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Abstract
The Toxicological Evaluation of Realistic Emission Source Aerosols (TERESA) project assessed
primary and secondary particulate by simulating the chemical reactions that a plume from a source
might undergo during atmospheric transport and added other atmospheric constituents that might
interact with it. Three coal-fired power plants with different coal and different emission controls
were used. Male Sprague-Dawley rats were exposed for 6 h to either filtered air or aged aerosol
from the power plant. Four exposure scenarios were studied: primary particles (P); primary +
secondary (oxidized) particles (PO); primary + secondary (oxidized) particles + SOA (POS); and
primary + secondary (oxidized) particles neutralized + SOA (PONS). Exposure concentrations
varied by scenario to a maximum concentration of 257.1 ± 10.0 µg/m3. Twenty-four hours after
exposure, pulmonary cellular responses were assessed by bronchoalveolar lavage (BAL),
complete blood count (CBC), and histopathology. Exposure to the PONS and POS scenarios
produced significant increases in BAL total cells and macrophage numbers at two plants. The
PONS and P scenarios were associated with significant increases in BAL neutrophils and the
presence of occasional neutrophils and increased macrophages in the airways and alveoli of
exposed animals. Univariate analyses and random forest analyses showed that increases in total
cell count and macrophage cell count were significantly associated with neutralized sulfate and
several correlated measurements. Increases in neutrophils in BAL were associated with zinc.
There were no significant differences in CBC parameters or blood vessel wall thickness by
histopathology. The association between neutrophils increases and zinc raises the possibility that
metals play a role in this response.
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Introduction
Pulmonary inflammation is considered an important mechanistic step in the detrimental
effects of ambient particle exposures (Li et al., 1997, 1999; Godleski and Clarke 2000;
Schins et al., 2004; Cassee et al., 2005; Li et al., 2008). Previous studies from our research
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group (Clarke et al., 1999; Clarke et al., 2000a; Clarke et al., 2000b; Saldiva et al., 2002)
have used both rat and dog models exposed to concentrated ambient particles (CAPs) to
study inflammation as a mechanistic step in understanding the epidemiologic observation
that increases in morbidity and mortality are associated with increases in ambient particle
pollution (Pope et al., 2004). Our studies have demonstrated that CAPs induce a detectable
pulmonary inflammatory reaction in animals using bronchoalveolar lavage (BAL) (Clarke et
al., 1999; Clarke et al., 2000b; Saldiva et al., 2002) and confirmed in lung tissue
morphometrically (Saldiva et al., 2002). Studies of humans exposed to CAPs also show
pulmonary inflammation (Ghio et al., 2000). Autopsy studies on individuals living in areas
with high concentration of ambient particles have shown inflammatory alterations of the
airways and pulmonary parenchyma, with evidence of particle accumulation within the
lungs (Souza et al., 1998).

The primary objective of this study was to evaluate the pulmonary inflammatory potential of
primary and secondary particulates derived from coal-fired power plant emissions. By
simulating the chemical reactions that a plume from the power plant might undergo during
atmospheric transport, realistic complex exposure scenarios were used to test the hypothesis
that particles derived from these conditions will produce a pulmonary inflammatory
response.

The role of specific sources of particulate pollution in producing an inflammatory response
has been a focus of active investigation. Studies have used primary particles from various
sources including coal-fired power plants (Gilmour et al., 2004). The role of secondary
sulfate particles, primarily derived from SO2 in power plant emissions, has been considered
from both the toxicological and epidemiological viewpoints in recent reviews (Schlesinger,
2007; Reiss et al., 2007). In general, toxicological studies using neutral sulfate show adverse
health effects only at very high exposure concentrations. Schlesinger (2007) concluded that
inflammation may be due to metals or acid since secondary sulfate particles of public health
significance most likely would be those having strong acidity, such as sulfuric acid or
ammonium bisulfate, although this acidity is significantly neutralized in the atmosphere as
well as in human airways. The relative significance of sulfate-associated H+ compared to
other PM2.5 components is not clear from epidemiology studies that assessed acidity directly
(Schlesinger, 2007). In an epidemiological study in the Boston area, Zeka et al. (2006) found
associations between particle number, PM2.5 mass, and black carbon, but not sulfate, with
inflammatory markers. Reiss et al. (2007) concluded that PM sulfate has a weaker “risk
factor” than PM2.5 for health effects and that since sulfate is correlated with PM2.5, this
result is inconsistent with sulfate having a strong health influence. Although both the
reviews (Schlesinger, 2007; Reiss et al., 2007) conclude limited health effects from sulfate
exposure, both indicate need for more research to delineate the role of specific sources of
particulate air pollution.

Ambient particles consist of primary particles emitted from sources of pollution and
secondary particles formed by chemical reaction of gases in the atmosphere. Ambient
exposures include many sources of air pollution such as power plants, vehicular sources,
home heating and combustibles, industrial plants and natural sources. In the Toxicological
Evaluation of Realistic Emission Source Aerosols (TERESA) project, health outcomes are
studied and related to both primary and secondary particles derived from specific sources of
air pollution. In addition, chemical reactions that emissions from the source undergo in a
plume during transport from the source to distant sites are simulated through the addition of
atmospheric constituents. Health outcomes are then assessed in relationship to the modeled
processes as well as measured constituents in the exposure atmospheres.
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For these studies, three coal-fired power plants with different sources of coal and with
different emissions controls were used as the pollution source. Stack emissions were
delivered to a photolytic chamber to simulate, in a compressed period of time, the chemical
reactions that occur in the atmosphere, aging this mixture and delivering the fine particulate
fraction, along with some gases, to experimental animals. Four different scenarios
(experimental exposure models) were used to develop a step-wise increase in complexity of
the reactions and simulation of the atmospheric reactions with added atmospheric
constituents.

Materials and methods
Power plants

Three coal-fired power plants using different sources of coal and with different emissions
controls were included in this study; plant-specific characteristics are presented in detail
(Kang et al., 2011). Power plant 1 (PP1) was located in the Upper Midwest, power plant 2
(PP2) located in the Southeast and power plant 3 (PP3) located in the Midwest.

Exposure system
The main features of the exposure facilities have been described in detail (Ruiz et al., 2007a,
2007b; Kang et al., 2011), as have the exposure assessment methods (Kang et al., 2011).
Briefly, TERESA involved assessment of actual plant emissions in a field setting using on-
site sampling and dilution of coal combustion emissions at three coal-fired power plants.
Emissions were introduced into a reaction chamber contained within a mobile laboratory to
simulate oxidative atmospheric chemistry, and both primary and secondary products were
extensively characterized, including NO2, SO2, O3, NH3, hydrocarbons, particle mass,
particle number, sulfate, nitrate, elemental/organic carbon (EC/OC), ammonium, and
elements. The emissions then entered a separate mobile toxicological laboratory where
animal exposures were conducted.

Animals
Male Sprague-Dawley CD rats of 250–300 g were obtained from Charles River Laboratories
(Portage, MI), delivered directly to the mobile laboratory stationed at the power plant, and
housed and managed in a self contained Thoren Maxi-Mizer caging system (Thoren Inc,
Hazleton, PA) in the mobile laboratory. Upon arrival, animals were assigned a unique
identification number which determined the exposure date and exposure group (aerosol or
filtered air) for the animal. Veterinary care and husbandry of the animals was contracted
with local universities near each site. These universities also served as overseers of our
animal procedures and reported directly to the compliance office for the Harvard Medical
Area Standing Committee on the use of animals in research.

Scenarios and experimental design
Four different exposure scenarios were used to evaluate each power plant (Ruiz et al.,
2007b): primary particles (P); primary + secondary (oxidized) particles (PO); primary +
secondary (oxidized) particles + secondary organic aerosol (SOA) (POS); and primary +
secondary (oxidized) particles neutralized + SOA (PONS). At PP3, three control scenarios
without primary particles were carried out: oxidized (O), oxidized + SOA (OS), and SOA
(S).

Animals were exposed to either an emissions scenario or filtered air by inhalation in
individual whole body chambers that also served as plethysmographs for collection of
respiratory data (Diaz et al., 2011). For any given scenario, four sets of 6-h exposures were
run usually on consecutive days with each set having five animals exposed to the emissions
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scenario and five animals exposed to filtered air as controls. Of these, five animals per
group, two had in vivo chemiluminescence assessments as described in Lemos et al. (2011),
and the remaining three were either used for BAL or histopathology as described here.
Typically, for animals assessed by BAL, their exposure took place on days 1 and 3 in the
sequence, whereas animals assessed by histopathology were exposed on days 2 and 4 in the
sequence. The total number of animals used and analyzed for BAL per scenario was 12 (6
aerosol exposed, 6 filtered air controls), and the total number used for histology per scenario
was also 12 (6 aerosol exposed, 6 filtered air controls). Assessment of BAL and
histopathology was done 24 h after the exposure. Blood for complete blood count (CBC)
was collected at the time of sacrifice for the BAL and histopathology so that the total
number of animals for this assessment per scenario was 24 (12 aerosol exposed, 12 filtered
air controls). A total of 78 exposure days were included in the study. In the introductory
paper of this series (Godleski et al., 2011; Rohr et al., 2010), Table 4 of that paper shows the
number of animals used in analyses of each outcome at each plant for each scenario.

CBC
Rats were euthanized with an intraperitoneal overdose of barbiturates (Fatal Plus, Vortech
Pharmaceuticals Dearborn, Michigan), the thorax was opened, and 2–3 cc of blood was
obtained via cardiac puncture for CBC. Blood was collected in 2-ml Vacutainer tubes with
EDTA refrigerated, safely packed and shipped via overnight courier service to IDEXX pre-
clinical research laboratories in North Grafton, MA, for processing. After collection of
blood, the dissection was continued to carry out either BAL assessment or histopathological
tissue harvest.

BAL
BAL was carried out using methods previously described (Saldiva et al., 2002). Six
consecutive 5 cc washes with endotoxin-free Dulbecco’s phosphate-buffered saline were
carried out. The first wash was centrifuged and supernatant was collected and frozen with
dry ice. Cell resuspension of the first wash plus the other five washes was used for cell
count, viability, and cell type determinations. Viability and total cell counts were determined
by hemocytometer counts of small aliquots of the resuspended BAL diluted in trypan blue
solution. Cell type was determined from modified Wright-Giemsa-stained cytocentrifuge
preparations; 200 cells were counted per sample. Supernatant was later used to determine
levels of total protein and N-acetyl-beta-glucosaminidase (β-NAG) (Diazyme Corp., San
Diego, CA). The former is a marker of pulmonary inflammation and vasculature
permeability, whereas the latter is a marker of activation or lysis of phagocytic cells. Total
protein was measured using a standard kit from Pierce (Product #23235; Rockford, IL).
Determination of (βNAG was done by the methods of Sellinger et al. (1960). Enzymatic
reagents for the measurement of (βNAG were obtained from Sigma Chemical Co (St. Louis,
MO), and chemical reagents were obtained from Fisher Scientific Co. (Pittsburgh, PA).
(βNAG was measured using a kinetic plate reader (Molecular Devices, Sunnyvale, CA).

Histopathology
Preparation of tissues was carried out using methods previously described (Saldiva et al.,
2002; Batalha et al., 2002; Lemos et al., 2006). After euthanasia and blood collection, the
lungs were fixed with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer. This fixative
was delivered to the lung via the trachea at 20 cm of fixative pressure to inflate the lungs,
and the pressure was maintained for 30 min. The heart was irrigated with the same fixative
solution in situ during this period of time. When the heart and lungs were harvested, they
were placed in the same 2.5% glutaraldehyde solution in a 100-ml sealed container, and
stored at 5°C until further dissection could take place. Total lung volumes were determined
by displacement, and the lungs cut horizontally into 2-mm sections which were numbered,
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and then three slices were randomly selected for processing by paraffin histology
techniques. The heart was cut horizontally into 2-mm sections, numbered, and two slices
randomly selected for histological processing by paraffin histology.

Histological approaches used in these studies have also been previously described (Batalha
et al., 2002; Saldiva et al., 2002; Lemos et al., 2006). Initially, all slides were assessed
qualitatively and descriptively to detect the presence of histopathological alterations of the
lung or cardiac parenchyma. In a second step, morphometric methods were applied to
subsets of slides to confirm the presence or absence of specific changes in the lungs or heart.
For this purpose, the numerical density of the measurement of interest, such as macrophages
or neutrophils, (Ni) was determined by counting the number of such cells present in specific
locations, at a magnification of 450×. Ni was assessed using an unbiased counting procedure
(Saldiva et al., 2002; Weibel 1986) with the aid of a grid attached to the eyepiece that
delineates a square of 225 µm. Ni was corrected by the density of alveolar parenchyma
(Dap) in the area of observation, by applying a system of 100 points over the same area
where Ni was determined and counting the number of points overlying alveolar tissue. Ni
and Dap were determined for 15 microscopic fields for each slide for locations including the
centriacinar region (5 fields/slide), defined as those alveolar structures that open directly to
airways; and the peripheral acinar region (5 fields/slide), defined as alveoli without an
evident relationship with respiratory airways, and large airways (5 fields/slide).
Measurements performed for each animal were averaged within each anatomical site to
provide a single data point for each location and for each animal. The morphometric
measurements were performed by a single observer, with a difference in reproducibility
below 10%.

Quantitative measurements of the ratio between the lumen and wall (L/W) areas were done
for transverse sections of pulmonary and coronary arteries using the stained slides (Batalha
et al., 2002). In the lungs, branches of pulmonary circulation were selected on the basis of
their anatomical location, in the transition of airways to alveoli. The second criterion for
selection was that the artery in the section needed to be a true cross-section, i.e. having a
variation between its maximum and minimum diameter smaller than 10%. For the coronary
circulation, cross-sectioned arteries within the outer half of the wall of the left ventricle were
evaluated again in true cross-section. In general, at least three arteries fulfilled the criteria in
each animal and in each organ. L/W ratios were determined by a standard point counting
procedure, at 450×, with the aid of a coherent system of 100 points contained within a
square of 100 by 100 micrometers at this magnification. Briefly, the entire artery was placed
within the limits of the square, and the number of points hitting the lumen or the wall of the
vessel was determined. An unbiased procedure was adopted, by considering those points
lying in the boundary between the lumen and wall as belonging to the lumen of the vessel.

Statistical analyses
The statistical approach used in this paper is described in detail in Coull et al. (2011).
Briefly, in a multilayered approach, multiple analyses were conducted that used exposure
metrics of increasing sensitivity. First, analysis of variance (ANOVA) techniques that
treated exposure as a categorical variable assessed the outcomes applying overall differences
between exposed and filtered air responses (i.e. a binary exposure covariate) for each
exposure scenario. For all experiments in this paper, we compared response levels in
exposed animals to those in the filtered air controls from the same day. For the ANOVA
models that assessed the effects of exposure for each scenario, we included a Bonferroni
correction for multiple comparisons and considered P-values <0.007 as strong evidence of
an exposure effect for a given scenario, and a P-value satisfying 0.007< P < 0.05 as marginal
evidence of an effect.
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In the second level of statistical analyses, univariate associations were assessed between
component concentrations and health outcomes. Here, single-component analyses were
conducted in which a separate regression model was fitted for each component using
differences between exposed and filtered air responses as the outcome and concentration as
the exposure metric. The resulting P-values from these models were used to rank the
strength of associations between each component and health. The third level of analysis,
used to support univariate findings, was the concept of variable importance in a random
forest analysis used to investigate joint effects of multiple pollution components. An
important design issue that impacted the statistical analysis strategy was the fact that the
study design exposed animals to both pollution exposures and filtered air across multiple
days, which were nested within weeks, which were in turn nested within three power plants.
Thus, efficient estimation of health effects required that one identify the levels of this
hierarchy that were associated with nuisance variability in each biologic outcome. As a final
analysis, adjusted R2 was used to compare the relative importance of scenario vs. individual
components.

Results
Exposure

The exposure concentrations are reported in Table 1 for the three power plants and the four
scenarios at each power plant (plus the additional four control scenarios at PP3). Mass
exposure concentrations ranged from 1.0 ± 0.9 µg/m3 for the P scenario at PPl to 257.1±
10.0 µg/ m3 for the PONS scenario at PP2. For mass and sulfate measurements, the
concentrations at PP2 were about twice those at PP1, with PP3 having intermediate
concentrations between those extremes. The concentration differences between each
scenario were proportional within plants. Particle number increased from the P to the PO to
the POS, to the PONS scenario at PP1 and PP2, but PP3 had comparatively very high
particle numbers in the P, PO, and POS scenarios compared to the other plants. Organic
carbon was very low in the P and PO scenarios at all three plants (ranging from 0.0±0.0 to
2.6 ± 4.5 µg/m3), highest in the POS scenario in all three plants (ranging from 51.6 ± 8.6 to
59.0 ± 20.5 µg/ m3), and also high in the PONS scenario ranging from 30.2 ± 16.4 µg/m3 in
PP1 to 52.0 ±23.0 µg/m3 in PP3. This was expected based on the addition of SOA in these
two scenarios.

BAL
BAL cellular and fluid parameters are presented in Figures 1 and 2. Figure 1 shows each
BAL outcome to each exposure scenario as the difference from filtered air control exposure
± standard error (SE) for each power plant by scenario. In Figure 2, these data are shown for
all plants combined. In considering these two figures together, it is possible to see the
contribution of each power plant to a particular outcome (Figure 1) then to view the overall
effect of a scenario on that outcome (Figure 2). In Figure 1, total cell counts significantly
increased with the POS and PONS scenarios at two of the three plants (P < 0.001). This
finding persisted when all three plants were considered together (see Figure 2), because
individually these BAL outcomes increased at all individual plants even though they reached
statistical significance individually at only two. Macrophages significantly increased (P <
0.001) in response to the PONS scenario at PP1 and PP3, and when all plants were
combined. Total cell number and macrophage numbers for the P and PO scenarios showed
little change overall and were not statistically significantly different at any individual plants
with these scenarios. Polymorphonuclear neutrophil (PMN) numbers showed a marginally
significant increase for the P and PONS scenario at only one of the three plants (PP3); when
all plants were combined, the P scenario resulted in higher PMNs. This represents a very
modest overall 2.05± 1.20 percent change in BAL PMNs, and from Figure 1, it can be seen
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that this result is driven solely by PP3. These significant increases at PP3 were sufficient to
drive the overall effect even though changes in the P scenario at PP2 were but fractionally
increased and at PP2 were essentially 0. Changes in lymphocyte number, protein, and (β-
NAG were not significantly different for any scenario at any individual plant, nor overall.

Additional control scenarios were conducted at PP3 as described in the Materials and
methods section; none showed any significant changes in BAL parameters (lowest P-value
was 0.32, data not shown).

Univariate analyses for total PM mass, particle number, and 21 different measured
component concentrations in relationship to BAL total cell count, macrophage number, and
PMN number are shown in Table 2. One strongly significant association was observed
between PMNs and zinc (P = 0.0007). Associations with P-values less than 0.05 for total
cell count included increasing concentrations of total sulfate, neutralized sulfate, ammonium
ion, and zinc; for macrophage count, associations with P-values less than 0.05 also included
total sulfate, neutralized sulfate, and ammonium ion; and for PMNs, a negative association
was found with elemental carbon (P< 0.05).

Random forest analyses were used in conjunction with univariate analyses results to
evaluate component measurements having the greatest influence. Scatter plots on those
identified components then show the directionality and the univariate relationship between
each change in outcome with increasing concentration of component. The findings of the
random forest analysis (Figures 3 and 4) and the scatter plots (Figures 5 and 6) are generally
consistent with the scenario and univariate findings. Data for macrophage number and
neutrophil number are illustrated. Random forest analyses for macrophage number (Figure
3) found the variables with the strongest influence in this outcome were particle mass, total
sulfate, neutral sulfate, and ammonium ion. A clear break is seen between the top 4 and the
remainder of the constituents. Figure 5 shows that ammonium ion, neutral sulfate, particle
mass, and total sulfate have positive slopes, a distribution across the concentration range,
and with POS and PONS scenarios influencing the slopes. Since macrophages dominated
the total cell counts, the findings for total cell counts would be expected to be the same.
Indeed, for total cell count, the variables with the strongest influence were in order: total
sulfate, particle mass, neutral sulfate, and ammonium ion (data not shown). A clear break in
the pattern between ammonium ion and the next constituent was observed as with
macrophages. For total cells, ammonium ion, neutralized sulfate, mass, and total sulfate all
had positive slopes distributed across the concentration range, and with POS and PONS
scenarios influencing the slope (data not shown).

Random forest analyses for PMN numbers (Figure 4) found the variable with the strongest
influence in this outcome was zinc. Zinc, which was strongest in univariate analysis, is atop
the random forest listing, and stands alone. Elemental carbon, which was significant in
univariate analyses with a negative coefficient, ranks 6th in the random forest listing. Ozone,
which had a nonsignificant negative coefficient in univariate analyses, ranks second but is
not close to zinc. The scatter plot for ozone (Figure 6) demonstrates the negative slope.
However, the scatter plot for PMN numbers with zinc (Figure 6) shows that these results are
driven largely by four high concentration values all at PP3 in the P and PONS scenarios.

In an attempt to determine the relative importance of plant/scenario vs. individual measured
component impact on the BAL outcomes, we calculated the adjusted R2 for plant/scenario
ANOVA models and the adjusted R2 for the component regression models for all outcomes
(Table 3) (Coull et al., 2011). For total cell count and total macrophages, plant/scenario
models and single-component models explained similar amounts of the variance in the
outcomes. For total PMNs, plant/ scenario explained 0.5 which was considerably greater
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than other components. The relative strength was plant/ scenario > zinc > mass. Mass
explained less than plant/ scenario for all outcomes assessed in Table 3, and less than neutral
sulfate, ammonium ion, and total sulfate for macrophages and total cells suggesting that the
findings of the POS and PONS scenarios were not simply mass effects.

Histology
On histologic examination, neither increased numbers of macrophages and/or PMNs were
observed at bronchoalveolar junctions in any scenario at any plant nor were there any visible
pulmonary vascular changes. Both of these were the primary histological findings in our
published studies of CAPs (Saldiva et al., 2002; Batalha et al., 2002). Not finding these
qualitatively, morphometry was done on at least one scenario from each power plant and
confirmed this no effect observation. In Figure 7, the morphological findings in this study
are illustrated. Filtered air exposures in all plants with all scenarios showed normal lung and
cardiac histology. Figure 7A and 7B shows completely normal alveoli with no evidence of
inflammation or cellular increase in filtered air control animals at PP2 and PP3, respectively.
Figure 7C shows a representative section from a filtered air control animal at PP3 showing a
normal small airway, with adjacent vessels in true cross-section with thin walls. Figure 7D is
a section of the heart showing a true cross-section of a coronary artery in a filtered air
control animal. There were no histological changes in the heart or coronary arteries in
filtered air controls from any power plant or scenario as illustrated in Figure 7D from PP2.
There were no histological changes in the heart or in the coronary arteries from TERESA
aerosol exposures at any plant or any scenario as illustrated by the example in Figure 7H
from PP2, POS scenario.

At PP3, the lung histology of animals exposed to the P and PONS scenarios showed a slight
increase in macrophages and rare neutrophils in alveoli. These findings are illustrated in
Figure 7E and 7F for the PONS scenario at PP3. Figure 7G illustrates typical findings in the
airways of animals exposed to the P and PONS scenario at PP3. An increase in macrophages
and rare neutrophils are visible on the surface of the ciliated epithelium of the airways. An
increase in parenchymal macrophages or PMNs by morphometry (i.e. macrophages and
PMNs at the alveolar level morphologically) was not found with CAPs (Saldiva et al, 2002),
and the airway macrophage increase depicted here was also not found with CAPs. On
qualitative assessment of macrophages in alveoli and airways at PP1 in all scenarios, there
was no difference in numbers of macrophages visible in air spaces or airways as compared
to filtered air controls; this finding supports BAL findings in the PO and POS scenarios, but
not in the PONS scenario. Limited morphometry on the parenchyma in the PONS scenario
at PP1 showed a very slight increase in macrophages which was not statistically significant
(controls = 0.10 ±0.05; exposed = 0.12 ±0.05); P = 0.3. Animals at PP3 had qualitatively
more macrophages in the parenchyma in the PONS scenarios, confirming the BAL findings
for that scenario. The histological pictures in Figure 7E, 7F and 7G are representative
pictures of the PONS scenario at PP3.

CBC
CBC results for individual plants of all scenarios, as well as combined plant data of all
scenarios, are presented in Table 4. TERESA aerosol minus sham differences in CBC
parameters, including white blood cell (WBC) count, red blood cell (RBC) count,
hemoglobin (HGB), hematocrit (HCT), segmented neutrophil count (Neut Seg; a measure of
mature neutrophils), band neutrophil count (Neut Band; a measure of immature neutrophils
released from the bone marrow as part of an acute inflammatory response), lymphocytes,
monocytes, eosinophils, and basophils, are all included. No significant difference in any
CBC parameter was found for any scenario at any plant, and also there were no significant
differences when data from all plants were combined. As can be seen in Table 4, differences
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were extremely small. For example the largest change in WBC count was 1.84 ± 2.79 × 103

with the POS scenario at PP2. Throughout the data set, in most instances the standard
deviation was larger than the mean difference. In this instance, that observation was not an
indication of high variability, rather an indication of very little difference between exposed
and control means. Of note, there were no changes in red cell parameters, and there was no
increase in band forms of neutrophils in any scenario at any plant.

Discussion
This study was designed to determine whether primary and secondary particles derived from
emissions of coal-fired power plants can produce inflammation in the lungs of exposed
animals as assessed by BAL and histology, changes in the pulmonary vasculature, and
morphological changes in the heart and cardiac vasculature. Results of this study indicate
that the POS and PONS scenarios resulted in an increase in total lavaged cells in BAL, and
this increase was primarily related to increases in macrophages. Using both univariate and
multivariate (random forest) analyses, the BAL increases were most strongly associated with
total sulfate, neutral sulfate, and ammonium ion. These are all highly correlated
measurements in these experiments; in addition, all are highly correlated with total particle
mass, which was also a significant predictor of total cell count in random forest analyses.
Increases in PMNs in BAL were found with the P and PONS scenarios at PP3, and
statistically related to the concentration of zinc by univariate and random forest analyses.
Particle mass concentrations in the P scenario were highest at PP3, likely because of
emissions from the wet FGD scrubber used at this plant. Specifically, small amounts of
neutral and acidic sulfate were released by the scrubber itself. Of the three plants, P scenario
neutral sulfate and particle number concentrations were highest at PP3. The P scenario at
PP3 had about 40 times the particle mass concentration compared to the same scenario at the
other two plants (43.2 ± 14.6 µg/m3 compared to 1.0 ±0.9 and 1.7 ± 1.8 µg/m3). However,
these observations do not explain the response to the P scenario at PP3 because both total
mass and neutral sulfate were much higher in other scenarios at other plants where no
responses were observed.

The statistically significant changes in total cell count and macrophages by BAL are
considered mild toxicological responses, and these were observed only in scenarios with
added SOA and the most complex atmospheric reactions. The SOA used in TERESA was
derived from a-pinene, a biogenic volatile organic hydrocarbon. It should be noted that the
oxidation products of a-pinene have been studied in a number of toxicological experiments,
primarily focused on respiratory responses. Rohr et al. (2002, 2003) reported a number of
airway responses due to exposure to a-pinene oxidation products; these included both gas-
phase and aerosol-phase products. Pinenederived SOA has not been examined for any
pulmonary inflammatory effects, although the oxidation products of isoprene, another
biogenic terpene, have been used in BAL and nasal lavage studies in mice (Rohr, 2001).
Isoprene oxidation products, including both gas- and aerosol-phase, showed no evidence of
inflammatory activity.

Increases in neutrophils in BAL without increases in BAL protein, enzymes, or circulating
neutrophils are also viewed as a mild response. The association with the zinc concentration
appears to be driven by increased zinc concentrations in the P and PONS scenarios at PP3
(Figure 6). At PP1 and PP2 for all scenarios, the zinc concentration was very low and ranged
from 0.0 to 0.4 ng/m3; at PP3, the mean zinc concentrations were 1.5±0.6 for the P scenario,
0.5±0.2 for PO, 1.4 ± 0.9 for POS, and 4.3 ± 2.7 for PONS, which are relatively low, yet all
higher than at the other plants (Kang et al., 2011). The role of zinc as a metal in causing
health effects has been controversial because all studies showing significant positive
inflammatory effects have been done at very high concentration levels (Chen and Lippmann,
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2009). Given the distribution of results driving this outcome (Figure 6) and the zinc
exposure concentrations in this study (noted above), the role of zinc alone in the etiology of
PMN inflammation in this study is not convincing. PP3 had the wet FGD scrubber and the
highest mass concentrations in the P scenario among all plants. The contribution of this
scrubber to particle generation is discussed in detail by Kang et al. (2011). However, the P
and PONS scenarios at PP3 also had substantially higher concentrations of chromium, iron,
nickel, as well as zinc compared to these scenarios at PP1 and PP2 (Kang et al., 2011)
despite PP1 and PP2 having occasional days with high concentration of these elements. If
these concentrations are added together, PP3 had 3–4 times higher concentrations of these
elements than the other plants. This difference is likely due to the particular coal burned
during the time of the experiments, because the FGD scrubber does not emit metals. The
possibility of corrosion associated with the sampling lines is discussed and dismissed as
unlikely by Kang et al. (2011). Although the measured concentrations of these metals (other
than zinc) did not reach significance in univariate analyses, it is possible that zinc may be a
tracer for the combined metal effect.

It is important to compare the results of the studies reported here to CAPs studies in which
the same inflammatory endpoints were assessed in order to gain insight into relative
reponse. In CAPs studies in our laboratory in Boston, Clarke et al. (1999) found increases in
total lavageable cells with inhalation exposure of normal Sprague-Dawley rats to CAPs as
well as neutrophil and lymphocyte counts significantly elevated by CAPs exposure. Saldiva
et al. (2002) also found increases in total cells and neutrophils by BAL with CAPs exposure
in normal Sprague-Dawley rats exposed for 5 h/ day for 3 days, and identified neutrophil
increases by morphometry in the bronchiole-alveolar junction region of the lungs. Clarke et
al. (2000b) in dog studies in our laboratory also found Boston CAPs to be associated with
altered white and red blood cell counts and hemoglobin concentration. These changes with
CAPs were all larger in magnitude than the findings in this study. The exposure mass
concentration levels in the CAPs studies (Saldiva et al., 2002) were higher, but not
appreciably different, to those in this study (average in CAPs rat studies = 255.5 µg/m3;
average PONS concentration, all plants = 195.2 µg/m3), suggesting that the CAPs
composition, at least in urban Boston, has higher inflammatory potency than the exposures
in the present study.

We observed some associations of BAL endpoints with sulfate, which is consistent with
some of the literature, including the work of Saldiva et al. (2002) mentioned above, who
found increased total BAL cells and neutrophils to be associated with sulfate, among other
CAPs components, as well as Clarke et al. (2000b), who found a sulfur factor (determined
using factor analytical methods) in CAPs to be associated with altered white and red blood
cell counts and hemoglobin concentration. However, other studies have not shown any
association with sulfate. Indeed, while a number of CAPs studies in our laboratory and
others have shown biological responses (Kodavanti et al., 2000; Gurgueira et al., 2002;
Wellenius et al., 2003; Urch et al., 2004; Maciejczyk and Chen, 2005), these studies did not
find associations between these effects and either measured sulfate or a sulfate factor.
Kodavanti et al. (2000) found that the leachable sulfate in CAPs from Research Triangle
Park, NC, was not related to inflammatory responses in rats. Increased activation of nuclear
factor-κB in human bronchial epithelial cells did not correlate with sulfate from CAPs from
the New York area (where sulfate constituted 65% of the PM mass) (Maciejczyk & Chen,
2005). Another study found that while metals were correlated with the release of cytokines,
sulfate was not (Huang et al., 2003). In assessment of cardiovascular outcomes, changes in
brachial arterial diameter in human adults were not associated with sulfate in CAPs from
Toronto (Urch et al., 2004). Neither increased oxidative stress in rats nor changes in EKG in
dogs were associated with a sulfur factor in CAPs from Boston (Gurgueira et al., 2002;
Wellenius et al., 2003). Thus, there are also a number of CAPs studies that do not show any
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effect of sulfate. It is important to note that CAPs have a very different composition than the
aerosols in the TERESA study, and we would not necessarily expect to see the same
response. The differences between CAPs in various regions of the United States and
TERESA aerosols are discussed in detail in Kang et al. (2011). Moreover, the numbers of
animals used in the CAPs studies mentioned above and the numbers of animals used in the
studies reported here are similar. It is unlikely that small numbers of animals can explain the
lack of robust inflammatory responses in the study reported here.

Thescenario, univariate, and multivariate results lacked robust consistency. Scenario-
specific results indicate that POS and PONS generally had the largest impact, at least at two
of the three plants. Univariate analyses showed that neutral sulfate had one of the stronger
associations, while acidic sulfate was uniformly nonsignificant. The POS scenario, which
did not contain ammonia, was high in acid sulfate and low in neutral sulfate. Furthermore,
the highest neutral sulfate was at PP2 (139 µg/m3), where no increases in BAL parameters
were observed. One hypothesis regarding the acute health effects of sulfate is that the strong
acidity sometimes present in this material in the form of sulfuric acid (e.g. Schlesinger,
2007) causes adverse health effects. However, studies with acid sulfate or sulfuric acid have
required very high concentrations to elicit biological effects. For example, in human
exposure studies with sulfuric acid, concentrations in the range of 1000 µg/m3 were needed
to find adverse health effects (Frampton et al., 1992; Linn et al., 1981, 1994). In vivo acid
neutralization has been used to explain the need for extremely high levels of acid to induce
adverse effects (Larson et al., 1980; Sarangapani and Wexler 1996). Concentrations of acid
sulfate in our study were highest in the POS scenario at PP2 (108 µg/m3), averaging 37 µg/
m3. In addition, we conducted a control exposure only to acid sulfate (“O” scenario at PP3),
which is directly analogous to the aforementioned studies; therefore, our findings are
consistent with the lack of effect observed by others. Based on the findings of this study,
acid sulfate does not appear to play a significant role in pulmonary inflammatory processes.

Laboratory studies of neutralized sulfates have also been largely negative, or required
extremely high concentrations for effects to be observed. In a series of chronic aerosol
exposures with acid and neutral sulfur (IV) compound in dogs, no changes in inflammatory
parameters were found (Maier et al., 1999), but changes in particle clearance parameters
were found (Kreyling et al., 1999). In other toxicological studies of neutralized sulfates,
Cassee et al. (2002) exposed normal rats and others to ammonium bisulfate and ammonium
ferrosulfate in different particle size ranges for 4 h/day for 3 consecutive days. Animals were
sacrificed 1 day after the last exposure. Exposure concentrations were: ultrafine particles =
70 µg/ m3; fine particles = 275 µg/m3, 344µg/m3, or 410 µg/m3. No significant or consistent
exposure-related effects were found when assessing some of the same BAL parameters as
the study reported here as well as histopathology, and the phagocytic activity to Escherichia
coli of alveolar macrophages. In another study, Cassee et al. (1998) exposed both normal
and ovalbumin sensitized mice for 4 h/day for 3 days to ammonium ferrosulfate (0.459 µm)
at 250 µg/m3. Animals were sacrificed 1 day after the last exposure, and no significant
exposure-related effects on any of the endpoints examined in either group of mice were
found, and there was no evidence for any enhanced allergic response due to sulfate. These
studies are consistent with the TERESA findings described in this paper. Although we did
not study an “ON” scenario, which would directly correspond to the single-component
studies described here, we studied scenarios with sulfur in an oxidized form (sulfate) and not
containing secondary organic aerosol (i.e. PO). We also did not observe any biological
effects with these experimental conditions.

In our study, the addition of secondary organic aerosol appears to be linked with the
inflammatory responses observed. Examination of the responses to the control scenarios
conducted at PP3 provides valuable information to aid interpretation of the data. As
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mentioned, the effects on BAL cellularity in this study were observed primarily with the
POS and PONS scenarios. However, the control scenarios, S and OS, both conducted at
PP3, showed no significant effects. Organic carbon, the primary indicator for the SOA
scenarios, was higher in the control scenarios than in the POS and PONS scenarios at PP3.
Therefore, we can conclude that the effect does not appear to be driven by organic material,
an observation supported by the lack of significant results for OC in univariate analyses.
This might lead to the hypothesis that the primary particles at PP3 are driving the effects on
total cells and macrophages; however, there were no significant increases in either BAL
parameter for the P scenario at this plant, suggesting that these particles are not playing a
role. Other hypotheses would include the formation of organosulfate compounds which
could have toxicity in and of themselves; however, previous research to examine this
possibility has shown that although organosulfate compounds do form, they are likely not
responsible for adverse health impacts (McDonald et al., 2010). Overall, it is unclear why
the addition of SOA appears to be important in the BAL responses.

Finally, in comparing results in this study to the respiratory outcomes reported in this series
(Diaz et al., 2011) and the chemilumenescence findings in Lemos et al. (2011), there is
variable consistency. Peak expiratory flow and expiratory flow at 50% are significantly
decreased with the PONS scenario, and that decrease is related to increasing neutral sulfate
concentrations among other constituents in univariate analyses, but not in multivariate
analyses. Decreases in these expiratory flow parameters are not related to acid sulfate
concentration measurements in univariate or multivariate analyses. Indeed, in that paper,
increasing acid sulfate concentrations were associated with increasing expiratory flow
measurements. Decrements in expiratory flow have been associated with pulmonary
inflammatory changes in asthma and chronic obstructive pulmonary disease (Bousquet et al.,
2000; Hogg, 2008). Consistent with the increase in total cells and macrophages with the
PONS scenario findings of this paper is the observation that lung chemilumenescence is
significantly increased in the PONS scenario when data from all plants were combined
(Lemos et al., 2011). However, the BAL findings of this study are not consistent with those
of Lemos et al. (2011) at the individual plant/scenario level. Marginally significant increased
lung chemiluminescence with the POS scenario was found only at PP2 and not at PP1 and
PP3 whereas in the present study, total cells and macrophages increased significantly at PP1
and PP3, but no significant effects were observed at PP2. Although lung chemiluminescence
increased at all three power plants with the PONS scenario, none of these reached even
marginal significance, whereas total cells and macrophages at PP1 and PP3 were
significantly increased but PP2 was not. Univariate analyses of lung chemiluminescence and
exposure components had no consistent similarities with any BAL parameters and exposure
components. Thus, this series of papers, including the findings reported in this paper, must
be interpreted as indicating toxicologically mild adverse pulmonary responses to the POS
and PONS scenarios which include power plant emissions after reactions with natural
gaseous components.
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Figure 1.
Differences in BAL parameters by scenario and power plant: Increases in total cells and
macrophages are seen with the POS and PONS scenarios in all power plants, and are
significantly increased in two of three plants. The P and PO scenarios have small
insignificant changes in PP1 and PP2. Significantly increased PMNs are found in PP3 in the
P and PONS scenarios. Other parameters have minimal variable changes.
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Figure 2.
Differences in BAL parameters by scenario: Data from all power plants combined show the
difference between filtered air control and TERESA aerosol exposed animals by scenario in
all power plants combined. The POS and PONS scenarios show significant increases in total
BAL cells and macrophage numbers. The P scenario has a significant increase in PMNs.
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Figure 3.
Random forest ranking the effect of exposure components in change of BAL total
macrophage count: top ranked and separated components are mass, total sulfate, neutralized
S04, and ammonium lon.
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Figure 4.
Random forest ranking the effect of exposure components in change of BAL PMN count:
top ranked and most separated component is zinc.
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Figure 5.
Scatter plots for BAL macrophage count: each point has a color and symbol indicating
specific plants and scenarios. Mass, total sulfate, neutral sulfate, and ammonium ion all
show positive associations. Total sulfate has a uniform distribution with the POS and PONS
scenarios making mostly positive contributions.
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Figure 6.
Scatter plots for BAL PMN count: each point has a color and symbol indicating specific
plants and scenarios. The zinc result appears to be driven by a small number of high
concentrations at PP3 in the PONS and P scenarios. PMN count is negatively associated
with ozone. Mass has no association, and neutral sulfate has a slight positive slope, but
univariate and random forest analyses indicate no significant associations.
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Figure 7.
Histopathology of lungs and heart in filtered air exposed control animals (A–D) and PONS
aerosol exposed animals from PP3 (E–H). No pathological changes are visible in the control
animal parenchyma, airways, pulmonary vessels, myocardium or cardiac vessels. In the
exposed animals, increases in alveolar macrophages and rare neutrophils are visible in
alveoli. The airway in panel G has increased macrophages on the epithelial surface. There
are no changes in the myocardium or cardiac vessels in panel H. Bar = 200 µm in panel A,
all other original magnifications are 400×.
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