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Abstract

Imperial Valley, California has become increasingly hot, dry, and polluted over the past decade. 

Particulate matter (PM) levels are amongst the highest in this State, associated with significantly 

higher asthma prevalence among children in the region compared to national and state averages. 

The present study was performed to test the hypothesis that Imperial Valley PM by size and 

chemical composition might possess allergenic properties following introduction into murine 

lungs without prior sensitization to a known allergen with size fraction as a determining factor. In 

acute exposure experiments, BALB/c male mice were administered a single 50-μl oropharyngeal 

aspiration of nanopure water (H2O; control) or a stock 1 μg/μl PM solution. In sub-acute exposure 

experiments, male and female mice were treated with a total of six 16.6-μl intranasal instillations 

of H2O or stock PM solution over the course of 14 days. In all experiments, pulmonary function 

tests were performed 24 hr after the final instillation followed by necropsies for the collection 

of biological samples. Inflammatory responses measured via cellularity in histopathological tissue 

sections as well as significant, marked influxes of eosinophils and lymphocytes were noted in the 

bronchoalveolar lavage fluid in mice administered PM compared to control. Allergic responses, 

including airway hyperresponsiveness and significantly increased expression of IL-1ß, were found 

in male mice exposed to either PM2.5 or ultrafine (PMUF). A combination of all three size 

fractions of PM from Imperial Valley initiated atopic and asthmatic-like symptoms in the lungs of 

mice in the absence of additional allergen or pre-existing condition.
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INTRODUCTION

Particulate matter (PM) levels in Imperial Valley, California are among the highest in this 

State (American Lung Association 2018; English et al. 2022). This dry and agriculturally 

rich region generates heterogenous PM from a wide variety of sources ranging in size 

from ultrafine (PMUF )(da < 0.1 μm) to super-coarse (da > 10 μm). These sources 

include agriculture, cattle feedlots, vehicles idling at the border crossing, and dust from 

the lakebed of the Salton Sea. Dust storms in Imperial Valley are common and appear 

to be increasing in frequency with the continual and rapid shrinking of the Salton Sea, 

a large saline lake in the northwest corner of the Valley (Biddle et al. 2022; Frie et al. 

2019). Since 1999, the 375 square mile lake shrunk by over 45 square miles, leaving 

the playa exposed and increasing windblown dust levels in the surrounding communities. 

Recent observational studies demonstrated a significant association between decreasing lake 

elevation and increased PM in the region, (Jones and Fleck 2020) as well as markedly higher 

levels of asthmatic symptoms in children residing near the Salton Sea compared to the 

national level (Farzan et al. 2019; Tracking California 2018). Many Imperial Valley residents 

attribute these adverse health impacts to exposure to PM originating from the dried Salton 

Sea lakebed.

Previously, D’Evelyn et al (2021) examined biological responses to size-fractionated 

ambient PM obtained from the Imperial Valley using an immortalized cell line of 

human macrophages. Data demonstrated significant differences in cytokine expression, 

measured via quantitative polymerase chain reaction, when cells were exposed to “coarse” 

PM10, “fine” PM2.5, or “ultrafine” PMUF compared to a H20 control. In vitro, PM10-

exposed macrophages exhibited significant elevation in interleukin 1-beta (IL-1ß) as 

well as other inflammatory cytokines. Further, in PMUF-exposed macrophages enhanced 

cytochrome P450 1a1 (CYP1a1), a key enzyme involved in metabolism of drugs and 

environmental chemicals was detected compared to H20-exposed cells (D’Evelyn et al 

2021). Characterization of the Imperial Valley PM samples demonstrated significant 

differences in the chemical and bioaerosol composition for each size fraction associated with 

significantly elevated levels of endotoxin and ß-glucans. Findings from this in vitro study 

led us to conclude that each of the different PM size fractions initiated distinct mechanisms 

of toxicity and inflammation in exposed macrophages. These observations provided the 

foundation and rationale for the present in vivo study. Aliquots of the same PM samples 

used in D’Evelyn et al. (2021) - collected from 6/20/18–7/10/18 - were utilized in this study.

The Imperial Valley of California is characterized by consistent, year-round, moderate-to-

high levels of ambient PM (annual average 12.5 μg/m3) accompanied by episodic spikes of 

higher PM levels. These spikes are often due to dust storms which significantly increased 

the levels of PM10. Periodic events such as field burns also elevated the levels of PM2.5 

and PMUF. Late June and July represent one of the hottest and driest times of the year 

in Imperial Valley partly because the period falls between agricultural harvest seasons 

when fields are being turned over, and stubble burning is likely to occur (University of 

California Agriculture and Natural Resources 2020; Weather Spark 2022). Particulate matter 

was collected during these summer months to capture seasonal heterogeneity of PM and 

some of the episodic spikes that arise with dust storms and field burns. In an attempt to 
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better understand the impact of various pollution events in the Valley, single and repeated 

exposure paradigms were employed to simulate acute and sub-acute scenarios, respectively, 

in an in vivo mouse model. The focus of this study is two-fold to: 1) determine the acute 

effects of exposure to different sizes of PM from Imperial Valley in adult male mice and 

2) the influence of repeated exposure to the same size-fractionated PM from Imperial 

Valley in male and female mice. The rational of our experimental design was to assess 

whether different-sized particles administered on an equal mass basis might initiate in a 

differential inflammatory response based upon size and chemistry. Due to the previously 

observed responses in vitro it was postulated that atopy and asthmatic-like symptoms might 

be induced in vivo with differing size-fractionated Imperial Valley PM in the absence of an 

allergen. It was further hypothesized that each PM size fraction might initiate this response 

through distinct mechanisms.

METHODS

PM Collection and Extraction

Ambient PM was collected from Imperial Valley, California over the course of three weeks 

(6/20/18 – 7/10/18) with a state-of-the-art mobile sampling unit described in D’Evelyn 

et al (2021). The sampling unit was designed to be controlled remotely and collect size-

segregated PM 24 hr/day. Size segregation was accomplished using multiple high flow-rate, 

cascade impactor-based samplers (Demokritou et al. 2002) stacked in series to collect 

particles on separate filters. The unit contained a total of 10 impactors, each containing 

separate filters for PM2.5 and PMUF. PM10 was collected separately from a single-stage 

sampler located upstream of the 10 stacked samplers.

Cut filter wedges from all size fraction filters (PMUF, PM2.5 and PM10) were weighed prior 

to and after extraction to confirm the mass of extracted PM. Solvent extraction of PM2.5 

and PMUF involved a multi-step process – including a combination of bath style sonication 

in different solvents of varying polarity, liquid-liquid extraction, microporous membrane 

filtration, solvent removal and extensive gravimetric analyses further described by Bein and 

Wexler (2010). PM10 was extracted by scraping particles from the surface of the filter using 

a sterilized metal spatula.

PM stock sample preparation

After particle extraction, dry PMUF, PM2.5, and PM10 samples were weighed gravimetrically 

and resuspended in nanopure water to a concentration of 1 μg/μl. These stock solutions 

were sonicated for 1 hr and subsequently aliquoted for chemical characterization, to enable 

repetitive administration, and avoid continuous freeze/thaw cycles throughout the course of 

the experiment. Prior to animal instillations, the appropriate stock solution was sonicated for 

25 min and then vortexed for 5 sec between each animal.

PM extract characterization

Total organic PM mass and composition were determined via high-resolution time-of-flight 

aerosol mass spectrometry (HRAMS) according to previously reported protocols (Ge et 

al. 2012; Sun et al. 2011). HRAMS enables detection and quantification of the elemental 
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composition of major ions and thus, the average molar ratios—e.g. oxygen-, nitrogen-, 

sulfur-, and hydrogen-to-carbon (O/C, N/C, S/C, and H/C, respectively) ratios—among 

elements in organic PM (Aiken et al. 2008).

Molecular composition of the resuspended PM extracts was measured with high-resolution 

mass spectrometry (HRMS) that used direct-infusion nanospray ionization coupled to a 

linear trap quadrupole (LTQ)-Orbitrap instrument (Thermo Electron Corp.) at a mass 

resolving power of 60,000 m/Δm at m/z 400 in the positive ion mode. An external 

calibration was performed immediately prior to analysis to achieve a mass accuracy of 

2 ppm. Each ionizable compound (M) in the extract sample was observed as protonated 

(MH+) and/or sodiated (MNa+) ions. Mass spectra were processed by subtracting the 

background mass spectra of the blank filter extracts, deconvoluted and deisotoped, mass 

corrected, and assigned to molecular formulas using a custom Matlab protocol (Matlab 

2021a) based on heuristic mass filtering rules (Kind and Fiehn 2007) and Kendrick Mass 

(KM) defect analysis (Kendrick 1963) with a KM base of CH2 (methylene).

Animal exposures

Single acute or repeated sub-acute experiments occurred at separate times, with different 

sets of animals and exposure methodologies (Figure 1). All animal protocols were reviewed 

and approved by the University of California, Davis Institutional Animal Care and Use 

Committee.

Acute Exposure—Adult, male, 12-week-old BALB/c mice were obtained from Envigo 

(Livermore, CA) and randomly divided into 4 exposure groups (n=8/group). After a week of 

acclimation, mice were anesthetized with isoflurane (Western Medical Supply, Arcadia, CA) 

and administered a single 50–μl oropharyngeal (OPA) instillation of nanopure water (H2O; 

control) or stock PMUF, PM2.5, or PM10 solution. Since the stock solutions were all 1 μg/μl, 

all PM-exposed mice received 50 μg PM in the acute experiments.

Sub-acute Exposure—Male and female 9-week-old BALB/c mice were randomly 

divided into 4 exposure groups (n=6/gender/group), anesthetized with isoflurane (Western 

Medical Supply, Arcadia, CA) as above, and administered a total of six 16.6-μL intranasal 

instillations of H2O or stock PMUF, PM2.5, or PM10 solution over the course of 14 days as 

illustrated in the exposure protocol described in Figure 1. PM-exposed mice received a total 

PM dose of approximately 100 μg.

Pulmonary Function Testing

Twenty-four hr following the final instillation, mice were anesthetized with a cocktail of 

telazol (50 mg/kg; Western Medical Supply, Arcadia, CA) and dextormitor (0.7 mg/kg; 

Veterinary Medical School, Davis, CA) by intraperitoneal (ip) injection, and paralyzed with 

an intramuscular injection of succinylcholine (0.1 mg; Fisher Scientific, Pittsburgh, PA) for 

surgical placement of a 19-gauge intratracheal cannula and pulmonary function testing using 

a FlexiVent System (SCIREQ, Montreal, Canada). Ventilation was set at a frequency of 150 

breaths/min with a tidal volume (volume of a resting breath) of 10 ml/kg.
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Complete lung resistance, compliance, and elastance were measured, along with 

central airway resistance, tissue hysteresis, and tissue elastance using forced oscillation 

perturbation. All pulmonary function measurements were taken in triplicate and averaged 

for each animal. Airway hyperresponsiveness (AHR) was measured using increasing 

concentrations (0.25, 0.5, 1, 2, 4 and 8mg/ml) of methacholine (MCh) — a potent 

bronchoconstrictor in animals and humans—nebulized through the FlexiVent system. The 

EC200RL (effective MCh concentration that leads to a 2-fold rise in resistance) was 

calculated from the MCh challenge results as a measure of AHR.

Lavage Analysis and Cell Differentials—After pulmonary function testing, each 

mouse was euthanized with an ip injection of Beuthanasia-D (1 mg/ml; MWI Veterinary 

Supply, Los Angeles, CA). The left lung was clamped, and the right lung lobes lavaged 

with two 0.6-mL aliquots of PBS. Bronchoalveolar lavage (BAL) was performed with each 

PBS aliquot drawn in and out three times prior to collection. BAL fluid (BALF) from each 

aliquot was combined, the total sample measured and centrifuged at 4° C for 15 min at 

2000g. The resulting BALF supernatant was decanted for measurement of protein levels 

while the cell pellet was resuspended in 0.5 ml PBS. Protein measurements to assess cell 

permeability in BALF were made using a Lowry assay (BioRad, Hercules, CA) to measure 

cell permeability within 24 hr after collection. The resuspended cells were utilized for 

viability and total cell counts using a hemocytometer and 10 μl trypan blue stain. Cytospin 

slides (n = 3/mouse) were prepared by placing 100-μl cell suspensions in a Shandon 

Cytospin 4 (ThermoScientific, Kalamazoo, MI) to achieve an approximate count of 1.5 × 

103 cells/slide. Each slide was dried and stained with DiffQuik (American Mastertech, Lodi, 

CA) for cell differential analysis. A total of 500 cells were counted per mouse to determine 

the relative % and cells/ml of BAL macrophages, lymphocytes, eosinophils, and neutrophils.

Circulating Serum Immunoglobulins—Blood was collected via cardiac-puncture and 

placed into EDTA-coated tubes during necropsy. Blood samples were centrifuged for 15 

min at 2000g, plasma collected and frozen at −80° C for later determinations of the amount 

of circulating immunoglobulin E (IgE) via enzyme-linked immunosorbent assays (ELISAs; 

Biolegend, San Diego, CA). IgE, a type of antibody produced in mammals as a result of 

allergies and other conditions, was measured in the present study to observe whether PM 

alone, without experimental use of a known allergen (such as ovalbumin or house dust mite), 

was sufficient to prompt an atopic response.

Lung Histopathology—The left lung was removed along with the cannulated trachea and 

fixed under hydrostatic pressure at 30 cm/H2O in 4% paraformaldehyde (PFA) for one hr. 

The fixed left lungs were then stored in 4% PFA for 24 hr and transferred to 70% ethanol for 

later sectioning. For each mouse, four serial transverse slices of the left lung were prepared, 

starting at the left main-stem bronchus. These sections were subsequently processed using 

an auto-technicon system and embedded 24 hr later in paraffin wax. The embedded tissue 

blocks were cut into 5-μm sections using a microtome and stained with hematoxylin and 

eosin (H&E). Stained slides were employed for semi-quantitative histopathological analyses 

in which the alveolar, pleural, bronchiolar, and perivascular regions of the lungs were scored 

for inflammation using the ordinal rubric in Table 1.
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Cytokine Analysis—During necropsy, after the right lung lobes were lavaged, the right 

mainstem bronchus was closed with a suture and individual lobes were removed, flash 

frozen in liquid nitrogen, and stored in a −80°C freezer until future use. The caudal lobe was 

homogenized, and tissues used in plate-based Lowry (BioRad, Hercules, CA) assays and 

ELISAs (Biolegend, San Diego, CA) to measure total protein and interleukin 1-beta (IL-1ß) 

protein, respectively. IL-1ß was selected as the cytokine to measure in lung homogenate due 

to the markedly high levels produced by macrophages when exposed in vitro to PM10 from 

Imperial Valley (D’Evelyn et al. 2021) IL-1ß, part of the Interleukin 1 family, is involved 

in the activation of the inflammasome, and has recently been identified as having a role in 

neutrophilia related to severe asthma (Mahmutovic Persson et al. 2018; Lee and Lawrence 

2018). Lowry assays and ELISAs were performed in duplicate. All plates were read using 

a SpectroMax plate reader at 450 nm. IL-1ß concentrations (ELISA) were standardized to 

total lung protein as determined by the Lowry assay and expressed as pg/mg lung tissue.

Statistical Analysis—Shapiro-Wilk tests were used to assess the normality of data 

residuals and transformations were performed to achieve normal distributions as necessary. 

One-way analyses of variance (ANOVAs) were performed to test the effect of particle size 

on AHR, BALF cell counts, and IL-1ß and IgE protein levels. Two-way ANOVA was 

performed to determine whether particle size, MCh dose, or an interaction of both variables 

affected airway resistance, and whether particle size, lung region, or an interaction of 

both variables influenced semi-quantitative histopathological scores of inflammation. Post-

hoc Tukey’s Honest multiple comparison tests were used with all endpoints to determine 

statistical differences between specific exposure groups.

Statistical comparisons between subacute and acute exposure scenarios were not statistically 

analyzed due to inherent differences in the exposure scenarios. Although the same 

PM samples were used, the acute and sub-acute exposures involved unique exposure 

methodologies (OPA versus IN, respectively) and different cumulative doses. For these 

reasons, comparisons between the two exposure paradigms were limited to qualitative 

analyses of the biological responses in male mice since females were not included in the 

acute exposures.

Overall, no data were excluded from the acute exposure experiments, however in the sub-

acute exposure scenarios, MCh values above 2 mg/ml were excluded due to an insufficient 

number of data points to run the ANOVA. Lack of data above 2 mg/mL of MCh was due 

to a decision to stop testing after an animal resistance doubled, which, for the majority of 

animals, occurred at or prior to reaching 2 mg/ml. All cell differential and histopathological 

data underwent log transformation. All significant differences were assessed at a p-value < 

0.05 for ANOVAs and Tukey’s tests. All statistical analyses were performed using GraphPad 

Prism 8 (San Diego, CA). All data were expressed in terms of the exposure group mean ± 

standard error of mean (SEM).
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RESULTS

PM collection and characterization

During the three weeks (6/20/18 – 7/10/18) PM was collected for this study, PM10 and 

PM2.5 concentrations were, on average, higher than the California state 24-hr standards of 

35 μg/m3 and 50 μg/m3 for PM2.5 and PM10 respectively. There were three days within 

this timeframe in which PM10 was over 150 μg/m3 (United States Environmental Protection 

Agency 2018).

Results from the HR-AMS indicated that organic species dominated the Imperial Valley 

PM samples in every size fraction (Table 2). The distribution of the ionic fragments from 

electron-ionization of organic species (depicted in the second and third column of Table 2) 

was highly complex, suggesting PM was likely composed of hundreds of different carbon-

containing compounds. Further molecular composition analysis of the organic fraction with 

LTQ-Orbitrap HRMS confirmed the presence of hundreds of individual molecules in each 

size fraction. This analysis demonstrated a trend of more amines and sulfuric acid as the size 

fraction decreased. The proportion of hydrocarbons and oxygenated hydrocarbons, however, 

followed an opposite trend increasing in % with particle size such that their mass accounted 

for 15, 60, and 64% of the total mass of PMUF, PM2.5, and PM10, respectively.

PM exposure experiments

Results from a previous in vitro study demonstrated that when compared to a filter-blank 

control and all other tested PM size fractions, exposure to PM10 led to the most marked 

inflammatory response after 24 hr (D’Evelyn et al. 2021). In the present study, acute in 
vivo exposure to PM10 did not alter any inflammation marker or pulmonary function indices 

when compared to H2O exposure. However, sub-acute exposures produced different effects 

depending upon the PM size fraction and gender of the PM-exposed group.

Acute Exposure

Pulmonary Function Testing—At baseline, after acute exposure, there were no 

significant differences in lung mechanics measurements of lung resistance, compliance and 

elastance, central airway resistance, tissue hysteresis, or tissue elastance due to PM size. A 

significantly different response was observed between the H2O and PM2.5 groups exposed 

to 4 mg/mL of MCh (Figure 2A), the difference was primarily due to a single animal in 

the latter group. AHR, measured with MCh challenge illustrated in Figure 2B presented as 

EC200RL, was also not significantly different between groups exposed acutely to the various 

PM size fractions.

Lavage Analysis and Cell Differentials—Results of the acute exposure experiments 

revealed no marked significant differences between H2O- and PM-instilled groups in terms 

of total BAL cells or BAL cell differentials (Figure 3). A Lowry assay on the BALF 

supernatant detected a significant rise in protein levels in mice exposed to PM2.5 compared 

to H2O (not shown). This elevation suggested increased cell permeability in lungs of the 

former versus the latter as more proteins moved from within the cells into the mucosal lining 

and thus collected by BAL. No marked alteration was noted in neutrophil counts with acute 
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exposure to PM10 (Figure 4B). Lymphocyte levels were highest when males were acutely 

exposed to PMUF (Figure 4).

Circulating Serum Immunoglobulins and Cytokine Analysis—Circulating IgE 

levels were not detectable in the blood serum of any acute exposure group (data were 

not shown). A difference in the response to size-fractioned PM was found in the amount of 

IL-1β protein present in lung homogenate after acute exposure (Figure 5). PMUF-exposed 

males demonstrated increased levels of IL-1β protein versus control and other exposure 

groups (Figure 6).

Lung Histopathology—Semi-quantitative histopathological scoring of the fixed left lung 

tissue sections from acutely exposed animals demonstrated significant rise in bronchiolitis 

and pleuritis in mice treated with PM10 compared to H2O, but no other marked exposure-

related differences were detected (Figure 7).

Sub-Acute Exposure

Pulmonary Function Testing—Similar to the acute exposure experiment, no significant 

differences were observed in baseline lung mechanics measurements conducted following 

sub-acute exposures to PMUF, PM2.5 or PM10 (Figures 8A and 8C). Both male and 

female mice showed the highest change from baseline resistance, with increasing doses 

of MCh, when exposed to PM2.5 as opposed to H2O (Figures 8A and 8C). This was only 

significant in female mice, and only at the highest shown MCh dose of 2 mg/ml (Figure 8C). 

Qualitatively, AHR were non-significantly different (Figure 8D) associated with no obvious 

PM size-related effects in males (Figure 8B). No significant differences were observed in 

male mice sub-acutely exposed.

Lavage Analysis and Cell Differentials—After sub-acute exposures, no significant 

differences were noted between male and female mice with respect to BALF cell endpoints. 

However, more endpoints were changed in male versus female mice (Figure 9 versus Figure 

10) exposed to PM as opposed to H2O. PM10-exposed male mice exhibited significantly 

more eosinophils, neutrophils, and lymphocytes than H2O-exposed controls (Figures 9C–

9E). The eosinophil and lymphocyte numbers (Figures 9C and 9E) observed in PM10-

exposed male mice were also significantly higher than those in PMUF and PM2.5-exposed 

males. BALF endpoint comparisons in PM10- and H2O-exposed female mice yielded 

only increased lymphocyte numbers in the former (Figure 10E). Differences between PM-

exposed females were limited to an elevation in BALF neutrophils of PM2.5-exposed mice 

versus PMUF-exposed counterparts (Figure 10D). Sub-acute exposure to PM10 produced a 

significant increase in eosinophils, neutrophils, and lymphocytes when compared to all other 

exposure groups (Figures 11D–F, respectively).

Circulating Serum Immunoglobulins and Cytokine Analysis—With sub-acute 

exposure, male versus female mice produced different trends in the levels of IgE in blood 

serum. Levels of IgE in serum were significantly higher in males exposed to PMUF or 

PM2.5 versus H2O (Figure 12B). In contrast, no marked inter-group differences were found 

in serum IgE levels of female mice (Figures 12C–12D). PM10-exposed males exhibited 
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elevated levels of IL-1β compared to control and other exposure groups. No marked 

differences in IL-1β protein were detected in sub-acutely exposed female mice.

Lung Histopathology—Similar analysis of tissues from sub-acute exposure groups 

showed that PM10-exposed male mice displayed greater magnitude of bronchiolitis and 

pleuritis relative to all other exposure groups (Figure 13A). Perivasculitis was significantly 

greater in males exposed to PM10 or PMUF versus H2O (Figure 13A). The only significant 

differences noted among female mice were greater levels of bronchiolitis relative to controls 

when exposed to PM10 or PM2.5, and perivasculitis relative to controls when exposed to 

PM10 or PM2.5 (Figure 13B). In both lung regions in females, PM2.5-related inflammation 

was significantly greater than that due to PMUF, but not significantly different from the 

PM10 exposure group (Figure 13B).

DISCUSSION

The present study demonstrated differences in the biological responses to three different 

size fractions of PM from Imperial Valley, California using two unique in vivo exposure 

scenarios. A previous screening of this same Imperial Valley PM in vitro demonstrated 

significant PM size-related differences in responses produced in an immortalized cell line of 

macrophages (D’Evelyn et al. 2021). Extrapolating from in vitro results, it was expected that 

PM10 might induce a significantly more robust inflammatory response compared to control 

as well as other two size fractions. Data demonstrated the importance of in vivo studies, 

as the resulting biological responses were influenced by the following measured factors: 

exposure methodology, PM size, and animal gender.

One major limitation of this study was the inability to compare acute and sub-acute exposure 

methodologies quantitatively and statistically. The repeated dose, sub-acute exposure to 

PM not only increased the number of times the animals were dosed, but also doubled the 

total dose of PM delivered relative to acute exposure (100 μg versus 50 μg, respectively). 

Previous unpublished in vivo studies with BALB/c mice from our lab showed that an acute 

intranasal dose of PM over 50 μg leads to suppression of the inflammatory response in vivo, 

and thus the biological response is more difficult to quantify. In addition, due to the nature 

of the exposure timings, the dose rate was decreased in the subacute exposures relative 

to the acute protocol. An additional limitation to compare the sub-acute to acute exposure 

in this study is the route of PM administration: oropharyngeal (acute) versus intranasal 

(sub-acute) aspirations. However, Hulland et. al (2016) demonstrated that administration of 

IL-13 protein (an interleukin involved in many of the biological responses related to atopy 

such as IgE production) by oropharyngeal and intranasal administration led to comparable 

responses in BALB/c mice. To the best of our knowledge, there is no current study directly 

comparing these two exposure methodologies with PM. However, it is conceivable that there 

are differing distinct particle translocations between these two methodologies. Intranasal 

instillations are more likely to have particles reach the brain through nose to brain exposure, 

whereas oropharyngeal administration is a more direct line to the lungs and thus less 

translocation is observed. Translocation outside the lungs was beyond the scope of this 

study.
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Acute exposure was only conducted in male animals; thus, no gender comparison was 

conducted for a single exposure scenario. Sub-acute exposure was conducted with both 

male and female mice and a difference was noted in the biological responses to PM. 

Overall, male mice demonstrated the most significant inflammatory responses, as measured 

in BALF, lung homogenate proteins, and lung tissue sections with exposure to PM10 versus 

H2O. The inflammatory responses in female mice were more varied in that exposure to 

PM2.5, in addition to exposure to PM10, also induced a significant response, measured 

as neutrophilia, bronchiolitis and perivasculitis. As described in the review by Clougherty 

(2010), many epidemiological studies attempted to understand the role of gender in the 

respiratory health effects of air pollution and found the difference depends predominantly 

upon age, co-exposure, and pre-existing conditions. Male and female animals of the same 

age were exposed to the exact same exposure protocol and still a difference in responses was 

found. This led us to believe that there were mechanistic differences in the manner in which 

PM of different size fractions reacted in lungs of male and female animals.

A single PM size fraction did not stand out as invoking or creating a greater biological 

response. Infiltration of immune cells into the airspace observed via cell counts of the 

BALF and histopathological scoring were most significant after exposure to PM10, whereas 

increased levels of IL-1ß was detected significantly above control in mice exposed to both 

PM10 and PMUF, and changes in pulmonary function were found most significantly after 

exposure to PM2.5. These measures and potential mechanisms for each are discussed in the 

following three sections.

Cellularity and Inflammation:

The histopathological inflammation scores (Figure 7) differed among groups acutely 

exposed to different PM size fractions. This scoring was based upon a semi-quantitative 

methodology (Table 1) and had the limitation of being somewhat subjective to the scorer. 

In order to account for this, all scoring was conducted by a single, blinded individual. 

Significantly increased pleuritis and bronchiolitis were observed in mice acutely exposed 

to PM10, but not PM2.5 or PMUF (Figure 7). There was additionally enhanced influx of 

inflammatory cells to all regions (alveolar, bronchiolar, pleural, and perivascular) of the 

lungs. These data, indicating a marked increased inflammatory response to PM10 versus the 

other two size fractions, are in agreement with our in vitro studies (D’Evelyn et al. 2021) 

which demonstrated elevation in several inflammatory markers such as IL-1ß, IL-8, COX-2 

and IL-6 with exposure to PM10 compared to the smaller size fractions. These results are 

unusual, as smaller size fractions often initiate more severe responses due to increased 

surface area and or elevated particle number (Mack, Madl and Pinkerton 2019). The 

inflammatory potential of PM10 is not frequently measured in the data due to the assumption 

that it cannot be inhaled into the deep lung. However, our results are also consistent with 

an in vitro study of PM2.5 and PM10 from Mexicali (immediately South of Imperial Valley) 

that demonstrated exposure to both PM2.5 and PM10 induced an inflammatory response in 

murine monocytes (Osornio-Vargas et al 2011).

The composition of PM10 from Imperial Valley (Table 2) is not markedly distinct from 

the other two size fractions based upon data from the HR-AMS. However, chemical 
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analysis of the bioaerosols present in each PM size fraction (Supplemental Figure 1) 

demonstrates a significant increase in both endotoxin and ß-glucans in PM10 compared 

to PMUF, PM2.5 and H2O control. Sub-acute exposure of PM10 produced influxes of 

eosinophils and lymphocytes into the lung that were not observed after acute exposure. 

This inflammatory profile (increased eosinophils and lymphocytes) was also observed by 

Fogelmark, Thorn and Rylander (2001) with in vivo inhalation of (1→3)ß-D-glucans, 

components of fungal cell walls. As PM is a mixture of components, it is possible that 

ß-D-glucans in PM10 were influencing the inflammatory profiles noted in the present study. 

However, an additional study, with ß-glucans removed, needs to be done to validate this 

hypothesis. The combination of increased levels of eosinophils and lymphocytes in BALF 

was also reported in a human trial by Gripenbäck et al. (2005) in which subjects were 

exposed to pinewood. Wood dust is not a prevalent pollutant in Imperial Valley. However, 

study findings by Gripenbäck et al (2005) suggest the inflammatory profiles found here 

may be induced by one of likely many mechanisms that culminate in similar inflammatory 

responses in the lungs.

IL-1ß & the Inflammasome:

IL-1ß protein was increased in the lung homogenate of male mice exposed acutely to 

PMUF and sub-acutely to PM10. IL-1ß levels are known to rise after activation of the 

inflammasome – an innate immune system receptor responsible for inducing inflammation. 

This induction might be activated directly by either PM or bioaerosols (Borthwick 2016; 

Latz, Xiao and Stutz 2013; Yazdi et al. 2010; Zheng et al. 2018). The precise mechanisms 

of inflammasome activation are debated in the literature, but it is understood that the release 

of IL-1ß may occur during the priming and/or after activation of the immune response 

(Bauernfeind et al. 2009; Netea et al. 2009; Yang et al. 2019). Since IL-1ß levels appeared 

to be affected by the PM size fraction and exposure paradigm, it is possible that the 

increased IL-1ß levels (versus H20 control group) measured in the acute and sub-acute 

experiments reflected different stages of the inflammasome activation process. The IL-1ß 

observed elevation in PMUF-exposed males after acute exposure may indicate a more rapid 

mechanism by direct inflammatory stimulus; whereas the increase found in PM10-exposed 

males after subacute exposure may indicate activation of an immune response via a longer, 

more indirect path.

Pulmonary Function:

No significant inter-group differences in lung function were detected at the baseline dose 

of MCh (Figure 2A and Figure 8A and 8B). However, as the MCh dose rose, the change 

in respiratory resistance appeared to differ depending upon the exposure group. Mice were 

kept on the FlexiVent up until the respiratory resistance doubled, or until they reached the 

highest MCh dose of 16 mg/ml. This protocol limited the dose-response data collected, 

as not all animals were continued to be exposed to the same MCh dose. The decision to 

operate the MCh challenge in this manner was determined by the operator after several mice 

died mid-ventilation when the respiratory resistance far exceeded a doubling from baseline. 

Across exposure scenarios, respiratory resistance in mice exposed to PM2.5, versus other 

size fraction exposures, consistently changed the most from baseline to the highest dose 

of MCh reached. Although AHR is a measurement of change in resistance, exposure that 
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led to the most hyper-responsive airways was not PM2.5. No exposure scenario resulted in 

significant differences in AHR between exposure groups (Figure 2B and Figure 8B and 8D).

Conclusions

Data demonstrated throughout the literature that PM alone cannot induce the onset of new 

asthma without the presence of an additional stressor (McConnell et al. 2002). This in vivo 
study demonstrated that, in this model, PM from Imperial initiated atopy and asthmatic-like 

symptoms without additional stressors. These findings are supported by epidemiological 

studies by Johnston et al. (2019) that measured asthmatic symptoms (wheezing and 

coughing) in children with no previous asthma diagnosis residing near the Salton Sea. Our 

findings indicate factors that might lead to atopy and asthmatic symptoms with the presence 

of increased bioaerosols in PM10; however, the mechanism(s) underlying inflammatory 

responses are not clear. Although the response to each size fraction was measured separately 

in this study, Imperial Valley residents would rarely, if ever be exposed to a single size of 

PM. Thus, the fact that PM10 produced inflammation, PMUF increased IL-1ß with acute 

but not sub-acute exposure and PM2.5 initiated respiratory resistance does not weaken these 

results but enhances the argument that exposure to Imperial Valley PM leads to a full range 

of asthmatic-like symptoms. This break down of measurements, along with further chemical 

characterization is a start to understanding the underlying mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protocols for acute and sub-acute exposures.
Each group of animals was exposed to nanopure water (H2O; control), or one of three 

different 1-μg/μl stock solutions of particulate matter (PM). Acute exposures (n=8/group) 

involved a single 50-μl oropharyngeal instillation. Sub-acute exposures (n=6/sex/group) 

involved 6 repeated 16.6-μl intranasal instillations— 3 during sensitization and 3 during 

challenge. Each instillation is represented in the figure as a triangle. Given all stock 

solutions were 1 μg/μl, non-control mice in the acute and sub-acute exposure groups 

received a total 50 μg or 100 μg (16.6 μg × 6 ≈ 100 μg) of PM, respectively. Abbreviations: 

PM10; PM2.5; and PMUF – particulate matter with an aerodynamic diameter >2.5 μm and 

<10 μm; 0.1–2.5 μm; and <0.1 μm, respectively.
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Figure 2. Respiratory resistance and airway hyperresponsiveness in mice exposed acutely to PM.
Panel A) Resistance depicted for each group as fold change from baseline, at 0 mg/ml 

methacholine (MCh). A two-way ANOVA was performed to determine whether particle 

size, MCh dose, or an interaction of both variables influenced airway resistance. Panel B) 

Airway hyperresponsiveness as measured by the EC200RL (dose of MCh needed to double 

respiratory resistance). A one-way ANOVA was performed to test the effect of particle size 

on AHR, and a Tukey’s Honest multiple comparison test was used to determine statistical 

differences between specific exposure groups. N = 8/group/endpoint. Statistical significance 

was determined at a level of p < 0.05 for all ANOVAs and Tukey’s tests.
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Figure 3: Total cells and cell differentials from BALF collected 24 hr after a single OPA exposure 
to PM.
Panel A) Graph of total cell counts reflected as the number of cells per mL of BALF 

collected. Panels B-D) Graphs of cell differentials calculated after representative counts of 

500 cells/mouse. For each endpoint, data were analyzed using a one-way ANOVA to test 

the effect of particle size on cell counts/mL, and a post-hoc Tukey’s multiple comparison 

test to determine statistical differences between specific exposure groups. N = 8/group for 

all endpoints. Statistical significance was determined at a level of p < 0.05 for all ANOVAs 

and Tukey’s tests. A bracket indicates a significant difference between groups exposed to 

different PM size fractions.
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Figure 4. BALF Cell differentials performed for male mice 24 hr post acute (A-C) exposure to 
PM.
Cells were calculated based on the number of cells counted per ml BALF and represented 

graphically as a fold change from control (normalized to 1). Statistical differences between 

groups with the same exposure scenarios were determined by one-way ANOVAs to test the 

effect of particle size on cells/mL (N = 8). Statistical significance was determined at a level 

of p < 0.05 for all ANOVAs and Tukey’s tests. The asterisk (*) signifies a significant (p < 

0.05) difference from control, and brackets signify significant (p < 0.05) differences between 

groups exposed to different PM size fractions.
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Figure 5: Protein levels of IL-1ß in lung homogenate 24 hr post-acute (A) exposure to PM.
IL-1ß protein levels were measured via enzyme-linked immunosorbent assays (ELISAs), 

and statistical significance was calculated with a one-way ANOVA to test the effect of 

particle size on IL-1 ß (N=8). Protein levels were represented graphically as a fold change 

from control (normalized to 1). Statistical significance was determined at a level of p < 0.05 

for all ANOVAs and Tukey’s tests. The asterisks (*) signify significant (p < 0.05) differences 

from the H2O-exposed control group, and brackets signify significant (p < 0.05) differences 

between groups exposed to different PM size fractions.
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Figure 6. Protein levels of IL-1ß in lung homogenate 24 hr after a single OPA exposure to PM.
The graph shows levels of interleukin 1 beta (IL-1ß) protein measured in homogenates of 

the right caudal lung lobe via an enzyme-linked immunosorbent assay. Data were analyzed 

with a one-way ANOVA to determine the effect of particle size on IL-1ß protein levels, 

and a post-hoc Tukey’s multiple comparison test to determine statistical differences between 

specific exposure groups. N = 8/group. Statistical significance was determined at a level of p 
< 0.05. The asterisk (*) signifies a significant (p < 0.05) difference from control.
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Figure 7. Inflammation in the alveolar, bronchiolar, perivascular, and pleural regions of the lungs 
after acute PM exposure.
Panel A) Graph of semi-quantitative scores of inflammation in 4 different lung regions. 

Each bar is a group mean ± SEM (n=8/group). The asterisk (*) signifies a significant (p 
< 0.05) difference from the H2O-exposed control as measured by a two-way ANOVA to 

determine whether particle size, lung region, or an interaction of both variables influenced 

inflammatory scores. Panels B-D) Photo micrographs of H&E-stained left lung sections. 

Bronchiolar tissues from a control are shown in Panel B. Bronchiolar, perivascular, and 

pleural tissues from a PM10-exposed male are presented in Panels C-D. These micrographs 

are representative of average effects observed in PM10 acutely exposed mice.
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Figure 8. Respiratory resistance and airway hyperresponsiveness in male and female mice 
exposed sub-acutely to PM.
Panels A & C) Resistance is depicted for each group as fold change from baseline, at 0 

mg/ml methacholine (MCh). Data were analyzed using two-way ANOVAs to determine 

whether particle size, MCh dose, or an interaction of both variables predicted airway 

resistance. N = 6/group/gender. Panels B & D) Airway hyperresponsiveness as measured 

by the dose of MCh needed to double respiratory resistance (EC200RL). One-way ANOVAs 

were performed to test the effect of particle size on AHR. N = 6/group/gender. A 

post-hoc Tukey’s Honest multiple comparison test was used after each ANOVA to 

determine statistical differences between specific exposure groups. Statistical significance 

was determined at a level of p < 0.05 for all ANOVAs and Tukey’s tests. The asterisk (*) 

in Panel C indicates a significant difference between the PM2.5- and H2O (control)-exposed 

female mouse groups exposed to MCh at 2 mg/ml.
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Figure 9. Total cells and cell differentials collected from BALF in male mice 24 hr post sub-acute 
exposure to PM.
Panel A) Graph of total cell counts reflected as the number of cells per mL of BALF 

collected. Panels B-D) Graphs of cell differentials based on representative counts of 500 

cells/mouse. For each endpoint, data were analyzed using a one-way ANOVA to test the 

effect of particle size on cell counts/ml, and a post-hoc Tukey’s multiple comparison test to 

determine statistical differences between specific exposure groups. N = 6/gender/group for 

all endpoints. Statistical significance was determined at a level of p < 0.05 for all ANOVAs 

and Tukey’s tests. The asterisk (*) signifies a significant (p < 0.05) difference from control, 

and brackets signify significant (p < 0.05) differences between groups exposed to different 

PM size fractions.
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Figure 10. Total cells and cell differentials collected from BALF in female mice 24 hr post 
sub-acute exposure to PM.
Panel A) Graph shows total cell counts reflecting the number of cells per mL of BALF 

collected. Panels B-D) Graphs of cell differentials based upon representative counts of 500 

cells/mouse. For each endpoint, data were analyzed using a one-way ANOVA to test the 

effect of particle size on cell counts/mL, and a post-hoc Tukey’s multiple comparison test to 

determine statistical differences between specific exposure groups. N = 6/gender/group for 

all endpoints. Statistical significance was determined at a level of p < 0.05 for all ANOVAs 

and Tukey’s tests. The asterisk (*) signifies a significant (p < 0.05) difference from control, 

and brackets signify significant (p < 0.05) differences between groups exposed to different 

PM size fractions.
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Figure 11: BALF Cell differentials performed for male mice 24 hr post sub-acute (D-F) exposure 
to PM.
Cells were calculated based on the number of cells counted per ml BALF and represented 

graphically as a fold change from control (normalized to 1). Statistical differences between 

groups with the same exposure scenarios were determined by one-way ANOVAs to test the 

effect of particle size on cells/mL (N = 6). Statistical significance was determined at a level 

of p < 0.05 for all ANOVAs and Tukey’s tests. The asterisk (*) signifies a significant (p < 

0.05) difference from control, and brackets signify significant (p < 0.05) differences between 

groups exposed to different PM size fractions.
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Figure 12. Levels of IL-1ß and IgE and in male and female mice 24 hr post-sub-acute exposure to 
PM.
Panels A &C) Graphs show levels of interleukin 1 beta (IL-1ß) measured in homogenates 

of the right caudal lung lobe via enzyme-linked immunosorbent assay (ELISA). Panels B 

& D) Graphs show IgE measured via ELISA in the blood serum. Statistically significant 

differences were determined using four separate one-way ANOVAs, one per parameter per 

sex, and post-hoc Tukey’s multiple comparison tests were used to determine statistical 

differences between specific exposure groups. N = 6/gender/group for all endpoints. 

Statistical significance was determined at a level of p < 0.05 for all ANOVAs and Tukey’s 

tests. The asterisks (*) signify significant (p < 0.05) differences from the H2O-exposed 

control group, and brackets signify significant (p < 0.05) differences between groups 

exposed to different PM size fractions.
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Figure 13: Semi-quantitative histopathological scores of inflammation in 4 regions of the lung in 
male (A) and female (B) mice.
Each bar represents a group mean ± SEM of the product of inflammation extent and severity 

scores (n=6/sex/group). Statistical differences (p < 0.05) were determined by a two-way 

ANOVA to determine whether particle size, lung region, or an interaction of both variables 

influenced inflammatory scores. Asterisks (*) signify significant (p < 0.05) differences from 

control, and brackets signify significant (p < 0.05) differences between PM-exposed groups.
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Table 1:

Semi-quantitative scoring rubric used for histopathological analysis.

Score 
Type Score = 0 Score = 1 Score = 2 Score = 3

Severity
Little to no 
inflammatory cells 
visible

Slightly increased cellularity but 
no polymorphonuclear leukocytes 
(PMNs)

Moderately increased 
cellularity with PMNs 
present

Marked influx of cells 
accompanied by thickened 
tissue

Extent Normal tissue About a third of lung section 
affected by inflammation

About half of lung section 
affected by inflammation

More than three-quarters of 
lung section affected by 
inflammation

Note: Alveolar, pleural, bronchiolar, and perivascular regions were each scored separately for extent and severity. Extent and severity values were 
multiplied to obtain a final score for each mouse. The table was modified from coauthor Mack et al. (2019).
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Table 2.

High-resolution time-of-flight aerosol mass spectrometry (HRAMS) results for three size fractions of 

particulate matter (PM).

Chemical Group PMUF PM2.5 PM10

Organics 69 85 81

Nitrate 3.0 8.0 11

Sulfate 21 2.0 2.0

Ammonium 4.0 1.0 1.0

Chloride 3.0 4.0 5.0

Table 2: Bulk composition of non-refractory species in ultrafine (PMUF), fine (PM2.5) and coarse (PM10) PM samples measured using a 

High-resolution time-of-flight aerosol mass spectrometry (HR-AMS). Numbers represent percentages of the total PM mass.
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