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The Health Effects Institute, established
in 1980, is an independent and unbiased
source of information on the health
effects of motor vehicle emissions. HEI
studies all major pollutants, including
regulated pollutants (such as carbon
monoxide, ozone, nitrogen dioxide, and
particulate matter) and unregulated
pollutants (such as diesel engine exhaust,
methanol, and aldehydes). To date, HEI
has supported more than 200 projects at
institutions in North America and Europe
and has published over 100 research
reports.

Typically, HEI receives half its funds
from the US Environmental Protection
Agency and half from 28 manufacturers
and marketers of motor vehicles and
engines in the United States.
Occasionally, funds from other public
and private organizations either support
special projects or provide resources for a
portion of an HEI study. Regardless of
funding sources, HEI exercises complete
autonomy in setting its research
priorities and in reaching its conclusions.
An independent Board of Directors
governs HEI. The Institute’s Health
Research and Health Review Committees
serve complementary scientific purposes
and draw distinguished scientists as
members. The results of HEI-funded
studies are made available as Research
Reports, which contain both the
Investigators’ Report and the Review
Committee’s evaluation of the work’s
scientific quality and regulatory
relevance.
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Genetic Differences in Induction of Acute Lung
Injury and Inflammation in Mice

INTRODUCTION

Epidemiologic studies have indicated that small,
short-term increases in the concentration of particu-
late matter (the complex and variable mixture of par-
ticles in the atmosphere) are associated with short-
term increases in morbidity and mortality in the pop-
ulation. Some individuals appear to be more at risk
than others. Genetic differences among individuals
may be one reason for their differing responses to par-
ticulate matter, but this mechanism is currently not
well understood. One likely explanation for geneti-
cally determined differences in susceptibility is that
some genes are present in the population as slightly
different variations or alleles of a basic gene; as a
result, these genes are expressed at higher or lower
levels in some individuals than others. Identifying
such genetic polymorphisms in individuals with a
particular disease may help to identify those who are
at risk of developing the disease, or alternatively who
may respond best to treatment. An initial step in
understanding the role of genetic control in responses
to particulate matter is to study responses in mice
because multiple animals of identical genetic compo-
sition (strains) can be generated easily.

APPROACH

Dr George Leikauf and colleagues at the University
of Cincinnati Medical Center hypothesized that the
mouse response to high concentrations of inhaled
nickel particles was under genetic control. Nickel has
been shown to cause adverse effects at high concentra-
tions in humans and in other species and is one of the
important group of transition metals (which includes
iron, copper, and vanadium) found in ambient air.
The investigators sought to identify the genes
involved in controlling the inflammatory and toxic
effects of continuous exposure to nickel particles. The
primary endpoint measured was an exposed mouse’s
survival time, or mean survival time for a group of

exposed mice, but other endpoints related to lung
inflammation and injury were also measured. Leikauf
and colleagues evaluated responses in different
mouse strains; in first-generation offspring that
resulted from crosses of different strains (F; mice); in
backcross mice—that is, F; mice crossed with mice of
one of the parental strains; and in mice expressing dif-
ferent levels of the human gene for transforming
growth factor-a (TGF-a), a factor associated with
responses to lung injury. In the latter case, the TGF-a
gene had been inserted into the mouse genome as a
transgene, generating a so-called transgenic mouse.

To identify the genes involved in the response to
nickel, Leikauf and colleagues performed several
complementary genetic and molecular analyses. The
first was quantitative trait locus (QTL) analysis on
backcross mice. This approach identified regions of
individual chromosomes that were more or less
closely associated with the trait or genetic character-
istic of interest (namely, survival to nickel exposure).
The second was haplotype analysis, which evaluated
the contribution of one or several of these genetic
regions to survival. The third was to use the novel
microarray (or gene chip) technology; with this tech-
nique, the levels of expression of thousands of lung
genes could be simultaneously evaluated during
exposure to toxic levels of nickel.

RESULTS AND INTERPRETATION

Leikauf and colleagues showed convincingly that
genetic factors play a key role in determining the
acute response of mice to nickel toxicity. Initial exper-
iments indicated that mice could be separated into
susceptible or resistant strains according to how long
they survived exposure to highly toxic levels of nickel
sulfate particles (at the extremes were A strain
[50 hours] and B6 strain [130 hours]). The A and B6
mouse strains showed a similar pattern of survival
response to 2 other toxic agents, ozone and polytet-
rafluoroethylene, suggesting that similar mechanisms
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may govern survival of exposure to all these agents.
The investigators also found little correlation between
some of the hallmark parameters of lung inflamma-
tion (increased protein level and percentage of neutro-
phils) and survival time in response to nickel
exposure. This suggests that either lung inflammation
per se or the inflammatory parameters evaluated in
the study are not linked to survival.

Both QTL and haplotype analysis indicated that
genes on 5 or 6 chromosomes, and a region on chro-
mosome 6 in particular, were linked to survival to
nickel exposure. The identified region on chromo-
some 6 contains genes for TGF-a, surfactant-associ-
ated protein B (SP-B), and aquaporin-1, genes that
play a key protective role in lung responses to injury.
Therefore, genes in this region are likely to be impor-
tant in the response to nickel toxicity. Even after iden-
tifying a QTL or QTLs associated with a particular
trait, however, definitively identifying the specific
gene or genes responsible for the trait is a lengthy and
complex task. The results of experiments in trans-
genic mice expressing human TGF-a also suggested
the possible involvement of a mechanism involving
both TGF-a and SP-B in survival: mice expressing the
highest levels of the human TGF-a gene were the most
resistant to nickel toxicity and showed the smallest
decline in lung levels of SP-B.

Results from the microarray analysis indicated that
a small fraction (about 200) of the more than 8,000
genes (examined in lung cells derived from either
nickel-sensitive or nickel-resistant mice) changed
their level of expression during exposure to nickel.
The expression of some genes changed in both sensi-
tive and resistant mice, whereas the expression of
other genes changed only in sensitive mice or only in
resistant mice. Genes whose levels of expression
changed could be grouped functionally (for example,
those involved in cellular metabolism and signal
transduction) or temporally (those that showed steady
or delayed increases or steady or delayed decreases in

expression levels). Some changes in expression were
detected in genes of unknown function, indicating
that some of these unidentified genes may be impor-
tant in the response to nickel toxicity. The investiga-
tors enhanced the credibility of the findings from the
microarray analysis by showing that selected genes
with changed expression level (when analyzed by
other methods) had similar patterns of change.

Generally, though, results from the microarray anal-
ysis could not be easily compared with those from the
other genetic and molecular approaches because
many genes of interest in inflammatory and injury
responses were not present on the gene chip used.
The use of microarrays has other limitations: It does
not provide information about levels of proteins so it
is not clear how detected changes in gene expression
correlate with protein levels in the cell. In addition,
the technique cannot distinguish in which cells, of
the many found in the lung, gene expression changes
are occurring. At least some of the gene expression
changes detected at later times during the response to
nickel probably occurred in cells that migrated into
the lung as a consequence of the inflammatory
response, rather than in lung cells per se.

Overall, Leikauf and colleagues have shown that
mice respond to high toxic levels of inhaled nickel par-
ticles by altering gene expression. They have also pre-
liminarily identified a small number of genes involved
in susceptibility in this response. Similar genes may be
involved in human responses to nickel particles in
high concentrations. Additional studies are required to
determine whether similar genes are involved in
responses to low, ambient levels of nickel and other air-
borne pollutants. Further characterization of the genes
involved in these responses will assist in efforts to
understand the mechanisms by which pollutants act,
characterize similarities and differences in gene
expression among individuals’ responses to a stimulus,
and ultimately identify individuals who may be partic-
ularly susceptible to pollutant 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 research initiatives in 1994, 1996,
and 1998.

In 1994, the Particle Epidemiology Evaluation Project
(Samet et al 1995, 1997) evaluated six of the time-series
epidemiology studies that had reported effects of PM on
mortality, and a program of epidemiology and toxicology
studies were funded that aimed at understanding how PM
might cause toxicity and what factors might affect suscep-
tibility (RFA 94-2, “Particulate Air Pollution and Daily
Mortality: Identification of Populations at Risk and Under-
lying Mechanisms”). In 1996, HEI issued RFA 96-1,
“Mechanisms of Particle Toxicity: Fate and Bioreactivity of
Particle-Associated Compounds”, which sought studies
that would improve our understanding of toxicologically
relevant characteristics of ambient particles. In 1998, HEI
issued RFA 98-1, “Characterization of Exposure to and
Health Effects of Particulate Matter”, which targeted a
broad and ambitious set of research goals relating to both
exposure assessment and health effects. In all, HEI has
issued five requests for research on PM and funded 34
studies or reanalyses over the last 5 years.

This Preface provides general regulatory and scientific
background information relevant to studies funded from
RFA 98-1, including the study by Dr George Leikauf that is
described in the accompanying Report and Commentary.
This is one of 14 studies funded from RFA 98-1. The “HEI
Program Summary: Research on Particulate Matter”
(Health Effects Institute 1999) provides information on all
PM studies funded since 1996.

BACKGROUND

Particulate matter is the term used to define a complex
mixture of anthropogenic and naturally occurring airborne

*A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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particles. In urban environments, these particles derive
mainly from combustion, including mobile sources such
as motor vehicles and stationary sources such as power
plants. The size, chemical composition, and other physical
and biologic properties of PM depend on the sources of the
particles and the changes the particles undergo in the
atmosphere. The most commonly used descriptor of parti-
cles is size measured as aerodynamic diameter. On the
basis of 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 found primarily
in emissions from combustion processes, whereas coarse
particles 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 consists of insoluble minerals and biologic
aerosols, with smaller contributions from primary and sec-
ondary aerosols and sea salts (US Environmental Protec-
tion 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 an increased
number of deaths) particularly in children, the elderly, and
those with cardiopulmonary conditions (Firket 1931;
Logan 1953; Ciocco and Thompson 1961; 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 people
thought to be sensitive to the effects of pollution.

The first NAAQSs for PM were based on controlling total
suspended PM or particles up to 40 pm in diameter. In 1978,
the standards were revised to regulate inhalable particles, or
particles that can deposit in the respiratory tract and there-
fore have greater potential for causing adverse health
effects. These particles measure 10 pm or smaller in aerody-
namic diameter (PM;,). More recent epidemiologic studies,
published in the early 1990s, indicated a relatively consis-
tent association between short-term small increases in PM
levels and increases in both morbidity and mortality from
respiratory and cardiovascular diseases (reviewed by the
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Preface Table 1. Current National Ambient Air Quality
Standards for Particulate Matter (Set in 1997)

Time Period PM,, PM, 5
Daily 150 pg/m? 65 pg/m?3
Annual 50 pg/m? 15 pg/m?

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
2.5 pm in aerodynamic diameter [PM, ;]). In 1997, the EPA
decided that the evidence for the effects of fine particles
was sufficient to promulgate a PM, 5 standard while
retaining the PM standard (US Environmental Protection
Agency 1997) (see Preface Table 1). The next review of the
PM NAAQS is scheduled to be completed by 2002.

HETI's PARTICULATE MATTER
RESEARCH PROGRAM

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 mixtures and levels of pollutants, they were not
well supported by either human exposure chamber studies
or animal inhalation studies aimed at delineating the patho-
logic changes that might result in death. Failure of the
experimental studies to provide support for the epidemio-
logic findings was attributed to insufficient statistical
power, use of particles not representative of ambient parti-
cles, 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 from RFA-94 was aimed at

addressing these research needs. In 1994, HEI also initi-
ated the Particle Epidemiology Evaluation Project to
address the validity and replicability of key epidemiologic
studies (Samet et al 1995, 1997). Out of that project
evolved the National Morbidity, Mortality, and Air Pollu-
tion Study to continue the epidemiologic evaluation in a
large number of cities across the US with varying levels of
PM and other air pollutants (Samet et al 2000a,b). Subse-
quently, HEI funded studies under RFA 96-1 that would
use fine and ultrafine particles to test specific hypotheses
related to the role of particle constituents in PM toxicity.

With increased financial support from the EPA and
industry, in January 1998 HEI requested applications tar-
geting both exposure assessments and health effects. HEI
held a workshop at the Offices of the National Research
Council that brought together scientists and representa-
tives of the EPA and the motor vehicle and oil industries to
discuss research needs. Out of this discussion, RFA 98-1,
“Characterization of Exposure to and Health Effects of Par-
ticulate Matter”, was developed and issued. The exposure
objectives included (1) characterizing personal exposure
to particles in different indoor and outdoor microenviron-
ments and in geographic locations that differ in the types
and sources of particles, topography, and climate; and (2)
improving particle characterization to increase the accu-
racy of exposure estimates in epidemiologic studies. The
health effects objectives included (1) characterizing poten-
tial pathophysiologic effects caused by PM in sensitive
subjects; (2) defining the relation between particle charac-
teristics and dose, distribution, and persistence of parti-
cles in the respiratory tract; (3) identifying the kinds of
particles or particle attributes that may cause toxicity; (4)
investigating the diseases or conditions that affect sensi-
tivity; and (5) delineating how copollutants affect or con-
tribute to the physiologic response to particles. From this
RFA, HEI funded a comprehensive set of exposure assess-
ment and health effects studies.

Three exposure assessment studies were designed to
investigate personal exposure to PM in potentially sensitive
population subgroups in several US and European cities with
diverse climatic and geographic features. These studies
focused on (1) characterizing indoor concentrations of and
personal exposure to PM, 5 for subjects in two European
cities (Bert Brunekreef of Wageningen/Utrecht University);
(2) characterizing exposure to PM, 5, ozone, nitrogen
dioxide, carbon monoxide, and sulfur dioxide in children,
healthy seniors, and subjects with chronic obstructive pul-
monary disease (Petros Koutrakis of Harvard School of Public
Health); and (3) assessing personal exposure to PM, 5 and
characterizing PM in terms of mass, functional groups, trace
metals, polynuclear aromatic hydrocarbons, and elemental
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and organic carbon (Barbara Turpin of Environmental and
Occupational Health Sciences Institute). A fourth study
aimed to validate a newly developed method for measuring
the acidic component of ultrafine particles or PM, ; (Beverly
Cohen of New York University Medical Center).

Four human experimental and epidemiologic studies
focused on several potentially important endpoints that
may help elucidate the mechanisms of particle toxicity.
The epidemiologic studies investigated the relation
between PM levels and specific cardiac events: arrythmias
(Douglas Dockery of Harvard School of Public Health) and
nonfatal myocardial infarctions (Annette Peters of GSF-
Forschungszentrum fiir Umwelt und Gesundheit). The
experimental studies investigated cardiovascular and pul-
monary effects in healthy and asthmatic subjects exposed
to ultrafine carbon particles (Mark Frampton of University
of Rochester) and concentrated ambient particles (CAPs)
from Los Angeles air (Henry Gong of Los Amigos Research
and Education Institute).

Six animal studies addressed a number of hypotheses
about susceptibility to and toxicity of particulate matter
components using different health endpoints, animal
models, and types of particles. These studies investigated
(1) whether coexposure to CAPs from Boston air and ozone
causes a synergistic amplification of asthmatic airway
inflammation and hyperresponsiveness in juvenile mice
with hypersensitive airways (Lester Kobzik of Harvard
School of Public Health); (2) the genetic determinants of
susceptibility to morbidity and mortality from nickel par-
ticles in inbred mouse strains (the study presented here;
George Leikauf of University of Cincinnati); (3) whether
exposing healthy rats to CAPs from New York City air
causes changes in blood coagulation parameters that may
be involved in thrombotic effects (Christine Nadziejko of
New York University Medical Center); (4) the effects of
particle size and composition on the lung inflammatory
and histopathologic responses in old rats and rats with
preexisting inflammation (Fletcher Hahn of Lovelace Res-
piratory Research Institute); (5) whether exposure to resus-
pended particles from Ottawa air samples causes changes
in heart function and vascular parameters in adult rats
(Renaud Vincent of Health Canada); and (6) the effects of
CAPs from Detroit air on the airway epithelium in rats
with preexisting hypersecretory airway disease (Jack
Harkema of Michigan State University).

CONTINUING RESEARCH

Many of the key questions identified in the early 1990s
are still relevant and many research projects continue to

address them. The research strategies have evolved, how-
ever, as results from completed studies have provided
insights into which animal models and which endpoints
may be the most helpful to evaluate. In addition, advances
in exposure assessment and statistical methods have
pointed to new approaches for conducting epidemiologic
studies. In the past two years HEI has published several
reports from its PM research program (Checkoway et al
2000; Gerde et al 2001; Godleski et al 2000; Goldberg et al
2000; Gordon et al 2000; Krewski et al 2000a,b; Lippmann et
al 2000; Oberdorster et al 2000; Samet et al 2000a,b; Wich-
mann et al 2000). Many additional PM studies that are cur-
rently under review will be published in 2001 and 2002.
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ABSTRACT

To begin identifying genes controlling individual sus-
ceptibility to particulate matter, responses of inbred mouse
strains exposed to nickel sulfate (NiSO4*) were compared
with those of mice exposed to ozone (O3) or polytetrafluo-
roethylene (PTFE). The A strain was sensitive to NiSO,-
induced lung injury (quantified by survival time), the
C3H/He (C3) strain and several other strains were interme-
diate in their responses, and the C57BL/6 (B6) strain was
resistant. The strains showed a pattern of response similar
to the patterns of response to O3 and PTFE. The phenotype
of A x B6 offspring (B6AF,) resembled that of the resistant
B6 parental strain, with strains exhibiting sensitivity in the
order A > C3 > B6 = B6AF,. Pathology was comparable for
the A and B6 mice, and exposure to NiSO,4 at 15 pg/m?® pro-
duced 20% mortality in A mice. Strain sensitivity for the
presence of protein or neutrophils in lavage fluid differed
from strain sensitivity for survival time, suggesting that
they are not causally linked but are controlled by an inde-
pendent gene or genes. In the B6 strain, exposure to nickel
oxide (NiO) by instillation (40 to 1000 nm) or inhalation
(50 nm) produced no changes, whereas inhalation of NiSO,4
(60 or 250 nm) increased lavage proteins and neutrophils.
Complementary DNA (cDNA) microarray analysis with
8,734 sequence-verified clones revealed a temporal pattern
of increased oxidative stress, extracellular matrix repair,
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cell proliferation, and hypoxia, followed by a decrease in
surfactant-associated proteins (SPs). Certain expressed
sequence tags (ESTs), clustered with known genes, suggest
possible coregulation and novel roles in pulmonary injury.
Finally, locus number estimation (Wright equation) and a
genomewide analysis suggested 5 genes could explain the
survival time and identified significant linkage for a quan-
titative trait locus (QTL) on chromosome 6, Alig4 (acute
lung injury QTL4). Haplotype analysis identified an allelic
combination of 5 QTLs that could explain the difference in
sensitivity to acute lung injury between parental strains.
Positional candidate genes for Alig4 include aquaporin-1
(Agp1), SP-B, and transforming growth factor-a (TGF-a).
Transgenic mice expressing TGF-a were rescued from
NiSO, injury (that is, they had diminished SP-B loss and
increased survival time). These findings suggest that NiSO,-
induced acute lung injury is a complex trait controlled by at
least 5 genes (all possibly involved in cell proliferation and
surfactant function). Future assessment of these suscepti-
bility genes (including evaluations of human synteny and
function) could provide valuable insights into individual
susceptibility to the adverse effects of particulate matter.

INTRODUCTION

Epidemiologic studies have associated air pollution
with respiratory morbidity and mortality (Logan 1953;
Schwartz and Marcus 1990). Of the specific criteria pollut-
ants measured, fine particulate matter (particles < 2.5 pm
in aerodynamic diameter) is often of the greatest concern,
with mortality estimated to increase about 1% per increase
in fine particle exposure of 10 pg/m?® (Fairley 1990;
Schwartz 1992; Dockery et al 1993; Pope and Kanner
1993). Because the levels of pollution associated with
adverse effects in epidemiologic studies are low compared
with those shown to cause adverse effects in animals, we
and others reasoned that individual susceptibility must
play a major role in these responses (Kleeberger et al
1997b; Prows et al 1997, Leikauf et al 1998). Clinical
studies have indicated varied responses to O3-induced



Pathogenomic Mechanisms in Particulate Matter Induction of Acute Lung Injury and Inflammation

bronchoconstriction (McDonnell et al 1985). Similarly,
inbred mouse strains vary in their sensitivity to devel-
oping Os-induced acute lung injury, pulmonary inflamma-
tion, and increased protein in lavage fluid (Stokinger 1957;
Goldstein et al 1973; Ichinose et al 1982; Gonder et al 1985;
Kleeberger et al 1990, 1993, 1997a,b; Misra et al 1991; Rod-
riguez et al 1991; Kleeberger and Hudak 1992; Holroyd et
al 1997, Prows et al 1997, 1999).

Less is currently known about the mechanisms of sus-
ceptibility to the effects of fine particulate matter, but sev-
eral lines of evidence implicate macrophage activation,
epithelial injury, and oxidative stress (Bingham et al 1972;
Pryor et al 1990; Camner and Johansson 1992; Stohs and
Bagchi 1995; Pritchard et al 1996). For example, ultrafine
particles, such as those generated from PTFE, can induce
acute lung injury (Pryor et al 1990; Johnston et al 1998;
Oberdorster et al 1998). Fine particulate matter can be
enriched in water-soluble transition metals that undergo
reduction-oxidation with biological macromolecules to
induce oxidative stress. In other studies, the water-soluble
metals (vanadium, chromium, nickel, and iron) released
from residual oil fly ash, a particulate matter surrogate,
may have been responsible for acute lung injury and
inflammation (Costa and Dreher 1997; Dreher et al 1997;
Dye et al 1997). In vitro studies identified the active com-
ponents of this mixture as vanadium, chromium, and
nickel, with vanadium being the most active (Pritchard et
al 1996; Kodavanti et al 1998a,b). In studies in vivo, how-
ever, the converse was true: for example, nickel was the
most biologically active metal in surrogate particulate
matter (Pritchard et al 1996; Costa and Dreher 1997; Koda-
vanti et al 1998a,b). Other in vivo studies with intratra-
cheal instillation of residual oil fly ash found differences
in response among rat strains, suggesting genetic suscepti-
bility may play a role in individual responsiveness to
inhaled particulate matter (Kodavanti et al 1997).

Of the transition metals enriched in the fine fraction of
ambient particulate matter in the workplace, nickel com-
pounds are particularly pernicious (National Institute for
Occupational Safety and Health [NIOSH] 1977; Interna-
tional Agency for Research on Cancer [IARC] 1990; National
Toxicology Program [NTP] 1996). Nickel exists in soluble
forms (eg, NiSO,4) and insoluble forms (eg, NiO and ele-
mental nickel) that enter the environment primarily via
high-temperature combustion, electroplating, and smelting
processes (Nriagu 1980; Senior and Flagan 1982; Milford
and Davidson 1987; IARC 1990; NTP 1996). In mainstream
cigarette smoke, nickel is present in concentrations (0.2 to
0.51 pg/cigarette) greater than those of other metal ions
including copper, cadmium, and iron (0.19, 0.07 to 0.350,
and 0.042 npg/cigarette, respectively) (IARC 1986). Nickel

concentrations in particulate matter are 0.0006 to
0.078 pg/m? in rural areas and as high as 0.328 pg/m?® in
urban areas in the United States (Milford and Davidson
1987; Schroeder et al 1987). Nickel concentrations in stack
effluent from municipal solid waste incinerators, oil com-
bustors, and coal combustors can be even higher and have
been measured at 0.26 to 5.18 }1g/m3 (Biswas and Wu 1998).

Nickel concentrations in ambient air are highest near
industrial sources. In the United States, the number of
local nickel sources (more than 2000 facilities) is 3 times
the number of cadmium, chromium, and cobalt sources
combined (total of 650 facilities) (Leikauf et al 1995).
Inventories of nickel released into the air exceed 1.0 bil-
lion lb/year (as compared with the sum of 0.3 billion
Ib/year for the other 3 metals combined). The US Environ-
mental Protection Agency (EPA) estimates that as many as
160 million people live within 12.5 miles of sources emit-
ting nickel with a median concentration of 0.05 pg/m?
(NTP 2001). Ambient air concentrations near nickel pro-
duction sites are not measured routinely, but nickel levels
ranged from 0.001 to 0.732 pg/m?® in Ontario, Canada
(Chan and Lusis 1986), with recorded maximal concentra-
tions of 4.4, 2.3, and 6.1 pg/m?® measured in 1980, 1986,
and 1988, respectively (Brecher et al 1989; Dobrin and
Potvin 1992; Ontario Ministry of the Environment 1992).
In the United States, the EPA estimates that 720,000 people
live near primary nickel sources that produce levels as
high 15.8 pg/m?® (NTP 2001). These levels have to be
viewed with caution because chemical speciation and par-
ticle size analyses are not available. In contrast, speciation
data are more readily obtained in occupational environ-
ments where exposures for soluble nickel have averaged
260 to 760 pg/m® with short-term peaks exceeding
2000 pg/m® (NIOSH 1977; Haber et al 2000). Occupational
levels of insoluble nickel have ranged from 200 to
10,000 g/m?® (NIOSH 1977; Haber et al 2000).

The respiratory tract is the primary tissue affected by
inhaled nickel compounds, with the insoluble forms (eg,
nickel subsulfide and NiO) being carcinogenic and the sol-
uble forms (eg, NiSOy, nickel chloride, and nickel acetate)
being acutely toxic to the lung. Nickel carbonyl is a gas-
eous form of nickel (produced by combining nickel with
carbon monoxide). Like NiSO,, nickel carbonyl can
deliver ionic nickel (Ni2*) to the alveolus (Hackett and
Sunderman 1968) and has been associated with numerous
incidences of acute lung injury and death among welders
(Shi 1986; Barceloux 1999).

Previous NiSO, inhalation studies have noted both acute
respiratory effects (macrophage activation, alveolar protei-
nosis, neutrophil accumulation, and epithelial disruption)
and chronic respiratory effects (interstitial monocytic and
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macrophage infiltrates and fibrosis) in F344/N rats and
B6C3F, mice (Benson et al 1988, 1995; Dunnick et al 1988,
1995; NTP 1996). Exposure of B6C3F, mice to nickel at
1600 pg/m?® (6 hours/day, 5 days/week) produced 100%
mortality within 12 days. Long-term occupational expo-
sures have been associated with increased deaths from res-
piratory disease and asthma when concentrations exceeded
the current standard for soluble nickel of 100 pg/m3
(NIOSH 1977; Cornell and Landis 1984; Malo et al 1985;
Shirakawa et al 1990; Bright et al 1997).

SPECIFIC AIMS

The purpose of this study was to examine whether host
(genetic) factors contribute to increased individual suscep-
tibility to the acute effects of NiSO,. The specific hypoth-
esis addressed by this study was that individual
susceptibility to lung injury induced by nickel particles is
a heritable trait. To test this hypothesis during the 18-
month research period funded by HEI, 2 specific aims
were proposed. The first specific aim was to examine the
molecular mechanisms of toxicity of fine transition metal
particles. Mice were exposed to NiSO, aerosol with a mass
median aerodynamic diameter (MMAD) of 0.2 pm, and
acute lung injury was assessed by determining pulmonary
pathology, inflammation, and gene expression. Interstrain
differences in pulmonary responses were compared by
exposing selected strains of inbred mice to fine NiSO,
aerosol and measuring survival time as an indicator of
acute lung injury, protein content of bronchoalveolar
lavage (BAL) fluid, and pulmonary inflammation. Gene
expression was assessed using a cDNA microarray. Strain
phenotype patterns were also assessed for acute lung
injury produced by exposure to 2 known irritants,
ultrafine PTFE and Oj. After the identification of resistant
and sensitive (polar) mouse strains, offspring of the respec-
tive polar strains were exposed to fine NiSO, aerosol to
assess the likely mode of trait inheritance. From the initial
findings, mean survival time (MST) was measured in a
sensitive mouse strain (A) and a resistant mouse strain
(B6), and in the F, progeny of these two strains.

The second specific aim was to begin to evaluate the
genetic determinants of acute lung injury. A QTL analysis
of a selected phenotype (survival time) was performed
using a genomewide scan for linkage in backcross mice
generated from the polar strains A and B6.

METHODS

EXPERIMENTAL DESIGN

To begin investigating the genetic determinants of irri-
tant-induced acute lung injury, 7 inbred mouse strains
were continuously exposed to NiSO,, PTFE, or O3 Two
strains with polar responses to acute lung injury, a sensi-
tive A strain and a resistant B6 strain, were identified. To
investigate the mode of inheritance of susceptibility to
NiSOy-induced acute lung injury, the survival times of off-
spring from a cross of the resistant and sensitive inbred
mouse strains (B6AF;) and backcrosses were determined.
To investigate the pathology associated with NiSOy,-
induced acute lung injury, A and B6 mice were exposed,
histological sections were microscopically examined, and
the lung wet weights and dry weights were determined. To
evaluate the levels of NiSO, that produce acute lung
injury, groups of the sensitive A strain mice were exposed
to concentrations ranging from 15 to 150 pg/m?.

Previously, Kleeberger and colleagues (1990, 1997b)
reported that pulmonary protein and inflammatory cells
present in lavage fluid varied between B6 (sensitive) and
C3 (resistant) mice exposed to O5 for 48 hours. Protein and
polymorphonuclear leukocyte (PMN) levels were therefore
measured in the lavage fluid of B6, C3, and A strain mice,
and the first-generation progeny of the sensitive B6 and
resistant C3 mouse strains (B6C3F,) after 48 hours of expo-
sure to NiSO,4. Submicrometer combustion aerosols were
also generated in a controlled manner for use in evaluating
inflammatory cells and protein in lavage fluid from B6
mice. The formation of submicrometer Ni%* species in a
high-temperature furnace was investigated using system-
atic manipulation of pyrolysis temperature, residence
time, and dilution air to obtain different submicrometer
sizes of NiO and NiSO, aerosols. After intratracheal instil-
lation of or inhalation (whole-body) exposure to nickel,
the effects of particle size and solubility were evaluated.

To investigate differential gene expression during the
initiation and progression of acute lung injury, lung mes-
senger RNA (mRNA) was isolated initially from B6 mice
after exposure to NiSO, aerosol for 0 (control), 3, 8, 24, 48,
or 96 hours. Polyadenylated mRNA was isolated, reverse
transcribed, and fluorescently labeled. Samples from
exposed mice (Cy5-labeled) were competitively hybrid-
ized against samples from unexposed, control mice (Cy3-
labeled), onto microarrays containing 8,734 murine
cDNAs. To assess the temporal patterns of gene expression,
genes were clustered according to similarities in expres-
sion over time. To evaluate the pathophysiology of changes
in gene expression, genes were categorized according to
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function. More conventional Northern blot and S1 nuclease
protection assays were performed to quantify the expression
changes of selected genes observed in microarray analysis.
Next, the levels of gene expression for lung mRNA from the
nickel-exposed A strain mice were compared with those
from B6 mice at 3, 8, 24, and 48 hours of exposure.

Finally, we investigated the genetic determinants of the
quantitative trait (survival time) by performing a genome
scan of backcross offspring derived from the polar strains
(B6AF, crossed with the A strain). The genomewide scan
employed microsatellite markers (simple sequence length
polymorphisms [SSLPs]) distributed throughout the
mouse genome to map chromosomal regions with linkage
to the susceptibility phenotype. Polymerase chain reaction
(PCR) was used to quickly identify segments of the mouse
genome that harbor genetic loci linked to the survival phe-
notype. This was conducted with female F; mice and male
parental strain and the complementary mating pattern to
determine whether the trait is sex linked or imprinted.
Hepatic DNA was isolated from 307 backcross mice, and
initial mapping was conducted with 77 SSLPs distributed
at distances of 20 to 30 cM throughout the genome.
Regions of interest, defined as those with lod scores (equal
to the likelihood of linkage divided by the likelihood of no
linkage) of 1.5 or higher, were examined by denser map-
ping of SSLPs. Phenotype and genotype data were initially
analyzed using the MAPMAKER/QTL software program
(Lincoln et al 1992b). Subsequently, threshold levels of sig-
nificance for linkage assessment (ie, significant lod scores
for identifying QTLs) were determined by evaluation of
10,000 permutations of the original data set using QTL
Cartographer (Basten et al 1994, 1997). The QTL results
were analyzed by the simultaneous search method of
MAPMAKER/QTL to identify possible gene—gene interac-
tions and determine the overall degree of genetic variance
predicted by the QTLs. These findings were then com-
pared with the gene expression results as determined by
c¢DNA microarray analysis.

Mice were handled in accordance with protocols
approved by the Institutional Animal Care and Use Com-
mittee of the University of Cincinnati Medical Center and
of the Children’s Hospital Research Foundation.

ATMOSPHERE GENERATION AND
CHARACTERIZATION

Nickel aerosols were generated by two methods. Most
inhalation studies described in this report were conducted
by exposure to an aqueous aerosol of NiSO4. Continuous
aerosol exposures (up to 2 weeks) of inbred mice included
fine NiSO, (particle alone), ultrafine PTFE (particle and
gas mixture), and O3 (gas alone). Mice were exposed to

NiSO, or Oj in stainless steel cages placed inside a 0.32-
m? stainless steel inhalation chamber. Nickel sulfate
aerosol (MMAD, 0.22 pm; geometric SD [Og) = 1.85) was
generated from a solution of NiSO, hexahydrate (NiSO,
*6H,0, Sigma, St Louis MO) using a modified Collison 3-
jet nebulizer (3.5 L/min) (BGI, Waltham MA) placed inside
a glass tube (internal diameter [ID], 24 mm). Decreasing the
distance from the jets to the wall decreased the size of the
primary droplet formed by the nebulizer. This modifica-
tion, along with empirical selection of the solution con-
centration, enabled the generation of a submicrometer
aerosol, as measured in the inhalation chamber after dilu-
tion with HEPA filtered air.

The particle number concentration and particle size were
determined using a differential mobility analyzer consisting
of an electrostatic classifier (model 3071A, Thermo-Systems
[TSI], St Paul MN), a condensation nucleus counter (model
3022A, TSI), and scanning mobility particle sizer (SMPS)
fast-scanning software (TSI). The chamber nickel concentra-
tion was determined using the dimethylglyoxime method
(Ferguson and Banks 1951). Samples of the chamber atmo-
sphere were collected with 2 midget impingers (Ace Glass,
Vineland NJ) placed in series, each containing 10 mL of dis-
tilled water (flow rate, 11.3 L/min; sampling time, 22.1 min-
utes; volume sampled, 250 L). Collected samples were
mixed with a solution containing 1 M HCL, 0.2 M Br—, 12 M
NH,OH (Fisher, Fair Lawn NJ), 1% dimethylglyoxime
(Sigma), and 95% ethanol. Absorbance was measured at
445 nm (model DU-64, Beckman, Fullerton CA). Resulting
nickel concentrations are expressed as micrograms per
cubic meter to enable direct comparisons between different
nickel aerosols described in the scientific literature. Using
this method, the limit of detection for nickel was 0.5 pg/m?®.
During nickel exposures, mice were supplied with food and
water. For initial assessment of acute lung injury in mice,
nickel exposures (+ SD) were 150 + 15 ug/m3. Ozone (10.0 =
0.1 ppm) was generated from 100% ultradry oxygen
(Matheson, Columbus OH) using an ultraviolet ozonator
(model V1-0, OREC, Phoenix AZ). Chamber samples from
the animal’s breathing zone were drawn through PTFE
tubing and analyzed continuously with an O5 detector
(model 1008-PC, Dasibi, Glendale CA). This instrument was
calibrated against an EPA transfer standard.

For PTFE exposures, mice were placed in stainless steel
cages inside a 0.05-m® Plexiglas chamber and exposed
continuously to PTFE particles, 107/cm?® (30 L/min). A
PTFE powder (0.75 g) (Fluon, ICI Chemicals and Polymers,
Bayonne NJ) was placed in a ceramic furnace tube (ID,
2.5 cm) and heated to 420° + 5°C with a Lindberg Hevi-
Duty furnace (Sola Basics Industries, Watertown WI). At
this temperature, ultrafine particles (MMAD, 0.02 pm) and
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hydrofluoride gas are released (Oberdorster et al 1998).
Airflow through the heated tube was 5.0 L/min, and
diluting airflow was 25 L/min. Particle size and concentra-
tion were determined with an electrical aerosol analyzer
(model 3030, TSI).

HIGH-TEMPERATURE FURNACE SYSTEM

In addition to generation of fine NiSO, by the above-
described method, in a few tests aerosols were generated by
combustion. To simulate the process by which nickel-con-
taining particles are generated during oil combustion, a labo-
ratory-scale furnace (model HTF55342C, Lindberg/Blue M,
Asheville NC) with a horizontal alumina reactor tube (Type
AD-998C, Coors Ceramic Company, Golden CO) was used to
produce an adjustable temperature (ambient to 1200°C). The
temperature was stable within 10% of the set point for a
length of 55 cm. Airflow through the furnace was controlled
using a combination of flow meters (Dwyer Instruments,
Michigan City IN) calibrated to a primary standard (Gilibrator
II, Gilian Instrument Corp, Clearwater FL). Aerosol was fed
into the furnace by nebulizing (model 3076, TSI) a 0.35 M
aqueous nickel nitrate, Ni(NO3),*6H,0 or NiSO, solution
(Sigma) made with distilled, particle-free water, using dry,
particle-free air at 3.0 L/min and 300 kPa. Excess water was
removed from the aerosol using a diffusion dryer (model
206200, TSI) filled with anhydrous calcium sulfate (WA
Hammond Drierite Company, Xenia OH). Furnace tempera-
tures were systematically varied to establish the temperature
at which chemical changes occurred in the aerosol.

Aerosol size characteristics were measured by a SMPS
(model 3934, TSI) using an electrostatic classifier (model
3071A, TSI), in series with a condensation nucleus counter
(model 3022A, TSI), externally controlled by fast-scanning
software (Version 1.1, TSI). Aerodynamic diameter data
were converted to mass concentrations using the technique
of Sioutas and colleagues (1999). X-ray diffractometry of
powder collected on 47-mm glass-fiber filters was used to
determine crystalline structure (model D/Max 2100 H, Cu
Ka radiation, Rigaku). To simulate the pyrolysis of nickel in
a furnace environment, we used aerosolized nickel nitrate,
prepared by making a 0.35 M solution using particle-free
distilled H,O and nickel nitrate hexahydrate
[Ni(NO3),*6H,0, ICDD number 47-1049]. Because the
sulfur content of fuel oil can affect speciation, and therefore
particle size distributions, the use of nickel nitrate allowed
the behavior of NiO to be observed in the absence of sulfur,
indicative of fuel oil with no residual sulfur.

To examine the effect of nickel aerosol solubility, insoluble
NiO powder was generated by pyrolysis of nickel nitrate at
800°C and segregated according to size (40, 130, 300, and
1000 nm). Nickel oxide powder obtained by both of these

techniques was captured on preweighed PTFE filters (pore
size, 2 pm; Gelman, Ann Arbor MI), measured gravimetri-
cally, and sonicated in sterile Dulbecco phosphate-buffered
saline without Ca?* or Mg?*, pH 7.2 (GibcoBRL, Grand Island
NY) for 10 minutes before intratracheal instillation. For
whole-body inhalation experiments, NiO or NiSO, aerosols
were produced in the furnace and introduced into a 40-L
whole-body exposure chamber. Nickel oxide aerosol was pro-
duced by pyrolysis of nickel nitrate at 800°C; NiSO, was
aerosolized directly at 50°C. Control animals were exposed to
dry, particle-free air passing through an 800°C furnace.
Mixing inside the chamber was thorough, as demonstrated by
uniform aerosol size and concentration measurements taken
at 6 locations within the chamber. Particle size distributions
inside the chamber were measured by the SMPS at 3-hour
intervals during the exposure. Oxides of nitrogen concentra-
tions measured using a chemiluminescence analyzer (model
42H, Thermo Environmental Instruments, Franklin MA)
were 0.09 ppm for nitric oxide (NO) and less than 0.1 ppm for
nitrogen dioxide. Dry bulb temperature inside the chamber
was constant at 24° + 0.5°C; relative humidity inside the
chamber was adjusted to 40% using vaporized distilled H,O.

STRAIN SELECTION AND TISSUE PREPARATION

All inbred mouse strains (A, AKR, C3, B6, CBA, DBA/2,
FVB/N, and specific F, crosses and backcrosses) were pur-
chased from the Jackson Laboratory (Bar Harbor ME). To
examine lung pathology, NiSO4-exposed mice were
obtained at death and control mice were injected with
pentobarbital sodium (50 mg/kg body weight; Nembutal,
Abbott Laboratories, North Chicago IL) and exsan-
guinated. A cannula (ID, 0.58 mm) was inserted into the
trachea, and the lungs were instilled in situ (30 cm H,0)
with phosphate-buffered formaldehyde (pH 7.1),
removed, and immersed in fixative for 24 hours. The left
lung was washed with phosphate-buffered saline, dehy-
drated through a series of graded ethanol solutions (30%
to 70%), and processed into paraffin blocks (Hypercenter
XP, Shandon Scientific, Pittsburgh PA). Paraffin-
embedded tissues were divided into 5-pm sagittal sections
and stained with hematoxylin and eosin.

To obtain tissue for determination of lung wet weight,
lung dry weight, and lung wet-to-dry weight ratio, the
chest cavity was opened and the heart-lung block was
removed. The lungs were rinsed with phosphate-buffered
saline, trimmed of heart, connective tissue, and esoph-
agus, and blotted dry with gauze, and the wet weights were
recorded. Lungs were then dried in a plastic desiccator
containing silica gel (Sargent-Welch, Skokie IL) for
2 weeks before dry weights were recorded.
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BRONCHOALVEQOLAR LAVAGE

Mice were exposed for up to 72 hours and killed by
exsanguination (after intraperitoneal administration of pen-
tobarbital sodium at 50 mg/kg body weight). The lungs were
lavaged 3 times with 1 mL of Hanks balanced salt solution
(GibcoBRL), without Ca?* or Mg?*, and with D-glucose (pH
7.2). Individual samples of BAL fluid were pooled and
immediately placed on ice (4°C). Aliquots (250 pL each) of
lavage fluid were cytocentrifuged (Cytospin 3, Shandon Sci-
entific), and the cells were stained with Diff-Quick (Baxter
Diagnostics, McGraw Park IL) for differential cell analysis.
Differential cell counts were performed by identifying at
least 300 cells. The pooled lavage fluid was then centrifuged
(500g, 4 minutes, 4°C), and the supernatant was decanted.
The cell pellet from each lavage was resuspended in 1 mL of
Hanks balanced salt solution. Total cell counts were deter-
mined with a hemocytometer. The total protein concentra-
tion in the supernatant was measured using the method of
Bradford (1976) with bovine serum albumin (BSA) as a stan-
dard (Bio-Rad Laboratories, Hercules CA).

RNA PREPARATION

Total RNA was isolated from lung homogenized (using
Tissumizer, Tekmar Co, Cincinnati OH) in 3 mL of TRIZOL
(GibcoBRL) and recovered by acid phenol extraction. Poly-
adenylated mRNA was isolated by binding total RNA to
poly-T oligonucleotides covalently linked to polystyrene-
latex particles and then eluted with low-salt buffer
(Qiagen, Valencia CA).

FLUORESCENT LABELING OF PROBES

Polyadenylated mRNA was pooled from 3 mice at selected
times throughout NiSO, exposure and fluorescently labeled
with 5' Cy5-labeled random 9mers during reverse transcrip-
tion. Polyadenylated mRNA was pooled from 3 unexposed,
control mice and tagged with 5' Cy3-labeled random 9mers
during reverse transcription (Operon Technologies, Alameda
CA). For each reverse transcription reaction, 200 ng of poly-
adenylated mRNA was incubated for 2 hours at 37°C with
200 units of Moloney murine leukemia virus (M-MLV)
reverse transcriptase (GibcoBRL), 4 mM dithiothreitol, 1 U
RNase Inhibitor (Ambion, Austin TX), 0.5 mM deoxyribonu-
cleoside triphosphates (ANTPs), and 2 ng of labeled 9mers in
a 25-pL volume with enzyme buffer supplied by the man-
ufacturer. The reaction was terminated by a 5-minute incu-
bation at 85°C. For cohybridization, paired Cy3 and Cy5
reactions were combined and purified with a TE-30
column (Clonetech, Palo Alto CA), brought to 90 pL. with
dH,0, and precipitated with 2 uL of glycogen at 1 mg/mL,
60 pL of 5 M ammonium acetate, and 300 pL of ethanol.
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After centrifugation, the pellet was resuspended in 24 pL
of hybridization buffer (5x SSC, 0.2% sodium dodecyl sul-
fate [SDS], 1 mM dithiothreitol).

MICROARRAY PREPARATION

Sequences used for the microarray were PCR products
purified by gel filtration with Sephacryl-400 (Amersham
Pharmacia Biotech, Piscataway NJ), dried, and resuspended
in dH,0. Each cDNA was fixed to the surface of modified
glass slides, and arraying was performed by robotics (Incyte
Pharmaceuticals, Palo Alto CA). The microarray was then
washed 3 times in dH,0O at room temperature, treated with
0.2% I-Block (Tropix, Bedford MA), dissolved in 1x Dul-
becco phosphate-buffered saline at 60°C for 30 minutes, and
rinsed in 0.2% SDS for 2 minutes followed by three 1-minute
washes in dH,0.

HYBRIDIZATION

Each paired Cy3 and Cy5 probe solution was resuspended
by incubation at 65°C for 5 minutes with mixing, applied to
an array, covered with a 22-mm? glass coverslip, and placed
in a sealed chamber. After hybridization at 60°C for 6.5 hours,
slides were washed in 3 consecutive solutions of decreasing
ionic strength. The Cy3 and Cy5 channels were simulta-
neously scanned with independent lasers at 10-pm resolu-
tion. The detected fluorescent light was optically filtered,
and photon multiplier tubes were used to translate photons
into an analog electrical signal. To adjust for differences in
probe labeling efficiency, the balance coefficient (ratio of
total Cy3 to total Cy5 fluorescence signals) was derived for
each microarray: for A mice, the ratios were 0.89, 0.98, 0.66,
and 1.35, for the 3-, 8-, 24-, and 48-hour microarrays, respec-
tively; for B6 mice, 1.05, 1.14, 0.83, and 0.88, for the 3-, 8-,
24-, 48-, and 96-hour microarrays, respectively. The differen-
tial expression level for each cDNA was normalized to the
balance coefficient of each microarray to give a balanced dif-
ferential expression value for each cDNA. The criteria for
inclusion of a cDNA in the analysis were that the fluorescent
signal from the cDNA exceeded a signal-to-background ratio
of 2.5 and that the cDNA covered more than 40% of its grid
location on the microarray.

TEMPORAL CLUSTERING

To assess temporal patterns, differentially expressed genes
were grouped according to similarities in expression. The
gene similarity metric (uncentered correlation), as described
by Eisen and colleagues (1998), was used for identifying
temporal clusters of genes. Genes with a balanced differen-
tial expression greater than 1.7-fold at 2 or more exposure
times were included in the B6 strain analysis. Genes with a
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balanced differential expression greater than 1.7 in either
strain at any exposure time were used in the comparison of A
and B6 mice. Balanced differential expression values were
assigned pseudocolors; cells representing increased expres-
sion levels relative to control were colored red, and those rep-
resenting decreased expression levels relative to control were
colored green. Black was assigned to missing values, and addi-
tional annotations were generated from Unigene_Mm042799
(National Center for Biotechnology Information, Bethesda
MD). The sequences of ESTs lacking homology with known
genes were analyzed. A Basic Local Alignment Search Tool
(BLAST) search against the nonredundant GenBank, EMBL,
DDBJ, and PDB sequence databases was performed for each
EST, and homology with known genes was assessed by the
score generated. To assess physiologic significance, differ-
entially expressed genes were evaluated according to func-
tion with the aid of the hierarchy component of GEMTools
(Incyte Pharmaceuticals).

NORTHERN BLOTTING AND S1 NUCLEASE
PROTECTION ASSAYS

To assess further the increased expression of the metal-
lothionein-1 and heme oxygenase-1 genes as observed
with the microarray analysis, Northern blot analysis was
performed. Using a method previously described (Dalton
et al 1994), mouse metallothionein-1 and rat heme oxyge-
nase-1 cDNAs were used as the templates for >2P-labeled
riboprobes (hybridization buffer was 3x SET where 1x SET
is 150 mM NaCl, 30 mM Tris-HCI, pH 7.8, 2 mM EDTA),
0.1% SDS, 0.2% Ficoll, 0.2% polyvinylpyrrolidine, 0.2%
BSA, 250 mg/mL yeast transfer RNA; 65°C, 16 hours).
Blots were washed in 1x SSC, 0.1% SDS, followed by 0.3x
SSC, 0.1% SDS, at 65°C, and quantified by phosphorim-
aging (Molecular Dynamics PhosphorImager, ImageQuant,
Sunnyvale CA). Each blot was subsequently probed using
a y-32P-labeled oligonucleotide to 28S ribosomal RNA
(rRNA) (hybridization buffer was 5x SET, 0.1% Ficoll,
0.1% polyvinylpyrrolidine, 0.1% BSA, 0.5% SDS,
0.05 mg/mL denatured salmon sperm DNA, 0.004 mg
unlabeled 28S rRNA oligonucleotide; 42°C; 3 hours)
(Barbu and Dautry 1989). Blots were washed in 2x SET,
0.1% SDS, at room temperature, followed by 0.5x SET,
0.1% SDS, at 42°C, and quantified by phosphorimaging.

To assess further the decrease in SP gene expression
observed with the microarray analysis, S1 nuclease protec-
tion assays were performed. Using a method described
previously (Bachurski et al 1995), S1 probes specific for
murine SP-A, SP-B, and SP-C, and ribosomal protein L32
for comparison, were linearized, end-labeled with y—32P—
adenosine triphosphate (y—32P—ATP), combined, and
hybridized (16 hours, 55°C) with the same total lung RNA

used for the microarray analysis. Single-stranded regions
were digested away from protected fragments by S1
nuclease (110 U, GibcoBRL) in the presence of excess unla-
beled salmon sperm DNA (1 hour, room temperature). The
protected fragments were electrophoresed through 6%
polyacrylamide gels containing 8 M urea and quantitated
by phosphorimaging (ImageQuant).

PHENOTYPING, DNA PREPARATION, AND
GENOTYPING

Mice were continuously exposed by inhalation to nickel
at 150 pg/m?® to induce acute lung injury and death. The
mice used in these studies were obtained from the Jackson
Laboratory (Bar Harbor ME) and included male and female
A and B6 as well as B6AF, and AB6F; (both termed F;
subsequently) control mice, and backcross mice (n = 307),
generated from F; x A (n=162) and A x F4 (n = 145) mat-
ings. Mice were acclimated for approximately 1 week prior
to nickel exposure and maintained in a virus-free and
pathogen-free environment with a light cycle of 12 hours on
and 12 hours off. Six exposures were performed throughout
the year, with groups ranging from 30 to 67 mice/exposure.
All exposures also contained at least 2 control mice (one A
and one B6 of either sex), approximately equal numbers of
each backcross mating scheme (A x F; and F; x A), and
males and females of each group. Survival time was
recorded to within a 5% error for each animal. After death,
the liver was removed from each mouse, immediately
frozen in liquid nitrogen, and stored at —70°C for subse-
quent genotype studies.

Genomic DNA was isolated using a DNA extraction kit
(Wizard DNA, Promega, Madison WI). Samples were ana-
lyzed for purity (Asg9/Asgp), and DNA concentrations
(Asg0) were quantitated using a Beckman DU-64 spectro-
photometer. A fraction of each DNA sample was diluted
to 10 ng/pL for use in microsatellite analysis. Polymerase
chain reactions were performed to genotype backcross
progeny for microsatellite markers located throughout
the mouse genome. Primer pairs were chosen on the basis
of known polymorphisms between the A and B6 strains
and purchased from Research Genetics (Huntsville AL).
Polymerase chain reactions were performed in 15-pL reac-
tions in 96-well plates (M]J Research, Watertown MA)
using a 4-block thermocycler (model PTC-225, M]J
Research). The final concentration for each reaction was
10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl,,
0.2 mM of each dNTP (Promega), 1x RediLoad (Research
Genetics, Huntsville AL), and 0.132 pM of each microsat-
ellite primer. This reaction mixture was added to 100 ng of
genomic DNA (10 pL) and 0.6125 U of Taqg DNA poly-
merase (GibcoBRL). The final mixtures were initially
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denatured at 94°C for 3 minutes, followed by 35 to 37 cycles
of 94°C for 30 seconds, 55°C for 45 seconds, and 72°C for
30 seconds. A final elongation step at 72°C for 7 minutes
was followed by refrigeration (4°C) until genotyping by gel
analysis. The PCR products were differentiated on agarose
gels (GibcoBRL) and visualized by ethidium bromide
staining. The agarose concentration used (2.5% to 6%)
depended on the size of the allelic variants and had a res-
olution of about 4% to 5% difference in size between A
and B6 alleles.

LOCUS NUMBER ESTIMATION

To estimate the number of independent genes segregating
with the response to nickel-induced acute lung injury, the
following formula of Sewall Wright was used: n = (P, — F;)?/
4(1Vyg — Vpq 1), where n is the estimated number of segre-
gating loci; P, and F, are the MSTs of A and B6AF; mice,
respectively; and Vi, and Vg, are computed variances of
the (F, x A) backcross and F, cohorts, respectively (Silver
1995). This estimate assumes that the genes are unlinked,
and that each gene is semidominant and contributes
equally to the phenotype.

QUANTITATIVE TRAIT LOCUS MAPPING AND
LINKAGE ANALYSIS

To identify chromosomal regions linked to nickel-
induced acute lung injury, backcross progeny derived from
crossing sensitive A and resistant B6 strains of mice were
phenotyped, genotyped, and analyzed for evidence of
QTLs. Initially, 307 backcross mice were genotyped for
77 microsatellite markers distributed at intervals of 20 to
30 cM across the genome. After generation of a linkage map
(MAPMAKER/EXP version 3.0b; Lander et al 1987), all
phenotype data (ie, survival times) and genotype data were
analyzed for linkage using MAPMAKER/QTL version 1.1b
(Paterson et al 1991; Lincoln et al 1992a,b) and QTL Car-
tographer model 3 (Basten et al 1994, 1997) computer pro-
grams. Initial analysis of the phenotype distribution
indicated skewness; log transformation produced a normal
distribution. Regions with lod scores greater than 1.6 were
subsequently typed for additional microsatellite markers.
To identify other loci explaining lesser portions of the
genetic variance, the major locus was fixed to remove its
variance, and the genome was rescanned to determine any
additional linkages. After identification of each additional
locus, the combined loci were sequentially fixed to further
determine suggestive linkages. To look for suggestion of
epistatic interactions between the putative QTLs, the back-
cross data set was examined using Epistat (Chase et al
1997) and the cumulative search function of MAP-
MAKER/QTL (Lincoln et al 1992b).
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HAPLOTYPE ANALYSIS

To gain insight into the contribution of each QTL and
combination of QTLs to the overall survival phenotype,
haplotype analysis was performed. This procedure directly
quantifies a difference in survival time (in hours) associated
with a particular haplotype. For this analysis, each QTL was
assumed to be fully penetrant and located at the microsatel-
lite marker nearest to the peak lod score for the identified
QTL regions (ie, D1Mit213, D6Mit183, D8Mit65, DIMit299,
D12Mit112, and D16Mit152). Mean survival times for
groups of mice with the same haplotype (ie, sensitive
alleles) at each QTL or combination of QTLs were calcu-
lated and then compared with the MSTs of mice with the
opposing haplotype (ie, resistant alleles) to determine the
contributions of these QTLs to the overall phenotype.

NICKEL RETENTION

Mice that express human transforming growth factor-a
(hTGF-a) in the lung have varied lung remodeling. To com-
pare the amount of nickel retention between nontransgenic
and hTGF-a transgenic mice, lungs were obtained before or
72 hours after exposure to NiSOy at 70 pg/m?; lung wet
weights were determined; and then the lungs were dried.
Each sample was placed in a 1.25-mL vial and sent to the
University of Wisconsin Nuclear Reactor Laboratory for
neutron activation analysis. Vials with known amounts of
NiSO, standards or lung samples from exposed mice were
passed through the nuclear reactor and irradiated for
4 hours (using an irradiation position designated as Whale
8). Beginning 375 hours later, each vial was counted for
2 hours at 0 cm (vertical axis) with a 170-cm? intrinsic ger-
manium detector (GEM-40190, Ortec Products, PerkinElmer
Instruments, Wellesley MA) coupled to a multichannel ana-
lyzer (PC-based unit, Ortec Products). Peak areas were com-
puted using a basic program compiled at the University of
Wisconsin Nuclear Reactor Laboratory, NAACALC. Flux
calculations were based on nickel content in known stan-
dards, and samples had less than 0.20% counter dead times.

STATISTICAL ANALYSES AND QUALITY
ASSURANCE

To evaluate resistance to acute lung injury caused by
NiSOy, PTFE, or Og, survival times were determined and
are presented here as the means + SEs. Differences
between means were assessed using an analysis of vari-
ance (ANOVA) followed by a Student-Newman-Keuls mul-
tiple comparison test of significance. To assess NiSO,-
induced changes in lung wet-to-dry weight ratios and in
protein or PMNs in lavage fluid, values are presented as
the means + SEs. Statistical analysis was performed using
a 2-way ANOVA followed by a Student-Newman-Keuls
test of significance. The factors for each analysis were
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strain (A vs C3 vs B6C3F, vs B6) and exposure (exposed vs
control). Analysis of cDNA microarray data was based on
experiments performed by the manufacturer (Incyte Phar-
maceuticals), which showed that 99% of the cDNAs dis-
played differential expression less than 1.4-fold for a single
sample hybridized against itself (Braxton and Bedilion
1998). Genes were considered differentially expressed if the
change was greater than 1.7-fold in this study. For S1
nuclease protection assays, samples were normalized to L32
and means were compared by 1-way ANOVA followed by
the Dunnett test for multiple comparisons. Comparison of 2
means of multiple groups were evaluated by ANOVA in
conjunction with the Student-Neuman-Keuls test for com-
parisons among all the groups or by the Dunnett test when
the comparison of treated groups with a control group was
of most concern. Sigma Stat (San Rafael CA) was used to
analyze group variances and to determine statistical differ-
ences. Values were considered different when a level of sig-
nificance (P value) less than 0.05 was obtained.

The data values were limited to 3 significant figures based
on the most limiting measurements. Group values are
expressed as the means + SEs. Animals were obtained solely
from Jackson Laboratory to enable others to reproduce these
genetic analyses and to provide for uniformity. Each ship-
ment was given a unique number to allow for tracking of
individual groups. Within a test, permanent markers were
used for labeling samples from each individual animal as
steps progressed through the study (eg, livers for DNA anal-
ysis). Spectrophotometers were autocalibrated before each
use. Standard curves generated in each analysis were com-
pared with historical analyses for spectrophotometer anal-
ysis of proteins. Balances and micropipettes were routinely
calibrated. Data were recorded in ink in bound scientific
notebooks. Copies of recordings were retained in chrono-
logic order. Computer programs for data analysis were used
and backups were kept on separate disks.

RESULTS

STRAIN PHENOTYPE PATTERN

The survival times of 7 inbred mouse strains were used
to quantitate acute lung injury induced by continuous
exposures. After exposure to NiSOy, the A strain was sen-
sitive and the B6 strain was resistant to acute lung injury
(Figure 1). Other strains, FVB/N, CBA, AKR, DBA/2, and
C3, varied in sensitivity. The strain phenotype pattern
observed with fine NiSO, was similar to that of the other
2 irritants tested, ultrafine PTFE and Og4 (Figure 1). The
survival times decreased with each irritant (NiSO, >

PTFE > Og3); nonetheless, the pattern of a sensitive A
strain and resistant B6 strain was consistent across the
irritants. Of the 3 more common strains, the relative sus-
ceptibility for this trait followed the order A > C3 > B6.

MODE OF INHERITANCE

To determine whether resistance or sensitivity is reces-
sive or dominant, the first-generation offspring of a cross of
the resistant B6 strain mice with the sensitive A strain
mice (B6AF,) were exposed to NiSO4. These mice were
resistant, with survival times resembling those of the resis-
tant B6 parental strain (Figure 2). Exposure to ultrafine
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Figure 1. Survival times of 7 inbred strains of mice during continuous
exposure to fine NiSO,, ultrafine PTFE, and O3. Mice were exposed
continuously to NiSO, at 150 pg/m® (MMAD, 0.2 um; 0g = 1.9), PTFE
particles at 107/cm?®, or 10 ppm O and the time of death was recorded.
The white bar shows the mean response for the A mouse strain; the
hatched bars show means for strains with intermediate responses; the
black bar shows the mean response for the resistant B6 strain. Values are
means * SE (n = 6 to 27 mice/strain for NiSO,4, n = 6 to 15 mice/strain for
PTFE, and n = 9 to 60 mice/strain for Oj).
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PTFE or Oj resulted in similar effects, with the B6AF,
mice having survival times resembling those of the B6
parental strain (Figure 2). For each irritant, the response of
the A strain was significantly less than that of the B6 strain,
which was not significantly different from the B6AF,
response. These findings suggest that resistance is inher-
ited as a dominant trait, or that susceptibility is recessive.

PULMONARY HISTOPATHOLOGY INDUCED BY
NICKEL SULFATE

Acute lung injury in the sensitive A strain and resis-
tant B6 strain was evaluated by light microscopic obser-
vations and by measuring lung wet-to-dry weight ratios.
The exposure-induced changes in pulmonary histology
were comparable between the sensitive A strain and
resistant B6 strain. When compared with corresponding
control mice (Figures 3A and 3B), exposed mice had
greater perivascular distention (Figures 3C and 3D) and
focal loss of epithelial integrity, alveolar congestion, and
alveolar hemorrhage, with luminal erythrocytes (Figures
3E and 3F). No strain differences between A and B6 mice
were observed. At the time of death (MST = SE =67 + 2
and 120 + 3 hours for A and B6 mice, respectively), lung
wet-to-dry weight ratios of exposed mice increased sig-
nificantly over those of their respective controls (Figure
4). No statistical difference was observed between con-
trol A and B6 mice or between exposed A and B6 mice at
death, indicating the amount of lung edema at death was
comparable between the two strains. Together with the
results of lung histopathology, these findings indicate
that the two strains succumbed to comparable acute
lung injury, but varied in their innate ability to stave off
those events that curtail survival time.

DOSE-RESPONSE RELATIONSHIP

Having found that A mice were sensitive, we then
obtained dose-response information for this strain.
Groups of 10 mice (5 males and 5 females) were continu-
ously exposed for up to 14 days, and 100% mortality was
observed at fine NiSO, aerosol concentrations of 150 and
60 ug/m3 (Figure 5). At lower NiSO,4 concentrations of 30
and 15 pg/m?, the A mice exhibited 60% and 20% mor-
tality, respectively. The lethal dose of NiSO, producing
50% mortality (LD5,) was estimated to be 27 pg/m?.

PULMONARY PROTEIN AND LEUKOCYTE
INFILTRATION IN LAVAGE FLUID

Compared with nonexposed control mice, the A, B6,
and C3 mice had greater levels of protein recovered by
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Figure 2. Survival times of A, B6AF,, and B6 inbred mice during contin-
uous exposure to fine NiSO,, ultrafine PTFE, or O3. Mice were exposed
continuously to NiSO, at 150 pg/m? (MMAD, 0.2 pm; 0g = 1.9), PTFE par-
ticles at 107/cm?, or 10 ppm Og. The white bars show the mean responses
for the A (parental) mouse strain; the hatched bars show the mean
responses for the offspring (B6AF,), a cross of the parental strains (B6 and
A); the black bars show the mean responses of the B6 (parental) mouse
strain. With each irritant the A strain response was significantly less than
the B6 or B6AF, responses; the B6 and B6AF, responses did not differ
significantly. (Values are means + SE; n = 6 to 59 mice/strain for each irri-
tant.) Statistical analysis was performed using a 2-way ANOVA followed
by a Student-Newman-Keuls test of significance. Statistical significance
for all comparisons of means was accepted at P < 0.05.

lavage after a 48-hour exposure to fine NiSO, aerosol.
The amount of protein induced by exposure varied
between strains. The response of the B6 strain was
greatest with a mean value higher than that of the C3 or A
strains (Figure 6). Of the 3 strains tested, susceptibility to
lavage protein followed the order B6 > C3 = A. The cross of
the sensitive B6 and the resistant C3 strains produced off-
spring (B6C3F,) with a resistant phenotype, resembling
the resistant C3 parental strain.

The PMNs and macrophages (monocytes) recovered in
lavage after 48 hours of exposure are presented in Table 1.
Relative to each strain’s nonexposed control values, the A,
B6, and C3 mice each had small, but significant increases
in the percentage of PMNs recovered in lavage fluid.
Again, the A and B6 strains had comparable responses,
and the C3 strain was less responsive. Of the 3 strains
tested, susceptibility to lavage PMNs followed the order A
2 B6 > C3. Cross of the sensitive B6 strain and resistant C3
strain produced offspring (B6C3F,) that possessed a resis-
tant phenotype (ie, their response was significantly less
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Figure 3. Lung histology of A and B6 inbred mice exposed continuously to filtered air or to fine NiSO, aerosol. Tissues from control mice or mice
exposed to NiSO, (150 pg/m®) were fixed with phosphate-buffered formaldehyde solution, embedded in paraffin, stained with hematoxylin and eosin,
and viewed by light microscopy. A: Control A strain mouse (original magnification, x150). B: Control B6 strain mouse (x150). Each photomicrograph
shows normal lung architecture of a large-diameter airway, vascular tissue, and surrounding alveoli. C: Exposed A strain mouse (x125). D: Exposed B6
strain mouse (x200). Each strain developed enlargement (fluid-filled cuffing) of the perivascular and peribronchial space. E: Exposed A strain mouse
(x700). F: Exposed B6 strain mouse (x700). Each strain developed alveolar epithelial disruption, alveolar wall thickening, interstitial leukocytes, and
luminal erythrocytes.
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Figure 4. Lung wet-to-dry weight ratios of A and B6 inbred mice after
continuous exposure to NiSO, aerosol. The white bars show the mean
responses of the A strain mice; the black bars show the mean responses of
the B6 strain mice. The bars on the left show lung wet-to-dry weight ratios
from nonexposed control mice. The bars on the right show lung wet-to-
dry weight ratios for mice exposed continuously to NiSO, at 150 pg/m?
(MMAD, 0.2 pm; Oy = 1.9), with tissue obtained at the time of death. Sta-
tistical comparisons within a strain of exposed animals with respective
nonexposed controls were significantly different. Statistical comparison
of control A with control B6 mice or exposed A with exposed B6 mice
were not significantly different. Values are presented as means + SE (n=5
mice/strain for each exposure group). Statistical analysis was performed
using a 2-way ANOVA followed by a Student-Newman-Keuls test of sig-
nificance. Statistical significance for all comparisons of means was
accepted at P < 0.05.
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Figure 5. Dose-response relationship for mortality of sensitive A inbred
mice during continuous exposure to fine NiSO, aerosol. Mice were
exposed to the indicated concentrations of NiSO, aerosol (MMAD, 0.2
pm; o, = 1.9) for up to 14 days (n = 10 mice/dose; 5 males and 5 females).

8 p
The LD5,, of NiSO, was estimated to be 27 pg/m?.
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Figure 6. Discordance in the survival time (top panel), lavage protein
(middle panel), and lavage PMN (bottom panel) phenotypes in selected
mouse strains after continuous exposure to fine NiSO, aerosol. Strain
responses are arranged from sensitive phenotypes (low survival time,
high lavage protein, or high lavage PMNs) to resistant phenotypes. Sur-
vival times were measured during continuous exposure to NiSO, at
150 pg/m?. Protein concentration and percentage of PMNs were mea-
sured in lavage fluid after 48 hours of continuous exposure to NiSO, at
150 pg/m?. The strains tested were the parental strains A, G3, and B6,
and the corresponding offspring of a cross of B6 with A (B6AF,) and a
cross of B6 with C3 (B6C3F;). In each case, the response of the F; hybrid
cross resembled that of the corresponding resistant parental strain. None
of the 3 phenotypes shared the same strain pattern. Values are means *
SE (n =5 to 6 mice/strain for PMNs and protein; n = 12 to 27 mice/strain
for survival time). Control values for PMNs were < 1.1% * 0.2% in each
strain;for protein, A =80+ 7, C3 = 70 + 8, B6 = 119 * 13, and B6C3F, =
88 * 5.4 ng/mL of lavage fluid.
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Table 1. Macrophages and PMNs Recovered in Bronchoalveolar Lavage Fluid from Control Mice or from Mice Exposed
to Nickel Sulfate®

Control Exposed®
Strain Macrophage PMNs Macrophage PMNs
A 16.3 + 2.4 0.1 + 0.02 20.0 + 2.4 1.9 + 0.7%4
B6 18.1 = 1.1 0.1+ 0.01 24.3+ 4.5 1.4 + 0.204
C3 17.8 £ 0.8 0.1+ 0.01 19.3 £ 2.4 0.5 = 0.2%°
B6C3F, 8.6 + 0.9° 0.1 + 0.02 20.0 = 1.2°¢ 0.7 = 0.1%°

2 Values are cell number (x 10*) and presented as means + SE (n = 5 to 6 mice/strain/exposure). Statistical analysis was performed using a two-way ANOVA
followed by a Student-Newman-Keuls test of significance. The factors for each analysis were strain (A vs C3 vs B6C3F, vs B6) and exposure (exposed vs
control). Statistical significance for all comparisons of means was accepted at P < 0.05.

b Exposure was to NiSO, at 150 ng/m® (MMAD, 0.2 m) for 48 hours.

¢ Significantly different from within-strain control.

d Significantly different from C3 or BBC3F,.

® Significantly different from A or B6. Lymphocytes and epithelial cells were less than 0.1 £ 0.01 x 10* cells and did not change significantly with exposure.

Table 2. Effect of Particle Size on Pulmonary Inflammation in B6 Mice Intratracheally Instilled with Saline (Control) or
Nickel Oxide (300 pg/kg body weight)

Particle Size Cell Count Cell Viability Protein Neutrophils
(nm) (x 10°) (%) (mg BSA/mL) (%)
Control 2.2 £ 0.5 96 = 0.7 0.08 = 0.01 0.8 £ 0.4
40 1.6 £ 0.1 98 + 0.1 0.09 = 0.01 12.0 = 6.0
130 2.7 £ 0.2 97 £ 04 0.07 = 0.01 0.9 £ 0.3
300 1.8 £ 0.1 98 + 0.3 0.08 = 0.01 0.5 £ 0.1
1000 1.6 £ 0.5 97 £ 1.0 0.07 = 0.01 0.8 £ 0.5
than that of the B6 parental strain, but not significantly dif- were not statistically different from those of controls. These
ferent from that of the C3 parental strain). In this series of results are in close agreement with those of other investi-
tests, protein and PMN counts were obtained from the gators using similar doses, but larger (> 2 pm) particles
same mouse; therefore, the association between these vari- (Benson et al 1986, 1988, 1995; Dunnick et al 1988). In con-
ables could be examined. The correlation coefficients (r%) trast, mice inhaling NiSO, particles had increases in PMNs
for the B6, C3, and B6C3F; mice were 0.11, 0.10, and 0.04, and protein in lavage fluid that increased significantly with
respectively. These results indicated that within a strain, length of exposure (Table 4). In these tests, significant
protein in lavage fluid poorly correlated with PMNs in increases were noted after 48 hours and after 72 hours.

lavage fluid (ie, these traits were discordant) (Figure 6).

To examine the role of particle size, 4 size fractions of  GENE EXPRESSION IN LUNGS OF B6 MICE
NiO der i li i intratracheall
(1 POWAST 11 Sa.7ne Suspension were intratrachea ty To determine the extent to which genes were differen-
instilled in mice. To study the role of speciation, mice . . e .

. . . . tially expressed during the initiation and progression of

were exposed by inhalation to 50-nm NiO, 60-nm NiSOy, . . .
acute lung injury, we first assessed gene expression by

cDNA microarray analysis in B6 mice. Of the 8,734 cDNAs
analyzed at each exposure time, few genes initially
changed in their level of expression relative to control. As
lung injury progressed, however, the changes increased in
number and magnitude (Figure 7). At 3 hours, 17 genes

were differentially expressed (3 had increased and 14 had

and 250-nm NiSO, aerosols. Responses in the form of
PMNs or protein in lavage fluid from animals exposed to
submicrometer NiO particles by intratracheal instillation
were not statistically different from those of control animals
(Tables 2 and 3). In addition, these responses in mice
breathing 50-nm NiO particles (340 ug/m3) for 6 to 72 hours
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Table 3. Effect of Particle Concentration on Pulmonary Inflammation in B6 Mice Intratracheally Instilled with Saline
(Control) or Nickel Oxide (40 nm)?

Mass Instilled Cell Count Cell Viability Protein Neutrophils
(ng/kg) (x10°) (%) (mg BSA/ml) (%)

Control 2.2 0.5 96 = 0.7 0.08 £ 0.01 0.8 + 0.4

3 2.0 £ 0.2 98 = 0.3 0.10 £ 0.01 0.4 + 0.3

30 1.6 £ 0.1 99 = 0.4 0.09 = 0.01 0.2 £ 0.1

300 1.6 £ 0.1 98 = 0.1 0.09 = 0.01 12.0 = 6.0

3000 1.9 £ 0.1 98 * 0.5 0.04 £ 0.01 0.3 + 0.1

@ Bronchoalveolar lavage was performed 18 hours after instillation. Values are means + SE. Comparison of two means of multiple groups were evaluated by
ANOVA in conjunction with Dunnett’s test (treated groups compared to a control group). No value was statistically significant when compared to control
(P> 0.05).

Table 4. Pulmonary Inflammation in B6 Mice After Inhalation of Nickel Oxide or Nickel Sulfate®

Duration of Exposure

Variable? Control 6 hours 24 hours 48 hours 72 hours
Cell Count (x 10°) 1.5 + 0.1

NiO 50 nm: 340 pg/m? 1.1 + 0.1 1.5+ 0.7 1.9 1.9+ 0.3
NiSO, 60 nm: 420 pg/m3 1.2+ 0.1 2.3+0.6 2.9+ 0.2°
NiSO, 250 nm: 480 pg/m> 1.7 £ 0.1 2.0+ 0.6 1.2+ 0.2¢
Cell Viability (%) 97 + 0.6

NiO 50 nm: 340 pg/m?® 96 + 0.4 99 + 0.6 99 99+ 0.4
NiSO, 60 nm: 420 g/m3 94+ 0.4 94+0.8 93 + 0.8¢
NiSO, 250 nm: 480 pg/m> 89 + 1.4¢ 92 + 0.9¢ 93 + 0.4¢
Protein (mg BSA/mL) 0.10 = 0.01

NiO 50 nm: 340 pg/m?® 0.05 = 0.01 0.05 + 0.01 0.05 0.05+ 0.01
NiSO, 60 nm: 420 pg/m3 0.11+ 0.01 0.26 + 0.01° 0.41+ 0.05°
NiSO, 250 nm: 480 pg/m> 0.14 + 0.01 0.21+ 0.03 1.09 + 0.08¢
Neutrophils (%) 0.4 = 0.3

NiO 50 nm: 340 pg/m? 0.9 = 0.4 5.0+ 0.7 0.2 0.1+0.9
NiSO, 60 nm: 420 pg/m3 0.6+ 0.2 22.1+7.2° 14.6 + 6.6°
NiSO, 250 nm: 480 pg/m> 2.6+0.7 6.8+ 4.1 33.5+ 4.5°

 Bronchoalveolar lavage was performed 15 hours after a 6-hour exposure. Values are means * SE (n = 3 to 4 mice/treatment) except values without SE,
which are means alone (n = 2).

b The particle geometric standard deviation for 50 nm NiO = 1.6, for 60 nm NiSO, = 1.7, and for 250 nm NiSO4 = 1.9.

¢ Significantly different from control. Statistical analysis was performed using a 2-way ANOVA followed by Dunnett’s test (treated groups compared with
control group). Statistical significance for all comparisons of means was accepted at P < 0.05.

decreased). The largest increase was 3 times the control, To assess the coregulation of gene expression, results
and the largest decrease was 4-fold lower than the control. were grouped according to similarities in expression with
In contrast, at 96 hours, 255 genes were differentially time. Genes differentially expressed relative to control at 2
expressed (125 had increased and 130 had decreased). At or more times (= 1.8-fold, 100 genes) were clustered into
96 hours, the maximal increase was 13 times the control and 4 major temporal groups (Figure 8). Group I contained genes
the maximal decrease was 33-fold lower than the control. that increased steadily throughout nickel exposure and
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Figure 7. Differential gene expression in lungs from B6 mice exposed to
NiSO,. Polyadenylated mRNA from the B6 mouse lung was isolated
after exposure to NiSO,4 (110 pg/ms; MMAD, 0.2 pm), for 3, 8, 24, 48, or
96 hours, and labeled during reverse transcription with the fluorescent
dye Cy5. These samples were competitively hybridized with Cy3-
labeled cDNA from the lungs of unexposed B6 control mice to microar-
rays of 8,734 murine cDNAs. After hybridization of Cy3 and Cy5 sam-
ples, scans were acquired for each fluorophore at each target cDNA
element. Each point represents the Cy3-versus-Cy5 signal value for each
cDNA element, and slanted lines delineate fold changes.

included the metallothionein-1, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), thioredoxin reductase-1,
lactotransferrin, small proline-rich protein 1a, and
galectin-3 genes. Group II contained genes that had a
delayed increase and included secretory leukoprotease
inhibitor and lysyl oxidase. Group III contained genes that
steadily decreased in response to nickel and contained
mainly nonannotated ESTs (with no homology to known
genes) and a few known genes, including ubiquitin hydro-
lyzing enzyme-1 and L-selectin. Group IV contained genes
that had a delayed decrease and included SP-C and Clara
cell secretory protein (CCSP). Of the 100 genes that were
clustered, 53 were known genes, 15 were ESTs highly
homologous to known genes, and 32 were ESTs with nom-
inal homology to known genes. Groups I and II contained
genes that increased and were enriched in annotations
when compared with Groups III and IV, possibly reflecting
the bias of experimenters to find increases that occur with
exposures. In addition, the number of known genes and
ESTs that increased approximated the number of genes
that decreased, suggesting that gene expression achieved a
new equilibrium (genomic balance) in response to nickel.

To assess the pathophysiology of changes in gene expres-
sion, genes within these 4 temporal groups were further
organized into functional categories (Table 5). Genes sharing
common temporal patterns often shared common functions.
Temporal Group I included several genes categorized in
functional groups of metabolism (eg, aldolase, enolase, and
GAPDH) and immunity (eg, galectin-3 and signal transducer
and activator of transcription-3 [STAT-3]). Group II was
enriched in genes of the oxidoreductase category including
heme oxygenase-1 and lysyl oxidase. Combining temporal
Groups I and II (genes that either increased steadily or were
delayed) revealed several genes in the category of protein
modification and maintenance and included 2 antiproteases,
secretory leukoprotease inhibitor and serine proteinase
inhibitor-2 (spi2). Group IV genes often fell into a group
defined as cell-specific genes, including SP-C, CCSP, and
cytochrome P450 2f2. Members of this category were found
to be genes expressed constitutively in the lung, including 2
nonannotated ESTs that were further sequenced and found
to have homology with SP-B (obtained by BLAST search
after sequencing of selected clones).

Expression levels of 2 genes that increased using
microarray analysis, metallothionein-1 and heme oxyge-
nase-1, were also examined by Northern blot analysis. The
extent of expression changes and temporal patterns for
both genes determined by the two methods were similar
(Figure 9). Metallothionein-1 expression increased by
3 hours (microarray, 2.5-fold; Northern blot, 2.3 + 0.4-fold)
and continued to increase through 8 hours (microarray,
4.2-fold; Northern blot, 5.3 + 0.8-fold), 24 hours
(microarray, 6.2-fold; Northern blot, 11.4 + 3.4-fold), and
48 hours (microarray, 6.5-fold; Northern blot, 9.8 + 2.3-
fold). Metallothionein-1 expression reached its highest
level by 96 hours (microarray, 13.1-fold; Northern blot, 11.6
+ 0.7-fold). Heme oxygenase-1 increased in expression at
8 hours (microarray, 2.6-fold; Northern blot, 3.8 + 0.6-fold)
and again at 96 hours (microarray, 4.8-fold; Northern blot,
3.0 + 1.3-fold). (This cDNA on the 96-hour microarray cov-
ered 37% of its grid, failing to meet the criterion of 40%
coverage; however, the balanced differential value is
included because of verification by Northern blot analysis.)

Decreases in gene expression for SP-B and SP-C obtained
by the microarray analysis were compared with those
assessed by S1 nuclease protection assays for SP-A, SP-B,
and SP-C (Figure 10). (Note that the microarray lacked a
c¢DNA encoding SP-A.) The microarray and the S1 analyses
displayed the same trend: expression of SPs decreased with
progression of lung injury. As observed with the microarray
analysis, SP-B and SP-C expression decreased by 24 hours
relative to control (microarray, SP-B, 3-fold; SP-C, 6-fold;
and S1 analysis, SP-B, 7-fold; SP-C, 6-fold). Gene expression
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Figure 8. Temporal clustering of mRNA levels coregulated in B6 mouse lung after exposure to NiSO, (110 pg/m?; MMAD 0.2 pm). Lung cDNA was ana-
lyzed by microarrays containing 8,734 murine cDNA elements. Genes with 2 or more changes relative to control (balanced differential > 1.7-fold) were
clustered using the gene similarity metric developed by Eisen and colleagues (1998). Cells representing increased gene expression relative to control are
colored red, and those representing decreased expression relative to control are colored green. Black is assigned to missing values. The scale displays rel-
ative levels of expression. Large groups displaying similar expression patterns (coregulation) are designated I, II, III, and IV. Only ESTs designated as
highly similar to known genes are annotated. *Nonannotated EST found by BLAST search (nonredundant GenBank, EMBL, DDBJ, and PDB sequences) to

be highly homologous to known gene.

continued to decrease through 48 hours (microarray, SP-B,
5-fold; SP-C, 30-fold; and S1 analysis, SP-B, 14-fold; SP-C,
50-fold) and through 96 hours (microarray, SP-B, 4-fold; SP-
C, 33-fold; and S1 analysis, SP-B, 13-fold; SP-C, 100-fold).
SP-A also decreased after 24 hours of exposure. Although
the quantified results were not identical, differential expres-
sion patterns were similar between assays.

QUANTITATIVE TRAIT LOCUS ANALYSIS

To begin the identification of genetic determinants for
nickel-induced acute lung injury, offspring generated from
F, mice (A x B6 or B6 x A) backcrossed with A strain mice
(Fq x A or A x F;) were phenotyped by exposure to NiSO4

20

(Figure 11). As noted in Figure 2, the A strain was sensitive,
and the B6 and the F; mice were resistant, suggesting that a
major dominant gene could impart resistance to the off-
spring (a Mendelian single gene effect). The distribution of
backcross (F; x A and A x F;) phenotypes displayed
decreased kurtosis (increased dispersion due to variance),
which is inconsistent with a single gene effect. Quantita-
tive trait locus analysis of any data set assumes that the
population is normally distributed. Because the phenotype
distribution exhibited skewness, survival times were log-
transformed to generate a normal distribution (Figure 12).
To initially identify possible QTLs influencing survival of
nickel-induced lung injury, the 55 most sensitive backcross
mice (survival time < 66 hours) and the 54 most resistant
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Figure 9. Comparison by microarray and Northern blot analyses of
2 genes that increased in B6 mice exposed to NiSO, (110 pg/m3;
MMAD, 0.2 pm). A: Lung mRNA (pooled from n = 3 mice/treatment)
was analyzed by cDNA microarrays, and balanced differential expres-
sion values were calculated. B: Lung mRNA (n = 3 mice/treatment) was
analyzed by Northern blots. Mt1 and rat Hmox1 cDNAs were used as the
templates for [3?P]-labeled riboprobes (hybridization at 65°C, 16 hours).
Each blot was subsequently probed using a [y->2P]-labeled oligonucle-
otide to 28S rRNA (hybridization at 42°C, 3 hours). Levels of Mt1 and rat
Hmox1 were quantified by phosphorimaging and normalized to 288
rRNA and are presented as fold of control (+ SE of 3 samples).

backcross mice (survival time = 112 hours), representing
the polar extremes in survival time, were typed for
77 microsatellite markers throughout the genome, and
results from this cohort of mice were analyzed by MAP-
MAKER/QTL. The theoretical levels for significant and sug-
gestive linkage proposed by Lander and Kruglyak (1995)
were used to identify potential QTLs in the polar
responders. Regions reaching suggestive linkage (ie, lod
scores = 1.9) were identified on chromosomes 1, 6, 8,9, 12,
and 16, with lod scores for these 6 putative QTLs ranging
from 2.1 to 2.8. Together, these 6 QTLs explained more than
62% of the genetic variation in the 109 extreme-responding
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Figure 10. Comparison of cDNA microarray and S1 nuclease protection
assays of mRNA levels of genes constitutively expressed in lungs from
B6 mice exposed to NiSO, (110 pg/m?; MMAD, 0.2 ym). A: Lung mRNA
(pooled from n = 3 mice/treatment) was analyzed by cDNA microarrays,
and balanced differential expression values were calculated. B: Lung
mRNA (n = 3 mice/treatment) was analyzed by S1 nuclease protection
assays. DNA probes specific for murine SP-A, SP-B, SP-C, and L32 were
linearized, end-labeled with y->2P-ATP, combined, and hybridized (3 pg,
55°C, 16 hours) with total lung RNA used for microarray analysis. Single-
stranded regions were digested away from protected double-stranded
fragments by S1 nuclease. The protected fragments were then denatured,
electrophoresed, and quantified by phosphorimaging. Levels of SP-A,
SP-B, and SP-C were normalized to L32 quantified by phosphorimaging
and are presented as percentage of control (+ SEM of 3 separate assays).

backcross mice (Table 6). Using a modified formula of
Wright (Silver 1995), which incorporates the MSTs and vari-
ances of the parental, backcross, and F, populations, 5 genes
were estimated to be independently segregating with sur-
vival of nickel-induced acute lung injury.

To determine the significance of these QTLs and to
better ensure detection of minor contributing QTLs in the
total backcrosses (n = 307), all backcross mice were typed
for the original 77 microsatellite markers and another
32 microsatellite markers in the suggestive QTL intervals.
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Table 5. Functional Categories of Differentially Expressed Genes in B6 Mice

Total Gene Increased in Expression Total Gene Decreased in Expression
Signal transduction / regulation (category total 788; changes 7)

4 B-TrCP E3RS-IkB 3 EST CD97
Endothelial monocyte-activating polypeptide 1 L-Selectin
Interleukin 4 receptor a Pr22
STAT-3

Oxidoreductases (category total 148; changes 7)

4 Glyceraldehyde-3-phosphate dehydrogenase 3 Cytochrome P450 2b13
Lysyl oxidase Cytochrome P450 22
Metallothionein-1 Fatty acid synthase
NADH oxidoreductase

Metabolism (category total 1230; changes 29)

21 Aldolase 1, A isoform 8  Clara cell secretory protein
Annexin A2 Cytochrome P450 22
B-TrCP E3RS-IkB EST Ribonuclease PL3
elF-1A EST UTP-glucose-1-P uridylyltransferase
Enolase 3, B muscle Fatty acid synthase
EST 40S ribosomal protein S4 Hemolytic complement
EST Proteasome 6 chain Renin 1, structural
Glutathione S-transferase a1 (Ya) Ubiquitin hydrolyzing enzyme-1
Glyceraldehyde-3-phosphate dehydrogenase
Lactotransferrin
Metallothionein-1
NADH oxidoreductase
Proprotein convertase subtilisin/kexin type 5
Proteasome subunit,  type 7
Proteasome { chain
Recombining binding protein suppressor of

hairless
Secretory leukoprotease inhibitor
Serine proteinase inhibitor 2 (spi2/eb1)
Sphingosine kinase 1b (SPHK1b)
STAT-3
T-complex protein 1, B subunit
Immunity (category total 205; changes 9)
5 Endothelial monocyte-activating polypeptide I 4  Hemolytic complement

Galectin-3

Interleukin 4 receptor a
NADH oxidoreductase
STAT-3

Histocompatibility 2, class II antigen A, o chain
Ig o chain, C region
L-Selectin

(Table continues on next page)
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Table 5 (continued). Functional Categories of Differentially Expressed Genes in B6 Mice

Total Gene Increased in Expression Total Gene Decreased in Expression
Protein modification/maintenance (category total 172; changes 9)
7 EST Proteasome 8 chain 2 Hemolytic complement
Proprotein convertase subtilisin/kexin type 5 Renin 1, structural
Proteasome subunit, beta type 7
Proteasome { chain
Secretory leukoprotease inhibitor
Serine proteinase inhibitor (spi2/eb1)
T-complex protein 1,  subunit
Structure and cell-specific genes (category total 1435; changes 26)
15 Annexin A2 10  Adenylate cyclase 7
B-TrCP E3RS-1IkB Clara cell secretory protein (CCSP)
Elastin Cytochrome P450 2f2
Endothelial monocyte-activating polypeptide 1 EST CD97
Epithelial membrane protein 1 EST ribonuclease PL3
EST 40S ribosomal protein S4 Hemolytic complement
Galectin-3 Histocompatibility 2, class II antigen A, a chain
Interleukin 4 receptor a Paraoxonase-1
Keratin complex 1, acidic, gene 19 Renin 1, structural
Lactotransferrin Surfactant-associated protein C
Lymphocyte antigen 6 complex
NADH oxidoreductase
Recombining binding protein suppressor of
hairless
Secretory leukoprotease inhibitor
Serine proteinase inhibitor 2 (spi2/eb1)
Adhesion and molecular recognition (category total 97; changes 5)
2 Galectin-3 3 Histocompatibility 2, class II antigen A, a chain
NADH oxidoreductase Ig a chain, C region
L-Selectin
Hydrolases (category total 267; changes 9)
4 EST proteasome 8 chain 5 EST ribonuclease PL3
Proprotein convertase subtilisin/kexin type 5 Fatty acid synthase
Proteasome subunit, B type 7 Renin 1, structural
Proteasome { chain Hemolytic complement
Paraoxonase-1
Transferases (category total 280; changes 3)
1 Glutathione S-transferase a1 (Ya) 2 EST UTP-glucose-1-P uridylyltransferase
Fatty acid synthase
Environmental response (category total 94; changes 2)
1 Metallothionein-1 1 EST ribonuclease PL3
Membrane transport (category total 93; changes 1)
1 Lactotransferrin 0
Nucleic acid synthesis (category total 84; changes 2)
1 Recombining binding protein suppressor of 1 EST ribonuclease PL3
hairless

(Table continues on next page)
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Table 5 (continued). Functional Categories of Differentially Expressed Genes in B6 Mice

Total Gene Increased in Expression

Total Gene Decreased in Expression

5 B-TrCP E3RS-IkB
Bcl2-like
Interleukin 4 receptor a
NADH oxidoreductase
Recombining binding protein suppressor of

hairless
Rom I
1 Annexin A2
2 Aldolase 1, A isoform

Enolase 3, B muscle

Growth and development (category total 544; changes 5)

Kinesis (category total 171; changes 1)

Lyases (category total 45; changes 3)

Ligases (category total 60; changes 0)

Isomerases (category total 33; changes 0)

0

0

1 Fatty acid synthase
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Figure 11. Phenotype distribution pattern of A and B6 strain mice and
their F; hybrid offspring after exposure to fine NiSO,. Parental strains
A and BS6, their first-generation progeny (F;), and backcrosses (F; x A/A
x F;) were exposed continuously to NiSQO, at 150 pg/m® (MMAD,
0.2 pm; 0 = 1.85), and the time of death was recorded. Each symbol
indicates the survival time of a single mouse.
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Linkages determined to be significant (o = 0.05) or sugges-
tive (o = 0.1) were set at empirical levels determined by
10,000 permutations of the total backcross data set using
QTL Cartographer (Basten et al 1997). Accordingly, exper-
imentwise levels were determined at a lod score = 2.6 for
significant linkages and a lod score = 2.3 for suggestive
linkages. Three of the 6 QTLs (chromosomes 1, 6, and 12)
were linked to survival of nickel-induced acute lung injury
by MAPMAKER/QTL analysis of the total backcross popu-
lation (Figure 13). The QTL on chromosome 6 was signifi-
cantly linked, reaching a peak lod score of 3.0 at D6Mit183.
In keeping with the previous nomenclature, we have des-
ignated this QTL on chromosome 6 as Alig4, for acute lung
injury QTL4. The other putative QTLs had lod scores sug-
gestive of linkage. The QTL on chromosome 1 reached sug-
gestive linkage, with a peak 4 cM distal to D1Mit213 and a
lod score of 2.5. In addition, proximal chromosome 12 had
2 intervals reaching suggestive linkage (both had lod
scores of 2.3), with peaks at D12Mit185 and D12Mit112.
Reanalysis and verification of the genotypes for markers in
this region of chromosome 12 did not eliminate the dual
peaks. Assuming independence of loci, the 3 QTLs had a
combined lod score of 7.9 and explained about 12% of the
genetic variance (Table 6). The QTLs on chromosome 8
(peak 6 cM distal to D8Mit65; lod score, 2.2), chromosome 9
(D9Mit227;1od score, 1.6), and chromosome 16 (D16Mit152;
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Figure 12. Survival time distributions of backcross mice before and
lod score, 1.6), initially identified as suggestive loci in the
phenotypic extreme backcrosses, did not reach experi-

after log transformation. The survival times of 307 F; x A/A x F;
meet the assumption of a normal distribution for MAPMAKER/QTL

transformation eliminated the left skewness of the original data set to
analysis (bottom panel).

backcross mice were grouped into 10-hour intervals (top panel). Log

tive search function of MAPMAKER/QTL (Lincoln et al
1992b). No significant interactions between the putative

analyzed with Epistat (Chase et al 1997) and the cumula-
QTLs were found.

mentwise suggestive linkage (ie, lod score 2 2.3) in the
total backcross population. To test for possible interactions
among the putative QTLs, the total backcross data set was
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Figure 13. QTL analysis for acute lung injury induced by NiSO,. Back-
cross mice (F; x A, n=162; and A x F, n =145 mice) were exposed contin-
uously to NiSO, at 150 pg Ni/m® (MMAD, 0.2 ym; 0, = 1.85), the time of
death was recorded, and an initial genome scan was performed with
77 microsatellite markers (location identified by number near line) distrib-
uted at intervals of 20 to 30 cM. Regions on chromosomes 1, 6, 8, 9, 12, and
16 had lod scores above 1.5 and were subsequently genotyped for another
27 microsatellite markers. The results were analyzed by the MAP-
MAKER/QTL software program. White circles on curves represent posi-
tions of the designated microsatellite markers. Solid horizontal lines (at lod
score 2.6) and dashed horizontal lines (at lod score 2.3) denote significant
or suggestive linkage, respectively, as determined empirically by 10,000
permutations of the original data set using QTL Cartographer (Basten et al
1997). Alig4 peaked at D6Mit183 on chromosome 6, and regions with sug-
gestive linkage were determined on chromosomes 1 and 12.
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HAPLOTYPE ANALYSIS

To determine the contribution of each QTL and QTL com-
bination to the overall phenotype, MSTs of backcross mice
with the same haplotype (ie, sensitive vs resistant alleles)
were calculated and then compared with the MSTs of mice
with the opposing haplotype (Figure 14). For each backcross,
only a homozygous A (AA) or heterozygous (H) genotype
could be obtained in the typing of microsatellite markers.
When the MSTs were determined for the groups of mice con-
taining either the AA or H genotype at each of the markers
representing the QTLs, the largest difference in MST was
found for D6Mit183. Mice heterozygous at that locus sur-
vived an average of 12 hours longer than those mice homozy-
gous for the A allele. Different haplotype combinations at 2
QTLs showed the greatest MST difference for mice heterozy-
gous for QTLs on chromosomes 1 and 6, with H-H mice sur-
viving an average of 25 hours longer than mice AA at both
loci (Figure 14).

Continuing this analysis, examination of different com-
binations of 3 QTLs revealed that the MST of backcross
mice heterozygous for markers on chromosomes 6, 12, and
16 was 40 hours longer than that of backcross mice AA at
these markers. The best agreement between phenotype and
genotype for 4 QTLs was noted with haplotypes H-H-H-
AA for markers on chromosomes 6, 12, 16, and 9—results
that directly correlated with QTL results. Mice with this
haplotype survived an average of 52 hours longer than
mice that were AA-AA-AA-H for the 4 QTLs, respectively.
Analysis of the different haplotypes for 5 QTLs showed an
MST difference of 75 hours between mice that were H-H-
H-H-AA at chromosomes 1, 6, 12, 16, and 9, respectively,
and mice that were AA-AA-AA-AA-H for these markers.
Adding in the genotype at the QTL on chromosome 8
decreased the MST difference between the haplotypes
(AA-AA-AA-AA-AA-H vs H-H-H-H-H-AA) from 75 hours
to 70 hours for QTLs on chromosomes 1, 6, 8,12, 16, and 9,
respectively, although the number of mice in each group
was low (ie, 5 mice had a sensitive haplotype for these
QTLs and 4 had a resistant haplotype).

COMPARISON OF MICROARRAY AND
GENOMEWIDE SCAN

To examine expression of candidate genes identified by
the QTL analysis, microarray analysis was performed with
lung mRNA from A strain mice, and the results were com-
pared with those previously determined in B6 mice. This
comparative analysis was limited to the first 48 hours of
exposure because A strain mice succumbed before 96 hours.

The numbers of gene expression changes in A and B6
mice for the different exposure times are summarized in
Table 7. As was noted for the B6 mice, relatively few of the



GD Leikauf et al

160 A
E 140 A
£
= 120 -
K]
2
=
5 100 A
9]
80 A
1
5 7 4 2 1 5
60 1|7 7 2 6 4 2
Marker Haplotype
DIMit213 AH AH AB
DeMit183 | A H AH AH AH AH AB
D12Mit112 AH AH AH AB
D16Mit152 AH AH AH AB
DIMit299 HA HA AB

Figure 14. Haplotype analysis. Displayed are the survival time differ-
ences of backcross mice with resistance haplotypes versus those with sen-
sitivity haplotypes at microsatellite markers representing the putative
QTLs. The two bars on the far right represent survival times of A and B6
control strains. White bars represent backcross mice with AA genotype
(represented as A); black bars represent backcross mice with AB or BA
genotype (represented as H), or BB genotype (represented as B) for B6
control mice. The number within each bar is the number of backcross
mice with the designated genotype or haplotype. Values are means + SEs.
All comparisons of sensitivity haplotypes (white bars) versus resistance
haplotypes (black bars) were significant as assessed using a 2-way
ANOVA followed by a Student-Newman-Keuls test of significance. Statis-
tical significance for all comparisons of means was accepted at P < 0.05.

8,734 sequence-verified murine cDNAs were altered at any
of 4 times during nickel exposure and the number of genes
that changed increased with exposure time. In the A strain,
146 different genes were changed at one or more times (76
increased and 70 decreased), compared with 200 different
genes in B6 mice (111 increased and 89 decreased). The
number of genes that changed in A or B6 mice was 280
(3.2% of the total 8,734 cDNAs on the microarray), of which
183 (65%) were known genes and annotated ESTs, and 97
(35%) were nonannotated ESTs. Among these 280 changed
genes, 151 (54%) increased and 129 (46%) decreased in
expression. Fewer genes (66 total with 36 increases and 30
decreases) were changed in both strains (Table 7).

The different known genes and annotated ESTs displaying
balanced differential expression changes greater than
[2.01in A or B6 mice are listed in Table 8 (after 3, 8, or 24
hours of exposure) and Table 9 (after 48 hours of exposure).
Genes of potential interest, and therefore candidates for acute
lung injury, include those whose expressions reached signif-
icance in only one strain (genes identified by a + or — symbol
in Tables 8 and 9), and those genes significantly expressed in
both strains, but having a balanced differential greater than

Table 7. Number of Significant Gene Expression Changes in A and B6 Mice After Exposure to Nickel Sulfate?

B6 Mice A or B6 Mice A and B6 Mice

A Mice

Increased Decreased Increased Decreased

Decreased

Decreased Increased

Increased

Genes ESTs

Genes ESTs

Genes ESTs

Genes ESTs Genes ESTs

Genes ESTs Genes ESTs

Genes” ESTs®

Exposure
Time (hr)

12
10
22
35

12

14
28
44

11

13
15
22

12

20
38
65

16
20

21

16
26

18
33

11
13

10
24

24

48
No. Differentd

10

47

15

75

11

30

12

18

32

62

91 20 50 39 116 35 67

35

35

19

57

70 1 111 1 89 | 151 1t 129 | 361 301

76 1

No. tor!

280 in either 66 in both

200 in B6

146 in A

Total changes

a1 Increase; | decrease.

b Genes are known genes plus annotated ESTs (ie, those with known homologies).

4 Number of different known genes and annotated ESTs (genes) or nonannotated ESTs (ESTs) that reached a balanced differential expression ratio > |1.8| for any exposure time. Note that

¢ Nonannotated ESTs (ie, no homology to known genes).
individual genes may be included in multiple time points.
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|21 between strains (gene names identified by ++ or —
- symbols in Tables 8 and 9).

(o3}

A § A sorting of the 8,734 cDNAs on the microarray
was grouped to display those cDNAs with higher
expression in the A strain, those with higher expres-
sion in the B6 strain, and those increased or

® decreased similarly in both strains. Fourteen cDNAs
< 2‘;’ for known genes and annotated ESTs and 6 cDNAs

for nonannotated ESTs displayed higher expression
in A mice compared to the B6 strain. These 20
cDNAs were further separated into 3 subgroups: (1)
increased in A, but decreased in B6 mice; (2)
increased in both strains, but more in A mice; and (3)
decreased in both strains, but more in B6 mice
(Figure 15). Similarly, 20 cDNAs (18 known and
annotated ESTs and 2 nonannotated ESTs) displayed
higher expression in B6 mice than in A mice, and
these 20 cDNAs were further subdivided into 3
groups: (1) those increased in B6 mice, but decreased
in A mice; (2) those increased in both strains, but
more in B6 mice; and (3) those decreased in both
strains, but more in A mice (Figure 16). Examples of
cDNAs with similar expression changes in both
strains are displayed in Figure 17.

Decreased Expression Changes

To assess the possible pathophysiologic conse-
quences of the similarities and differences in the gene
expressions in A and B6 mice after exposure, the
known sequences and annotated ESTs were catego-
rized into major groups according to function.
Although most of the genes could be placed into any
one of several categories, the majority shared func-

3]
© 9 Boh b 4o+ 4+ b+ %+ D tions with genes in 1 of 5 groups: cell energy and
[2n] 2 ® o] . .
metabolism; cell growth and development; inflamma-
tion; oxidative stress; or signal transduction and cell
regulation (Table 10). Only 6 of the cDNAs were not
categorized owing to a lack of information on known,
® predicted, or suspected functions.
§ » » » » Table 11 shows the candidate genes identified in

QTL and microarray analyses of nickel-induced
lung injury that we think are the most promising for
further study.

TRANSGENIC MICE

The double plus (++) symbol indicates genes that displayed higher expression in the specified strain (by a differential expression ratio at least 212.01) than in the other strain at the indicated

timepoint. The symbol x indicates genes with a balanced differential expression ratio =11.8| and a ratio =12.0 | compared with the other strain.

Table 9 (continued). Differential Expression Changes Following 48 Hours of Nickel Sulfate Exposure®
A
2 The plus (+) symbol identifies genes that reached a significant expression change only for the indicated strain at that exposure time.

[sp] N
=) —
2 = 5

W -— o= (&)

S| 2 <& S

g 2 =2 5 3 - . .

e 3 E 2 = %) g Finding that the gene encoding TGF-a is located

~ . . . . .

Lﬁj é S % ™ % £ = in Alig4 led us to test transgenic lines of mice that

9 = 2 & & .~ E .E - go express different levels of hTGF-a in their lung (Kor-

«n [<b] . .

8 % o E <a 2870 _ 07 fhagen et al 1994). Survival varied among the trans-

. ™09 . . . c1 .

& 8 £E§ = = g S genic mouse lines and increased with increasing

Bl wag<AegdE2rcg 23y . .

= L ED S E 2o %.5 2 g0 & levels of hTGF-a expression (Figure 18). The sur-

S| 752882 CE2ERS e © ival ti f ic mice (FVB/N, strain-

2 EoEaN 2o wE 8 8y B o vival times of nontransgenic mice ( , strain
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o ;g g E GEJ QE" qé’ GEJ ,g i; E:% 2% 3 5’53 matched controls) (73 + 3 hours) and line 6108 mice

S @ % g @ C e .

g 5 é 2292 g E 553 ooog f < A (75 = 2 hours) were not significantly different. In
= = © © © o = = . . . .
T302882828¢ 8873 E g g o' B contrast, the survival time of line 4 mice (87 =
s H< 900007828 EEEL .
SSCELLEERSEGEAEETR 2 hours) was longer than that of nontransgenic and
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Increased in A Mice, Decreased in B6 Mice

Anti-HIV-1 RT singie-chain Nuclear receptor 5 Renin 1, Structural 2 Thymidine phosphorylase
2 variable fragment {(EST) subfamily 4A, member 1 (EST)
i %)———O———-O
0 0 01
¢
2 b SN N '\—”"‘
2 -2
3 8 24 48 3 8 24 48 38 24 48 3 8 24 48
EST AA110858 EST AA214955 EST AA387003 EST AA492934
o
0 0 o
-2
o 2 2 2
—
© 38 24 48 38 24 48 3 8 24 48 3 8 24 48
o
c
R . . . .
7 Increased in Both Strains, but More in A Mice
(2}
()
a 6 Calgranulin A Eph Receptor A2 Glycoprotein 49A MAP kinase phosphatase-1
o 2 2
L 4 2
&
p—d 2
< 0 0
9 0
o) o
e —
=
a 38 24 48 38 24 48 24 48 38 24 48
©
[}
Q
e
« . . . .
© Decreased in Both Strains, but More in B6 Mice
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Figure 15. Genes with higher expression in A than in B6 strain mice during nickel-induced acute lung injury. Polyadenylated mRNA from the A and
B6 mouse lungs were isolated after exposure to NiSO, (110 ng/m?; MMAD, 0.2 pm), for 3, 8, 24, or 48 hours, and labeled during reverse transcription
with the fluorescent dye Cy5. Samples (pooled from n = 3 mice/strain/treatment) were competitively hybridized with Cy3-labeled cDNA from the lungs
of unexposed A or B6 control mice to microarrays of 8,734 murine cDNAs. After hybridization of Cy3 and Cy5 samples, scanned images were acquired
for each fluorophore at each target cDNA element. Lines represent the temporal patterns of expression (balanced differential expression ratio) for genes
that displayed an increased expression in the A strain (white circles) relative to the B6 strain (black circles).
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Figure 16. Genes with higher expression in B6 than in A strain mice during nickel-induced acute lung injury. Polyadenylated mRNAs from the A
and B6 mouse lungs were isolated after exposure to NiSO,4 (110 pg/ma; MMAD, 0.2 pm), for 3, 8, 24, or 48 hours, and labeled during reverse tran-
scription with the fluorescent dye Cy5. Samples (pooled from n = 3 mice/strain/treatment) were competitively hybridized with Cy3-labeled cDNA
from the lungs of unexposed A and B6 control mice to microarrays of 8,734 murine cDNAs. After hybridization of Cy3 and Cy5 samples, scanned
images were acquired for each fluorophore at each target cDNA element. Lines represent the temporal patterns of expression (balanced differential
expression ratio) for genes that displayed an increased expression in the B6 strain (black circles) relative to the A strain (white circles).
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Figure 17. Gene expression changes similar in A and B6 strain mice during nickel-induced acute lung injury. Polyadenylated mRNAs from the A and B6
mouse lungs were isolated after exposure to NiSO, (110 pg/ma; MMAD, 0.2 pm), for 3, 8, 24, or 48 hours, and labeled during reverse transcription with
the fluorescent dye Cy5. Samples (pooled n = 3 mice/strain for each treatment) were competitively hybridized with Cy3-labeled cDNA from the lungs of
unexposed A and B6 control mice to microarrays of 8,734 murine cDNAs. After hybridization of Cy3 and Cy5 samples, scanned images were acquired for
each fluorophore at each target cDNA element. Lines represent the temporal patterns of expression (balanced differential expression ratio) for genes that
displayed approximately the same expression change in the A (white circles) and B6 strains (black circles).
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Figure 18. Attenuation of acute lung injury in transgenic mice lines
expressing varying levels of hTGF-a. Mouse lines with increasing
amounts of hTGF-a expressed in the lung had increasing survival times
with continuous exposure to fine NiSO, (70 ng Ni/m?, MMAD, 0.2 pm).
The nontransgenic mice were FVB/NJ strain (the strain of the embryonic
stem cells used to produce the transgenic mouse lines). The MSTs of non-
transgenic mice (72 hours) and line 6108 mice (75 hours) were not signifi-
cantly different. However, the transgenic mouse line 4 survived longer
(87 hours) than nontransgenic and line 6108 mice. Line 2 and line
28 mice survived the longest. Two of the 5 mice from line 2 survived the
entire exposure period, as did 4 of the 6 line 28 mice. Statistical signifi-
cance (P < 0.01) was determined for survival curves using a Kaplan-Meier
product limit survival curve method with differences in survival between
groups determined by log rank test. The analysis was performed with SAS
6.12 statistical software's life-test procedure (SAS, Cary NC) (n =5 to 10
mice). The hTGF-a protein levels expressed in lung homogenates for each
strain were as follows: FVB/N = 0, line 6108 = 120, line 4 = 230, line 2 =
540, and line 28 = 570 pg/mL.

line 6108 mice. Line 2 and line 28 mice survived longer than
the other strains, with 2 of 5 line 2 mice and 4 of 6 line 28
mice surviving the entire exposure (240 hours).

Within 24 hours of exposure, mild perivascular edema
began to develop in the lungs of nontransgenic mice,
while the lungs of line 28 mice had minimal changes. By
48 hours, perivascular edema became more pronounced
in nontransgenic mice with evidence of inflammatory cell
infiltration. In contrast, line 28 mice did not demonstrate
evidence of edema or inflammation. By 72 hours, exten-
sive edema was detected in nontransgenic mice. This
edema extended beyond the perivascular area and into the
adjacent alveoli with increased inflammatory cell infiltra-
tion in the perivascular and alveolar areas. Again, line 28
mice remained unaffected at 72 hours, with little or no
evidence of pulmonary edema or inflammation. Lung wet-
to-dry weight ratios of nontransgenic mice did not differ
from those of line 28 mice before exposure. After 72 hours

of nickel exposure, wet-to-dry weight ratios of lungs from
nontransgenic mice increased above control values. This
effect was significantly attenuated in transgenic line
28 mice compared with nontransgenic FVBN mice (Figure
19). The amount of nickel present in the lungs before
exposure was below the limit of detection (0.4 pg/g tissue)
for both nontransgenic and line 28 mice; however, the
amount of nickel retained at 72 hours increased to 0.7 +
0.2 and 2.1 + 0.3 pg/g lung wet weight, respectively. Para-
doxically, this strain difference in nickel lung burden after
exposure was significant (P < 0.01).

Neutrophil levels in the BAL fluid obtained from non-
transgenic or line 28 mice before exposure were low (< 1%).
At 72 hours, the percentage of neutrophils increased signifi-
cantly (26% = 2%) in BAL fluid obtained from nontrans-
genic mice, but not in that from line 28 mice (7% =+ 3%).
Differences in the percentage of neutrophils between line 28
and nontransgenic mice were statistically significant at 72
hours (P < 0.01). Before exposure, BAL fluid protein levels
were significantly elevated in nontransgenic mice (3.9 + 0.2
mg/mL) compared with those of line 28 mice (2.4 + 0.5
mg/mL). At 72 hours, BAL fluid protein increased in non-
transgenic mice (37 + 10 mg/mL) and line 28 mice (8.1 + 2.0
mg/mL); again this increase was significantly attenuated in
line 28 mice compared with nontransgenic mice.

Before exposure, levels of interleukin 1B, interleukin 6,
and macrophage inflammatory protein-2 in lung homoge-
nates from nontransgenic mice were similar to those in sam-
ples from line 28 mice (Figure 20). After 24 and 48 hours,
cytokine levels for both nontransgenic and line 28 mice
were not significantly different. However, by 72 hours, all
3 cytokine levels increased markedly in nontransgenic
mice, but remained at or near the levels seen before expo-
sure in line 28 mice.

The levels of SP-B in lung homogenates of line 28 mice
were lower than those in nontransgenic mice, but SP-D
levels were nearly equivalent (Figure 21). Before exposure,
SP-B levels in line 28 mice were less than half (44%) of the
normal amount found in the nontransgenic strain. After
72 hours of nickel exposure, SP-B and SP-D levels
decreased significantly from control levels for the non-
transgenic mice. In these mice, exposure resulted in a
decrease of SP-B levels to 28% of the preexposure control
value, whereas SP-D levels only decreased to 73% of con-
trol values. In contrast, in the line 28 mice, SP-B levels
were unchanged after 72 hours of exposure, remaining at
49% of the nonexposed levels of the nontransgenic con-
trols, and at 112% of (slightly above) the line 28 preexpo-
sure control level. In line 28 mice, 72 hours of exposure
resulted in a decrease in SP-D to 57% of the unexposed
control level.
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Figure 19. Lung histology of wildtype FVB/N strain-matched control mice (left) and hTGF-a transgenic line 28 mice (right) after exposure to fine
NiSO, aerosol. Tissues from mice exposed to NiSO, (70 ug Ni/m3; MMAD, 0.2 im) were fixed with phosphate-buffered formaldehyde solution,
embedded in paraffin, stained with hematoxylin and eosin, and viewed by light microscopy. Wildtype control mice (FVB/N strain) developed
alveolar epithelial disruption, alveolar wall thickening, interstitial leukocytes, and luminal erythrocytes. The short thick arrows indicate perivas-
cular space that is enlarged markedly at 48 hours in wildtype FVB/N mice as compared with little change at 48 or 72 hours in line 28 mice. The
long thin arrow indicates a focal area of sporadic leukocyte infiltrations noted mainly in the wildtype FVB/N mice as compared with line 28 mice.
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Figure 20. Cytokine protein levels in lungs of nontransgenic FVB/N con-
trol mice (white bars) and hTGF-a transgenic line 28 mice (black bars)
after exposure to filtered air or continuous exposure to fine NiSO,
aerosol. At 72 hours, nontransgenic FVB/N mice had a marked increase
in interleukin 1P (A), interleukin 6 (B), and macrophage inflammatory
protein-2 (C), whereas levels in lungs from hTGF-a transgenic line
28 mice exposed to NiSO, were not different from preexposure control
values. Statistical analysis was performed using a 2-way ANOVA fol-
lowed by a Student-Newman-Keuls test of significance. The factors for
each analysis were strain (nontransgenic vs line 28) and exposure
(exposed vs control). Statistical significance for all comparisons of
means was accepted at P < 0.05. Values are mean + SE.
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Figure 21. Surfactant-associated protein levels in lungs of nontransgenic
FVB/N control mice (white bars) and hTGF-a transgenic mice (black
bars) after exposure to filtered air or continuous exposure to fine NiSO,
aerosol. At 72 hours, nontransgenic FVB/N mice had a marked decrease in
SP-B, whereas levels in lungs from hTGF-a transgenic line 28 mice
exposed to NiSO, were not different from preexposure control values.
Changes in SP-D levels were smaller and did not differ between strains.
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DISCUSSION

STRAIN PHENOTYPE PATTERNS

We found that submicrometer NiSOy, a transition
metal contained in particulate matter, induced acute lung
injury in mice. Susceptibility varied more between than
within inbred mouse strains. The A strain was found to
be sensitive and the B6 strain was found to be resistant.
The cross of these strains produced offspring with a resis-
tant phenotype, indicating that sensitivity is inherited as a
recessive trait. The strain phenotype patterns for fine
NiSOQy, ultrafine PTFE, and O3 exposure were similar, sug-
gesting that the trait of sensitivity to acute lung injury
could be independent of the agent producing injury. Histo-
pathologic findings indicated comparable injuries in the
two strains at the time of death. Acute lung injury was
observed in the A strain at the lowest dose of nickel tested
(15 pg/m?®). In contrast, the strain phenotype patterns of
protein in lavage fluid, PMNs in lavage fluid, and acute
lung injury survival time differed, suggesting each trait is
inherited independently.

One possibility to explain the consistent strain pheno-
type patterns for response to fine NiSO,, ultrafine PTFE,
and O3 exposure is that these agents activate common
response pathways. All 3 irritants can penetrate to the
distal regions of the lung (Stokinger 1957; Benson et al
1988; Bassett et al 1989; Oberddrster et al 1990; Pryor et al
1990; Oberddrster 1995). Of the 3 agonists, O3 is the best
studied and can readily oxidize surface proteins (eg, sur-
factant) and phospholipids (eg, unsaturated fatty acids)
(Leikauf and Shertzer 1999). Ultrafine PTFE also has been
found to deplete sulthydryls and to activate compensatory
antioxidant pathways (increasing transcript levels of sev-
eral antioxidant enzymes in the lung) (Pryor et al 1990;
Oberdorster et al 1998; Johnston et al 1998).

In this study, we selected a fine nickel aerosol as a sur-
rogate for particulate matter because it is a transition metal
capable of initiating lung injury. The mechanisms by
which transition metals can lead to cellular injury and oxi-
dative stress are complex. Transition metals can stimulate
oxidant-generating pathways directly (through redox
cycling, when electrochemical potential is favored in a
biological medium) (Stohs and Bagchi 1995), or indirectly
(through activation of leukocytes or oxidant-generating
cells, through cytokine priming of leukocytes, through
interactions with amino acids, or through the replacement
of other metals that can undergo redox cycling) (Salnikow
et al 1994, 2000; Stringer and Kobzik 1998; Bal et al 2000;
Salnikow and Costa 2000). Instillation of soluble metals,
including nickel, has produced effects similar to those of
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residual oil fly ash, another surrogate for particulate matter
(Costa and Dreher 1997; Kodavanti et al 1998a,b).

The histopathology after O3, PTFE, or nickel exposure
was comparable in the A and B6 strains at the time of
death, suggesting that resistance is an ability to forestall
injury. Such a response would be consistent with a gradual
loss in the lung metabolic capability to handle each of the
chemicals or their resulting intermediates, such as oxidized
macromolecules or degraded macromolecules (ubiquiti-
nated peptides) (Gonder et al 1985; Mansour et al 1987;
Johnston et al 1998; Leikauf and Shertzer 1999). Other
mediating pathways could include cell proliferation pro-
grams regulated by oxygen-sensing molecules and cell
death programs regulated by hypoxia-sensing molecules
(Zhu and Bunn 1999, D'Angio and Finkelstein 2000). Thus,
our finding that the strain phenotype patterns are similar
with the 3 agonists tested implies that shared common
genomic programs are activated during acute lung injury.

EVALUATION OF DOSE-RESPONSE RELATIONS

Acute lung injury was observed after continuous low-
level nickel exposure at concentrations of 150 pg/m? or
lower, which extends findings in the current literature. In
A strain mice, 20% mortality occurred with continuous
exposure to nickel at a concentration of 15 pg/m? (2 of
10 mice had died at 148 hours and at 173 hours, respec-
tively). This concentration is below the current recom-
mended occupational threshold limit value for human
exposure to soluble nickel (100 ug/m3), but above the
levels typically found in ambient particulate matter (see
Introduction).

In past studies with F344/N rats and B6C3F, mice,
100% mortality occurred (10 of 10 mice died within
288 hours) with intermittent exposure to a higher nickel
concentration of 1600 pg/m? (Benson et al 1988; IARC
1990; NTP 1996). Our findings that B6 mice impart to their
offspring resistance to acute lung injury, and C3 mice
impart to their offspring resistance to protein or PMNs in
lavage fluid, suggest that B6C3F,; mice represent a resistant
model for these responses to inhaled irritants. This finding
may be important considering that B6C3F; mice are typi-
cally the only mice used in inhalation tests conducted by
the NTP of the National Institute of Environmental Health
Sciences. In addition, the previous studies with B6C3F,
mice differed in other ways from the exposure protocol
used in this study. In the previous studies, exposures were
intermittent (6 hours/day, for 5 days/week; ie, 6-hour
exposures separated by 18-hour recovery periods) and to
an aerosol of larger diameter (MMAD, > 2.0 pm), whereas
in this study exposures were continuous and to an aerosol
with a smaller particle diameter (MMAD, 0.2 pm). The size
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may influence lung dosimetry because regional deposition
in the mouse respiratory tract can vary owing to the high
collection efficiency of murine nasal passages for particles
larger than 1.0 pm.

RELATION BETWEEN INFLAMMATION AND
ACUTE LUNG INJURY

Previously, Prows and colleagues (1997 and 1999)
reported that Os-induced acute lung injury is an oligoge-
netic trait with linkage to at least 2 significant QTLs. The
major locus, Alig1, was isolated to a region on mouse chro-
mosome 11 that has marked synteny with human chromo-
some 17. Interesting candidate genes in this region include
inducible nitric oxide synthetase, a cluster of the small
inducible soluble cytokines, and myeloperoxidase; each
has properties that could mediate oxidant injury and
inflammation. Thus, at least for O3, several of the posi-
tional candidate genes are mediators of inflammation.

Independently, Kleeberger and colleagues (1997b) identi-
fied a locus for O4-induced lung inflammation on mouse
chromosome 17 (syntenic to human chromosome 6). The
findings with NiSO,4 presented here are consistent with the
strain phenotype pattern and mode of inheritance observed
with Og. The strain patterns with O3 or NiSO, differed with
the phenotype, acute lung injury or inflammation; but with
either irritant, the same strains were sensitive and resistant,
and sensitivity was inherited as a recessive trait. In addi-
tion, increases in NiSO4-induced PMNs in lavage fluid did
not correlate with protein in lavage fluid. This conclusion is
limited in that these variables were measured at only one
time (48 hours), a choice based on the findings of Kleeberger
et al (1997b) with Oj. Nonetheless, the consistency of inter-
strain differences in response to NiSO, and O4 across these
studies (and sustaining evidence with another oxidant,
ultrafine PTFE) supports our underlying hypothesis that
individual susceptibility to acute lung injury induced by
fine nickel particles is a heritable trait. The discordance of
the strain patterns for the 3 NiSO,-induced phenotypes
(acute lung injury, lavage protein, or lavage PMNs) suggests
that different genetic programs, which can be inherited in
different arrays, control these 3 traits. As mentioned above,
recent studies with O3 support independent genetic deter-
minants for susceptibility to acute lung injury or PMN
inflammation. This leads to an important possibility:
increases in proteins or PMNs in lavage fluid are not related
causally to acute lung injury. This possibility implies that
measurements of proteins or PMNs obtained by BAL may
have little value in predicting the survival time of patients
with acute lung injury, a finding consistent with previous
animal studies (Eiermann et al 1983; Evans et al 1988; Klee-
berger and Hudak 1992) and clinical observations (Tate and

Repine 1983; Goldman et al 1992; Pittet et al 1997).

In contrast, other clinical reports related the level of
PMN influx to the severity of acute lung injury (Lee et al
1981; Weiland et al 1986). Nonetheless, this association
does not prove that PMNs are responsible for acute lung
injury. For example, neutropenic patients who have been
exposed to radiation or cytotoxic drugs develop acute lung
injury (Maunder et al 1986; Ognibene et al 1986). Although
PMNs may play a direct or indirect role in acute lung
injury under certain circumstances (Wiener-Kronish et al
1990), PMNs or their products may not be required for
lung injury to occur. Therefore, auxiliary pathways that are
not PMN dependent (including those involving activation
of constitutive epithelial cells and macrophages) must
exist and be capable of initiating and propagating acute
lung injury. Although neutrophils mediate acute lung
injury in several experimental models (eg, hydrochloric
acid exposure), we have found discordance between sur-
vival and neutrophil infiltrates after NiSO, exposure, a
finding that also agrees with O3 exposure.

INITIAL EVALUATION OF PARTICLE SIZE AND
CHEMICAL SPECIATION

Responses (PMNs or protein in lavage fluid) of animals
exposed to submicrometer NiO particles by intratracheal
instillation or inhalation were not statistically different
from those of control animals (Tables 2 and 3). These results
are in close agreement with those of other investigators
using similar doses, but larger (> 2 pm) particles (Benson et
al 1986, 1988; Dunnick et al 1988). In those studies, B6C3F;
mice exposed to NiO at concentrations as high as 23,600
ng/m? survived a 12-day intermittent exposure with few
acute effects (Benson et al 1986; Dunnick et al 1988). None-
theless, while NiO is less acutely toxic than other nickel
species, the nickel lung burden associated with it is greater
because clearance of the insoluble nickel particles is greatly
reduced (Benson et al 1988; Dunnick et al 1988; Tanaka et al
1988). For insoluble NiO particles larger than 2 pm, this
increased lung burden contributes to biological conse-
quences typically seen with chronic exposures.

Nevertheless, because particle solubility is inversely
proportional to particle diameter, we expected to see, after
exposure to 40-nm NiO, lung injury more characteristic of
soluble nickel species. Numerous studies have demon-
strated the increased reactivity of ultrafine particles. One
such study using 20-nm metallic nickel particles at a dose
(400 pg/kg of body weight) similar to those used in this
study showed substantial lung injury in rats 3 days after
instillation (Zhang et al 1998). Oxidative damage appears
to account for the greater acute toxicity of metallic nickel
in these size ranges. In our experiments, however, we were
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not able to duplicate this phenomenon, either because the
particles were not small enough (40 nm rather than 20 nm),
or because the dose was not large enough to adequately
compare results with those of other investigators.

In previous studies with NiSO, particles larger than
2.0 pm, mice exposed to nickel concentrations of 1600
ng/m?® or higher died of severe lung injury after a 12-day
intermittent NiSO, exposure (Benson et al 1988; Dunnick et
al 1988). In our experiments, animals exposed to either 60-
nm or 250-nm NiSO, particles developed inflammation.
The 60-nm particle resulted in an earlier inflammatory
response, whereas the 250-nm particle led to a greater
response. In addition, in A strain mice the minimal lethal
dose of nickel (<15 ug/m3) was lower among those contin-
uously exposed to 0.2-pm particles than among those
intermittently exposed to 2.5-pm particles. Deposition of
particles at or below this size range is not well character-
ized in mice; therefore, interpretation of these results is
difficult. One possibility is that the depositional efficiency
in the alveolar region of the lung is not equal for 60-nm
and 250-nm particles. Another possibility is that deposi-
tion of 250-nm NiSO, particles may produce the greatest
effect in the mouse alveolus because they are small enough
to penetrate the upper respiratory tract (ie, deeper than the
> 2.0-pm aerosol penetrates) and yet large enough to impart
a higher dose per cell apical surface area. Each 250-nm par-
ticle contains 72 times more nickel than a 60-nm particle.

ALTERED REGULATION OF GENE EXPRESSION
IN B6 MICE

After selected times of NiSO, exposure, differential
gene expression in mouse lung progressed with lung
injury. The number of significant changes demonstrates
the complex pathophysiology of acute lung injury induced
by nickel. Groups of genes sharing common temporal pat-
terns of expression often shared common functions.
Overall, the number of genes that increased after each
exposure period approximated the number of genes that
decreased, suggesting a reequilibration of the lung’s
genomic balance after nickel exposure.

A portion of the genes displaying differential expression
in this study previously had been found to increase in the
lung after nickel exposure, including the metallothionein-
1, lactotransferrin, and GAPDH genes. Metallothionein-1,
which increased more than any other gene measured (> 13-
fold at 96 hours) (Figures 8 and 9), encodes a thiol-rich
protein that increases in lung injury induced by nickel
(Bauman et al 1993), cigarette smoke (Gilks et al 1998), and
O3 (Mango et al 1998), and can protect against metal-
induced oxidative damage to critical macromolecules (Pitt
et al 1997). Like metallothionein-1, lactotransferrin also
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increases in response to nickel and, as a metal-binding
protein, may provide antioxidant protection as well (Ghio
et al 1998). Another gene previously found to increase in
expression with nickel exposure is GAPDH (Graven et al
1998). As a component of anaerobic glycolysis, increased
GAPDH expression may provide an adaptive response to
changes in oxygen tension.

In addition to these increased genes, several other genes
have been associated with acute lung injury, including the
heme oxygenase-1 and secretory leukoprotease inhibitor
genes. Heme oxygenase-1 levels increased modestly after
exposure (Figure 9), but heme oxygenase-1 can protect
against hyperoxia-induced acute lung injury (Otterbein et
al 1999). Secretory leukoprotease inhibitor is a local
source of antiprotease protection in the lung, inhibits pro-
tease destruction of the extracellular matrix (Thompson
and Ohlsson 1986), and accumulates slowly after treat-
ment with elastase (Abbinante-Nissen et al 1993). In addi-
tion, patients with acute lung injury have been shown to
have elevated concentrations of secretory leukoprotease
inhibitor (Sallenave et al 1999).

Genes that decreased in response to nickel and that have
been associated previously with acute lung injury
included CCSP and SP-A, SP-B, and SP-C (Figure 10).
Mice deficient in CCSP have an elevated response to oxi-
dants (Mango et al 1998), indicating this protein may be
critical to antioxidant defenses in the airways. Interest-
ingly, secreted CCSP protein concentrations are elevated in
patients who recover from acute lung injury but dimin-
ished in those who do not survive (Jorens et al 1995). Sur-
factant-associated proteins modulate alveolar surface
tension, prevent atelectasis, inactivate reactive oxygen
species, and augment host antimicrobial defenses (Weaver
and Whitsett 1991). Diminished SP concentrations have
been observed in patients with acute lung injury (Gregory
et al 1991; Lewis and Jobe 1993), and gene transcription
decreases with administration of tumor necrosis factor-a
(TNF-a), a cytokine often elevated in acute lung injury
(Bachurski et al 1995).

By assessing the temporal and functional relationships
of differentially expressed genes in B6 mice, our analyses
revealed the progression of the pulmonary response to
injury. Group I genes of particular interest included
galectin-3, STAT-3, and small proline-rich protein 1a
(Figure 8). In pulmonary injury, it is common for type II
cells to proliferate and squamous cells to differentiate in
order to replace damaged type I cells and cover the unpro-
tected alveolar basement membrane (Vracko 1972;
Adamson and Bowden 1974; Lewis and Jobe 1993; Jobe
and Ikegami 1998). Galectin-3 expression increases with
injury in both cell types (Kasper and Hughes 1996) and is a



GD Leikauf et al

galactose-binding and IgE-binding lectin that stimulates
macrophage migration, cell survival (by suppressing apop-
tosis), cytokine release, and proliferation (Warfel and
Zucker-Franklin 1992; Inohara et al 1998). The signals initi-
ating type II cell differentiation remain largely unknown,
but may include STAT-3 (Tesfaigzi et al 1996a; Fernandes et
al 1999; Stephanou et al 2000), which is activated during
hemorrhagic lung injury (Meng et al 2000). Signal trans-
ducer and activator of transcription (STAT) proteins also
mediate activation of several cytokine genes, including
TNF-a (Chappell et al 2000). Similarly, small proline-rich
protein 1a (Tesfaigzi et al 1996b) is induced in epithelial
cell differentiation in response to injury. Thus, nickel-
induced acute lung injury results in increased expression of
genes possibly involved in epithelial replacement.

Several of the genes that increased during nickel exposure
are known to be induced during hypoxia. In response to
reduced oxygen concentrations, the transactivating factor
hypoxia-inducible factor-1 binds to a consensus sequence
within regulatory regions of aldolase (Semenza et al 1994,
1996), enolase (Aaronson et al 1995; Semenza et al 1996),
GAPDH (Graven et al 1998), and heme oxygenase-1 (Murphy
et al 1991; Otterbein et al 1999). Another neighboring gene in
this cluster, 6-phosphogluconate dehydrogenase, acts in
consort with GAPDH, and together these enzymes may help
to restore metabolic homeostasis via a pentose phosphate
pathway by supporting fatty acid synthesis, NADPH genera-
tion used to reduce glutathione, and ribose 5-phosphate gen-
eration for nucleic acid biosynthesis. Although it is
unknown whether it is induced by hypoxia-inducible factor-
1 activation, 6-phosphogluconate dehydrogenase has been
implicated in acute lung injury (Kozar et al 2000).

Some of the induced genes that displayed delayed
increases (Group II) may be involved in the progression of
acute lung injury. Two of these—secretory leukoprotease
inhibitor, an antiprotease, and lysyl oxidase, an enzyme
critical to elastin stabilization (McGowan 1992)—may
indicate maintenance of the extracellular matrix. Epithe-
lial membrane protein-1 functions in cell growth, squa-
mous differentiation, and apoptosis (Jetten and Suter
2000). Other members of this group may signify alteration
of components of the inflammatory response; for example,
T-lymphocyte maturation-associated protein, a surface
antigen, indicates T-cell differentiation. One limitation of
our analysis was the paucity of other microarray elements
involved in the pulmonary inflammatory response, lim-
iting the ability to assess their changes in relationship to
other genes in this large-scale assessment. For example,
concentrations of interleukin 1B, interleukin 6, and mac-
rophage inflammatory protein-2 were elevated in FVB/N
mice after nickel exposure (Figure 20) but were not con-
tained in the library of clones on the microarray.

Another cluster, Group IV, contained several genes that
are expressed constitutively in the lung and have been asso-
ciated with acute lung injury. This cluster is characterized
by genes that were maintained initially, then decreased
(typically at 24 hours), and remained diminished
throughout the rest of the exposure. The leading members
were SP-C (Figures 8 and 10), which is predominately
expressed by type II cells, and CCSP and cytochrome
P450 2f2, which are predominately expressed in Clara cells
(Plopper et al 1997). In addition to known genes, ESTs with
nominal homology to known genes clustered into each of
the 4 temporal groups. Using a BLAST analysis, we found
that 2 ESTs in this group had high homology with SP-B.
Interestingly, Groups III and IV, which contain genes that
decreased with exposure, had the highest percentage of
ESTs. Because other ESTs displayed expression patterns
similar to those of known genes, they may similarly play
significant roles in normal pulmonary function and thus are
excellent candidates for further study. In addition, because
less is currently known about genes that are down-regulated
during injury, characterization of these sequences may pro-
vide insight into their possible roles, and open new areas of
research on the disruption of lung function during acute
lung injury and possible mechanisms of repair.

Overall, genes involved in oxidant injury, extracellular
matrix repair, cell proliferation, and hypoxia increased,
while those involved in constitutive lung function (SPs
and CCSP) decreased. Perhaps the clearest difference
noted in this study was the decreased expression of SPs.
Alteration of surfactant homeostasis is a critical event in
the pathophysiology of acute lung injury, and although
they constitute only a small portion of the surfactant com-
plex, SPs are critical for life. For example, mice deficient
in SP-B succumbed to respiratory failure within 20 min-
utes after birth (Clark et al 1995). Our findings are consis-
tent with the ongoing attempts to treat acute lung injury
with exogenous surfactant-containing SPs (Jobe and
Ikegami 1998), possibly in combination with antioxidant
therapy. The delayed temporal pattern of surfactant
decreases also implies that administration of exogenous
surfactant may have to be early (before focal atelectasis
develops) and sustained to achieve effective therapy.

NICKEL-INDUCED ACUTE LUNG INJURY—A
COMPLEX QUANTITATIVE TRAIT

To further explore a genetic basis for the difference in the
ability of A and B6 mice to survive nickel-induced lung
injury, QTL analysis was performed in 307 backcross mice
generated from these strains using MAPMAKER/QTL and
QTL Cartographer. A significant QTL was identified on
chromosome 6, with a peak lod score at the microsatellite
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marker D6Mit183 (located 26.5 cM distal to the cen-
tromere). Two other QTLs, on chromosomes 1 and 12, were
suggestive of linkage.

Possible positional candidate genes for the major QTL
on chromosome 6 (Alig4) were identified in the region
spanning * 1 lod unit change around the D6Mit183
marker. Three genes within this interval are of immediate
interest as candidates for involvement in acute lung
injury. The first positional candidate gene for Alig4 is
Agqp1, a member of the membrane transport family of
genes that are the primary water channels of the pulmo-
nary epithelium and endothelium (Matthay et al 1998).
Pulmonary edema is one of the distinguishing character-
istics of acute lung injury, and diminished levels of Agp1
may alter hydrostatically driven fluid accumulation (Bai
et al 1999). Second, the expression of SP genes was iden-
tified in the microarray analysis and the S1 nuclease pro-
tection assays to be markedly decreased after nickel
exposure. Indeed, decreases in 2 ESTs with homology to
SP-B (Sftpb) were among the largest changes noted in the
microarray analysis. Third, growth factors can stimulate
alveolar epithelial cell proliferation and alveolar fluid
clearance, and may protect against acute lung injury.
Accordingly, the TGF-a gene (Tgfa) is also a positional
candidate for Alig4.

COMPARATIVE MICROARRAY OF A AND B6
MICE DURING NICKEL EXPOSURE

To complement the QTL analysis and further assess the
importance of candidate genes, microarray analysis was
performed and gene expression changes were directly
compared with those we previously determined in B6
mice. Because A strain mice succumbed before 96 hours of
nickel exposure, this comparative analysis was limited to
the first 48 hours. In general, more expression changes
were noted in the B6 mice than in the A mice. At the ear-
liest exposure time more significant expression changes
were noted in the A mice, but as the exposure continued
more expression changes occurred in the B6 mice. Known
genes and annotated ESTs showed increased expression
more often than decreased expression. When nonanno-
tated ESTs were included in the analysis, however, the per-
centage of genes that increased in expression (54 %)
approximated the percentage that decreased (46%). This
discrepancy might be explained by a bias of researchers to
report genes that are increased in expression. However, it
is plausible that genes decreased in expression are equally
important in disease pathogenesis, though less attention
may have been given to these genes.

To identify the genes with the greatest difference between
the strains, the acceptance stringency was increased to a
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2-fold change in expression in one or both strains. In total,
133 different cDNAs met these criteria in either the A or B6
exposed mice, including 93 differences that were known
genes and annotated ESTs (Table 9) and 40 nonannotated
ESTs. Among these changes, about one third (45/133)
occurred in both strains (A and B6). The remaining
changes were divided between those cDNAs that were
expressed more in A mice (Figure 15) and those that were
expressed more in B6 mice (Figure 16). Theoretically, any
of these expression differences could represent a potential
candidate gene for controlling at least part of the difference
in phenotypic response. Equally important, genes with
lesser differences between the strains, which were not
highlighted by the stringent criteria used in this study, are
also likely to be candidates.

Among the potential candidate genes identified in the
comparison of A and B6 expression profiles, complement
and SPs have long been suggested as important factors in
acute lung injury (Luce 1998). In fact, therapeutic strate-
gies for acute lung injury have been directly aimed at com-
plement inhibition (Yeatman et al 1999; Heller et al 2000)
or surfactant replacement (Evans et al 1996, MacIntyre
2000). In contrast, other genes, including those for calgran-
ulin A (S100a8), cytochrome P450 2b9 (Cyp2b9), galectin-
3 (Lgals3), hemoglobin-a adult chain-1 (Hba-a1), mitogen-
activated protein (MAP) kinase phosphatase-1 (Ptpni16),
and N-myc downstream regulator-1 (Ndr1), have not here-
tofore been implicated in acute lung injury (Table 11).

Among these candidates, 3 produce proteins with func-
tional relevance to lung injury. First, a member of the
S100 protein family, calgranulin A (S100a8), also called
macrophage-related protein-8 (MRP8), increased 6.2-fold
in A mice but decreased in B6 mice (Figure 15), sug-
gesting that it may be related to the increased suscepti-
bility of the A strain to acute lung injury. Although the
biological function of calgranulin A still is under investi-
gation, it is a Ca?*-binding protein expressed in activated
macrophages and a potent chemoattractant for monocytes
and neutrophils (Lackmann et al 1992). Complexing with
S100A9, calgranulin A forms a cell-surface and cytoskel-
eton-associated heterodimer upon calcium mobilization
and may serve as a metal-sensitive and oxidant-sensitive
arachidonate transport protein (Harrison et al 1999;
Kerkhoff et al 1999; Eue et al 2000). Associated with acute
and chronic lung diseases including bleomycin-induced
fibrosis (Kumar et al 1998), bronchitis (Roth et al 1992),
and cystic fibrosis (Wilkinson et al 1988), this protein
may reflect the presence of rapidly migrating monocytes
and possibly a difference in the activation state of mac-
rophages (or other inflammatory cells) that is not reflected
in lavage cell differential analysis.
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Second, hemoglobin-a, adult chain-1 (Hba-a1) expres-
sion was increased in B6 mice and decreased in A mice
during the first 24 to 48 hours of exposure, with the A mice
reaching levels that were 4-fold less than those in B6 mice
at 48 hours. If one assumes that an increase in message led
to an increase in active protein, then B6 mice may have an
increased ability to deliver molecular oxygen to tissues
during the initial and following hours, thereby fending off
hypoxia and extending survival. Alternatively, the
increase in gene activity could reflect a difference in the
amount or maturity of red blood cells in the lung.

A third gene not previously associated with acute lung
injury, but whose expression was differentially altered in
the 2 strains by nickel exposure, is MAP kinase phos-
phatase-1 (Ptpn16). Induced by growth factors, cytokines,
and stress (Garrington and Johnson 1999), as well as
hypoxia (Laderoute et al 1999), Ptpn16 is an immediate
early gene able to dephosphorylate and inactivate extra-
cellular signal-regulated protein kinases and stress-acti-
vated protein kinases (Shapiro and Ahn 1998).
Interestingly, residual oil fly ash containing soluble tran-
sition metals can activate rat MAP kinase cell signaling
pathways (Silbajoris et al 2000) that may be opposed by
nonreceptor cytoplasmic protein tyrosine phosphatase. In
addition, Ptpn16 maps 50.8 cM distal to the centromere
on mouse chromosome 17. This location places Ptpn16
within the Ali3 interval, a QTL linked to survival time for
O3-induced acute lung injury using A and B6 recombinant
inbred strains (Prows et al 1997). Thus, because of its key
position in MAP kinase signal transduction pathways and
its genetic linkage to acute lung injury susceptibility,
Ptpn16 may modulate the fate of cells stimulated by envi-
ronmental and stress-related insults.

COMBINING RESULTS OF cDNA MICROARRAYS
AND QUANTITATIVE TRAIT LOCUS ANALYSES

Ideally, combining the microarray results with those of
the QTL analysis (genomewide scan) would identify genes
within one of the putative QTL intervals that differ in gene
expression between the A and B6 mice. However, many of
the microarray’s cDNAs encoded genes that are yet to be
mapped or annotated, so this initial analysis must be
viewed cautiously (Table 11). In addition, candidate genes
identified in QTLs are not all on the existing microarray.
Finally, a measure of gene expression (cDNA microarray)
may not reflect functional polymorphism in a protein,
even when expression is identical between strains. None-
theless, of the 3 leading candidate genes that reside in
Aliq4, the QTL interval on chromosome 6, Sftpb was
decreased more in the B6 mice than in the A mice (which
is paradoxical given the resistant phenotype of the B6

strain), Aqp1 did not change with exposure, and Tgfa is
not included on the microarray. Independently, we have
determined that nickel exposure increased TGF-a mRNA
levels about 2-fold in a mouse line with a mixed Swiss
Black-CD1-129 background (unpublished findings 2000),
but we have yet to determine whether mRNA levels differ
in A and B6 strains. Another candidate that varied
between the A and B6 strains and mapped near a QTL was
procollagen type III, a1 (Col3a1), on chromosome 1. Sev-
eral genes residing in the QTL interval on chromosome 8,
including esterase-1 (Es1), metallothionein-1 (Mt1), glu-
tathione reductase-1 (Gr1), and heme oxygenase-1
(Hmox1), were a