Components of ultrafine particles that may be
present in ambient air include carbon (Willeke and Baron
1993) and metals such as platinum and its oxides, which
are believed to be emitted from vehicle tailpipes (Schlogl
et al 1987).

As a consequence of structural features of different parts
of the airways and size differences between ultrafine and
fine particles, different levels of these particles are depos-
ited in different locations along the respiratory tract. Thus,
different-sized particles may exert distinct biological
effects. One important example of such differences is that
total deposition of inhaled particles in the respiratory tract
is greater for ultrafine than for fine particles. In addition, it
has been calculated that 40% to 50% of inhaled 20-nm
(ultrafine) particles are deposited in the critical alveolar
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region of the human lung (EPA 1996). In contrast, only 5%
to 10% of inhaled 300-nm (fine) particles are deposited in
this area. Furthermore, the rate of phagocytosis of particles
has been reported to be size dependent and to be lower for
ultrafine than for fine particles (Oberdéorster et al 1992).
Studies comparing the fates of insoluble particles have
also indicated that some types of ultrafine particles are
more likely than larger fine particles to escape phagocy-
tosis (Ferin et al 1990, 1992). These studies have also sug-
gested that ultrafine particles translocate to the lung’s
interstitial region and to other organs, suggesting a mecha-
nism for ultrafine particles to exert systemic effects (Ferin
et al 1990, 1992).

Ultrafine particles constitute only 1% to 8% of the mass
of ambient PM, but they are present in very large numbers
(Peters et al 1997; Hughes et al 1998). For example, a mass
concentration of 10 pg particles/m® would contain only one
fine particle (diameter 2.5 pm) but more than 2 million
ultrafine particles (diameter 0.02 nm) (Oberdorster et al
1995). As a consequence of the smaller diameter and
increased number of ultrafine particles compared with fine
particles in a fixed volume, the total surface area of
ultrafine particles is larger (an increase of approximately
tenfold for every tenfold decrease in diameter). Both fine
and ultrafine particles can act as carriers of materials such
as adsorbed reactive gases, free and oxygen radicals, transi-
tion metals, or organic compounds to the deep lung. By
virtue of their larger surface area, therefore, ultrafine parti-
cles may transport more toxic materials adsorbed to their
surface than larger particles per amount of mass. All these
factors—higher lung deposition, decreased phagocytosis,
high surface area of interaction—may contribute to
ultrafine particles causing injury to the alveolar epithelium.

BIOLOGICAL EFFECTS OF EXPOSURE TO PARTICLES

A plausible pathophysiologic mechanism to explain the
reported association between exposure to short-term
increases in PM and short-term increases in morbidity and
mortality from cardiopulmonary causes has not been
established. Before the start of this study, several groups
had attempted to define such a link by investigating the
potentially toxicologic effects, particularly to the airways,
by instillation or inhalation of different components of PM
in several animal species. High concentrations of resus-
pended particles administered by intratracheal instilla-
tion, a method of exposure that bypasses the upper
respiratory tract, induced inflammatory responses in the
airways of animals. Using this approach, the inflammatory
response for a given type of particle was shown to be
greater for ultrafine particles than for fine particles at the
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same mass (Adamson and Bowden 1981; Oberdorster et al
1992). In general, animal inhalation studies of PM compo-
nents such as acid aerosols or acids adsorbed to metal
particles found small effects on mucociliary clearance or
the induction of inflammatory responses, even after
chronic exposure (Amdur and Chen 1989; Gearhart and
Schlesinger 1989; Heyder et al 1992). Only very high expo-
sure levels resulted in mortality (Mauderly 1994).

The paucity of adverse consequences observed in ani-
mals exposed to low levels of different types of PM sug-
gested that particles of size or composition distinct from
those previously tested might be important in inducing the
adverse health effects reported in epidemiology studies.
Alternatively, animals more representative of human pop-
ulations susceptible to air pollutants might need to be
defined and evaluated. Oberddérster and colleagues
addressed these issues in a study prior to the current
report. They showed that rats which briefly inhaled Teflon
fumes containing freshly generated ultrafine Teflon parti-
cles at approximately 40 pg/m® (5 x 105 particles/cm?®)
died rapidly of hemorrhagic pulmonary edema, the conse-
quence of a massive inflammatory response in the lungs
(Oberdorster et al 1995). These data led Oberdorster and
colleagues to propose that inhalation of freshly generated
ultrafine particles more representative in composition of
particles found in urban atmospheres might also induce a
potent inflammatory response in animals, leading to mor-
bidity and possibly mortality. They suggested that such a
mechanism might account for the association between
increases in daily mortality noted in epidemiologic studies
after exposure to PM, 5. In the current study, they pro-
posed to test this hypothesis in a number of rat and mouse
models that they thought might be sensitive to ultrafine
particles.

TECHNICAL EVALUATION

AIMS AND OBJECTIVES

The initial hypotheses to be tested in the current study
were that inhalation of ultrafine particles would cause
inflammation and lead to mortality in young healthy mice
and that older animals and animals with either genetic or
induced cardiopulmonary dysfunction would be more sus-
ceptible than young healthy animals. Oberddrster and col-
leagues proposed to test ultrafine Teflon, carbon, and
platinum oxide particles in healthy mice, in mice injected
with elastase to induce emphysema, and in mice of the tight
skin (7sk) strain, which have a defect in lung development.
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The study had five original specific aims.

1. Characterize the acute pulmonary inflammatory
response and particle disposition in the lungs of
healthy and emphysematous young and old C57BL/6]
mice after short-term exposure to low concentrations
of ultrafine particles (Teflon, carbon, and platinum
oxide).

2. Identify pulmonary cellular and molecular inflamma-
tory events at different times after exposure to one
type of ultrafine particle (platinum oxide) in young
and old healthy and emphysematous mice.

3. Evaluate pulmonary inflammation induced by
ultrafine platinum oxide particles using Tsk mice.

4. Determine whether tolerance develops after repeated
exposures to ultrafine particles (platinum oxide) in
young healthy mice and investigate the cellular and
molecular mechanisms involved.

5. Initiate preliminary studies to determine the concen-
tration and physiochemical properties of ultrafine
particles in the ambient air.

The investigators did not pursue aim 5 and modified the
remaining aims during the study; however, the initial aims
of the HEI-supported study were broadly fulfilled. The
investigators added studies of ozone coexposure on
ultrafine particle effects, an endotoxin preexposure model,
and studies in healthy rats and in rats with preexisting
inflammatory conditions. They also evaluated effects of
ultrafine platinum particles rather than platinum oxide
that they had proposed in their application. The Investiga-
tors’ Report also describes studies of ultrafine particles
that were not funded by HEI. These include instillation
studies of fine and ultrafine titanium dioxide (TiO,) parti-
cles, described in the Investigator’s Report under the first
section Evaluation of Principles of Ultrafine Particle Tox-
icity. Other studies characterized ultrafine particles not
proposed for the HEI study (including vanadium, iron,
iron oxide, and '*C-graphite particles) and described the
coagulation behavior of ultrafine particles. These studies
are presented in the second section of the Investigators’
Report, Generation and Characterization of Ultrafine
Carbon and Metal Particles.

The Results and Discussion sections of this Commen-
tary focus on the studies of ultrafine Teflon, carbon, and
platinum particle inhalation in groups of young and old
mice and rats that were healthy or had compromised pul-
monary conditions, and on the questions addressed by
Oberddrster and colleagues in the third section of the
Investigators’ Report, Impact of Age, Compromised/Sensi-
tized Respiratory Tract and Pollutant Coexposure on
Ultrafine Particle Effects.

HI

METHODS

Generation of Ultrafine Particles

The investigators used an electric spark discharge gener-
ator with two aligned graphite electrodes in an argon flow
to generate ultrafine carbon and platinum. Teflon fumes,
containing ultrafine Teflon particles and gaseous compo-
nents, were produced from an air-fed tube flow generator.
In one experiment, ultrafine Teflon particles were gener-
ated in the absence of gaseous components in an argon
atmosphere.

Ultrafine particles were immediately dispersed to pre-
vent coagulation, except in those experiments in which
the requirements for ultrafine particles to coagulate to fine
particles were evaluated. Particle number concentration
was adjusted by altering the electric spark discharge fre-
quency, and outputs of several milligrams per hour were
achieved. Addition of diluting air at the exit of the gener-
ator prevented further coagulation of the particles for use
in the animal studies.

Particle size distribution and correlation between
number and mass concentrations for carbon and platinum
were determined in the exposure chamber using a particle
nuclei counter, a particle scanning mobility analyzer, and
a tapered element oscillating microbalance (TEOM). Air
samples collected from the exposure chambers after gas
flow ceased were used to determine particle sizes, particle
number concentrations, and the extent of coagulation of
ultrafine particles.

The investigators showed that for each type of ultrafine
particle, the range of particle diameters was 10 to 100 nm.
The mean diameter of carbon particles was 25 nm; plat-
inum particles were somewhat smaller at 10.9 nm (Figure
17). (In previous studies, the investigators established that
Teflon fumes contained ultrafine Teflon particles with a
median diameter of 14 to 18 nm [Oberdorster et al 1995].)
The correlation between particle number and particle
mass concentration was different for each particle and gen-
erally not linear (Figure 18).

Animals

The investigators maintained animals under specific
pathogen-free conditions in the Animal House of the Uni-
versity of Rochester School of Medicine and Dentistry. They
used young and old male F344 rats and male C57BL/6]
mice, and 14- to 17-month-old Tsk mice, a mutant strain on
the C57BL/6] background. The defect in the Tsk is a muta-
tion in fibrillin-1, the major component of 10-nm
microfibrils. Tsk mice spontaneously develop airspace
enlargement reminiscent of human emphysema, accompa-
nied by lung matrix destruction (O'Donnell et al 1999).
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Pretreatment to Induce Inflammation

In some C57BL/6] mice, emphysema was induced by
two intratracheal instillations of 20 units of porcine pan-
creatic elastase (7 days apart in young mice, and 14 days
apart in older animals) before they were exposed to ultra-
fine particles. Some mice and rats were exposed for 15
minutes to an aerosol of endotoxin derived from Pseu-
domonas aeruginosa, which was intended to produce a
condition similar to that in humans affected with bacterial
pneumonia. The investigators showed in preliminary ex-
periments that levels of endotoxin calculated to corre-
spond to a lung-deposited dose of 70 endotoxin units (EU)
in rats and 7.5 EU in mice induced an inflammatory
response of 5% to 10% neutrophils in lavage samples 24
hours after exposure.

Inhalation Exposure to Ultrafine Particles

Animals were exposed to ultrafine particles for up to
6 hours in a whole-body exposure chamber composed of
individual wire-mesh compartments attached to the outlet
of a spark-generator discharge chamber. Oxygen was
passed through the exposure chamber to maintain ambient
levels.

The investigators exposed groups of 3 to 7 rats and mice
for 6 hours to approximately 12 x 10% particles/cm?®
(approximately 105 to 115 pg/m?®) ultrafine carbon or plat-
inum particles. In one experiment young and old rats (3
per group) were exposed for 6 hours to a single concentra-
tion of ultrafine carbon (approximately 105 pg/m?), to 1
ppm ozone, or to a mixture of ultrafine carbon particles
and ozone. In a separate experiment, old Tsk mice (age 14
to 17 months, 6 to 7 per group) were exposed to approxi-
mately 110 pg/m? ultrafine carbon particles and to 1 ppm
ozone. In experiments with elastase-instilled emphysema-
tous mice (4 to 7 per group), exposure to ultrafine carbon
or platinum particles was on day 9 after the second instil-
lation of elastase into young animals, and on day 15 after
the second instillation of elastase into old animals. For
Teflon exposures, 4 to 6 rats were exposed to approxi-
mately 45 to 50 ng/m? of 5 x 10° ultrafine particles/cm?.

Intratracheal Instillation of Ultrafine and Fine TiO,
Particles

Groups of anesthetized rats received doses of 31 to
500 pg of ultrafine TiO, or 125 to 2,000 pg of fine TiO, par-
ticles suspended in saline, which were inserted by a
Teflon-tipped cannula via the mouth into the trachea and
delivered at the end of exhalation. Mice received doses of
6 to 100 pg of ultrafine TiO, or 25 to 400 ng of fine TiO,.
Ultrafine and fine particles suspended in saline are likely
to aggregate to larger diameters; in contrast, the ultrafine
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particles used in the inhalation experiments were in the
form of single particles.

Inflammatory Responses

Inflammatory end points were measured from 0 to 24
hours after exposure. In lung lavage samples, total cell
number, cell viability, cell count differential, and amounts
of protein (a measure of epithelial cell membrane integ-
rity), lactate dehydrogenase (an indicator of cytotoxicity),
B-glucuronidase, and production of reactive oxygen spe-
cies in the presence or absence of phorbol myristic acetate
(PMA), which activates macrophages and neutrophils,
were determined. The investigators report that the most
sensitive measure of inflammation was the increase in per-
centage of neutrophils in lavage samples at 18 to 24 hours
after exposure; changes in production of reactive oxygen
species were also found. Thus, the investigators focused
the major part of their analysis on these two parameters.

The investigators used a ribonuclease protection assay
with multiple riboprobes (Hobbs et al 1993) to measure
steady-state levels of messenger RNA for cytokines and
chemokines in RNA extracted from lung tissue 4 hours after
Teflon exposure or 24 hours after carbon and platinum
exposure (Johnston et al 1998). Many mediators of the
inflammatory response were evaluated, including the
cytokines tumor necrosis factors alpha and beta (TNF-a
and TNF-B), interleukins (IL) IL-1a, IL-1B, IL-6, IL-10, and
IL-12; interferons IFN-a and IFN-f; macrophage inflamma-
tory factor (MIF); lymphotoxin (LT-B); and transforming
growth factor TGF-B,; chemokines included RANTES,
Eotaxin, macrophage inflammatory proteins MIP-13, MIP-
1la, and MIP-2; inflammatory peptide IP-10; and mac-
rophage chemotactic protein (MCP-1).

For histopathologic examination of the lungs, the inves-
tigators evaluated sections of formaldehyde-fixed rat and
mouse tissue stained with either hematoxylin and eosin or
toluidine blue under a light microscope.

Detection of Ultrafine Teflon, Carbon, and Platinum
Particles in Animals After Inhalation

Inhaled ultrafine Teflon and carbon particles were
detected in sections of fixed lung tissue by electron energy
loss spectroscopy (EELS) and electron spectroscopy
imaging (ESI), respectively. Using these techniques,
inhaled particles can be seen and quantified.

To evaluate the fate of inhaled ultrafine platinum parti-
cles (mean diameter, 13 nm), the investigators exposed one
rat for 6 hours to 5.6 x 10% ultrafine platinum parti-
cles/cm?®, 170 pg/m3. Thirty minutes after the exposure
period, the investigators compared levels of platinum in
the organs of the exposed rat and a control unexposed
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animal using inductively coupled plasma mass spectros-
copy (ICPMS). This is a useful technique for comparing
levels of inhaled platinum with those in control animals
because levels of platinum in control animals are
extremely low.

Statistical Analysis

Statistical methods used in analysis of the study results
included one-way and multifactorial analyses of variance
(ANOVAs). Results derived from one-way ANOVAs were
further evaluated by multiple group comparisons using the
Tukey test. Multifactorial ANOVA was used to perform sta-
tistical comparisons of mean response levels in groups of
treated animals. Residual analysis was also used to iden-
tify statistical outliers (that is, observations that were
inconsistent with the statistical model). An objective crite-
rion (standardized residual greater than 3 or less than —3)
was used for definition of statistical outliers, and these
observations were excluded from the final analysis.
Results with a P value below 0.05 were considered statisti-
cally significant.

RESULTS

Inhalation of Teflon Fumes Versus Ultrafine Teflon
Particles

The investigators confirmed their previous findings in
rats (Oberdorster et al 1995) that a 15-minute inhalation of
Teflon fumes at an approximate concentration of 50 pg/m?®
particles (5 x 10° particles/ cm?) resulted in a potent inflam-
matory response (an increase of up to 60% neutrophils in
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lavage samples) at 4 hours after exposure. Because the
Teflon fumes generated in air contained both ultrafine par-
ticles and gaseous components, the investigators tested par-
ticle and gas phases separately to see which induced an
inflammatory response. They showed that neither the par-
ticles alone, generated in an argon atmosphere, nor the
gases alone induced an inflammatory response. The inves-
tigators further reported that the gaseous products resulting
from the generation of Teflon fumes in air contained fluo-
rine, most likely in the form of hydrogen fluoride.

The investigators also showed that 5-minute preexpo-
sure to Teflon fumes on each of the 3 days prior to a
15-minute exposure on the fourth day protected the rats
from developing extreme respiratory distress and hemor-
rhagic edema. Rats adapted by preexposure to Teflon
showed values similar to those of control animals (ie, ani-
mals not exposed to Teflon) for percentage of neutrophils
in lavage samples; for messenger RNA (mRNA) for manga-
nese-dependent superoxide dismutase (MnSOD), metal-
lothionein, and MIP-2 as determined by Northern blotting;
and for IL-6 and metallothionein as determined by in situ
hybridization.

Inhalation of Ultrafine Carbon and Platinum Particles

Because the environmental relevance of exposure to
Teflon fumes is unlikely, the investigators evaluated the
effects of inhaling ultrafine carbon and platinum particles,
which potentially have greater environmental relevance.
Commentary Table 1 compiles the data showing the change
in percentage of neutrophils, the most sensitive indicator of
an inflammatory response, induced by ultrafine carbon or

Commentary Table 1. Change in Percentage of Neutrophils in Lavage Samples at 18 to 24 Hours After Exposure to

Ultrafine Carbon or Platinum Particles

Carbon Platinum
Animals Tested Young Oold Young Old
Healthy C57BL/6] mice 0.1 0.2 0 -0.2
Healthy rats 0.2" -0.2 NT? NT
Elastase-treated C57BL/6] mice 2.5 2.8 2.7 4.9
Tsk mice NT 0.7° NT NT
Tsk mice, endotoxin-preexposed NT -2.8 NT NT
Rats, endotoxin-preexposed 5.1 -5.4 NT NT

8 NT= not tested. Change in percentage of neutrophils was determined by subtracting the mean in sham-exposed animals from the mean detected after
exposure to the appropriate ultrafine particle, using data from experiments described in Tables 8, 10, 11, and 17 of the Investigators’ Report. In the last two
lines of the table, percentages for animals preexposed to endotoxin were subtracted from percentages for animals preexposed to endotoxin and exposed to

ultrafine carbon particles.

Negative values in the table indicate that the percentage detected after exposure to particles was lower than that in the sham-exposed animals. Group
sizes: 3 per group for young and old rats; 6 or 7 per group for Tsk mice; 4 to 7 per group for C57BL/6] mice (with or without elastase treatment). Ages were
as follows: C57BL/6] mice, young = 8 weeks and old = 18 months; rats, young = 10 weeks and old = 22 months; Tsk mice, 14 to 17 months.

b Considered significant by ANOVA in the Investigators’ Report.
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platinum particles in all the mouse and rat experiments
described in the Investigators’ Report.

The Commentary table indicates that exposure to
ultrafine carbon and platinum particles did not induce an
inflammatory response in healthy young or old mice and
rats. Further, ultrafine carbon particles did not induce an
inflammatory response in old Tsk mice or old rats preex-
posed to endotoxin and induced a negligible response in
old Tsk mice in the absence of endotoxin preexposure.
Similarly, assays of PMA-stimulated reactive oxygen spe-
cies production by lavage cells in vitro indicated that
ultrafine carbon particles had no inflammatory effect in
healthy young and old rats or in old Tsk mice with or
without endotoxin preexposure. In contrast to the gener-
ally small increases found, old rats pretreated with endo-
toxin and exposed to ultrafine carbon particles showed
small decreases in both reactive oxygen species and per-
centage of neutrophils compared with the endotoxin-pre-
treated sham controls.

The Commentary Table also shows that inhaled
ultrafine carbon and platinum particles had limited
inflammatory effects in young and old elastase-treated
mice. As shown, ultrafine carbon particles had limited
inflammatory effects in young endotoxin preexposed rats.
The inflammatory responses were considerably lower in
magnitude than the responses to Teflon fumes described in
the previous section or the responses after the instillation
of ultrafine TiO, particles (described later in the Commen-
tary). Young rats preexposed to endotoxin showed small
increases in both PMA-stimulated reactive oxygen species
production and percentage of neutrophils.

The investigators also reported little or no effect on
cytokine or chemokine mRNA levels (including IL-1a,
IL-1B, IL-6, and MIF) in the lung extracts from young and
old mice with and without elastase-induced emphysema
at 24 hours after inhalation exposure to ultrafine particles.
The only changes observed 24 hours after either ultrafine
carbon or platinum particle inhalation exposure were an
increase in IL-1 mRNA levels in the lung extract of old
healthy mice (which showed no changes in other cellular
or biochemical markers of inflammation) and a decrease in
IL-1 mRNA in lung extracts from old emphysematous mice
compared with those from sham controls.

Histologic examination of the lungs of old elastase-
treated mice exposed to ultrafine carbon revealed large
lymphoid aggregates in the connective tissue space around
blood vessels (Figures 29 through 32) and features associ-
ated with emphysema found in sham-exposed controls.
Peribronchiolar lymphocytes also were detected in some
animals in all of the young and old rat groups, including
healthy animals, exposed to ultrafine carbon particles.
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The significance of these lymphoid aggregates following
exposure to ultrafine carbon particles is not clear. The
investigators also reported that the histologic observations
indicated that old rats were less responsive than young to
the different exposures.

Complex Effects of Ozone on Response to Ultrafine
Carbon Particles

The investigators showed that exposure to 1 ppm ozone
induced a small inflammatory effect measured by an
increased percentage of neutrophils in lavage samples
from young healthy rats, young and old rats pretreated
with endotoxin, and old Tsk mice with or without endo-
toxin. The combination of ozone and ultrafine carbon par-
ticles induced a complex pattern of responses that differed
with the animal models tested and with the end point (per-
centage of neutrophils or PMA-stimulated reactive oxygen
species production).

In many groups, combination of two agents appeared to
have an additive effect on the parameters measured: for
example, the change in percentage of neutrophils in young
and old healthy rats, in young rats preexposed to endotoxin,
and in Tsk mice. (In these animals, however, the magnitude
of change induced by the combination of ultrafine carbon
particles and ozone was generally under 10%.) By contrast,
the level of reactive oxygen species production in young
rats pretreated with endotoxin followed by coexposure to
ozone and ultrafine carbon particles was much less than
additive when compared with levels after exposure to the
individual components. In addition, in old rats and Tsk
mice pretreated with endotoxin and coexposed to ozone
and ultrafine carbon particles, both reactive oxygen species
and percentage of neutrophil levels were more than addi-
tive compared with the effects of exposure to the individual
components. Indeed, the highest production of reactive
oxygen species in all the samples assayed was found in
lavage samples from old rats pretreated with endotoxin and
coexposed to ozone and ultrafine carbon particles.

The investigators reported that histologic examination
of the lungs of young rats pretreated with endotoxin and
exposed to ultrafine carbon particles plus ozone showed
an increase in alveolitis (neutrophils in the alveoli) as well
as increased numbers of alveolar macrophages and prolif-
eration of type II epithelial cells. These results were
obtained using only three animals per group, however, so
the significance of these results is difficult to determine.

Fate of Inhaled Ultrafine Teflon, Carbon, and Platinum
Particles

Four hours after brief inhalation exposure to Teflon
fumes containing ultrafine Teflon particles (Figure 10), and
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18 hours after inhalation of ultrafine carbon particles
(Figure 11), particles were found deep in the lung paren-
chyma of rats and mice, respectively. The overwhelming
majority of ultrafine platinum particles detectable 30 min-
utes after a 6-hour exposure were recovered in the lungs
and trachea of a platinum-exposed rat, but particles were
also detected in the liver, blood and kidney of the exposed
animal (Figures 22 through 24, Table 7). Based on a particle
exposure to 170 pg/m® and a rat’s ventilation rate over 6
hours, this exposure to platinum should result in the depo-
sition of approximately 12 ng of particles if all the particles
were deposited in the lungs. As approximately 2 pg was
recovered in the organs examined, approximately 16% of
the total input of ultrafine particles were recovered.

Intratracheal Instillation of Ultrafine and Fine TiO,
Particles

The investigators showed that intratracheal instillation
of 32 to 500 pg of ultrafine particles or 125 to 2,000 pg of
fine TiO, particles induced inflammatory responses in the
lavage samples from rats measured 6 and 24 hours later
(Table 1); 6 to 100 pg of ultrafine TiO, particles or 25 to
400 pg of fine TiO, particles induced similar inflammatory
responses in the lavage samples from mice (Table 2).
Increases in a number of measures of inflammation
(protein concentration, lactate dehydrogenase, and
B-glucuronidase levels) observed in bronchoalveolar
lavage fluid were higher at 24 hours than at 6 hours after
exposure. The most sensitive measure was an increase in
percentage of neutrophils, which increased from less than
1% in lavage samples from control animals to approxi-
mately 40% in animals instilled with the highest doses of
ultrafine or fine TiO, particles.

On the basis of mass, instilled ultrafine TiO, particles
were more effective at inducing inflammation than fine
TiO, particles (Tables 1 and 2). For example, 100 pg of
ultrafine TiO, particles induced an increase of 42% neu-
trophils in rat lavage cells 24 hours later, but the same dose
of fine TiO, particles induced an increase of only 6% neu-
trophils. The greater effectiveness of ultrafine compared
with fine particles was also reflected in earlier onset and
longer persistence of some of the inflammatory parameters
evaluated.

The investigators also reported a correlation between
the total surface area of the particles instilled and the per-
centage of neutrophils induced in lavage samples (Figures
4 through 6). This correlation applied irrespective of
whether the particles were ultrafine or fine, suggesting that
the total surface area of particles may be an important
parameter in determining the effects of particles.
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DISCUSSION

The major part of this study explored an important area
of research by trying to determine whether short-term (6-
hour) inhalation of ultrafine particles induces an acute
inflammatory response in the lungs of mice and rats. One
strength of the study was that it tested a number of mouse
and rat models for the effects of exposure to ultrafine par-
ticles via inhalation, the physiologic route of exposure to
particles in the air. A further strength of the study was that
it evaluated distinct end points (molecular, cellular, bio-
chemical, and histologic) to determine whether ultrafine
particles induced inflammatory responses. Future studies
may exploit the approaches used in the current study to
provide more detailed information about ultrafine particle
effects.

EFFECTS OF ULTRAFINE PARTICLES IN
HEALTHY ANIMALS

Overall, inhaled ultrafine carbon and platinum particles
at approximately 100 pg/m? had little or no effect on the
main markers of inflammation measured, whether cellular
(percentage of neutrophils), biochemical (reactive oxygen
species production), or molecular (cytokine mRNA). Simi-
larly, inhalation of ultrafine Teflon particles per se (gener-
ated in an argon atmosphere) also did not induce an
inflammatory response in mice. Teflon particles were toxic
only when generated in air and in the presence of Teflon-
generated gaseous components.

As the investigators state, ultrafine Teflon particles gen-
erated in air may differ from those generated in argon—for
example, as a result of fundamental differences in surface
chemistry—and this may explain the difference in the
respective abilities of the particles to induce inflamma-
tion. An alternative explanation for the toxicity of air-gen-
erated ultrafine particles plus gaseous components is that
gases adsorb to the surface of the particles and exert toxic
effects in the airways. The investigators showed that fluo-
rine, most likely in the form of hydrogen fluoride, was gen-
erated during the formation of Teflon particles in air. The
investigators did not measure levels of gases adsorbed to
the surface of particles, and so it is possible that hydrogen
fluoride and other reactive gases were adsorbed to the sur-
face of the particles. In animal studies, if inhaled alone
hydrogen fluoride is generally removed by the upper air-
ways but can be toxic to the lower airways if taken in via
mouth breathing (for example, Stavert et al 1991). The
effect of hydrogen fluoride adsorbed to particles on the air-
ways is not known. Oberdoérster and colleagues’ results
suggest that gases or other materials adsorbed to the sur-
face of ultrafine particles may play a critical role in deter-
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mining whether a particle exerts inflammatory effects
when it enters the airways.

Inflammatory responses were observed in healthy
animals after intratracheal instillation of ultrafine TiO,
particles, which are not likely to be found in ambient air.
The single bolus of particles introduced via this route of
exposure, which bypasses the upper respiratory tract and
thus does not simulate exposure to ultrafine particles in
air, appears to be of a high enough concentration to induce
an inflammatory response. (Based on the calculations
Oberdorster and colleagues provide in their report, 6-hour
inhalation of 100 png/m? of ultrafine particles would result
in a dose deposited in the lower respiratory tract of
approximately 4 ng; that is, 25-fold less than the instilled
dose.) These results support other studies which indicate
that instilled ultrafine particles can induce inflammatory
responses in the airways (Oberdorster et al 1990, 1992;
Donaldson et al 1998).

On the basis of their analysis of the fate of ultrafine
Teflon particles at 4 hours and carbon particles at 18 hours
following inhalation, the investigators concluded that
inhaled ultrafine particles are rapidly translocated to sites
deep in the lung. They also interpreted their analysis of the
fate of platinum particles at 30 minutes after a 6-hour
exposure to indicate that ultrafine particles may be trans-
ported rapidly out of the lungs and to organs such as the
liver and kidneys. Information about the disposition of
ultrafine particles in the lungs and other organs may help
to explain whether ultrafine particles exert effects on spe-
cific target organs or specific sites within the airways.
Nonetheless, detecting particles at a particular site does
not necessarily imply that the particles are exerting an
adverse effect; movement or transport of particles may
decrease their potentially toxic effects in the airways as
part of the pathway for removal of particles from the body.

Also note that in the study that quantified the fate of
inhaled platinum particles in different organs of one rat,
less than 20% of the input particles were detected in the
lungs and major organs 30 minutes after exposure. This
indicates that either the majority of the particles had been
rapidly removed from the system or they were retained
and then cleared from the upper respiratory tract and the
tracheobronchial region. Furthermore, because only one
animal was studied, the investigators’ interpretation that
ultrafine particles are translocated to extrapulmonary sites
needs to be resolved with further studies in different
models and using other types of ultrafine particles.
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EFFECTS OF ULTRAFINE PARTICLES IN ANIMALS
WITH PREEXISTING INFLAMMATORY CONDITIONS

Oberdérster and colleagues evaluated the effects of
inhaled ultrafine particles in models with preexisting
inflammation to determine whether ultrafine particles
might enhance the background inflammatory response.
The models included mice injected with elastase to induce
emphysema, old Tsk mice (which were used as a model of
emphysema), and young and old rats and Tsk mice preex-
posed to an aerosol of endotoxin derived from P. aerugi-
nosa (to model humans with bacterial pneumonia).

The effects of inhaled ultrafine particles on inflamma-
tory parameters measured in lavage samples were not large
in these models: ultrafine carbon particles had little or no
effect in old rats pretreated with endotoxin and in old Tsk
mice with or without endotoxin pretreatment. Inhaled
ultrafine carbon particles did induce a small inflammatory
response over background lung inflammation in young
rats preexposed to endotoxin, and ultrafine carbon and
platinum particles induced small inflammatory responses
in young and old elastase-treated mice. An extensive anal-
ysis of mRNA levels of inflammation-associated cytokines
and chemokines in the lung extracts of young and old
emphysematous mice at 24 hours after ultrafine particle
exposure revealed no changes except in old emphysema-
tous mice, in which the only changes were decreased IL-1
levels. Thus, the earlier time points after exposure should
be examined in future experiments. In support of this idea,
the investigators showed that mRNA levels of inflamma-
tory cytokines and of MnSOD were elevated at 2 hours
after endotoxin exposure and returned to baseline by 24
hours after the exposure.

At 24 hours after exposure to ultrafine particles, lym-
phocyte aggregates were detected histologically in the con-
nective tissue space around pulmonary blood vessels
(Figures 29 through 32) of both young and old rats and old
mice with elastase-induced emphysema. This finding is
interesting but difficult to interpret. Such a lymphocyte
influx might be expected after reintroduction of antigen
into an antigen-primed animal but would not be expected
to occur after nonantigenic, short-term exposures to parti-
cles. Although Oberdérster and colleagues suggest that the
appearance of these lymphocytes reflected particle trans-
location, the relevance to ultrafine particle effects in the
absence of biochemical or cellular changes in the lung is
not clear.
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EFFECTS OF COEXPOSURE WITH OZONE AND
ULTRAFINE CARBON PARTICLES

In some of the models examined, coexposure to
ultrafine carbon particles and ozone resulted in inflamma-
tory effects that differed from the effects predicted by
responses to the individual components, and these effects
of coexposure varied with the end point measured, indi-
cating that the effects of ozone on ultrafine carbon parti-
cles were complex. As described in preceding sections,
ultrafine particles may carry toxic materials into the lung,
and the experiments in this study suggest this may account
for the toxicity of Teflon fumes. It is not clear, however,
that this is the mechanism for the interactive effects of
ozone and ultrafine particles.

Although the investigators report that young rats pre-
treated with endotoxin and coexposed to ultrafine carbon
particles and ozone showed increased alveolitis and lung
cell proliferation compared with rats exposed to either
component alone, these findings are difficult to interpret.
The investigators used only three animals per group, lim-
iting the statistical significance of their observations. In
addition, they used a scoring system for alveolitis that dif-
fers from the standard human system, so it is not clear how
easily these results can be extrapolated to humans.

RELEVANCE OF INHALATION EXPOSURE LEVELS TO
HUMAN EXPOSURE TO ULTRAFINE PARTICLES

Based on reasonable assumptions about ventilation
rates, activity levels and weights of humans and rats, the
investigators calculated that the dose of ultrafine particles
deposited per unit surface area in the alveolar regions of
the human lung was approximately half that deposited in
the equivalent region of the rat (International Commission
on Radiological Protection 1994; Hsieh et al 1999). Thus,
they argued convincingly that exposure of rats to 100
ng/m3 ultrafine particles, corresponding to a number con-
centration of 12 x 10° particles/cm?®, would be equivalent
to humans inhaling approximately 50 g/m? ultrafine par-
ticles (approximately 3 to 6 x 10° particles/cm?,
depending on the type of particle). Recent measurements
indicate, however, that ultrafine particle numbers in
ambient air in different locations are in the range 1 to 5 x
10%/cm?® (Pekkanen et al 1997; Peters et al 1997; Hughes et
al 1998). Thus, in the current study, Oberdorster and col-
leagues exposed animals to number concentrations of
ultrafine particles approximately 100-fold higher than
those reported in ambient air. Similarly, rat exposure
levels based on mass concentration in the current study
were much higher than those reported in ambient air
(Peters et al 1997; Hughes et al 1998). It should be noted,
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however, that Oberdérster and colleagues referred to pre-
liminary results from ongoing studies suggesting episodes
of higher peak number concentrations in urban air.

As described in preceding sections, HEI interpreted the
results of this study to suggest that the ultrafine carbon and
platinum particles inhaled at approximately 100 pg/m?
(~12 x 10° particles/cm3) induced no inflammatory effects
in healthy young and old animals and only small inflam-
matory effects in some of the animal models with preex-
isting airway inflammation. Thus, the results of the
current study using ultrafine carbon and platinum parti-
cles do not support a role for ultrafine particles in
inducing inflammatory responses in healthy humans. The
results do suggest that such ultrafine particles may play
only a limited role in the exacerbation of inflammatory
responses in humans with preexisting airway inflamma-
tory diseases.

RELEVANCE OF ANIMAL MODELS TO HUMANS

Oberdorster and colleagues evaluated responses in ani-
mals with compromised pulmonary conditions in an
attempt to model humans who fall into the broad category
of those with chronic obstructive pulmonary disease
(COPD). As the investigators acknowledge, no one animal
model can replicate this complex condition, and it is not
clear that the models of acute lung injury that they evalu-
ated adequately represent COPD. Elastase injection has
been used extensively to model emphysema and has some
characteristics of the lung problems associated with
COPD, but this method creates a rapidly induced condi-
tion rather than the slowly developing, chronic human
condition. In addition, although Tsk mice have been used
as a model of emphysema (characterized by airspace
enlargement), their defect in fibril formation has also been
used as a model of scleroderma, an autoimmune connec-
tive tissue disease characterized by structural and func-
tional vascular abnormalities (Sgonc 1999). Furthermore,
endotoxin preexposure may not adequately represent
humans who have been affected with bacterial pneu-
monia; the method may create a better representation of
humans with bronchitis.

CONCLUSIONS

In its evaluation of the Investigators’ Report, the HEI
Review Committee found areas of broad agreement with
the Conclusions section of the Investigators’ Report and
disagreed with other areas.
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AREAS OF BROAD AGREEMENT

No Significant Effects of Inhaled Ultrafine Particles in
Young or Old Healthy Mice and Rats

The major conclusion of this study is that a 6-hour
inhalation of ultrafine carbon or platinum particles at
approximately 100 pg/m® did not induce an inflammatory
response in young or old healthy mice and rats. Extrapo-
lated to humans, these findings indicate that inhalation of
particles similar to those in urban air and at a mass concen-
tration much higher than the current National Ambient Air
Quality Standard for PM, 5 is unlikely to induce an inflam-
matory effect in healthy young or old individuals.

Limited Inflammatory Effects of Inhaled Ultrafine
Particles in Some Mice and Rats with Preexisting
Inflammatory Conditions

Inhaled ultrafine particles induced a small inflamma-
tory response in some of the models the investigators used
to provide a background level of airway inflammation.
Ultrafine carbon showed effects in young rats preexposed
to endotoxin, and ultrafine carbon and platinum particles
induced small inflammatory responses in young and old
mice treated with elastase to model emphysematous
changes in humans.

Inhaled ultrafine carbon particles had no effect in some
of the other models, such as old rats pretreated with endo-
toxin and old Tsk mice with or without endotoxin pretreat-
ment. It should be noted, however, that Oberdérster and
colleagues indicate in the Conclusions section of their
Investigators’ Report that inflammatory effects of ultrafine
carbon particles alone were seen in old Tsk mice and
young rats. They point out in the report and in Appendix B
that their interpretation of results in Tsk mice was derived
from an ANOVA based on multiple group comparisons. As
they acknowledge, however, the main effect was compli-
cated by interactions. Comparison of means of control and
ultrafine carbon particle—exposed groups indicates that
the effect of particles was minimal in Tsk mice and in
young rats.

Complex Effects of Ozone and Ultrafine Particle
Coexposure

Coexposure to ultrafine carbon particles and ozone
induced a complicated pattern of responses, which
appeared to be additive, less than additive, or more than
additive compared with the individual components,
depending on the model and end point tested.
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Inflammatory Effects Induced by Intratracheal
Instillation of Ultrafine Particles

From their findings comparing responses to intratrache-
ally instilled ultrafine and fine TiO, particles, Oberdorster
and colleagues conclude that ultrafine particles are more
potent per unit mass than fine particles and that this
increased potency reflects their increased total surface
area. These findings and interpretations are reasonable
and have been obtained previously from similar studies
comparing the instillation of other fine and ultrafine parti-
cles. This method of exposure bypasses the upper respira-
tory system, and the ultrafine particles in suspension are
likely to have aggregated to much larger diameters. Thus,
the results from intratracheal instillation cannot be extrap-
olated easily to inhalation studies at lower concentrations
and over a long exposure period, which more accurately
represent human exposure to PM.

Translocation of Ultrafine Particles Deposited in the
Respiratory Tract

Oberdorster and colleagues’ conclusion that ultrafine
particles deposited in the lower respiratory tract translo-
cate rapidly to epithelial and interstitial sites may be cor-
rect. The data they obtained by following different
ultrafine particles at different times after inhalation are
difficult to interpret, however, because the ultrafine parti-
cles studied did not induce any inflammatory response in
the animals tested.

AREAS OF DIFFERENCE

Oberdorster and colleagues state in their conclusions
that “age and a compromised or sensitized respiratory tract
are important host factors to increase susceptibility to
ultrafine particle effects in rats.” They base their conclu-
sions about differences between young and old animals,
and about interactions among factors (such as age, endo-
toxin pretreatment, and ultrafine particle effects) on an
ANOVA of one experiment involving eight exposure
groups with most groups containing only three animals.
The biological relevance of the significant differences
between groups in this single experiment and of the
description of interactions among components is difficult
to determine. Another feature that complicates interpreta-
tion of these combined exposure responses is that in
endotoxin-pretreated Tsk mice and old rats, exposure to
ultrafine carbon particles alone decreased the inflamma-
tory response to a level below the background of endotoxin
pretreatment. For these reasons, the results of Oberdorster
and colleagues should be considered trends to be con-
firmed or rejected in further experiments, and firm conclu-
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sions should not be drawn from the data derived in this
study.

The investigators’ conclusion that age per se is a critical
factor in determining responses to ultrafine particles is not
justified by their results: neither old nor young healthy rats
responded to relatively high levels of inhaled ultrafine
carbon particles. In addition, in the Investigators’ Report,
Oberdorster and colleagues state that in their histologic
observations old animals appeared less sensitive than
younger animals to the effects of ultrafine particles. The
conclusion in the Investigators’ Report that a compro-
mised or sensitized respiratory tract increases suscepti-
bility to ultrafine particle effects in rats also needs to be
qualified. The Results section indicates that some of the
models with preexisting inflammatory conditions in the
airways did not respond to ultrafine particles.

Oberdérster and colleagues also concluded that the
“aged lung exposed to ultrafine particles may be at higher
risk for oxidative stress induced lung injury.” This appears
to be based on the result that lavaged cells from old endo-
toxin-pretreated rats exposed to ultrafine carbon and
ozone produced more reactive oxygen species than any
other lavage sample. However, this generalized conclusion
about ultrafine particles and increased oxidative stress in
older animals is not supported by the results of this study.
Lavaged cells from old animals—rats with or without
endotoxin pretreatment and Tsk mice—showed no reactive
oxygen species production above background levels fol-
lowing ultrafine carbon particle exposure in the absence of
ozone. Future studies involving other assays of oxidative
stress in young and old rodents to test the effects of ultra-
fine particles may lend support to Oberdérster and col-
leagues’ conclusion.

Similarly, Oberdérster and colleagues’ conclusion that
“preexposure history involving low oxidative stress may
confer tolerance to subsequent ultrafine particle exposure”
is their explanation for what they have called a Teflon
adaptation response. They have presented no data on the
role of oxidative stress in this particular response, how-
ever. They showed only that adapted rats appeared iden-
tical to animals not exposed to Teflon (that is, in both sets
of animals no inflammatory cytokines or MnSOD were
induced). As the investigators noted, further experiments
are required to clarify the molecular and cellular events in
the adaptation phenomenon in this system. Oberdorster
and colleagues’ conclusion that adaptive responses may
down-regulate responses to ultrafine particles may be cor-
rect, but the mechanisms by which this may occur need to
be resolved.
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SUMMARY

In conclusion, the investigators conducted an inter-
esting study in healthy mice and rats and in mice and rats
with preexisting airway conditions to address the impor-
tant issue of whether ultrafine particles induce an inflam-
matory response in airways. The findings provide little
evidence that inhaled ultrafine particles cause inflamma-
tion, however. This conclusion may be due to limitations
in the study’s design, which include small numbers of ani-
mals and experiments, and uncertainties about the suscep-
tibility of the animal models used to the effects of ultrafine
particles and the relative toxicity of the particles studied
compared to particles of different chemical composition.
These uncertainties make it difficult to extrapolate the
results of this study to possible effects of ultrafine particles
on humans. Additional research in humans and in a
variety of animal models evaluating multiple endpoints
and particles is required to evaluate whether ultrafine par-
ticles induce inflammatory or other adverse health effects.
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