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Abstract

Ozone exposure induces neuroendocrine stress response, which causes lymphopenia. It was 

hypothesized that ozone-induced increases in stress hormones will temporally follow changes 

in circulating granulocytes, monocytes and lymphocyte subpopulations. The goal of this study 

was to chronicle the changes in circulating stress hormones, cytokines, and leukocyte trafficking 

during 4-hour exposure to ozone. Male Wistar Kyoto rats were exposed to air or ozone (0.4 

or 0.8 ppm) for 0.5, 1, 2, or 4 hours. After each time point, Circulating stress hormones and 

cytokines, and lung gene expression were assessed along with live and apoptotic granulocytes, 

monocytes (classical and non-classical), and lymphocytes (B, Th and Tc) in blood, thymus 

and spleen using flow cytometry. Circulating stress hormones began to increase at 1 hour 

of ozone exposure. Lung expression of inflammatory cytokines (Cxcl2, Il6, and Hmox1) and 

glucocorticoid-responsive genes (Nr3c1, Fkbp5 and Tsc22d3) increased in both a time- and 

ozone concentration-dependent manner. Circulating granulocytes increased at 0.5 hours of ozone 

exposure but tended to decrease at 2 and 4 hours, suggesting a rapid egress and then margination 

to the lung. Classical monocytes decreased over 4 hours of exposure periods (~80% at 0.8 ppm). 

B and Tc lymphocytes significantly decreased after ozone exposure at 2 and 4 hours. Despite 

dynamic shifts in circulating immune cell populations, few differences were measured in serum 

cytokines. Ozone neither increased apoptotic cells nor altered thymus and spleen lymphocytes. 
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The data show that ozone-induced increases in adrenal-derived stress hormones precede the 

dynamic migration of circulating immune cells, likely to the lung to mediate inflammation.
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1. INTRODUCTION

As of 2017, air pollution is considered the fourth greatest risk factor in human mortality 

(Ritchie and Roser, 2020), contributing to nearly 70% of all environmental causes 

(Landrigan et al., 2018). Despite decades of research on how air pollution affects pulmonary 

and cardiovascular systems (U.S. EPA., 2020), the understanding of how systemic effects 

are initiated once the lung encounters inhaled pollutants is still lacking. There has been 

even less research on the systemic immune effects of air pollutants (Steenhof et al., 2014; 

Francis et al., 2017), and the mechanisms by which circulating mediators promote peripheral 

immune response after air pollution exposure remain unclear (Scapellato and Lotti, 2007; 

Münzel et al., 2017). It is believed that cytokines and reactive intermediates released 

into the circulation upon lung injury from air pollution exposure mediate systemic and 

extrapulmonary effects, however, data are lacking or inconsistent to support this assertion. 

It is also not understood what initiates the innate immune response that occurs hours after a 

single air pollution exposure.

Innate and adaptive immune systems are activated in response to an injury or pathogen 

encounter leading to bone marrow pluripotent hematopoietic stem cell differentiation, 

maturation and egress (Nicholson, 2016; Krausgruber et al., 2020). The myeloblast-derived 

monocytes and granulocytes are involved in innate immune response that occur rapidly as 

a first line of defense after injury or pathogen encounter (Gasteiger et al., 2017). During 

this time the adaptive immune response is also stimulated involving bone marrow-derived 

lymphoid stem cell differentiation and maturation to B and T lymphocytes, and natural 

killer cells in lymphoid organs. The timing of stress signals to the brain, their intensity, 

characteristics, and location govern where, and how the innate immune response is directed 

and its longevity, which are critical for host survival. This stress response orchestrated by 

the neuroendocrine system has been well established, however these pathways have not been 

linked to air pollution-induced inflammation and changes in immune organs until recently 

(Henriquez et al., 2018).

The neuroendocrine system is critical in mediating pulmonary inflammation and systemic 

effects after exposure to ozone (Snow et al., 2018; Kodavanti 2019). Specifically, it has 

been shown that in rats a single ozone exposure activates the sympathetic-adrenal-medullary 

(SAM) and the hypothalamic-pituitary-adrenal (HPA) stress axes, leading to release of 

neuroendocrine hormones such as epinephrine, adrenocorticotropic hormone (ACTH), and 

corticosterone into the circulation (Henriquez et al., 2019a; Snow et al., 2018; Kodavanti 

2019). These stress hormones have been implicated in a variety of homeostatic processes 

including leukocyte trafficking and immune surveillance (Ince et al., 2019). In rats, the 
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pattern of trafficking of circulating leukocytes occurs following treatment with adrenal-

derived stress hormones (Miller et al., 1994) which can be recapitulated by restraint 

stress (Dhabhar et al., 2012; 2014). A 4-hour ozone exposure induces lymphopenia in rats 

(Miller et al., 2016a, Henriquez et al., 2018a, 2018b; 2019b). Further, the ozone effects are 

diminished in adrenalectomized rats (Miller et al., 2016b) and by treating animals with stress 

hormone receptor agonists, these effects reappear (Henriquez et al., 2018b). Ozone has also 

been shown to increase spleen-derived classical monocytes in the lung (Francis et al., 2017), 

however, the mechanisms are not well understood.

Stress hormone receptors, such as adrenergic and glucocorticoid, are distributed on a 

variety of inflammatory cells as well as endothelial cells, which play an important role 

in rolling, adhesion and extravasation of leukocytes to the tissues where stress is encountered 

(Padro and Sanders, 2014). Norepinephrine-releasing sympathetic nerve fibers innervate 

the lymphoid tissues that express adrenergic receptors (Sanders et al., 2001), and β2-

adrenergic receptors on B lymphocytes are involved in mediating IgG1 synthesis (Priftis 

and Chrousos, 2012; Padro and Sanders, 2014). Sympathetic activation has been reported 

within minutes after air pollution inhalation in rats (Carll et al., 2013), however, its potential 

contribution to systemic immune response has not been established. Glucocorticoids 

are potent immunosuppressants and are also involved in leukocyte trafficking (Ince et 

al., 2019). Glucocorticoids through their transcriptional regulation suppress expression 

of proinflammatory molecules (Ashwell et al., 2010; Baschant and Tuckermann, 2006) 

and induce T lymphocyte apoptosis contributing to lymphopenia and immunosuppression 

(Herold et al., 2006). Lymphocyte apoptosis plays an important role in development, 

and immune homeostasis and its malfunction is associated with immunodeficiency and 

autoimmune diseases (Opferman, 2008). Finally, we have shown that ozone-induced 

lymphopenia is not evident in adrenalectomized rats with diminished circulating epinephrine 

and corticosterone (Miller et al., 2016b, Henriquez et al., 2018b).

Although ozone-induced lung injury and inflammation are well characterized, no studies 

have examined the temporal relationship between changes in circulating stress hormones 

(catecholamines and glucocorticoids) and leukocyte trafficking. To identify initiating event 

and demonstrate that cytokine changes occur after the release of adrenal-derived stress 

hormones, it is critical to determine the temporality of events. Adaptive stress response 

is precisely regulated in duration to prevent excessive injury and initiate repair process. 

Assessing the dynamics of stress hormones release and innate immune response is critical to 

understanding the severity of stress inflicted by ozone, how it might relate to recovery from 

inflammation, and the link between innate and humoral immune effects. The goal of this 

study was to chronicle the changes in circulating stress hormones and leukocyte trafficking 

patterns during the course of a 4-hour exposure to ozone to determine precise temporal 

relationships between stress hormone release and the initiation of leukocyte trafficking, 

and to delineate the potential connection between inflammation, cytokine changes in the 

circulation, and stress hormones. Since glucocorticoids are known to induce lymphocyte 

apoptosis, ozone-induced leukocyte apoptosis was assessed by quantifying live, early- and 

late-apoptotic, and necrotic cells in blood and immune relevant organs. The changes in 

leukocyte populations were correlated with circulating inflammatory cytokines and lung 

markers of inflammation as well as glucocorticoid responsive genes.
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2. MATERIALS AND METHODS

2.1. Animals.

Male Wistar Kyoto (WKY) rats (11–12 weeks of age) were purchased from Charles River 

Laboratories (Raleigh, NC) and pair-housed in polycarbonate cages containing hardwood 

chip bedding in a controlled environment (temperature 21°C, relative humidity 55–65%, and 

light/dark 12h cycle) in an animal facility approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care. Rats were fed Purina 5001 rat chow (Brentwood, 

MO) and provided tap water, ad libitum. Rats were randomized by body weight and 

allocated to each exposure time group (8/group) prior to study. Experimental protocols 

were approved by the U.S. EPA’s Animal Care and Use Committee. National Institutes of 

Health guide for the care and use of Laboratory animals (NIH Publications No. 8023) were 

followed.

2.2. Ozone exposure.

Ozone was used as an environmental stressor which induces lung injury and inflammation. 

Rats were exposed to filtered air (0.0 ppm), 0.4, or 0.8 ppm ozone for 0.5, 1, 2, or 4 hours 

(Figure 1). Ozone was generated from oxygen using a silent arc discharge generator (OREC, 

Phoenix, Arizona) and regulated using mass flow controllers (Coastal Instruments Inc., 

Burgaw, North Carolina). Targeted ozone concentrations were monitored by photometric 

analyzers (API Model 400, Teledyne, San Diego, California). Mean temperature, relative 

humidity, and air flow were monitored throughout the exposure. Exposures occurred over 16 

days, 4 days/week for 4 weeks. The chamber ozone concentrations were 0.79 ± 0.01 (mean 

± standard deviation of 16 daily averages) for 0.8 ppm chamber and 0.40 ± 0.01 for 0.4 

ppm chamber. The chamber average temperature (°F), relative humidity (%) and air flow 

(liters/minute) were: 71.87 ± 0.70, 44.88 ± 3.02, 263.00 ± 7.57, respectively for air chamber; 

72.04 ± 0.45, 42.93 ± 3.36, 240.06 ± 3.48 for 0.4 ppm, respectively ozone chamber; and 

72.66 ± 0.32, 42.07 ± 2.89, 262.05 ± 2.41, respectively, for 0.8 ppm ozone chamber.

2.3. Necropsy and tissue samples collection.

To assure rapid and accurate collection of tissues, only six rats were necropsied on a given 

day immediately following exposure. Rats in each exposure group (0.0, 0.4 or 0.8 ppm) were 

staggered for necropsies at each time period (0.5, 1, 2, or 4 hours of exposure). Each time 

point spanned one week of exposures and necropsies (n = 2 animals/group/time point x 4 

days/week). Exposure of each duration was also staggered through the 4-hour timeframe (7 

am- 11 am) such that necropsy was performed at the same time to avoid diurnal variation in 

collected parameters. Rats were euthanized within 20 minutes following the end of exposure 

with an i.p. overdose of sodium pentobarbital (Fatal Plus, Virbac AH, Inc., Fort Worth, TX; 

>200 mg/kg). Blood samples from the abdominal aorta were collected in one EDTA and one 

serum separator tube. The EDTA tube was used for assessing hematological parameters and 

flow cytometry. The serum separator tube was centrifuged (3500 x g for 10 min) and serum 

samples were stored at −80°C for cytokine quantification. An EDTA blood aliquot was used 

to perform complete white blood cell count on a Beckman-Coulter AcT blood analyzer 

(Beckman-Coulter Inc., Fullerton, California). Thymus, spleen and heart were collected and 

weighed, and thymus and spleen were rapidly processed for flow cytometry analysis. The 
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left lung was isolated, flash frozen in liquid nitrogen, and stored at 80°C for future gene 

expression analysis.

2.4. Lung RNA isolation, cDNA synthesis, and quantitative real time PCR (qRT-PCR).

Uniform portions of frozen lung left lobe were cut and weighed (20–30 mg). RNA 

was extracted using RNeasy mini kits (Qiagen, Valencia, CA) following manufacturer 

protocols and quantified using a Qubit 2.0 fluorimeter (Thermo Fisher, Waltham, MA). 

cDNA was synthesized by Qscript Supermix (Quanta Biosciences, Beverly, MA). Primers 

were designed using Rattus Norvegicus sequences annotated in NCBI and obtained from 

Integrated DNA Technologies, Inc. (Coralville, IA). The sequences for the primers were: 

β-actin (Actb): f-CAACTGGGACGATATGGAGAAG, r-GTTGGCCTTAGGGTTCAGAG; 

Chemokine (C-X-C motif) -ligand 2 (Cxcl2: f-GCCTCGCTGTCTGAGTTTATC, 

r- GAGCTGGCCAATGCATATCT; interleukin 6 (Il6): f-CTTCACAAGTCGG 

AGGCTTAAT, r-GCATCATCGCTGTTCATACAATC; heme oxygenase 1 (Hmox1): 

f- CCTGTGTCTTCCTTTGTCTCTC, r- GGGCTCTGTTGCAGGATTT; FK506 

binding protein 5, (Fkbp5): f- ATCAGCCAAAGTCTCCAGAAC, r- 

CCCTGCTCAAACCCATAACT; nuclear receptor subfamily 3, group C, member 1 

(Nr3c1): f- GGGACACGAATGAGGATTGTAA, r- CACACTGCTGGGACTTGATAA; 

TSC22 domain family protein 3 (Tsc22d3): f- CCGAATCATGAACACCGAAATG, r- 

GCAGAGAAGAGAAGAAGGAGATG.

qRT-PCR was performed using SYBR Green PCR Master Mix (Thermo Fisher, Waltham, 

MA) and the Applied Biosystems 7900HT Sequence Detection System (Foster City, CA). 

Relative mRNA expression was calculated using the ΔΔCt method using β-actin as the 

housekeeping gene and the 30 minute air-exposed group as a control.

2.5. Cytokine and stress hormone quantification in serum and plasma samples.

Serum cytokine concentrations were quantified using the V-PLEX proinflammatory panel 

2 (rat) kit following manufacturer’s protocol (Mesoscale Discovery Inc., Rockville, MD). 

Electrochemiluminescence signals were detected using the MESO QuickPlex SQ 120 

platform (Mesoscale Discovery Inc., Rockville, MD). Measurement of cytokines was 

restricted to rats exposed to 0.0 or 0.8 ppm of ozone. For animals in which cytokine levels 

were below assay detection limits, the values were substituted with the lowest quantified 

value for the given cytokine in the analysis. Plasma samples from EDTA tubes were used 

for epinephrine (Rocky Mountain Diagnostics, Colorado Springs, CO) and corticosterone 

(Arbor Assays, Ann Arbor, MI) analysis. These stress hormones were quantified by ELISA 

using manufacturer’s protocols and the ELISA plates were read on a SpectraMax i3x 

Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA).

2.6. Tissue and blood cell preparations for flow cytometry.

Thymus and spleen were collected, weighed, immediately cut into four pieces, and 

submerged in 5 mL of HBSS (without Ca+2 and Mg+2) in a 17×100 mm tube. The mix was 

transferred to a Stomacher® 80 bag and homogenized for 120 seconds in a Stomacher® 80 

Biomaster blender (Seward, Bohemia NY). Each cell suspension was transferred back into 

its tube and residual cells were obtained from the homogenization bag with cold HBSS. The 
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suspension was then gently mixed and allowed to settle for 5 minutes before transferring the 

supernatant into a 50 mL conical tube for centrifugation at 500 x g for 5 min. The resulting 

supernatants were aspirated and the remaining pellet was resuspended in 1 mL of staining 

buffer (MACS® BSA Stock Solution 1:20 with autoMACS® Rinsing Solution, Miltenyi 

Biotec, Germany) for cell counting (Z1 Coulter Counter, Coulter, Inc., Miami, FL). A total 

of 107 cells were transferred to a 17×100 mm tube. For spleen, samples were treated with 

1X RBC lysis buffer (Thermo Fisher Scientific, Waltham, MA) for 3 minutes, washed twice 

with 2 mL of staining buffer, and resuspended in 1 mL of staining buffer (Miltenyi Biotec, 

Germany). For blood, the collected ~3 mL EDTA-blood samples were centrifuged at 3500 

x g for 10 min at 4°C. Plasma samples were aliquoted and stored at −80°C for hormone 

analysis. 200 μL of buffy coat was transferred to a 15 mL conical tube containing 800 μL of 

cold staining buffer, vortexed and centrifuged (500 x g for 5 min) at room temperature. The 

supernatant was aspirated and 10 mL of eBioscience 1X RBC lysis buffer (Thermo Fisher 

Scientific, Waltham, MA) was added to the remaining cell pellet, mixed, and incubated 

for 10 minutes at room temperature in the dark. The sample was then centrifuged, and the 

pellet was resuspended in staining buffer. Aliquots of white blood cells, thymocytes and 

splenocytes were diluted using Isoton and mixed with 0.2 mL saponin to lyse cells. Cell 

nuclei were counted using a Z1 Coulter Counter (Coulter Inc., Miami, FL).

2.7. Flow cytometry.

The general procedures were performed following previously published methods (DeWitt et 

al., 2016; Henriquez et al., 2018b; Barnett-Vanes et al. 2016). For each tissue sample 100 

μL aliquots per sample were used for treatment with different antibody cocktails (Table 1) 

that were transferred to 12 × 75mm tubes. Separate aliquots were prepared for fluorescence 

minus one (FMO) controls to aid in identifying and ensuring accurate gating of negative and 

positive cell populations. Cells were incubated with 50 μL of color antibody cocktail or 50 

μL of isotype control antibody cocktail. In addition to unstained controls, for pooled 100 μL 

aliquots FMO cocktail or single color antibody solution was added to serve as three different 

controls (unstained, one color and FMO). Each tube was mixed and incubated for 10 min 

at 4°C in the dark (Table 1). After incubation with primary antibody, 2 mL of staining 

buffer was added to each sample, then samples were vortexed and centrifuged (300 x g, 10 

min) at room temperature. The supernatant was aspirated and cells were washed twice by 

centrifugation with 2 mL of serum-free DPBS (centrifuged at 300 x g for 10 min). The cell 

pellet was resuspended in 1 mL of Fixable eFluor™ 780 viability dye cell staining solution 

(Thermo Fisher Scientific, Waltham, MA) (1 μL of dye in 1000 μL of serum-free DPBS) and 

incubated at room temperature for 30 minutes in the dark. Cells were again washed twice by 

centrifugation, and resuspended in 1 mL of 1X Annexin V binding buffer (Miltenyi Biotec, 

Somerville, MA, USA), stained with 50 μL of Annexin V-FITC, and incubated at room 

temperature in the dark for 15 min. Cells were centrifuged, supernatant was aspirated, cells 

were resuspended in 200 μL of 1X Annexin V binding buffer, and fluorescence-activated 

cell sorting (FACS) analysis was done within 4 hours.

Data collection, analysis, and quantification were made using LSR II flow cytometer 

(BD Biosciences, Mississauga, Canada), FACS Diva software (BD Biosciences, 

Mississauga, Canada) and FlowJo software (TreeStar, Inc., Ashland, Oregon), respectively. 
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Gating strategies are shown for blood granulocytes and monocytes (Supplementary 

Materials, Figure 1), blood lymphocytes (Supplementary Materials, Figure 2), thymocytes 

(Supplementary Materials, Figure 3) and splenocytes (Supplementary Materials, Figure 

4). For all blood leukocyte aliquots, whole blood cells were identified by side scatter 

(SSC-A) and forward scatter (FSC-A). Only singlets were selected and leukocytes (CD45+) 

identified for all tissues. Strategies for identification of cell subpopulations in both aliquots 

are described in Table 2. A minimum of 10000 events per sample were counted. For each 

identified subpopulation, quadrants using viability dye and Annexin V were used to define 

live, early apoptotic, late apoptotic and necrotic cell populations. Negligible necrotic cells 

were identified among all cell populations and therefore, the data for these cell populations 

are not shown.

To assess the ability of dexamethasone to induce apoptosis in isolated white blood cells 

in vitro, these cells were obtained from naïve male WKY rats as shown above, and 

treated in triplicate with dexamethasone (DEX, dexamethasone sodium phosphate, Henry 

Schein, Dublin, OH) at three dose levels (0.0 mM, 0.1 mM and 1.0 mM) for 2 hours. 

Annexin V-FITC was then added to cells to determine the levels of apoptotic cells while 

unstained cells were used as negative control. Lymphocytes and monocytes were identified 

by side-scatter and forward-scatter, and the percentage of Annexin V+ cells were determined 

(Supplementary Materials Figure 5). Dexamethasone at these concentrations moderately 

increased the number of annexin V+ total cells, suggesting some effect on circulating 

lymphocytes and monocytes.

2.8. Statistics.

For thymus and spleen subpopulations, absolute cell numbers were calculated using 

relative percentage of each cell type and total cell number. For blood, the results were 

reported as cells/ml. For all other endpoints, differences between air and each ozone 

concentration at each time of exposure were analyzed using one-way non-parametric 

analysis of variance (ANOVA, Kruskal-Wallis test). Since the non-normally distributed 

data were derived through multiple calculations, a non-parametric test was used to avoid 

further transformation. Multiple comparisons were done using Dunn’s multiple comparison 

test, and values were considered significant at P ≤ 0.05. For ease of comparison, only 

significant ozone exposure effects are shown in the tables and figures since each time point 

involved an independent control group. Graphs and tables show means and SEM (n=6–8 

animals/group). Although 8 rats per group were planned in the experimental design, as few 

as 6 rats were analyzed in some groups, since ~10% Wistar Kyoto rats exhibit spontaneous 

cardiac hypertrophy, which causes no pathogenic cardiac functional alterations but is often 

associated with lung inflammation (Shannahan et al., 2010). Therefore, the data coming 

from rats with 20% or greater heart weight relative to other rats were not considered to 

eliminate any baseline health-related changes in biological parameters of interest. For the 

summary diagram (Figure 10), results were expressed as % of change from 0.0 ppm ozone 

(air controls) for each time of exposure. GraphPad Prism 8 (version 8.4.2) was used for 

statistical analysis and graph design.

Henriquez et al. Page 7

Toxicology. Author manuscript; available in PMC 2022 June 30.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



3. RESULTS

3.1. Time-dependent ozone-induced increases in circulating stress hormones and 
pulmonary gene expression.

During the 4-hour ozone exposure, there were no major exposure-related changes in 

body weights or hematological parameters including hematocrit and blood platelets 

(Supplementary Materials, Figure 6). Since injury and inflammation might not be evident 

in the lung prior to 4 hours of exposure, lung gene expression was examined for markers 

of inflammation. Markers downstream of glucocorticoid signaling were also analyzed to 

understand their temporal activation in relation to changes in circulating stress hormones. 

Circulating epinephrine and corticosterone were increased as early as 1 hour of 0.8 ppm 

ozone exposure and continued to be higher after 2 and 4 hours (Table 3). Although 

not significant, it is noteworthy that the air-exposed animals showed a small increase in 

corticosterone at 1 hour time point suggesting that handling and placing animals in wire-

mesh cages could result in a transient rise in stress hormone levels. Since the small rise in 

corticosterone occurred only at 1-hour time point in controls even though the day-light time 

animals were placed in wire-mesh cages varied between 7 am to 10:30 am, it is likely that 

handling and placing animals in exposure chambers caused a transient stress response.

Cxcl2, also known as macrophage inflammatory protein-2 (Mip-2), is involved in 

neutrophilic inflammatory response and was increased only after 4 hours of exposure to 

0.8 ppm ozone in the lung (Figure 2A). However, small increases in lung Il6 expression 

began to occur at 2 hours and markedly increased after 4 hours of exposure to 0.8 

ppm ozone (Figure 2B). Hmox1, another marker for oxidative stress, was only increased 

following 4 hours of 0.8 ppm ozone exposure (Figure 2C). These data suggest that during 

ozone exposure, upregulation of pulmonary inflammatory gene expression occurs after the 

observed increases in circulating stress hormones. To assess if increased circulating stress 

hormones change glucocorticoid responsive genes, their expression was assessed in the 

lung. The gene for glucocorticoid receptor (Nrc31) was significantly increased following 

4 hours of exposure to 0.8 ppm ozone, suggesting a glucocorticoid response in the lung 

(Figure 2D). The glucocorticoid responsive gene, Fkbp5, increased nearly 5-fold at 2 hours 

of exposure to 0.8 ppm ozone and was further increased at 4 hours (Figure 2E). At the 

0.4 ppm exposure concentration, Fkpb5 was upregulated after 4 hours. Similarly, Tsc22d3, 

another glucocorticoid responsive gene with anti-inflammatory activity (Bereshchenko et al. 

2019), increased its expression after 2 hours point and was further increased at 4 hours of 0.8 

ppm ozone exposure (Figure 2F).

3.2. Temporal changes in circulating cytokines during ozone exposure

To determine if changes in circulating stress hormones and inflammatory endpoints in the 

lung were associated with release of cytokine proteins in the circulation that have been 

implicated in air pollution health effects, a battery of cytokines were analyzed in serum 

samples from air and 0.8 ppm ozone-exposed rats (Figure 3). Small increases were noted 

in circulating IL-6 after 4 hours of ozone exposure. In contrast, levels of TNF-α were 

decreased at 2 and 4 hours of ozone exposure (Figure 3A, B). Serum IFN-γ did not change 

and the levels of IL-1β were slightly increased at 4 hours of ozone exposure (Figure 3C, 
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D). Likewise, serum IL-4 and IL-5 increased slightly but significantly at 4 hours of ozone 

exposure (Figure 3E, F). Serum levels of the neutrophil chemoattractant KC-GRO (CXCL1) 

were significantly reduced at both 1 hour and 4 hours in ozone-exposed rats (Figure 3G). 

The levels of anti-inflammatory cytokines IL-10 and IL-13 were slightly increased in ozone-

exposed animals at 1 hour and 4 hour time points (Figure 3H, I). These data demonstrate 

modest changes in many circulating cytokines after 4 hours, with decreases in TNF-α and 

KC-GRO. The genes for both these cytokines are known to be inhibited by steroidal drugs 

(Steer et al., 2000; Chen et al., 2018).

3.3. Dynamic changes in circulating granulocytes and monocytes over 4-hour ozone 
exposure

By assessing different circulating leukocyte populations, the redistribution of leukocytes 

and the specificity with the type of cells in relation to stress hormones were determined at 

various times after ozone exposure. . Circulating CD45+ total granulocytes were increased 

after 30 minutes at 0.8 and 0.4 ppm ozone exposure; however, their concentration declined 

at 2 and 4 hours of 0.8 ppm ozone exposure (Figure 4A). After 4 hours of air or ozone 

exposure, 17–25% of all granulocytes were early apoptotic, and almost no late apoptotic 

cells were present suggesting no influence of ozone. A 30% decrease in circulating 

monocytes occurred at 4 hours after 0.8 ppm of ozone exposure, however this was 

statistically insignificant (Figure 4B). There was no ozone effect on monocyte apoptosis.

When monocytes were labelled for surface markers to separate classical (inflammatory) 

and non-classical (anti-inflammatory/repair) phenotypes, classical monocytes decreased in 

the circulation at 2 hours of 0.8 ppm of ozone exposure with a further decline by 4 hours 

(Figure 5A). Although not significant, the same trend was observed at 0.4 ppm ozone. 

At 4 hours, about 24–27% of classical monocytes displayed an early apoptotic phenotype 

regardless of ozone exposure, and no cells undergoing apoptosis were identified (Figure 5A). 

The ozone-induced decline in non-classical monocytes was not significant (Figure 5B). At 

4 hours, only about 9% of non-classical monocytes expressed early apoptosis cell surface 

markers regardless of exposure (Figure 5B). Ozone exposure did not significantly change the 

percentage of apoptotic cells for classical or non-classical monocytes (Figure 5A,B).

3.4. Ozone-induced decline in circulating lymphocyte populations at different times over 
a 4-hour exposure period

Total circulating lymphocytes declined as early as 1 hour of ozone exposure and 

lymphocytes then progressively dropped over a 4 hour exposure to 0.8 ppm ozone (Figure 

6). Circulating lymphocytes did not significantly decrease over 4 hours of exposure to 0.4 

ppm ozone. The data obtained using flow cytometry for decline in circulating lymphocytes 

correlated well with data obtained using a conventional hematological analyzer, verifying 

these ozone-induced changes (Supplementary Materials, Figure 7A, B). As expected, the 

lymphocyte changes were similar to those observed for white blood cells since in rats 

the majority of white blood cells are lymphocytes (Supplementary Materials, Figure 7C, 

Reich and Dunning, 1943). After 4 hours of air or 0.8 ppm ozone exposure about 11–14% 

lymphocytes were in the early apoptosis stage, while 2–4% were in the late apoptosis stage. 
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Ozone-exposed animals had 4% late apoptotic cells relative to air with 2% apoptotic cells, 

but this change was not significant (Figure 6).

To determine the types of lymphocytes most affected by ozone exposure in the circulation, B 

lymphocytes (CD45R+) involved in adaptive humoral immunity and T lymphocytes (CD3+) 

involved in cell-mediated immunity were identified (Figure 7). Ozone exposure at 0.8 ppm 

led to a marked time-dependent drop in circulating B lymphocytes starting at 1 hour and 

progressing to below 50% of air control by 4 hours (Figure 7A). B lymphocytes also 

dropped in the group exposed to 0.4 ppm ozone but only at the 4 hour time point. The 

proportion of early apoptotic cells ranged from 16–20% with 2–4% in late apoptotic stage 

regardless of air or ozone exposure. Circulating T lymphocytes dropped after 0.8 ppm ozone 

exposure in a time-related manner but to a lesser degree (~25%) when compared with B 

lymphocytes. Only about 8% of cells were found to be in the early apoptotic stage and 2–4% 

in late apoptotic stage regardless of exposure. Ozone did not induce significant changes in 

apoptotic cell subpopulations (Figure 7B).

T lymphocytes were further separated as CD4+ T-helper versus CD8+ T-cytotoxic cells to 

determine ozone effects on each subtype. T-helper CD4+CD8− cells decreased after 0.8 

ppm ozone starting at 1 hour; however, this decrease was not significant (Figure 8A). The 

proportion of early apoptotic cells was 7–8% at the 4-hour time point and was unaffected by 

ozone exposure. Cytotoxic CD4-CD8+ T lymphocytes decreased significantly after 4 hours 

of exposure to 0.8 ppm ozone (Figure 8B). At the 4 hour time point, the proportion of early 

apoptotic cells remained similar in all exposure groups (7–9%). Both CD4+CD8+ and CD4-

CD8− were relatively low in abundance compared with either T-helper or T-cytotoxic cells 

and large time-related variations were noted regardless of air or ozone exposure. This could 

be due to few number of cells and also different week of assessment for each timepoint 

(Figure 9). A small but significant drop in CD4+CD8+ cells was observed at 4 hours of 

exposure to 0.8 ppm ozone (Figure 9A) with 10–12% cells in early apoptotic stage and 7–

11% in late apoptotic stage in both air and ozone exposure group. T lymphocytes expressing 

neither surface marker (CD4-CD8−) also decreased after 0.8 ppm ozone exposure, reaching 

significance by the 4-hour time point. It is noteworthy that unlike other cell types and 

regardless of air or ozone exposure, a large proportion of these cells expressed early 

apoptotic or late apoptotic phenotypes (24–28% early apoptotic; 23–31% late apoptotic) 

(Figure 9).

For all types of circulating white blood cells, the relative percentage change from matching 

air controls after 0.4 and 0.8 ppm of ozone exposure is summarized in Figure 10. The 

increase in blood granulocytes at 30 minutes after ozone exposure may reflect their early 

release from bone marrow followed by their extravasation to lung microvasculature (Figure 

10A). It was interesting to note that the major share of monocytes in the blood in ozone-

exposed rats belonged to the classical phenotype, and no significant ozone-related changes 

were noted in non-classical macrophages (Figure 10B). Lymphocytes were reduced at 4 

hours of ozone exposure (Figure 9A). This was reflected in ozone concentration-related 

drops in circulating B and T lymphocytes (Figure 10C); the drop in B lymphocytes being 

more pronounced than T. Among T helper and cytotoxic lymphocytes, the ozone-induced 

decrease was significant for cytotoxic (CD8+) T cells (Figure 10D).
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3.5. Thymus and spleen lymphocyte populations and ozone effects

In order to understand the source of lymphocytes and potential acute ozone-induced 

alterations in the thymus where T lymphocytes mature and the spleen through which both 

T and B lymphocytes transit, the number of lymphocytes in these organs were determined. 

There were small increases in spleen but not thymus weights for the group exposed to 

0.8 ppm of ozone for 2 hours (Supplementary Materials, Figure 8A, B). The numbers of 

thymocytes and splenocytes quantified in thymus and spleen, respectively, did not change 

consistently with ozone exposure (Supplementary Materials, Figure 8C, D). It should be 

noted that there were time-related differences in the lymphocyte populations from thymus 

and spleen as observed with circulating white blood cells which could relate to experimental 

variation. There were no consistent ozone exposure-related changes in thymus or spleen total 

and individual lymphocyte subpopulations (Figure 11A–E) within a short time span of 4 

hour ozone exposure.

4. DISCUSSION

The contribution of the neuroendocrine system to air pollution health effects is 

underappreciated. It is presumed that cytokines released systemically from injured lung after 

inhalation of air pollution are responsible for extrapulmonary effects. Recent studies have 

shown that a single exposure to ozone, a prototypical air pollutant, is associated with the 

activation of SAM and HPA axes (Kodavanti 2016; Snow et al., 2018), which promotes the 

release of epinephrine and corticosterone into the circulation. These hormones play a role 

in pulmonary and systemic effects of ozone (Miller et al., 2016b). Further, ozone-induced 

lung inflammation and lymphopenia are diminished in adrenalectomized rats, and that the 

effect of adrenalectomy can be reversed by treating animals with agonists of adrenergic 

plus glucocorticoid receptors (Henriquez et al., 2018). Circulating adrenal-derived stress 

hormones are known to mediate leukocyte trafficking by regulating their egress from bone 

marrow and lymphoid organs, and extravasation to the site of stress (Ince et al., 2019). It was 

postulated that ozone exposure will induce changes in the pool of circulating granulocytes, 

monocytes and lymphocytes in a time-related manner, together with lung inflammatory 

changes and that this response will be preceded by increases in circulating epinephrine 

and corticosterone. The data show that ozone exposure leads to dynamic changes in 

leukocyte trafficking through blood and induces lung markers of inflammation that are 

preceded by increases in circulating stress hormones. However, apoptosis of lymphocytes, 

known to occur with glucocorticoid treatment (Herold et al., 2006), was not evident in the 

experimental time frame in the circulation, thymus or spleen as a result of ozone exposure. 

This temporal assessment of ozone effects allowed establishment of the relationship between 

stress hormones and kinetics of changes in different immune cells, which is critical in 

understanding how the stress-induced innate immune response is shaped and how it is linked 

to humoral immune changes. There are no prior studies linking the dynamic aspects of stress 

and the innate immune response during ozone exposure.

Egress from bone marrow to blood and extravasation of immune cells has been shown to 

be regulated by adrenal-derived stress hormones, namely epinephrine and corticosterone 

(Dhabhar et al., 2012; Dhabhar 2014). Significant increases in both circulating stress 
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hormones starting at 1 hour of ozone exposure were followed by a marked increase 

in lung glucocorticoid and inflammatory cytokine gene expression at 2 and 4 hours of 

exposure, respectively. With increasing stress hormones, a rapid increase was noted in 

total granulocytes at 30 minutes followed by a general decline starting at 1 hour into 

ozone exposure, which is likely reflective of the egress of marginated neutrophils from 

the bone marrow followed by their margination to the lung. A time-related decline in 

classical monocytes over 4 hours of ozone exposure also follows increases in circulating 

epinephrine and corticosterone. There were also significant declines in total, T-cytotoxic, 

and B lymphocytes in blood, at 2 and 4 hours of ozone exposure, but no significant 

changes were noted in thymus or spleen lymphocyte populations or increase in apoptotic 

lymphocytes. These data suggest the initial margination of circulating monocytes and 

granulocytes likely to the lung, which may follow the changes in lymphoid organs that 

have been noted with longer ozone exposures (Dziedzic and White, 1986; Francis et al., 

2017). The kinetic relationship between adrenal-derived hormones and the trafficking of 

blood leukocytes in response to ozone exposure may explain the sequelae of events that 

results in lung inflammation. Early increases in stress hormones followed by later minor 

changes in circulating cytokines in this study may suggest that systemic air pollution effects 

might not involve circulating cytokines.

The rapid increases in circulating adrenal-derived hormones point to the role of neural 

activation (Henriquez et al., 2019b). The effects of increased circulating adrenal-derived 

stress hormones, especially corticosterone, on lung gene expression is reflective of increased 

glucocorticoid signaling. FKBP5 encodes for a co-chaperone of hsp90 which regulates 

glucocorticoid receptor (GR) sensitivity (Wiechmann et al., 2019) and its associated 

downstream gene (Tsc22d3) is involved in suppressing the transcription of proinflammatory 

genes (Bereshchenko et al., 2019). Despite ozone-induced increases in the expression 

of glucocorticoid responsive gene targets in the lung, the increases of Il6 and other 

proinflammatory genes, such as Cxcl2 was not inhibited suggesting a complex interaction 

of multiple mechanisms. Proinflammatory effects of glucocorticoids have been shown in 

some experimental conditions (Horowitz et al., 2020). Moreover, the concurrent increases 

in epinephrine may stimulate inflammatory gene expression through activation of β2 

adrenergic receptors on macrophages (Chiarella et al., 2014) and lung epithelial cells 

(Ritchie et al., 2018) resulting in inflammation in the lung (Henriquez et al., 2019b).

Circulating bioactive mediators, such as cytokines and oxidation byproducts released from 

the lung have been proposed to mediate systemic and peripheral effects of air pollutants; 

however, no specific effector molecules have been consistently verified. The evidence for 

increases in circulating cytokines following exposure to air pollutants is inconsistent. The 

modest increases in circulating IL-6 and other cytokines at 4 hours of ozone and decreases 

in TNF-α and KC-GRO suggest that pulmonary-derived cytokines are not likely responsible 

for peripheral effects of ozone in this acute scenario. However, sustained increases in 

circulating cytokines in chronic illnesses have been proposed to contribute to disease 

pathogenesis (Hughes et al., 2020). The depletion of circulating TNF-α may relate to 

inhibition by circulating glucocorticoids (Steer et al., 2000) as the levels of corticosterone 

were increased in a time and concentration-dependent manner in ozone-exposed rats, which 

was followed by depletion of lymphocytes and these cytokines. Ozone exposure increases 
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lipid metabolites and acute phase proteins in the circulation along with increases in adrenal-

derived stress hormones (Bass et al., 2013; Miller et al., 2015, 2016a). Stress hormones 

appear to play a key role in mediating ozone-induced lung effects, since depletion of 

circulating stress hormones diminishes all ozone effects on the lung and in the periphery 

including lymphopenia (Miller et al, 2015; Henriquez et al, 2018b; 2019a). Based on this 

evidence, it could be suggested that local lung injury and cytokine expression after acute 

air pollution exposure may occur through interaction of the activities of stress hormone 

receptors, and local cellular changes induced by pollutants.

The early increase in epinephrine was likely triggered by ozone-induced sympathetic nerve 

activation (Hajat et al., 2019), which could have accounted for the rapid increase at 30 

minutes of exposure in circulating total granulocytes, likely neutrophils that are readily 

available for release from lymphoid organs, such as blood vessels and bone marrow. 

Inhalation of particulate matter has been shown to increase circulating band cells which 

are premature neutrophils (van Eeden et al., 2005, Ao et al., 2020). The rapid rise in 

circulating granulocytes may suggest that their mobilization is likely from tissues innervated 

by sympathetic nerves, such as the blood vessels and bone marrow. In mice during circadian 

oscillation, norepinephrine-mediated paracrine activation of adrenergic receptors was shown 

to downregulate the key retention factor CXCl12 leading to mobilization of hematopoietic 

progenitor cells (Méndez-Ferrer et al., 2008). The concentrations of catecholamines and 

glucocorticoids at the site of action were shown to be critically important in margination of 

leukocytes (Ince et al., 2019). Dexamethasone has been shown to increase de-margination 

of granulocytes and also affect the expression of surface receptors on leukocytes that lead 

to their maturation and egress (Fay et al., 2016). The initial increase and then reduction 

of granulocytes is consistent with the nature of pulmonary inflammation characterized by 

neutrophilia in the lungs hours after an acute ozone exposure (Kodavanti et al., 2015; 

Henriquez et al., 2019b). The depletion of proinflammatory classical monocytes in the 

circulation after ozone exposure is consistent with the observation that these cells are 

extravasated to the lung (Francis et al., 2017).

By regulating lymphocyte differentiation, migration and apoptosis, glucocorticoids maintain 

homeostatic control in multiple lymphoid tissue and blood compartments. One of the 

mechanisms by which glucocorticoids play a regulatory role in lymphocyte homeostasis 

during steady state or stress is through their anti-inflammatory effects, and by inducing 

apoptosis of both B and T lymphocytes in lymphoid organs (Boldizsar et al., 2010; 

Kfir-Erenfeld and Yefenof, 2014; Krüger and Mooren, 2014; Evangelisti et al., 2018). 

However, we noted that although circulating lymphocytes were depleted by ozone in the 

blood, only a modest increase occurred in apoptotic cells despite sustained increases in 

circulating corticosterone over 4 hours. Moreover, circulating leukocytes from naïve rats 

incubated with dexamethasone in vitro had only moderately increased apoptotic (Annexin 

V+) cells (Supplementary Materials, Figure 5). It is likely that the pro-apoptotic effect 

of glucocorticoids requires a much greater concentration than that occurred following 

ozone exposure in healthy rats and that other stress mechanisms might also be involved. 

In this rat model, the margination of lymphocytes to pulmonary vasculature may be 

responsible for observed ozone-induced lymphopenia. Although we were not able to 

consistently demonstrate the increased presence of lymphocytes in the lung lavage fluid 
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after ozone exposure, the rats pretreated with β-adrenergic and glucocorticoid receptor 

blockers and exposed to ozone had significant depletion of these cells relative to non-treated 

ozone-exposed rats (Henriquez et al., 2018a), suggesting their potential margination to the 

interstitial lung compartment and/or lung-associated lymphoid tissues.

To further understand the relationship between the timing of stress hormone release and 

leukocyte redistribution, and their potential contribution to ozone-induced inflammatory 

responses, temporal changes were characterized in B and T lymphocyte subpopulations. 

Rapid declines in circulating B and T lymphocytes after ozone exposure suggests that 

the effect of ozone is occuring in all lymphocyte populations; with B cells more severely 

depleted than T cells at the 4 hour time point (60–70% vs. ~30%, respectively). B cells 

play a role in humoral immunity by antibody production upon recognition of antigen. The 

depletion of these cells in the circulation may relate to their redistribution to lung or lung-

associated or other lymphatic tissues. It has been shown that ozone exposure in a mouse 

model increases T but not B lymphocytes in lung interstitial spaces (Bleavins and Dziedzic, 

1990). Increased presence of T lymphocytes in the lavage fluid after ozone exposure was 

also noted in humans (Holz et al., 2001). Given the role of T lymphocytes in cell-mediated 

immunity, they might contribute to ozone-induced lung injury and inflammatory response.

A variety of cell surface markers can distinguish T lymphocyte phenotypes with differential 

functional roles (Kinoshita and Hato, 2001). CD4+ T-helper cells enhance the function of 

B cells to produce antibody while CD8+ T cells are cytotoxic to target cells (Koretzky, 

2010). Decreases in CD4 and CD8 mixed cell populations after ozone exposure is consistent 

with their migration to the lung where ozone-induced cellular changes are occuring likely 

in response to stress-induced increases in circulating stress hormones. Both epinephrine and 

corticosterone are known to affect T cell maturation in the thymus and their migration to 

sites of injury (Savino et al., 2016). Ozone-induced decreases, especially in circulating 

cytotoxic (CD8+) T cells suggest their tissue margination at early time points and 

contribution to lung injury. Overall, the ozone induced innate immune response also involves 

changes in adaptive immune cells.

In this study, no major ozone-induced changes were noted in thymocyte or splenocyte 

cell populations or organ weights despite observed decreases in circulating lymphocytes. 

Stress-induced release of glucocorticoids has been shown to cause thymic involution (Bauer 

et al., 2015). Ozone exposure has long been shown to induce thymic atrophy (Dziedzic 

and White, 1986) and other thymocyte effects (Feng et al., 2006; Li and Richters, 1991) 

often without effect on thymus weight (Fujimaki H, Kawagoe, 1990). It is likely that major 

weight or cellular changes in the thymus or spleen may require longer exposures or higher 

ozone concentrations. Long-term immunological consequences of ozone may involve thymic 

atrophy and humoral immune changes.

This temporal assessment addresses how the inflammatory events are initiated within 

minutes through the activation of neuroendocrine system during the first encounter of ozone, 

which leads to migration of innate immune cells to the lung in following hours. Despite 

the lung inflammatory response being maximum on the next day, the hormonal changes 

and other effects directly linked to neuroendocrine activation, such as hyperglycemia, are 
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reversible (Kodavanti et al., 2015; Miller et al., 2015), suggesting the plasticity of the 

response that is involved in lung inflammation and injury. Upon repeated daily ozone 

exposure, ozone-induced lung injury and inflammation are still apparent in the second day 

but nearly absent on the third day despite recurrent ozone exposure (Miller et al., 2016b). 

This evidence suggests that the adaptation to ozone is dynamic and the chronicity of effects 

likely depend on the host susceptibility and the functionality of the neuroendocrine system.

Although bone marrow and lung tissue were assessed for presence of different leukocytes, 

the data did not provide consistent findings with high variability in the yield between 

replicates. Moreover, because of the limitation of the availability of desired antibodies for 

rats, additional target cell subpopulations were not quantified in this study. The ozone 

concentrations used are several folds higher than what may be encountered environmentally 

(U.S. EPA, 2020), however, are comparable to human clinical studies. This is based on the 

evidence that humans inhaling ozone during intermittent exercise retain 4–5 times greater 

ozone dose in the lung lining fluid compared to rats exposed during rest and inactivity 

period (Hatch et al., 2013). Also, this study did not address the potential consequences of 

stress response after chronic ozone exposure. Finally, only male rats were included in this 

study.

5. Conclusion.

In conclusion, this study demonstrates temporal changes in circulating leukocyte trafficking 

during a 4-hour ozone exposure that follows early increases in adrenal-derived stress 

hormones, but not circulating cytokines. The increased expression of glucocorticoid 

responsive gene markers and inflammatory cytokines in the lung also follows stress hormone 

increases. After a rapid increase of granulocytes in the circulation at 30 minutes of ozone 

exposure, there is a decline over 4 hours. A general decline in classical monocytes and B as 

well as T lymphocytes is also preceded by increases in circulating stress hormones. These 

changes do not involve increases in apoptotic monocytes or lymphocytes. The decline in 

classical monocytes and T lymphocytes in blood is consistent with their reported increase 

in the lung after ozone exposure (Francis et al., 2017; Bleavins and Dziedzic, 1990). Thus, 

the temporal changes in circulating stress hormones, granulocytes, monocytes, and B and 

T lymphocytes during a 4-hour exposure period suggests that ozone-induced increases in 

epinephrine and corticosterone may mediate redistribution of immune cells to the lung.
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Figure 1. 
Schema of the experimental design. The times of air or ozone exposures (horizontal), and 

necropsies (vertical) are indicated by arrows. Different sets of animals for each time point 

of 0.5, 1, 2 or 4 hours were exposed to air (0.0 ppm ozone), or 0.4 or 0.8 ppm ozone. Eight 

animals per group (for each exposure/time) were analyzed totaling 24 rats per timepoint. 

Tissue collection was performed within 20 min once exposure was terminated.

Henriquez et al. Page 20

Toxicology. Author manuscript; available in PMC 2022 June 30.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 2. 
The time course of inflammatory and glucocorticoid responsive gene expression in the 

lung at various times over 4-hr ozone exposure. The data show mean ± SE of n=6–8 rats/

group. *Significant ozone effect (P ≤ 0.05) at 0.8 ppm relative to time-matched air group; 

†significant ozone effect at 0.4 ppm relative to time-matched air group. Cxcl2, Chemokine 

(C-X-C motif) ligand 2 (A); Il6, interleukin 6 (B); Hmox1, heme oxygenase 1 (C); Nr3c1, 

Nuclear receptor subfamily 3 group c member 1, glucocorticoid receptor (D); Fkbp5, FK506 

binding protein 5, a co-chaperone of the glucocorticoid receptor (E); Tsc22d3, TSC22 

domain family protein 3, glucocorticoid-induced gene (F).
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Figure 3. 
Changes in circulating cytokines over the course of 4 hours 0.8 ppm ozone exposure in rats. 

The data show mean ± SE of n=6–8 rats/group. *Significant ozone effect (P ≤ 0.05) at 0.8 

ppm relative to time-matched air group. (A) IL-6, interleukin-6; (B) TNF-α, tumor necrosis 

factor α; (C) IFN-γ, interferon-γ; (D) IL-1β, interleukin-1β; (E) IL-4, interleukin-4; (F) 

IL-5, interleukin-5; (G) KC-GRO, keratinocyte chemoattractant/human growth-regulated 

oncogene; (H) IL-10, interleukin-10; (I) IL-13, interleukin-13.
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Figure 4. 
The time-course of ozone-induced changes in total circulating granulocytes (A) and 

monocytes (B) over a 4 hour exposure period and their viability at 4-hour time point. The 

pie charts show % of live cells versus early apoptotic and late apoptotic cells at 4-hour time 

point for air and 0.8 ppm ozone groups. Note that in some cases no cells were detected 

undergoing apoptosis or necrosis for which zero values were assigned. The data show mean 

± SE of n=6–8 rats/group. †Significant ozone effect at 0.4 ppm relative to time-matched air 

group (P ≤ 0.05).
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Figure 5. 
The time-course of ozone-induced changes in circulating classical (A) and non-classical (B) 

monocytes over a 4-hour exposure period and their viability at 4-hour time point. The pie 

charts show % of live cells versus early apoptotic and late apoptotic cells at 4-hour time 

point for air and 0.8 ppm ozone groups. The data show mean ± SE of n=6–8 rats/group for 

30 min, 1-hour and 4-hour time points. At 2-hour time point, the data for only 2 animals 

were considered due to an experimental issue in analyzing other samples for monocytes. 

The 2 -hour time point, therefore, was not considered for statistical analysis of classical and 

non-classical monocytes. *Significant ozone effect at 0.8 ppm relative to time-matched air 

group (P ≤ 0.05).
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Figure 6. 
The time-course of ozone-induced changes in total circulating lymphocytes over a 4-hour 

exposure period and their viability at 4-hour time point. The pie charts show % of live cells 

versus early apoptotic and late apoptotic cells at 4-hour time point for air and 0.8 ppm ozone 

groups. The data show mean ± SE of n=6–8 rats/group. *Significant ozone effect at 0.8 ppm 

relative to time-matched air group (P ≤ 0.05).
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Figure 7. 
The time-course of ozone-induced changes in circulating B-lymphocytes (A) and T-

lymphocytes (B) over a 4-hour exposure period and their viability at 4-hour time point. 

The pie charts show % of live cells versus, early apoptotic and late apoptotic cells at 4-hour 

time point for air and 0.8 ppm ozone groups. The data show mean ± SE of n=6–8 rats/

group. *Significant ozone effect (P ≤ 0.05) at 0.8 ppm relative to time-matched air group; 

†significant ozone effect at 0.4 ppm relative to time-matched air group.
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Figure 8. 
The time-course of ozone-induced changes in circulating T helper (CD4+ CD8a−; A) and 

T cytotoxic lymphocytes (CD4+ CD8a−; B) over a 4-hr exposure period and their viability 

at 4-hour time point. The pie charts show % of live cells, early apoptotic and late apoptotic 

cells at 4-hour time point for air and 0.8 ppm ozone groups. The data show mean ± SE of 

n=6–8 rats/group. *Significant ozone effect at 0.8 ppm relative to time-matched air group (P 
≤ 0.05).
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Figure 9. 
The time-course of ozone-induced changes in circulating CD4+ CD8a+ and CD4− CD8a− 

lymphocytes over a 4-hour exposure period and their viability at 4-hour time point. The pie 

charts show % of live cells versus, early apoptotic and late apoptotic cells at 4-hour time 

point for air and 0.8 ppm ozone groups. The data show mean ± SE of n=6–8 rats/group. 

*Significant ozone effect at 0.8 ppm relative to time-matched air group (P ≤ 0.05).
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Figure 10. 
Summary bar graphs showing time-related changes (%) in circulating granulocyte 

subpopulations after exposure to 0.4 or 0.8 ppm ozone. Bar graphs show % change 

from air group for different cell populations. The data show mean ± SE of n=6–8 rats/

group. *Significant ozone effect (P ≤ 0.05) at 0.8 ppm relative to time-matched air group; 

†significant ozone effect at 0.4 ppm relative to time-matched air group.
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Figure 11. 
The time-course of ozone-induced changes in thymus lymphocytes (A) and T lymphocytes 

(B); and spleen lymphocytes (C), T lymphocytes (D) and B lymphocytes (E) over a 4-hour 

exposure period. The data show mean ± SE of n=6–8 rats/group. *Significant ozone effect (P 
≤ 0.05) at 0.8 ppm relative to time-matched air group.
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Table 1.

The list of labelled antibodies, their source and dilutions used for identification of cells with different surface 

markers in blood, thymus and spleen.

Antibody or dye and 
fluorochrome Clone Lot # Isotype Control Lot # Dilution

Blood (1st 

aliquot)

CD45-Vioblue REA504 5170929136 REA Control-
VioBlue 5170929097 0.15 μg / 106 cells

CD11b/c-PE-Vio770 REA325 5170315710 REA Control-PE-
Vio770 5170929099 0.15 μg / 106 cells

CD172a-PE REA490 5170929108 REA Control-PE 5170814844 0.15 μg / 106 cells

CD43-APC REA503 5170929109 REA Control-APC 5170922339 0.15 μg / 106 cells

Blood (2nd 

aliquot)

CD45-Vioblue REA504 5170929136 REA Control-
VioBlue 5170929098 0.15 μg / 106 cells

CD3-PE REA223 5170929093 REA Control-PE 5170814844 0.15 μg / 106 cells

CD4-PerCP-Vio700 REA482 5170929107/ 
5170530082

REA Control-PerCP-
Vio700 5170929100 0.15 μg / 106 cells

CD8a-VioGreen REA437 5170929112 REA Control-
VioGreen 5170929097 0.15 μg / 106 cells

CD45R-APC REA450 5170929103 REA Control-APC 5170922339 0.15 μg / 106 cells

Thymus

CD45-Vioblue REA504 5170929136 REA Control-
VioBlue 5170929098 0.15 μg / 106 cells

CD3-PE REA223 5170929093 REA Control-PE 5170814844 0.15 μg / 106 cells

CD4-PerCP-Vio700 REA482 5170929107/ 
5170530082

REA Control-PerCP-
Vio700 5170929100 0.15 μg / 106 cells

CD8a-VioGreen REA437 5170929112 REA Control-
VioGreen 5170929097 0.15 μg / 106 cells

Spleen

CD45-Vioblue REA504 5170929136 REA Control-
VioBlue 5170929098 0.15 μg / 106 cells

CD3-PE REA223 5170929093 REA Control-PE 5170814844 0.15 μg / 106 cells

CD4-PerCP-Vio700 REA482 5170929107 /
5170530082

REA Control-PerCP-
Vio700 5170929100 0.15 μg / 106 cells

CD8a-VioGreen REA437 5170929112 REA Control-
VioGreen 5170929097 0.15 μg / 106 cells

CD45R-APC REA450 5170929103 REA Control-APC 5170922339 0.15 μg / 106 cells

For all tissues

Fixable Viability Dye 
eFluor™ 780 - - - - 1 uL / 106 cells

Annexin V - FITC 
Apoptosis Detection Kit - - - - 5 uL / 106 cells

All materials were obtained from Miltenyi Biotec Inc (Somerville, MA, USA) except for Dye eFluor™ 780 and Apoptosis Detection Kit, which 
were obtained from Thermo Fisher Scientific (Waltham, MA).
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Table 2.

Cell surface markers used to identify blood, thymus and spleen leukocytes.

Blood Panel

First aliquot

CD45+ Leukocytes

Hi SSC-A Granulocytes

CD172+
CD11b/c+ Monocytes

CD43 Low Classical

CD43 High Non Classical

Second aliquot

CD45+ Leukocytes Low SSC-A Lymphocytes

CD45R+ B lymphocytes

CD3+ T lymphocytes

CD4+ CD8a+

CD4+ CD8a− T helper

CD4− CD8a+ T cytotoxic

CD4− CD8a−

Thymus Panel

CD45+ Leukocytes Low SSC-A Lymphocytes CD3+ T lymphocytes

CD4+ CD8a+

CD4+ CD8a− T helper

CD4− CD8a+ T cytotoxic

CD4− CD8a−

Spleen Panel

CD45+ Leukocytes Low SSC-A Lymphocytes

CD45R+ B lymphocytes

CD3+ T lymphocytes

CD4+ CD8a+

CD4+ CD8a− T helper

CD4− CD8a+ T cytotoxic

CD4− CD8a−

Marker antibodies used in flow cytometry for the isolation and separation of different cell populations from blood, thymus and spleen. A separate 
aliquot of blood cells was used for isolating granulocytes/monocytes and lymphocytes. Whole thymus and spleen tissues were digested to isolate 
cells. All cells were assessed for viability and apoptosis status.
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Table 3.

The changes in plasma epinephrine and corticosterone levels over time in rats exposed to ozone.

Plasma Epinephrine (pg/mL) Plasma Corticosterone (ng/mL)

Ozone→ 0.0 ppm 0.4 ppm 0.8 ppm 0.0 ppm 0.4 ppm 0.8 ppm

0.5hr 57.4 ± 7.0 50.0 ± 7.1 69.3 ± 13.4 319.0 ± 62.5 243.8 ± 28.2 521.7 ± 129.5

1hr 54.1 ± 4.9 63.9 ± 9.1 100.2 ± 15.8* 443.3 ± 85.5 459.3 ± 86.5 1182.0 ± 147.1*

2hr 50.9 ± 9.1 81.5 ± 15.1 113.6 ± 18.7* 310.8 ± 53.0 273.8 ± 27.4 932.8 ± 125.4*

4hr 44.2 ± 8.4 112.7 ± 45.0
†

123.4 ± 36.9* 320.5 ± 64.1 1386.6 ± 214.4
†

876.8 ± 161.6*

Rats were exposed to ozone for 30 minutes, 1 hour, 2 hour or 4 hour and immediately following exposure blood and tissue samples were collected. 
Data show mean ± Standard error (n=5–6/group).

*
Significant ozone effect (P ≤ 0.05) at 0.8 ppm relative to time-matched air group

†
significant ozone effect at 0.4 ppm relative to time-matched air group.
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