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Our previouswork has shown that coarse particulatematter (PM10-2.5) fromwildfire smoke ismore toxic to lung
macrophages on an equal dose (bymass) basis than coarse PM isolated fromnormal ambient air, as evidenced by
decreased numbers of macrophages in lung lavage fluid 6 and 24 hours after PM instillation into mouse lungs in
vivo and by cytotoxicity to a macrophage cell line observed directly in vitro. We hypothesized that pulmonary
macrophages from mice instilled with wildfire coarse PM would undergo more cytotoxicity than macrophages
from controls, and that there would be an increase in oxidative stress in their lungs. Cytotoxicity was quantified
as decreased viablemacrophages and increased percentages of deadmacrophages in the bronchoalveolar lavage
fluid (BALF) ofmice instilledwithwildfire coarse PM. At 1 hour after PM instillation,we observed both decreased
numbers of viable macrophages and increased dead macrophage percentages as compared to controls. An in-
crease in free isoprostanes, an indicator of oxidative stress, from control values of 28.1±3.2 pg/mL to 83.9±
12.2 pg/mL was observed a half-hour after PM instillation. By 1 hour after PM instillation, isoprostane values
had returned to 30.4±7.6 pg/mL, not significantly different from control concentrations. Lung sections from
mice instilled with wildfire coarse PM showed rapid Clara cell responses, with decreased intracellular staining
for the Clara cell secretory protein CCSP 1 hour after wildfire PM instillation. In conclusion, very rapid cytotoxic-
ity occurs in pulmonary macrophages and oxidative stress responses are seen 0.5–1 hour after wildfire coarse
PM instillation. These results define early cellular and biochemical events occurring in vivo and support the hy-
pothesis that oxidative stress-mediatedmacrophage toxicity plays a key role in the initial response of themouse
lung to wildfire PM exposure.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Thousands of wildfires occur annually in California (California
Department of Forestry and Fire Protection, 2008), with increases
predicted in the future due to global climate change (Spracklen et
al., 2008). Among the deleterious impacts of wildfires are the health
effects associated with acute smoke inhalation (Delfino et al., 2009;
Kunzli et al., 2006; Sharip et al., 2008; Shusterman et al., 1993;
Weinhold, 2011). Shusterman et al. (1993) found smoke inhalation
caused over 50% of the local emergency room visits related to the
1991 Oakland area wildfires, while only 1% of the emergency room
visits were burn-related. Thus, pulmonary toxicity is the major public
health concern after acute exposure to wildfire smoke.

In late June of 2008, several wildfires burned throughout
California's central and northern regions. During this time period,
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poor air quality from wildfire smoke was measured and recorded
throughout the highly dispersed network of air monitoring stations
in California. Average atmospheric concentrations of particulate
matter less than 10 μm in diameter (PM10-2.5) were reported to be
more than 4 times normal concentrations. The daily average ambient
PM10-2.5 concentrations recorded for the weeks immediately before
and after the wildfire episodewere approximately 24 μg/m3, as com-
pared to an average PM10-2.5 concentration of 99 μg/m3, and peak
hourly concentrations of 381 μg/m3, during the time of the wildfires
(California Department of Forestry and Fire Protection, 2008;
California Environmental Protection Agency Air Resources Board,
2008; Wegesser et al., 2009).

Our research group collected PM samples from the smoke-laden
air in the San Joaquin Valley during the major 2008 wildfire episode.
We subsequently used these samples to study pulmonary effects of
wildfire smoke PM with a mouse bioassay (Wegesser et al., 2009,
2010), finding an unexpected decrease in macrophages recovered
from the lung via bronchoalveolar lavage after exposure to coarse
and fine wildfire PM as compared to control animals. Furthermore,
as compared to the effects of coarse PM collected from ambient air
in the same region at times when the wildfires were not occurring,
there was also a significant decrease in the number of macrophages
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recovered in the bronchoalveolar lavage fluid (BALF) after instillation
of wildfire PM10-2.5. We hypothesized in these early studies that a
rapid killing of macrophages occurred after phagocytosis of wildfire
PM, but recognized that we could not rule out the alternative hypoth-
esis that macrophages that had ingested wildfire PM adhered more to
the lung, and were less easily washed out from the lung by the lavage
procedure.

Our early studies also demonstrated decreased total antioxidant con-
centrations in the lung lavage fluid from mice exposed to wildfire PM,
as compared to control animals or to mice treated with the same dose
and size of PM isolated from normal ambient air, suggesting a role for
oxidant stress in the toxicity of these particles to lung macrophages
(Wegesser et al., 2010). Subsequent mechanistic studies in vitro with
the coarse fraction of wildfire PM demonstrated direct toxicity of wildfire
PM to the RAW264.7macrophage cell line (Franzi et al., 2011).We found
increased cell death and biomarkers of oxidative stress after wildfire PM
incubation with RAW 264.7 cells as compared to coarse PM collected
from the same region when wildfires were not occurring (Franzi et al.,
2011). Using a strain of RAW 264.7 cells containing a reporter gene for
NF-kB activation, we were able to demonstrate increased NF-kB expres-
sion in macrophages exposed to wildfire PM (Franzi et al., 2011) as com-
pared to macrophages exposed to an equal dose of “normal” PM isolated
from ambient air from the same geographical region.

Thus, our previous studies showed a decrease in numbers of macro-
phages recovered fromBALF afterwildfire coarse PM instillation in vivo,
directmacrophage toxicity after exposure towildfire coarse PM in vitro,
greater toxicity of wildfire PM on an equal dose basis as compared to
both ambient regional coarse PM and vehicle controls, and increased
NF-kB activation in cultured macrophages exposed to wildfire PM as
compared to macrophages exposed to an equal dose of “normal” ambi-
ent air PM.

Our previous studies with PM collected from ambient air obtained
from the same region from which we collected the wildfire PM exam-
ined time points between 3 and 72 hours after PM instillation, a time
interval that allowed for relatively large numbers of neutrophils to par-
ticipate in the lung's inflammatory response to particles (Wegesser and
Last, 2008). In the present study we examined the effects of wildfire
PM instilled into mouse lungs at very early time points, 0.5 and 1 hour
after administration, an interval when only macrophages are observed
in the lung lavage fluid. This experimental design allowed us to examine
macrophage cytotoxicity in vivo in lungs under experimental conditions
where the role of neutrophil recruitment and neutrophilic inflammation
was not yet a confounding variable. To the best of our knowledge, there
are no previously published studies of the effects ofwildfire PM in vivo at
time points prior to 6 hours after exposure by inhalation or instillation.
Most previous investigations of the effects of wildfire PM have typically
focused on time points of 24 hours after instillation whether performed
in vivo (Wegesser et al., 2009) or in cultured cells (Jalava et al., 2006).We
are aware of only one published study in vivo (Wegesser et al., 2010)
that examined the effects of wildfire PM exposure of mice as early as
6 hours after PM exposure and only one such study in vitro (Nakayama
Wong et al., 2011) that has examined the effects of wildfire PM exposure
upon cultured cells as early as 3 hours after PM exposure.

In addition, we directly addressed the previously unanswered ques-
tion of whether the low numbers of macrophages recovered in the lung
lavagefluid frommice instilledwithwildfire PMwasdue to cytotoxicity
to themacrophages in vivo or to “increased stickiness,”wherebymacro-
phages that had ingested wildfire PM adhered more to the lung, and
were less easily washed out from the lung by the lavage procedure.

Materials and methods

Animals

Male, 8–10 week old, Balb/C mice were purchased from Charles
River Breeding Laboratories (Hollister, CA or Raleigh, NC), and were
housed in an Association for Assessment and Accreditation of Labora-
tory Animal Care (AAALAC)-approved animal facility. The mice were
allowed to acclimate for one week after arrival at the facility. A
12-hour light/12 hour dark cycle was used and the mice had free
access to food and water. All experiments were performed under pro-
tocols using experimental procedures and anesthesia and euthanasia
methods approved by the UC Davis Institutional Animal Care and Use
Committee. N values, the number of animals in each group tested, are
indicated in the various Figures.

PM sampling and instillation

Coarse PMwith an aerodynamic diameter between 10.2 and 2.1 μm
(PM10-2.5) was collected during the summer of 2008 in Escalon, CA
using a high-volume sampler (Model GS2310; Anderson, Inc.) and a
four-stage cascade impactor (Series 230; Anderson, Inc.); aluminum
substrates were used on each stage (Wegesser et al., 2009). Samples
were removed from the aluminum substrates, sealed in 2 mL Eppendorf
tubes, and stored at −80 °C. This specific PM sample has previously
been characterized for its polycyclic aromatic hydrocarbon (PAH)
content (Wegesser et al., 2010), and also found to contain b1 U of
endotoxin/50 μg of coarse PM by Limulus amoebocyte lysate (LAL)
assay (Wegesser et al., 2009, 2010).

PM was suspended in phosphate buffered saline (PBS) 30 minutes
before experimentation. The intratracheal (IT) instillation method used
has been described previously (Wegesser and Last, 2008). Briefly, the
mice were lightly anesthetized in an enclosed chamber via isoflurane in-
halation froma cotton ball soaked in the anesthetic.While themicewere
still anesthetized, 100 μg (or less, as indicated in the specific figure leg-
end) of suspended coarse PM in 50 μL of PBS, or 50 μL of PBS alone,
was instilled into the animals.

Pulmonary sample collection

Necropsies were performed 0.5–1 hour after PM instillation. Each
mouse was euthanized with a 0.3 mL intraperitoneal injection of a pen-
tobarbital and phenytoin drug formulation (Beuthanasia). The trachea
was cannulated, and the lung was lavaged twice (each) with 1 mL vol-
umes of sterile PBS to collect a total of 2 mL of BALF. BALF sampleswere
centrifuged at 2500 rpm for 10 minutes and the supernatant was col-
lected. The cell pellet was re-suspended in a red blood cell lysis solution,
centrifuged again for 10 minutes at 2500 rpm, and finally re-suspended
in 500 μL of PBS. BALF samples that were not used immediately for cell
countingwere stored in anultra-cold (−80 °C) freezer for later use. The
lung tissue was fixed by tracheal perfusion with 1% paraformaldehyde
in PBS (PFA) under 25 cm of pressure. The lungs were subsequently
embedded in paraffin, with care taken to embed the tissue with the
large conducting airways parallel to the front of the tissue block
(Kenyon and Last, 2005) and cut into 5-μm thick sections. Paraffin-
embedded lungs were stored at room temperature. In some experi-
ments the lungs were fixed via the vasculature as described below
using a method developed by Pino et al. (1992).

Due to the extremely limited amount of wildfire PM available for
these experiments, most of the reported results are from mice whose
lungs were lavaged to determine inflammatory cell content. A small
subset of mice was studied whose lungs were not lavaged to allow for
accurate quantitation of macrophage cell numbers in the airways of
the vascularly perfused lungs.

Vascular perfusion

After mice were euthanized, the chest cavity was opened to ex-
pose the heart and sutures were tied to the descending aorta and
the inferior vena cava. A needle from an infusion set was inserted
into the right ventricle, and a cut was made to both the inferior
vena cava and descending aorta above the ligature to allow exit



Fig. 1. Cell content of BALF from mice intratracheally instilled with wildfire PM 0.5
or 1 hour before sacrifice. Macrophages/mL are represented with white bars and
neutrophils/mL are represented with gray bars. Age-matched control mice were
instilled with 50 μL of PBS and sacrificed 0.5 and 1 hour after PBS instillation. Sam-
ple sizes (N) are indicated in parentheses. Values represent group means±SEM.
⁎pb0.01 versus matched control group.
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flow for solutions. A 60-mL syringe, holding 30 mL of PBS, was con-
nected to plastic tubing fitted with a three-way stopcock. The stopcock
was attached to the infusion set allowing the PBS to be slowly injected
into the cardiopulmonary system. The stopcock lever was then
switched to allow PFA to perfuse into the cardiopulmonary system.
The PFA solution was allowed to flow via gravity under 25 cm of pres-
sure for 10–15 minutes. The lungs and heart were then excised from
the chest cavity, stored overnight at 4 °C, then placed in 70% ethanol
until they were embedded as described above.

Quantification of macrophage cells

Macrophages in BALF. Total cell numbers in the BALF were counted
using a hemocytometer and viability was assessed using the Trypan
blue exclusion technique. Trypan blue solution was purchased from
Sigma (St. Louis, MO). Percentages of each inflammatory cell type in
the BALF were determined from cytospin preparations that were dif-
ferentially stained with the Hema 3 staining kit from Fisher Scientific
(Kalamazoo, MI). The absolute macrophage content in the BALF was
estimated from the total live cell count multiplied by the fraction of
cells identified to be macrophages based upon the differential cell
counts.

Macrophages in lung sections. For immunohistochemistry, a 5-μm
lung section from each animal was stained against the F4/80 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100 dilution of the anti-
body and visualized via DAB precipitation using the Cell and Tissue
Staining Kit for the rat secondary antibody (R&D systems, Minneapolis,
MN). All positive staining cells in each lung section were viewed and
counted using light microscopy on a Zeiss AxioSkop 50 microscope.
Axiovision Rel. 4.7 software was used for imaging.

Determination of oxidative stress

Free isoprostanes in BALF supernatant. The 8-Isoprostane Enzyme-
Linked Immunosorbent Assay (EIA) kit (Cayman Chemical Company,
Ann Arbor, MI) was used to quantify free isoprostane concentrations
in the BALF supernatant. The assay was performed as detailed in the
kit manual, with a detection limit of approximately 2.7 pg/mL. Absor-
bance values were read at 405 nm using an Emax Precision Microplate
Reader (Molecular Devices, Sunnyvale, California). Graphpad Prism 5
software (Graphpad software, San Diego, CA) was used to generate
the standard curve from the standard concentrations and their corre-
sponding absorbance value then used to interpolate sample concentra-
tions based on the standard curve.

Intracellular Clara cell secretory protein (CCSP) analysis. Five-micrometer
thick lung sections were stained with an anti-CCSP antibody
(Biovendor, Candler, NC), a rabbit antiserum containing polyclonal
IgGs raised against a peptide antigen from the CCSP sequence, at a
1:2000 or 1:2500 dilution of the antibody and visualized via DAB
precipitation using the ABC immunoperoxidase kit for the rabbit
secondary antibody (Vector Labs, Burlingame, CA). Controls were run
with each assay, and included no primary antibody or no secondary
antibody added. Five airways were selected for counting in each lung
section by using a random number generator. General size and location
of the conducting airways were noted. These airways were then
imaged with Axiovision Rel. 4.7 software using light microscopy with
the Zeiss AxioSkop 50 microscope (Carl Zeiss Inc, Jena, Germany).

Staining intensity was scored on a semi-quantitative scale from
0 to 3, where 0=no brown staining and 3=dark brown staining.
Each field was scored with consideration for the average intensity in
the airway epithelium, and the average score for the five fields of
view was then taken. Two different observers, each blinded to the
lung sample source, scored each lung tissue sample. The average of
these two scores was used for statistical analysis.
TNF-α analysis in BALF. We used a commercial ELISA kit (R and D
systems, Minneapolis, MN) to measure TNF-α concentrations in the
BALF. The limit of detection for mouse TNF-α ranged from 0.4 to
7.2 pg/mL, with a mean value of 1.9 pg/mL. Absorbance values were
read at 450 nm with a correction wavelength set at 540 nm using
an Emax Precision Microplate Reader and corresponding Softmax
Pro 3.1.2 microplate analysis software (Molecular Devices, Sunnyvale,
California).
Statistical analysis

Graphpad Prism software was used for statistical analysis. Results
are reported as mean±standard error of the mean (SEM). Outliers in
treatment groups (values greater than 2 standard deviations from the
mean) were discarded from the analysis. When multiple comparisons
were made, one-way ANOVA was used with Tukey's post hoc test.
When comparisons were made between only two treatment groups,
Student's t-test was used. Welch's correction for unequal variances
between groups was used when significant differences between
group variances were found. To evaluate differences between treat-
ment groups that had been scored using a semi-quantitative rubric
for CCSP staining experiments, the Mann Whitney non-parametric
test was used. Statistical significance was taken as a p value b0.05.
Results

Effect of wildfire PM10-2.5 on macrophages 0.5 and 1 hour after instillation

There was a significant decrease (pb0.01) to less than half of the
control values in the number of macrophages recovered in the BALF at
0.5 and 1 hour after wildfire PM instillation (Fig. 1). At these relatively
short time points with regard to the lung inflammatory response, the
BALF cell population is comprised of more than 97% pulmonary macro-
phages, the same value that is observed in control animals (Fig. 1). The
macrophage-dominant cellular composition of the BALF at these short
time points allows us to address macrophage-specific oxidative stress
and cytotoxicity in these in vivo studies. At later time points (in our
hands as early as 2 hours after PM instillation, data not shown) there
is a massive influx of neutrophils into the lung lavage fluid (Wegesser
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and Last, 2008), which would complicate the interpretation of assays
performed on the BALF cell population.

To rule out the possibility that the low recovery of macrophages in
the BALF was the result of the activated macrophages being more diffi-
cult to lavage from the lungs under the protocol we used, we counted
the number of pulmonary macrophages in the lungs of mice that had
not been lavaged to recover cells from the airway lumen. In these
specific experiments we fixed the lungs via the vasculature to avoid po-
tential artifacts caused by washing the airways with fixative. There
were significantly (p=0.0045) lower numbers of macrophages in the
lungs after PM instillation, about half of the number found in the control
mice, as shown in Fig. 2. The agreement between the relative macro-
phage counts in the fixed lungs and the number of macrophages recov-
ered in the BALF is striking. Note also the relatively larger number of
macrophages in a representative section of the airway lumen from a
PBS-instilled mouse as compared to a mouse instilled with the wildfire
PM (Fig. 2, insets A versus B).
Fig. 3. Dead cells in BALF expressed as percentages of total cells recovered. Control mice
were instilledwith PBS and sacrificed 0.5 and 1 hour after instillation (the two PBS groups
were pooled as there was no significant difference between them, p=0.39, t-test). Mice
were instilled with coarse wildfire PM and sacrificed 0.5 or 1 hour after instillation. Sam-
ple sizes (N) are indicated in parentheses. Values represent groupmeans±SEM. ⁎pb0.01
versus matched control group.
Cytotoxicity of wildfire PM

To further confirm that the decrease in macrophages in the BALF
of mice instilled 0.5 or 1 hour previously with wildfire PM was a re-
sult of killing of the macrophages by the particles we examined the
number of dead cells (determined by Trypan-Blue uptake) in the
BALF. As shown in Fig. 3, there was a significant increase in the per-
centage of dead cells, presumptively macrophages, in the lavage
fluid obtained from the mice exposed to wildfire PM 1 hour previous-
ly as compared with PBS-instilled mice (pb0.01). As dead cells and
cell debris would be rapidly cleared from the lungs by mucociliary
clearance and by decomposition of dead (and dying) cells to struc-
tures that would not be scored by Trypan Blue staining, this analysis
almost certainly underestimates the total number of dead macro-
phages in the BALF.
Fig. 2. Macrophage cell count in lung sections. A) Representative image from PBS-instilled
image from PM-instilled animals. Sample sizes (N) are indicated in parentheses. Arrows ind
phages that stained positive for F4/80 in lung sections. Values represent group means±SEM
Oxidative stress

We hypothesized that the cytotoxicity of the wildfire PM was re-
lated to its ability to cause oxidative stress in the lung. Therefore,
we measured isoprostane concentrations in the BALF as a biomarker
of lipid peroxidation in the lungs of mice instilled with wildfire PM.
At the 0.5-hour time point, we observed a three-fold increase in free
isoprostanes in the BALF supernatant of mice instilled with wildfire
coarse PM as compared to controls, pb0.001 (Fig. 4). It is noteworthy
animals that were vascularly perfused as described in the text, and B) representative
icate F4/80 positive-staining macrophages. Scale bar=50 μm. C) Cell counts of macro-
. ⁎p=0.0045 versus matched control group.

image of Fig.�2
image of Fig.�3


Fig. 4. Free isoprostane concentrations measured in BALF. The control group is composed
of samples from mice instilled with PBS and sacrificed 0.5 and 1 hour after instillation.
Treatment groups were instilled with coarse wildfire PM and sacrificed 0.5 or 1 hour
after instillation. Sample sizes (N) are indicated in parentheses. Values represent group
means±SEM. ⁎pb0.001 versus matched control group.
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that the concentration of free isoprostanes had returned to control
values in the BALF frommice instilled 1 hour previously with wildfire
PM (Fig. 4), suggesting that the lipid peroxidation events that give
rise to the free isoprostanes in the lavage fluid occurs very rapidly
after PM instillation but either does not continue thereafter or is
counteracted by one or more antioxidant defense mechanisms in-
duced in the lung.

To test the hypothesis that the rapid decrease in isoprostanes in the
BALF between 0.5 and 1 hour after PM instillation was at least partially
due to their removal by antioxidant defenses elaborated by the lung ep-
ithelial cells, we examined specific antioxidant release from the airway
epithelial Clara cell population by measuring whether there was
Fig. 5. Representative images of CCSP-stained lung sections for each treatment group and the re
PBS group and B)CCSP staining in airway epitheliumsampled from the PMgroup. Sample sizes (
CCSP staining intensity in airway epithelium. Values represent group means±SEM. ⁎p=0.025
decreased intracellular CCSP staining, an indirect measure of CCSP re-
lease. As shown in Fig. 5, there was decreased staining intensity for
CCSP in Clara cells 1 hour after wildfire coarse PM instillation as com-
pared to the PBS vehicle control (p=0.0253). Representative lung sec-
tions from a proximal airway from a control and PM-instilled mouse
are shown in the insets (Figs. 5A and B). This observed decrease in
staining was uniform throughout the conducting airways (i.e. proximal
bronchial regions to terminal bronchiole regions).

To complement the results presented herein, we attempted to ex-
amine other potential biomarkers of oxidant stress, cytotoxicity, and
cellular damage. Additional assays were performed tomeasure protein,
total antioxidant capacity, TUNEL staining, and LDH content in the BALF
to try to further quantify oxidative stress and cellular damage in the
lungs of the mice instilled with wildfire PM10-2.5. No significant differ-
ences were observed with any of these assays (data not shown).

We also examined the concentration of TNF-α, a cytokine known to
appear very early in lung injury in rodent models (Lee and Yang, 2012),
in the BALF from our PM-instilled mice. We compared time-matched
PBS-instilled control mice with wildfire PM-instilled animals at 0.5
and 1 hour after PM administration (Fig. 6). The PM-instilled mice
contained 321±31 pg/mL of TNF-α in their BALF (pb0.001 versus
PBS controls=0) after 0.5 hours, and 883±96 pg/mL (pb0.001 versus
PBS controls=132±110) after 1 hour. We often see slightly elevated,
but highly variable, increases in biomarkers of inflammation in BALF
at the 1-hour time point in our experiments. The concentration of
TNF-α in the BALF was significantly higher at the 1-hour time point
than at 0.5 hour, pb0.01.

Discussion

Most of the experiments reported in this paper were performed
several years after collection of the wildfire PM (in 2008) that we
studied here. Only enough of the coarse fraction was still available
to allow us to perform in vivo studies. Thus, comparative studies
with fine or ultrafine PM fractions are not presented in this paper.
sulting score for staining intensity. A) CCSP staining in airway epitheliumsampled from the
N) are indicated inparentheses. Scale bar=50 μmlength. C) Semi-quantitative scoring for
3 versus matched control group.

image of Fig.�4
image of Fig.�5


Fig. 6. TNF-a content of BALF from mice instilled with either PM (100 μg) or PBS 0.5 or
1 hour previously. Values represent group means±SEM. (N), the number of mice an-
alyzed, is shown in parentheses. ⁎pb0.001 versus matched control groups;
⁎⁎pb0.001 versus 0.5 hour PM group.
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To specifically examine the cytotoxic effects of wildfire PM10-2.5 on the
pulmonary macrophage population in vivo, we focused our experi-
ments on the 0.5- and 1-hour time intervals between PM instillation
and necropsy, a time period prior to measurable neutrophilic influx.
Previous studies by Van Oud Alblas and Van Furth (1979) have indicat-
ed thatmousemonocytes do not develop intomacrophages in this time
span. Therefore, we can assume that themacrophage cell populationwe
examined during this short time period after wildfire PM instillation is
the resident pulmonary macrophage population that was present at
the moment of PM instillation. The decrease in macrophages found at
this time period (Figs. 1 and 2) in the lavage fluid, as well as in the
lungs, supports our previous findings at 24 hours after instillation of
wildfire PM (Wegesser et al., 2009). Furthermore, these acute decreases
in this particular cell population suggest that pulmonary macrophages
may be a specific target of wildfire PM toxicity.

We have previously shown thatwildfire coarse PM ismore cytotoxic
to macrophage cell cultures than urban coarse PM, collected with the
same high-volume sampler under similar conditions, on an equal
mass basis (Franzi et al., 2011). Here, we demonstrate that specific cyto-
toxicity to lung macrophages is also evident in a whole animal instilled
intratracheally with the same PM preparation (Fig. 3). While specific
cell types cannot be determined from the viable cell count using the
Trypan Blue exclusion technique, at the 1-hour time point the macro-
phage population represents the vastmajority (>97%) of the cells iden-
tified in the BALF. Other cell types present in both wildfire PM- and
saline-instilled mice are seen at such low percentages that it is highly
unlikely that they could contribute significantly to the increase in
dead cells. We conclude that macrophage-specific toxicity is occurring
at the 1-hour time point, with a trend towards an increased percentage
of dead macrophages in the BALF at 0.5 hour.

In earlier studies we were not able to rule out the alternative ex-
planation of similar findings of decreased recovery of macrophages
in lung lavage fluid 24 hours after wildfire PM instillation as being
due to enhanced adherence of macrophages to alveolar (and other
airway epithelial cell) surfaces (Wegesser et al., 2009). In the present
study we counted resident macrophages in the unlavaged lungs of
vascularly perfused mice after exposure to wildfire PM using a
macrophage-specific antibody to selectively visualize the macro-
phages in situ, and compared the total number of tissue macrophages
present with comparable values from mice instilled with physiologi-
cal saline. As shown in Fig. 2, there were less macrophages in the
lung tissue of the wildfire-exposed mice than their matched controls,
proving that the decreased yield of macrophages in the lung lavage
was not due to increased adherence of macrophages to airway sur-
faces after exposure to wildfire PM.
Macrophage cytotoxicity has previously been shown to occur in
studies of cultured cells exposed to PM from other sources than wild-
fires (Chan et al., 2011; Gerlofs-Nijland et al., 2007; Kubatova et al.,
2006; Li et al., 2002). Acute effects of particles prepared from various
sources on cultured cells of various types have become a focus of
study within the past decade, and measures of oxidative stress and
toxicity have been shown to change within several hours after PM ex-
posure (Ayres et al., 2008; Chan et al., 2011; Goto et al., 2004a, 2004b;
Kaewamatawong et al., 2005; Mills et al., 2007; Nemmar et al., 2003).
However, it is difficult to extrapolate results across studies that use
different doses and types of particles of different sizes with different
chemical compositions arising from different sources.

We have also previously shown that wildfire coarse PM is a much
more potent inducer on an equal mass basis of expression of an
NF-kB-driven reporter gene in macrophage cell cultures than is coarse
PM from the same region, collected with the same high-volume sam-
pler under similar conditions (Franzi et al., 2011). Thus, therewas a cor-
relation between macrophage cytotoxicity and elicitation of oxidative
stress bywildfire PM in these in vitro experiments.We looked for a cor-
responding biomarker of oxidative stress in the current studies to deter-
minewhether a similar correlation occurred in vivo in ourmousemodel
exposed to wildfire PM.

The increased free isoprostanes measured in the BALF supernatant
samples ofmice instilledwithwildfire PM is indicative of oxidative stress
(Fig. 4).More specifically, the increased concentration of this lipid perox-
idation marker in the lung lavage fluid suggests that cell membrane
integrity of the target cells may be affected. The temporal progression
of oxidative stress, as indicated by the increased isoprostanes seen at
the 0.5-hour time point, followed by cell death and decreased macro-
phages at the 1-hour time point, supports the hypothesis that oxidative
stress in macrophages that have ingested wildfire PM is the mechanism
of cytotoxicity, as the pulmonarymacrophageswould have been the first
line of defense against the instilled wildfire particles. Our previous re-
sults using a RAW 264.7 macrophage cell line that was modified with a
NF-κB-induced reporter gene has shown increased NF-κB activation
after exposure to wildfire PM as compared to ambient air PM. Taken to-
gether, the increased concentration of lipid peroxidation products
shown in the present study identifies early wildfire PM-induced oxida-
tive stress effects in vivo that would lead to NF-κB activation.

How might oxidative stress be linked to lung inflammation in our
experiments? In the present studywe found that TNF-α levelswere sig-
nificantly elevated in mice instilled with 100 μg of coarse wildfire PM
0.5 and 1 hour after PM instillation. Our results point to TNF-α as a sig-
nificant cytokine involved in the mouse lung inflammatory response to
wildfire PM. Jalava et al. (2006) reported slightly decreased levels of
TNF-α in RAW264.7 macrophage cells exposed for 24 hours to wildfire
coarse or fine PM as compared to seasonal average PM; however, cyto-
kine levels were increased significantly in macrophages exposed to a
mixture of seasonal average and wildfire PM. The difference in TNF-α
levels we report in Fig. 5 as compared to the results reported by Jalava
et al. (2006) for RAW264.7 macrophage cells may be due to in vivo ver-
sus in vitro differences, timing of measurements, or differences in the
specific PM preparations evaluated. We should also note that the use
of in vitro assays, although quite useful for mechanistic studies, do not
account for other inflammatory cells and cytokine/chemokine influ-
ences that are almost certainly present in the lung during an inflamma-
tory insult. Happo et al. (2008) and Wegesser et al. (2010) previously
showed elevated TNF-α levels in lung lavage fluid collected 4 hours or
6 hours, respectively, after instillation of coarse PM into mouse lungs.

TNF-α gene expression is regulated by NF-kB (Shukla et al., 2000) in
lungs of mice exposed to PM. TNF-α activates expression of the KC gene
(KC is themouse homologue of IL-8),which in turn results in neutrophil
recruitment to the lung (Jiménez et al., 2002). We have previously
reported increased concentrations of TNF-α and of KC in the lung lavage
fluid supernatant 6 hours afterwildfire PM instillation intomouse lungs
(Wegesser et al., 2010). We have also observed elevated levels of other
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neutrophil chemokines in the lavage fluid in these earlier experiments,
including MIP 1α (Wegesser et al., 2010), a potent neutrophil chemo-
attractant. Thus we suggest that the very early pathogenetic sequence
occurring in our mice instilled with coarse wildfire PM is phagocytosis
of the PM by macrophages followed by activation of NF-kB leading to
transcription of genes that lead to rapid death of the macrophage and/
or secretion of neutrophil-attracting chemokines that promote rapid
(within 2 hours of exposure to PM) neutrophilic inflammation in the
lungs.

Onemajor advantage of thewhole animalmodel compared to the in
vitro system we used previously to study wildfire PM effects (Franzi et
al., 2011) is that we can also begin to investigate the lung responses by
other pulmonary cell types. Our present results show decreased immu-
nohistochemical staining for intracellular CCSP after wildfire PM instil-
lation. Since demonstrable epithelial sloughing is not occurring, we
believe that this is an indirect measure of CCSP release into the airway
lumen. CCSP has been shown to have antioxidant properties and is a
recognized response of a biomarker to oxidative stress (Mango et al.,
1998).

Clara cells are a particularly important cell group to study in regards
to inhaled coarse PM effects on airway epithelial cells, because this cell
population is located in an anatomical target region in humans for this
size of PM (Lippmann and Schlesinger, 1984). Clara cells are also the
major sites of xenobiotic metabolism in the lung epithelium. In vitro
studies in human bronchial epithelial cell cultures exposed to the fine
fraction of our preparation of wildfire PM have shown significant
up-regulation of gene expression of CYP1B1, a Phase I metabolic
enzyme (Nakayama Wong et al., 2011). Furthermore, there is signifi-
cant cross talk between Clara cells and pulmonarymacrophages, specif-
ically with regard to CCSP release as an anti-inflammatory mediator
after pulmonary insults (Snyder et al., 2010). Our finding of increased
CCSP secretion by Clara cells 1 hour after PM instillation suggests that
very rapid macrophage-Clara cell cross talk is occurring in the mice
instilled with wildfire PM.

In summary, our studies reported here confirm and extend our
previous in vitro and in vivo observations of wildfire PM-induced
macrophage cytotoxicity. Wildfire PM-induced oxidative stress oc-
curs very rapidly after lung exposure to the particles and may cause
some or all of the observed toxicity to macrophages. Significant bio-
logical responses from the airway epithelium occur concurrently
and may be part of the lung's defensive response to oxidative stress.
Neutrophil-attracting chemokines also appear very rapidly in the
lung lavage fluid, and are probably elaborated by macrophages and/
or airway epithelial cells directly in response to PM-induced oxidative
stress.
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