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A B S T R A C T

Air pollution is associated with adverse impacts on the brain, including cognitive decline and increased in-
cidence of dementia, depression and anxiety; however, underlying mechanisms remain unclear. We have shown
that both ozone and particulate matter activate the hypothalamic-pituitary-adrenal (HPA) axis, increasing
plasma glucocorticoids and altering mRNA profiles in multiple tissues including the brain. HPA axis dysregu-
lation has been associated with central nervous system impacts, including key effects in the hippocampus; ac-
cordingly, we hypothesized that pollutant-dependent increases in glucocorticoid levels impact biological path-
ways relevant to brain health. Fischer-344 rats were treated with metyrapone (0 or 50 mg/kg), a glucocorticoid
synthesis inhibitor, and exposed to ozone (0 or 0.8 ppm) for 4 h (n = 5/group) to investigate the role of
glucocorticoids in ozone-dependent effects on tryptophan metabolism and expression of serotonin receptors and
neurotrophic factors. Ozone increased plasma levels of the tryptophan metabolite kynurenine (~2-fold) and
decreased tryptophan levels (~1.2 fold). Hippocampal expression of serotonin receptors exhibited differential
regulation following exposure, and expression of key neurotrophic factors (brain-derived neurotrophic factor,
vascular endothelial growth factor A, insulin-like growth factor-1, tyrosine kinase receptor B, b-cell lymphoma
2) was decreased. Some, but not all effects were abrogated by metyrapone treatment, suggesting both gluco-
corticoid-dependent and -independent regulation. Exposure to exogenous corticosterone (10 mg/kg) followed by
clean air reproduced the ozone effects that were blocked with metyrapone, confirming the specificity of effects to
glucocorticoids. These results indicate that ozone can modify pathways relevant to brain health and establish a
role for the HPA axis in mediating these effects.

1. Introduction

Air pollution has widespread health impacts, with an estimated 4.2
million deaths attributed to ambient air pollution worldwide (Cohen
et al., 2017). While these estimates are based upon the relationship
between air pollution and cardiovascular and respiratory disease, a
growing literature indicates a link between air pollution and central
nervous system (CNS) disorders, including cognitive decline, neurode-
generative and neuropsychiatric disorders such as Alzheimer's, de-
mentia, depression, anxiety, bi-polar disorder and autism, as summar-
ized by recent reviews (Allen et al., 2017; Power et al., 2016). Given the
substantial and growing prevalence of these conditions (Whiteford
et al., 2015), and ubiquitous exposure of the population to pollutants,
even small pollutant-dependent changes in relative risk represent a

significant public health burden.
While particulate matter has been the main target of investigation

for neurological impacts, with exposure associated with increased in-
flammation (Bai et al., 2019; Ehsanifar et al., 2019), impaired neuro-
genesis (Woodward et al., 2018) and behavioural alterations (Fonken
et al., 2011), gaseous components of air pollution can also impact the
brain. Due to its highly reactive nature, ozone gas is entirely consumed
in the lungs upon inhalation, but can impact tissues and processes be-
yond the lungs through processes such as systemic increases in oxida-
tive stress (Kelly, 2003), inflammation (González-Guevara et al., 2014)
and activation of the hypothalamic-pituitary-adrenal (HPA) axis
(Thomson et al., 2016, 2013). Epidemiological studies report associa-
tions between exposure to ozone and incidence of neuropsychiatric and
neurodegenerative disorders (Lim et al., 2012; Kioumourtzoglou et al.,
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2017; reviewed by Zhao et al., 2018) and decreased cognitive perfor-
mance in middle aged adults (Chen and Schwartz, 2009; Gatto et al.,
2014). Several rodent studies demonstrate that ozone exposure is cap-
able of causing neurophysiological changes such as decreased short and
long term memory retention (Dorado-Martínez et al., 2001; Rivas-
Arancibia et al., 2009), reduced hippocampal cell numbers (Rivas-
Arancibia et al., 2009), increased apoptotic indicators and endoplasmic-
reticulum stress (Rodríguez-Martínez et al., 2016), increased depression
and anxiety-like behaviour and decreased serotonin levels in the frontal
cortex and hippocampus (Mokoena et al., 2015). However, the me-
chanisms through which ozone could result in such impacts on the CNS
are not fully understood.

As extrapulmonary effects of ozone, unlike particulate matter, are
attributable solely to secondary effects rather than having the potential
to also be caused by direct effects of the pollutant, ozone provides a
useful model to study indirect mechanisms that could underlie systemic
effects that may be common to other pollutants. We have shown pre-
viously that both ozone and particulate matter activate the HPA axis
and increase plasma levels of the stress hormone corticosterone, re-
sulting in glucocorticoid-dependent effects in multiple tissues including
the brain (Thomson et al., 2013, 2016, 2019). Glucocorticoid

dysregulation is considered an underlying mechanism contributing to
the development of a number of CNS disorders (reviewed in Lucassen
et al., 2014). For instance, patients with depression (Peeters et al.,
2004; Sachar et al., 1973; Sepehr et al., 2005) and dementia (reviewed
in Ouanes and Popp, 2019) have been shown to have disrupted secre-
tion of cortisol suggesting impaired regulation of the HPA axis. Glu-
cocorticoids can alter processes associated with CNS disorders such as
tryptophan metabolism (Badawy, 2017; Comings et al., 1995), ser-
otonin signaling (reviewed in Lanfumey et al., 2008) and neurogenesis
(reviewed in Kino, 2015), and chronic elevation of glucocorticoid levels
can lead to impairment of HPA axis regulation as well as glucocorticoid
resistance (Cohen et al., 2012; Zhu et al., 2014). Given that HPA axis
dysregulation impacts brain processes and that exposure to air pollu-
tants activates the HPA axis, we hypothesized that the HPA axis may
serve as an important mediator of pollutant effects on biological path-
ways relevant to brain health.

The hippocampus is a stress-sensitive, serotonin-receptor rich region
of the brain impacted by a number of neurological disease processes
(reviewed in Sala et al., 2004). Adult neurogenesis occurs primarily in
the hippocampus (reviewed in Ming and Song, 2011), and hippocampal
atrophy is often observed in dementia (Chow et al., 2012; Evans et al.,

Fig. 1. Plasma kynurenine-tryptophan ratio following ozone exposure. Plasma concentrations of kynurenine and tryptophan were measured in Fischer-344 rats
exposed to ozone (0.8 ppm) or air for 4 h following treatment with metyrapone (MET) or vehicle (VEH). Two-way ANOVA was used to evaluate significant Ozone
(ozone vs. air) and Metyrapone (50 mg/kg metyrapone vs. VEH) effects, followed by Holm-Sidak procedure to elucidate pattern of significant effects. A) Kynurenine
(KYN); B) Tryptophan (TRP); C) Kynurenine-Tryptophan ratio. * Ozone vs. air within VEH or MET, p < 0.05; error bars = 95% CI; n = 5/group.
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2018) and depression (Bremner et al., 2000; Macqueen et al., 2003).
Chronic elevation of glucocorticoids has been associated with decreases
in memory, a primary function of the hippocampus, and loss of hip-
pocampal volume (Lupien et al., 1998). Here, we use an acute ozone
exposure model to facilitate assessment of early impacts in the hippo-
campus and plasma that can be linked directly to exposure, and that are
less likely to be obscured by the significant cellular and tissue changes
that can arise as a result of disease progression in chronic exposure
models. Specifically, we examined impacts on tryptophan metabolism
and serotonin signaling, as well as effects on genes involved in neuronal
cell death and hippocampal neurogenesis, mechanisms thought to
contribute to neurotoxicity and brain health. Metyrapone, an 11-β-hy-
droxylase inhibitor that blocks the ozone-induced increase in gluco-
corticoid synthesis (Thomson et al., 2016), and exogenous corticos-
terone were used to investigate whether observed effects occurred in a
glucocorticoid-dependent or independent manner.

2. Materials and methods

2.1. Animals

Male Fischer-344 rats weighing 200–250 g (specific pathogen free;
Charles River, St. Constant, Québec, Canada) maintained on a 12 h
light/dark cycle were provided with food and water ad libitum.
Housing consisted of HEPA-filtered individual plexiglass cages with
wood-chip bedding. All experimental protocols were reviewed and
approved by the Animal Care Committee of Health Canada.

2.2. Inhalation exposure

Inhalation exposure methods were previously described in detail
(Thomson et al., 2016). Briefly, rats were subcutaneously injected with
either metyrapone (50 mg/kg; Sigma-Aldrich Canada Co., Oakville,
Ontario, Canada) or vehicle (40% propylene glycol in buffered saline)
1 h prior to nose-only inhalation exposure to either clean air or 0.8 ppm
ozone (n = 5/group) for 4 h. Previously conducted dosimetric calcu-
lations (Thomson et al., 2005) estimated that exposure to 0.8 ppm
ozone produced a centriacinar dose on the order of 3 to 4-fold higher
than the internal dose resulting from a plausible exposure scenario in

humans (0.12 ppm ozone for 12 h followed by exposure to 0.06 ppm
ozone for 12 h). For ethical reasons, nose-only exposures were re-
stricted to 4 h, and so the dose rate was clearly higher in the experi-
mental model compared to an environmental exposure spread over a
24 h period. An additional group (n = 5) was subcutaneously injected
with corticosterone (10 mg/kg; Sigma-Aldrich) 1 h prior to exposure to
clean air (4 h).

2.3. Sample collection

Rats were anesthetised with isoflurane (5% at 1.5 L of O2/min) and
euthanised via exsanguination 0 or 24 h post exposure. Blood was
collected from the abdominal aorta and stored in vacutainer tubes
containing EDTA at 10 mg/ml and phenyl methyl sulfonyl fluoride at
1.7 mg/ml. Blood was centrifuged at 1448 × g for 10 min to separate
plasma. Brain tissue was dissected, and the hippocampus was collected
and added to RNAlater (Sigma-Aldrich Canada Co.). All samples were
snap-frozen in liquid nitrogen and stored at −80 °C.

2.4. Tryptophan and Kynurenine concentrations

Plasma concentrations of tryptophan and kynurenine were mea-
sured using ELISA kits (Immusol, France) according to manufacturer's
directions.

2.5. RNA isolation

Hippocampal samples (frozen) were ground using a mortar and
pestle over dry ice and sonicated briefly in TRIzol reagent (Invitrogen
Canada Inc., Burlington, Ontario, Canada) for homogenization. Total
RNA was isolated following manufacturer's instructions. Quantification
of RNA was performed using RiboGreen RNA Quantitation Reagent and
Kit (Molecular Probes, Eugene, Oregon) and RNA quality was assessed
using ExperionTM RNA STdSens Analysis Kit (Bio-Rad, Mississauga,
Ontario, Canada). cDNA was generated according to manufacturer's
directions with MuLV reverse transcriptase and random hexamers
(Applied Biosystems, Mississauga, Ontario, Canada). Additionally, ne-
gative control samples were created by incubating RNA samples with
all reagent components except reverse transcriptase to assess genomic

Fig. 2. Hippocampal gene expression of MAOA and KMO following ozone exposure. Hippocampal expression of MAOA and KMO enzymes was measured in
Fischer-344 rats pre-treated with metyrapone (MET) or vehicle (VEH) and exposed to ozone (0.8 ppm) or air for 4 h. Expression represented as fold change (FC)
relative to VEH/air group. Statistical analysis conducted using two-way ANOVA (factors: Ozone and Metyrapone) followed by Holm-Sidak multiple comparison
procedure to elucidate pattern of significant effects. A) MAOA; B) KMO. *Ozone vs air within VEH or MET, p < 0.05; error bars = 95% CI; n = 4 or 5/group.
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DNA contamination.

2.6. RT-qPCR

Universal Probe Library design software (Roche Diagnostics
Canada, Laval, Québec, Canada) and Primer-BLAST software (National
Center for Biotechnology Information, Bethesda, Maryland) were used
to generate primers (Supplementary Data) with an optimal annealing
temperature of 60 °C. A serial dilution of rat brain cDNA was used to
validate primers and confirm high-efficiency reactions. Duplicate re-
actions containing BRIGHTGreen 2x qPCR Mastermix (Bio-Rad
Laboratories Ltd., Mississauga, Ontario, Canada), primers (200 nM) and
cDNA were incubated (10 μl/well; 384-well plate) in a spectro-
fluorometric thermal cycler (Lightcycler 480, Roche Diagnostic
Canada). The following PCR cycle was utilized: 95 °C for 3 min to ac-
tivate the iTAQ polymerase followed by 50 cycles of denaturation at
95 °C, annealing at 60 °C, and elongation at 72 °C, each for 10 s.
Fluorescence was monitored at every cycle during the elongation step.
Melt curves were conducted for every run to confirm unique product.

Expression calculations were conducted relative to β-actin (verified to
be invariant with treatment) using the delta-delta Ct method (Livak and
Schmittgen, 2001).

2.7. Statistical analyses

Data were assessed by two-way ANOVA using factors Ozone (0,
0.8 ppm) and Metyrapone (0, 50 mg/kg), followed by Holm-Sidak
multiple comparison procedure to determine significant effects
(α = 0.05). Pearson correlations were conducted to compare responses
to ozone and corticosterone. All statistical analyses were performed
using Sigma-Plot 13.0 (Systat Software Inc., San Jose, California). For
simplicity, only factor interactions and main effects that included Ozone
are presented in text and figures. Full statistical data are presented in
Supplementary Data.

Fig. 3. Ozone-induced gene expression changes of serotonin receptors within the hippocampus. Hippocampal mRNA of serotonin receptors was measured in
Fischer-344 rats treated with metyrapone (MET) or vehicle (VEH) prior to exposure to ozone (0.8 ppm) vs. air for 4 h. Expression is represented as fold change (FC)
relative to VEH/air exposure group. Significant Ozone (air vs. ozone) and Metyrapone (50 mg/kg metyrapone vs. VEH) effects were determined using two-way
ANOVA and Holm-Sidak procedure to elucidate pattern of significant effects. A) 5-HT1A; B) 5-HT1B; C) 5-HT2A; D) 5-HT2C; E) 5-HT4; F) 5-HT6; G) 5-HT7. *Ozone
vs air within VEH or MET, p < 0.05; error bars = 95% CI; n = 4 or 5/group.
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3. Results

3.1. Kynurenine and tryptophan concentration in plasma

Increases in the ratio of kynurenine/tryptophan are associated with
a number of conditions, including various CNS disorders (reviewed in
Lovelace et al., 2017). To determine whether ozone could affect this
ratio, plasma concentrations of kynurenine and tryptophan were mea-
sured immediately after exposure (Fig. 1). Ozone increased plasma
kynurenine (approximately 2-fold; Ozone main effect, p < 0.001) and
decreased tryptophan (Ozone main effect, p = 0.023). As a result, the
ratio of kynurenine to tryptophan increased significantly with ozone
exposure (Ozone main effect, p < 0.001). Metyrapone treatment did
not significant modify these effects.

3.2. MAOA and KMO expression

Monoamine oxidase A (MAOA) and kynurenine monooxygenase
(KMO) are both enzymes which can alter concentrations of different
end products of tryptophan metabolism. MAOA oxidizes serotonin, re-
ducing serotonin availability. KMO catalyzes the conversion of kynur-
enine into 3-hydroxykynurenine, a precursor for quinolinic acid which
is thought to have neurotoxic effects (reviewed in Lugo-Huitrón et al.,
2013). Ozone decreased hippocampal MAOA mRNA expression im-
mediately after exposure, an effect prevented by metyrapone
(Ozone ×Metyrapone interaction, p = 0.018; Fig. 2A). KMO mRNA was
also decreased by ozone, and this effect was prevented with metyrapone
treatment (Ozone × Metyrapone interaction, p < 0.001; Fig. 2B).

3.3. Serotonin receptor expression in the hippocampus

Serotonin (5-HT) receptors mediate many serotonergic functions

within the brain. Analysis of hippocampal serotonin receptor mRNA
expression immediately after exposure revealed that ozone exposure
resulted in differential expression of many of these receptors (Fig. 3).
Significant decreases in 5-HT1A, 5-HT1B and 5-HT4 following ozone
exposure were all metyrapone independent (for all: Ozone main effect,
p < 0.001). In contrast, metyrapone abrogated ozone-dependent de-
creases of 5-HT2A (Ozone×Metyrapone interaction, p < 0.001) and 5-
HT7 (Ozone × Metyrapone interaction, p = 0.02), as well as the ozone-
dependent increase in 5-HT2C (Ozone × Metyrapone interaction,
p = 0.009). No significant change was observed in 5-HT6 expression.

3.4. mRNA expression of neurotrophic genes

Both serotonin and glucocorticoids regulate expression of many
genes involved in neurogenesis and survival within the hippocampus
(Banasr et al., 2004; Odaka et al., 2017). Accordingly, we investigated
whether ozone affected the expression of genes involved in neurogenic
and neurotrophic processes in a corticosterone-dependent manner
(Fig. 4). Ozone decreased brain-derived neurotrophic factor (BDNF;
Ozone main effect, p = 0.015) and vascular endothelial growth factor A
(Vegfa; Ozone main effect, p < 0.001), effects that were both metyr-
apone-independent. In contrast, ozone-dependent decreases in tyrosine
kinase receptor B (trkB; Ozone × Metyrapone interaction, p = 0.011),
B-cell lymphoma 2 (Bcl2; Ozone × Metyrapone interaction, p < 0.001)
and insulin-like growth factor-1 (Igf1; Ozone × Metyrapone interaction,
p = 0.051) tended to be sensitive to metyrapone.

3.5. mRNA expression after 24 h

To determine whether effects of short-term exposure to ozone were
transient or sustained, mRNA expression was measured 24 h after ozone
exposure and compared to effects detected immediately after exposure.

Fig. 4. Hippocampal expression of neurotrophic genes following ozone exposure. Fischer-344 rats were treated with metyrapone (MET) or vehicle (VEH) before
4 h exposure to either ozone (0.8 ppm) or air. Hippocampal expression of genes was measured with RT-qPCR and is represented as fold change (FC) relative to VEH/
air exposure group. Two-way ANOVA with Holm-Sidak multiple comparisons procedure was used to evaluate significant effects (factors: Ozone, Metyrapone). A)
BDNF; B) trkB; C) Igf1; D) Bcl2; E) Vegfa. *Ozone vs air within VEH or MET, p < 0.05; error bars = 95% CI; n = 4 or 5/group.
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For all genes, mRNA expression returned to or approached control le-
vels 24 h after exposure (Fig. 5; complete statistical assessment pre-
sented in Supplementary Data).

3.6. Reproduction of ozone effects with exogenous corticosterone treatment

To independently confirm the glucocorticoid-specificity of ozone
effects, rats were administered corticosterone and effects were com-
pared for genes that had exhibited a significant Ozone × Metyrapone
interaction. Corticosterone treatment reproduced effects of ozone ex-
posure (r = 0.83, p = 0.01; Fig. 6).

4. Discussion

To gain insight into mechanisms that could underlie associations
between air pollutants and CNS impacts, we measured key factors in
plasma and the hippocampus relevant to serotonergic/neurotrophic
pathways, and evaluated the role of HPA axis activation as a potential
mediator. Our findings reveal that 1) acute ozone exposure resulted in a
significant increase in the plasma kynurenine/tryptophan ratio, 2)
ozone exposure resulted in differential expression of MAOA and KMO,
many serotonin receptors, and neurotrophic genes, 3) blockade of
ozone-induced glucocorticoid release abrogated some but not all of
these effects, and 4) treatment with exogenous corticosterone

reproduced ozone-induced effects that had been prevented by metyr-
apone, confirming the specificity of effects to glucocorticoids. Our data
show that exposure to ozone can affect serotonin and neurotrophic
pathways in both glucocorticoid-dependent and independent manners.

Altered metabolism of tryptophan, a serotonin and kynurenine
precursor, has implications in brain health. It has been hypothesized
that a shift in tryptophan metabolism from the production of serotonin
towards the production of kynurenine may lead to reduced serotonin
availability (Lapin and Oxenkrug, 1969) as well as to increases in
neurotoxic kynurenine metabolites (Saito et al., 1993), both of which
have been associated with CNS disorders (Lugo-Huitrón et al., 2013).
Additionally, increases in circulating kynurenine/tryptophan ratios are
associated with a variety of diseases, including lung cancer (Suzuki
et al., 2010), coronary disease (Sulo et al., 2013), glioma pathophy-
siology (Adams et al., 2014), Alzheimer's disease (Widner et al., 2000),
chronic kidney disease (Schefold et al., 2009), relapses of multiple
sclerosis (Mancuso et al., 2015), and suicide (Bradley et al., 2015;
Messaoud et al., 2018; Sublette et al., 2011). Elevated glucocorticoids
activate tryptophan-2,3-dioxygenase (TDO), one of two main enzymes
responsible for kynurenine metabolism, and treatment with dex-
amethasone and hydrocortisone can decrease plasma tryptophan levels
and may alter availability of tryptophan in the brain (reviewed in Miura
et al., 2008). The increase in the kynurenine/tryptophan ratio we ob-
served following ozone exposure was not diminished with metyrapone

Fig. 5. Gene expression changes 0 and 24 h post-ozone exposure. Data from Fisher-344 rats treated with vehicle (VEH) and exposed to ozone (0.8 ppm) for 4 h.
Samples collected 0 h or 24 h after exposure. Gene expression is represented as fold change relative to VEH/air exposure group corresponding to appropriate time
point. n = 5/group.
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treatment, suggesting involvement of a glucocorticoid-independent
pathway. Indoleamine 2,3-dioxygenase (IDO), the other enzyme re-
sponsible for kynurenine metabolism, is activated by cytokines (re-
viewed in Miura et al., 2008); however, there is little evidence of in-
creased plasma cytokines immediately after ozone exposure in this
model (Thomson et al., 2016).

In addition to altered tryptophan metabolism, ozone exerted dif-
ferential glucocorticoid-dependent and independent effects on the ex-
pression of genes implicated in serotonin and kynurenine metabolism,
and of serotonin receptors, in the hippocampus. Decreases in MAOA,
KMO, 5-HT1A, 5-HT1B, 5-HT2A, 5-HT4, 5-HT7 and an increase in 5-
HT2C were found following ozone exposure, with MAOA, KMO, 5-
HT2A, 5-HT2C and 5-HT7 regulated via glucocorticoid-dependent me-
chanisms. The glucocorticoid-dependency of these effects is supported
by previous studies showing glucocorticoid regulation of these genes
(Dwivedi et al., 2005; Holmes et al., 1997; Le Corre et al., 1997; Lee
et al., 2009). While glucocorticoids have been shown to downregulate
5-HT1A (Le Corre et al., 1997; Meijer and de Kloet, 1994; Neumaier
et al., 2000; Vázquez et al., 2012), the lack of Ozone × Metyrapone
interactions in 5-HT1A, 5-HT1B, and 5-HT4 suggest that these genes are
regulated primarily via glucocorticoid-independent mechanisms in our
ozone model. The physiological consequences of altered serotonin re-
ceptor activity and expression have been the focus of many studies
seeking to understand the role of these receptors in neuropsychiatric
disorders, a number of which show that alterations in receptor activity
are associated with and can lead to either anti-depressant or pro-de-
pressant effects (Bonaventure et al., 2007; Hedlund et al., 2005; Licht
et al., 2009; Lucas et al., 2007; Martin et al., 2014; Nautiyal et al., 2016;
Nautiyal and Hen, 2017; Sibille et al., 1997; Wesołowska et al., 2006).
Our results are broadly consistent with prior studies that have shown
alterations in serotonin content in the brain after ozone exposure
(Skillen et al., 1961; González-Piña and Paz, 1997; Huitrón-Reséndiz
et al., 1994; Mokoena et al., 2015; Paz and Huitrón-Reséndiz, 1996).

In addition to tryptophan metabolism and serotonin system dysre-
gulation, interference with hippocampal neurogenesis as well as neu-
ronal survival has been suggested to contribute to a variety of CNS
disorders (reviewed in Toda et al., 2019). Stress has been shown to play
a significant role in neurogenesis, as both acute and chronic stress, as
well as exogenous corticosterone, have been demonstrated to impair
neurogenic processes (Coe et al., 2003; Gould et al., 1997; Kino, 2015;

Tanapat et al., 2001). Additionally, it has been suggested that adult
hippocampal neurogenesis is critical in modulating the ability of the
hippocampus to exert negative feedback control over the HPA axis, and
thus decreases in neurogenesis could put the individual more at risk of
stress-induced neurotoxicity (Mirescu et al., 2004; Toda et al., 2019). In
the present study, the role of both glucocorticoid-dependent and in-
dependent mechanisms in mediating ozone effects is evident in the
reduced expression of key neurotrophic and neuroprotective genes
BDNF, Igf1, Vegfa, Bcl2 and trkB. Ozone-dependent decreases of Igf1,
Bcl2 and trkB were blocked by metyrapone, consistent with known
regulation of these genes by glucocorticoids (Basta-Kaim et al., 2014;
Lembessis et al., 2004). In contrast, while glucocorticoid regulation of
BDNF and Vegfa has been previously demonstrated (Barbany and
Persson, 1992; Smith et al., 1995), our results suggest regulation by
other factors. Decreases in the expression of these neurotrophic factors
could reduce their neuroprotective effect, leading to a decrease in
neurogenesis and increase in neuronal cell death (Anilkumar and
Prehn, 2014; Bathina and Das, 2015; Lange et al., 2016). Thus, we
provide evidence that air pollution may influence neurogenesis and
neuronal cell death pathways, a hypothesis established by past studies
(Hedges et al., 2019; Rivas-Arancibia et al., 2015; Rodríguez-Martínez
et al., 2016; Woodward et al., 2018), and that this can occur through
glucocorticoid-dependent and independent pathways.

The physiological ramifications of the observed effects likely de-
pend upon innate differences in sensitivity, duration of exposure, and
the context in which the stress hormone-dependent effects occur.
Ozone-exposure can activate many systemic pathways in addition to the
HPA axis, such as oxidative stress and inflammation which have been
suggested to mediate air-pollution induced neurological effects pre-
viously (Mokoena et al., 2015; Rivas-Arancibia et al., 2009). While
these various pathways may act independently from each other, it is
important to recognize that these pathways can also interact (Thomson,
2019). For instance, inflammatory processes can activate the HPA axis
(reviewed in Bellavance and Rivest, 2014), and the HPA axis can also
increase sensitivity to the immune response through priming of mi-
croglia (Frank et al., 2012). Glucocorticoids may also increase oxidative
stress (You et al., 2009), and these pathways may act to regulate the
same downstream targets. Additionally, humans are exposed to variety
of different pollutants and other environmental factors, which may act
on these pathways to induce synergistic or additive effects that can

Fig. 6. Reproducing ozone-induced changes of
stress-regulated genes by treatment with exo-
genous corticosterone. Data from Fischer-344 rats
treated with corticosterone (CORT) and exposed to
clean air for 4 h, or treated with vehicle (VEH) and
exposed to ozone (0.8 ppm) for 4 h. Hippocampal
gene expression is represented as fold change (FC;
Log2) relative to VEH/air. Expression of genes with a
significant Ozone × Metyrapone interaction (Two-
way ANOVA) was compared to expression of genes
from VEH/ozone group using Pearson correlation
(r = 0.83; p = 0.01). n = 5/group.
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impact health outcomes (reviewed in Mauderly and Samet, 2009;
Thomson, 2019). Genetic and epigenetic factors as well may also in-
fluence how pollutant-induced changes occur and manifest among the
human population.

Several factors warrant consideration when interpreting these re-
sults. Despite training in nose-only exposure tubes, nose-only exposure
itself is stressful (Thomson et al., 2009), and thus ozone effects are
occurring in the context of existing stress. As equivalent conditions
were used for all treatment groups, this should not confound inter-
pretation of results. Secondly, this experiment was conducted using
Fischer rats, known to have a hyper-responsive stress axis (Dhabhar
et al., 1993). We have shown that rats that differ in HPA axis function
have differential sensitivity to impacts of ozone on lung injury and
inflammation, providing insight into a potential susceptibility factor
(Thomas et al., 2018); such innate differences may also be relevant to
CNS effects of pollutant exposure. Third, metyrapone could impose off-
target effects independent of glucocorticoid-synthesis blockade. How-
ever, reproduction of ozone-induced effects with exogenous corticos-
terone independently confirmed that effects observed are glucocorti-
coid-dependent. Finally, the present study was based on analyses
conducted in the whole hippocampus, and was therefore insensitive to
potential regional specific effects of glucocorticoids on gene expression
(e.g. Le Corre et al., 1997). Previous work examining ozone-dependent
glucocorticoid signaling demonstrated widespread actions across brain
regions, with some evidence of regional differences (Thomson et al.,
2019).

5. Conclusions

In conclusion, we show for the first time that exposure to the
common air pollutant ozone alters the ratio of tryptophan and kynur-
enine in blood, an effect associated with several disease states. We also
provide evidence supporting a role for glucocorticoids in mediating the
link between pollutant exposure and neurotoxicity by demonstrating
that exposure to ozone can impact serotonin and neurogenic systems
through glucocorticoid-dependent and -independent mechanisms. Our
findings, alongside results from previous studies showing how ozone
exposure activated stress-responsive regions of the brain (Gackière
et al., 2011) and can induce stress hormone-dependent transcriptional
responses within the brain (Henriquez et al., 2019; Thomson et al.,
2019, 2013), are consistent with a role for the HPA axis in contributing
to the neurophysiological abnormalities instigated by air pollution ex-
posure. Elucidation of underlying mechanisms through which air pol-
lutants can impact the CNS should provide support for epidemiological
associations and insight into those subpopulations that may be most at
risk.
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