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Chandrama Ahmed 

THE ROLE OF LUNG-BRAIN AXIS IN OZONE IMPAIRED AMYLOID 

ASSOCIATED ASTROCYTIC AND VASCULAR PHENOTYPE 

Air pollution has been associated with an increased risk of Alzheimer’s Disease 

(AD). Studies show ozone (O3), a major component of urban air pollution, can exacerbate 

amyloid pathology. However, O3 reacts in its entirety with lung epithelial lining after 

inhalation, hence does not translocate to brain. Studies have implicated the lung−brain 

axis in O3 induced central nervous system (CNS) pathology. However, the mechanistic 

underpinnings of its role in amyloid pathology is obscure. Here, we explored the impact 

of O3 on the astrocytic and vascular response to amyloid plaque in 5xFAD mice and its 

link to the O3 lung response. O3 exposure increased GFAP positive astrocyte density 

correlating with increased plaque burden in the cortex. Focusing on the plaque 

microenvironment, we found O3 qualitatively altered plaque associated astrocytes, 

evidenced by both proteomic and transcriptomic changes. Along with loss of protein 

expression, proteomic changes reflected increased cell-cell interaction in plaque 

microenvironment. Specifically, we found increased astrocyte-microglia contact 

selectively in periplaque space from O3 exposure. Transcriptional analysis of periplaque 

astrocytes revealed an accelerated shift towards disease associated astrocyte (DAA) 

phenotype. Elevated circulating HMGB1 was previously found from O3 exposure. In this 

study we demonstrate deleting HMGB1 selectively in peripheral myeloid cells and not in 

CNS microglia ameliorates the lung immune response to O3 as well as downregulates 

DAA marker in the CNS, providing a potential link between peripheral HMGB1 and O3 

induced astrocytic dysregulation. On examining vascular response to O3 we found 
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increased vascular amyloid accumulation associated with an altered vascular proteomic 

profile. Our analysis indicates O3 potentially disrupts vascular function such as amyloid 

clearance. Taken together, our study demonstrates that astrocyte and neurovasculature are 

contributors to O3 lung-brain axis with important implications towards amyloid pathology 

progression and identifies peripheral myeloid HMGB1 as its potential modulator. Further 

studies are required to fully understand the consequences of this impact and its role in 

amyloid pathology. 
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CHAPTER ONE 

INTRODUCTION 

Introduction 

Air pollution is a critical environmental concern with severe implications for 

human health [1]. The association between air pollution and respiratory as well as 

cardiovascular diseases is well documented [1–7], and recent research has suggested a 

link between air pollution and neurodegenerative disorders, including Alzheimer's 

disease (AD) [8–12]. Research on AD has typically focused on genetic risk factors; 

however, emerging studies have uncovered lifestyle [13,14] as well as environmental risk 

factors, including multiple components of air pollution [8–10,15–18]. One such 

component, Ozone (O3), which is prevalent in urban air pollution, has been associated 

with higher risk of AD [19,20]. While AD is the most common form of dementia [21], a 

clear definition of its etiology remains lacking and treatment options remain limited, 

underscoring the importance of investigating the role of non-genetic factors in AD 

progression. Although epidemiological reports have implicated air pollution as an AD 

risk factor, its role in the development and progression of AD pathology is poorly 

understood. 

Along with epidemiologic studies, animal studies have uncovered several 

potential mechanisms involved in air pollution mediated brain pathologies [22–27] and 

Lung−brain axis has been suggested as one of the mechanistic pathways regulating brain 

pathology from air pollution [22,26,28]. Researches focusing on air pollution induced AD 

pathology have found increased amyloid, oxidative stress response, neuronal damage, 

neuroinflammatory response as well as blood–brain barrier (BBB) damage 
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[22,23,25,27,29]. Amyloid plaque microenvironment, an important research focus for 

understanding plaque pathology and responses of central nervous system (CNS) cellular 

population to it [22,30–32], has been shown to be altered with O3 exposure as well [22]. 

However, how the individual cellular components, including astrocyte and 

neurovasculature, in this plaque microenvironment are affected by air pollution is not 

known.  

To address this research gap our focus in this study was to investigate how 

subchronic O3 exposure alters astrocytic and vascular characteristics in the plaque 

microenvironment using 5xFAD mice, a well-defined AD mouse model for amyloid 

pathology [33], thereby aiming to understand how O3 exposure impedes their normal 

function in plaque microenvironment potentially contributing to accelerated pathology 

progression. O3 being highly reactive [34], reacts in its entirety inside the lung barrier and 

does not reach CNS. Hence, we also explored the role of the lung-brain axis in regulating 

these changes, as well as the involvement of circulating factors in its dysregulation. Our 

findings suggest that both astrocytic and vascular phenotypes are affected by O3 exposure 

depending on proximity to plaque deposition site, altering their communication with 

other cellular components in the microenvironment. We also demonstrate peripheral 

myeloid cell specific as well as circulating high mobility group box 1 (HMGB1) has the 

potential to modulate these O3 induced effects suggesting a role of lung-brain axis in AD 

pathology.  

These findings build on the existing knowledge of AD pathology and provide 

important insight into how air pollution exacerbates its progression, strengthening the 

idea that complex, multifaceted responses are likely involved in this process, highlighting 
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the importance of further investigation. It also elucidates the role of peripheral 

components in AD providing potential biomarkers and therapeutic target. 

 

Literature Review 

Alzheimer's Disease 

AD is a progressive neurodegenerative disorder that primarily affects the central 

nervous system (CNS), leading to a decline in cognitive function and memory loss [21]. 

Gustavsson et al. estimated the global prevalence of AD dementia, prodromal AD, and 

preclinical AD to be 32, 69, and 315 million, respectively, constituting 22% of people 

older than 50 years overall [35]. In the United States (US), the number of AD patients 

over 65 years of age is predicted to double by 2060, increasing from 6.7 million in 2023 

to approximately 13.8 million [36,37]. Enormous advancements have been made in 

defining AD pathology and identifying many risk factors since AD pathology was first 

described over one hundred years ago by Alois Alzheimer [38]. However, there is still a 

vast gap in our understanding of the etiology of this disease, impeding therapeutic 

development and patient care. 

AD pathology is classically defined by extracellular amyloid plaque deposition 

resulting from Amyloid-beta (Aβ) protein aggregation and intracellular neurofibrillary 

tangles resulting from misfolded tau protein accumulation [21]. Abnormal Aβ and tau 

protein accumulation is a multifaceted process involving abnormal protein processing, 

deficient degradation pathways, and defective clearance mechanisms [39], with effects 

including synaptic dysfunction, synapse loss, and disruption of neuronal homeostasis and 

function, contributing to neuronal toxicity and neuron loss [21]. Clinical manifestation of 
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symptoms follows a progressive course starting with  memory concerns leading to mild 

cognitive impairment (MCI), transitioning into dementia of varying progressing severity 

[40–42]. 

More recently the neuron centric description of AD pathology has diverged into 

other cellular components of the CNS [43]. A considerable number of genes associated 

with high risk of AD are mostly expressed by these non-neuronal cells shifting significant 

the research focus towards microglia and astrocyte [44]. Recent research are also 

targeting their responses for biomarker identification [45] and therapeutic development 

[46,47]. The findings however show complex responses from each of these cells 

suggesting contributions towards both neuronal protection and toxicity [43,48–54] 

potentially depending on the disease progression timeline [51,55]. Along with the role of 

these non-neuronal populations, condition and response of CNS vasculature are shown to 

be extremely important in disease progression. [56,57]. Among these, microglia, the 

resident immune cell in CNS, have been studied and characterized most extensively in 

the context of AD [49,54,55,58]. While researchers are increasingly studying astrocytic 

[43,44,59] and vascular responses [56,57,60,61], their roles in disease progression remain 

poorly understood. More importantly their interconnected communication and its 

disruption requires further investigations. 

Astrocytic Response in AD 

The main function of astrocytes is to maintain the homeostatic health of CNS, 

including synapse formation and elimination [62,63], maintaining synaptic homeostasis 

and health via modulation of extracellular ions and neurotransmitters [62–64], and 

providing metabolic and trophic support to neurons maintaining brain energy homeostasis 
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[39,43,44], maintaining communication with vessels as well as maintaining 

neurovascular unit [56,65,66], take active part in neuroinflammatory response [67]. 

Astrocytes are a vital part of the neurovascular unit (NVU), and their endfeet form the 

outer layer of the BBB [68], controlling its permeability and facilitating the glymphatic 

pathway [69,70], defined as, brains waste clearance mechanism via paravascular fluid 

circulation [71]. The importance of astrocytes in brain health maintenance suggests that 

these cells are likely impacted by AD pathology and play an important role in the disease 

process. Recent research has elucidated some astrocytic responses to AD pathology 

[43,72,73]. However, owing to the complex nature of AD, the dynamic progression of its 

pathology and non-uniformity of disease models, fully characterizing astrocytic response 

and its role in AD has been challenging. 

Alois Alzheimer noted astrogliosis while describing AD [43]. Both atrophic with 

reduced branching suggesting astrodegeneration and hypertrophic astrocytes, have been 

found in AD [44]. Hypertrophic astrocytes with enlarged cell body and branches is a 

feature of reactive astrocytes commonly seen in most neuropathological condition 

including AD [43], particularly near Aβ plaque deposition sites [44]. Along with the 

morphological changes, reactive astrocytes feature differential expression of several 

proteins, suggesting a mix of protective [74–76] and deleterious effects on neurons 

[43,48,77,78]. Reactive astrocytes potentially contribute to increased Aβ production and 

secretion, as evidences by increased APP and BACE1 expression [43,62,79]. Decreased 

glutamate transporter 1 (GLT-1) and glutamate aspartate transporter 1 (GLAST-1) 

expression in reactive astrocytes [80–82] suggest reduced glutamate uptake, indicating 

excitotoxicity [43,83]. However, Aβ degradation is also facilitated by reactive astrocytes, 
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as suggested by the increased expression of the Aβ proteolytic enzymes neprilysin, the 

insulin-degrading enzyme (IDE), and endothelin converting enzyme (ECE) [43,74–76]. 

Astrocytes facilitate clearance mediated by apolipoproteins (APOs), such as APOE and 

APOJ [43,84,85]. As AD pathology progression is a decades-long process [86] and the 

astrocytic response precedes plaque aggregation [43], astrocytic responses are likely 

dynamic and depend on the disease stage. 

Single-nucleus RNA sequencing has enabled the characterization of the astrocytic 

population associated with AD [73,87,88]. Habib et al. 2020 showed differences in these 

populations in normal aged and AD mice and identified a specific disease-associated 

astrocyte (DAA) population with a unique transcriptional signature that was not present 

in aged mice [73]. More interestingly, they explored how these changes progress with 

age, indicating the early onset of astrocyte changes at the initial stages of the disease. 

However, what initiates and drives these shifts remains largely unknown. Consistent with 

earlier findings, the expression levels of genes involved in amyloid metabolism and 

clearance were elevated in the DAA population [73]. Other researchers have found 

astrocytic subpopulations with transcriptional shifts and some overlapping characteristics 

[48,87–89]. It has recently been demonstrated that cellular responses are dependent on 

their proximity to plaque deposition site [22,50,73]; thus, it is critical to evaluate Aβ 

plaque microenvironment changes in AD pathology in addition to cellular changes. 

Role of the Vasculature in AD Pathology 

The brain's dense network of blood vessels provides oxygen, metabolites, and 

nutrients to the CNS; thus, healthy neurovasculature is critical for maintaining neuronal 

health [61,65]. Neurovascular coupling controls cerebral blood flow (CBF) to 
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accommodate exceptional oxygen consumption in the brain during the active cycle [65]. 

Thus, disruption of mechanisms involved in CBF regulation likely affects neuronal health 

and vice versa. The neurovascular system also restricts the entry of blood-derived 

molecules into the brain via the BBB [61]. Different components of the NVU, such as, 

luminal endothelial cell layer, extracellular matrix structure basement membrane, 

pericytes, smooth muscle cells, and astrocytic endfeet perform different functions in BBB 

formation and maintenance [65,90]. These components are differentially affected by CNS 

pathological conditions, including AD, influencing their function and impacting brain 

health [65]. 

Neurovascular dysfunction contributes substantially to Aβ accumulation [56]. The 

basement membrane and astrocytic endfeet regulate perivascular drainage with their 

dysfunction compromising Aβ clearance [69,90]. In AD, the low-density lipoprotein 

receptor-related protein 1 (LRP1) [61,90] and p-glycoprotein [91] expression, important 

for Aβ efflux have shown to be reduced in endothelial cells. Whereas, receptor for 

advanced glycation endproducts (RAGE) expression is increased promoting increased Aβ 

re-entry into the brain [61] and subsequent Aβ accumulation [92]. In line with vascular 

amyloid clearance dysfunction, eighty percent of AD patients demonstrate cerebral 

amyloid angiopathy (CAA) [90], characterized by cerebrovascular Aβ deposition [93]. 

Reduced CBF and increased BBB permeability occur at the early stages of AD 

before clinical manifestations arise [61,65]. Basement membrane thickening contributes 

to disrupted neurovascular coupling and CBF in AD patients [90]. Reduced endothelial 

cell coverage by pericytes and pericyte degeneration have also been reported in AD 

[61,90,94]. Pericytes are major regulators of neurovascular coupling as well as vessel 
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constriction and relaxation, with its dysfunction being responsible for CBF disruption 

[90,95]. Thay also has been shown to contribute in BBB breakdown in an APOE4 

dependent pathway [96]. Endothelial cells in AD exhibit shortened tight junctions (TJs) 

and reduced TJ proteins [90], compromising BBB integrity [90]. 

One of the mechanistic pathways implicated in driving increased BBB 

dysfunction involves dysregulated vascular endothelial growth factor (VEGF) levels [97–

99]. VEGF is an angiogenic factor [100] important for the formation of blood vessels and 

maintenance of vascular health and density [101]. However, brain injury and pathological 

conditions have been shown to increase VEGF levels, contributing to increased BBB 

permeability [97–99]. Interestingly, astrocytes are a known source of pathological VEGF 

levels [97,98]. In AD, increased VEGF levels likely arise due to hypoxia and reduced 

CBF [101]. However, both pathological [102–104] and beneficial [105–107] roles of 

VEGF has been found in AD. While, VEGF-A plays a dominant role in angiogenesis 

[100] and is the most studied member of VEGF family; not all studies specify which 

VEGF protein was investigated, potentially contributing to inconsistent findings. The 

stage of pathology [108] and site of examination [103,104] could also be causes of 

inconsistency, suggesting a complex and dynamic role of VEGF. More recently, Ali et al. 

demonstrated that peripheral inhibition of VEGF-A increased CBF, decreased BBB 

permeability, and increased TJ protein levels [104]; hence, further investigation is needed 

to determine the source of VEGF-A, the stimulators of its release, and its role at different 

stages of AD pathology. 
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Peripheral Immune Responses in AD 

The contribution of peripheral myeloid cells in AD has been implicated, but is 

often overlooked. Most studies concerning peripheral myeloid cells have investigated Aβ 

plaque-associated myeloid cells [109,110]. Interestingly, AD pathology has been shown 

to influence the peripheral myeloid cell phenotype [111], dynamically altering myeloid-

derived suppressor cells [112]. Ongoing AD pathology have been shown to regulate the 

immune response in the lungs [22], and neutrophils in cerebral blood vessels play a role 

in AD pathology [113], affecting BBB integrity and facilitating capillary stalls [104,114]. 

Neutrophils have been observed near plaque sites in individuals with AD and AD mouse 

models [113,115]. However, the contribution of peripheral immune cells to AD remains 

largely unexplored, particularly the mechanisms underlying their pathological 

modification. 

HMGB1, in physiological conditions, is a nucleus bound transcriptional cofactor, 

with DNA bending properties [116]. In pathological conditions such as during oxidative 

stress, inflammatory insult, cellular injury and necrotic cell death, however, HMGB1 

goes through passive or active release [116–118], depending on the nature of its post-

translational modification [116,118], into cytosol and extracellular space and act as 

damage associated molecular pattern (DAMP) mediating cytokine like pro-inflammatory 

properties [116,117,119]. A number of receptors have been shown to be involved in its 

signaling pathway, however toll like receptor 4 (TLR4) and RAGE are the most 

commonly studied ones [120]. Along with pro-inflammatory cytokine like activities in 

different conditions, HMGB1 has also been shown to play anti-inflammatory, tolerogenic 

role, primarily depending on its oxidative states [117,121]. Monocytes and tissue 
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macrophages secrete HMGB1 in response to pro-inflammatory stimuli [116,122,123], on 

the other hand, HMGB1 is able to stimulate macrophages towards pro-inflammatory 

activation during tissue injury. Particularly in the event of lung injury HMGB1 has been 

shown to promote immune cell activation and recruitment [116,124–126]. Extracellular 

HMGB1 activity has been associated with neurological disorders including AD [127–

129], with its inhibition shown to play a beneficial role [130,131], including prevention 

of neurite degeneration [131]. Studies have found elevated circulating HMGB1 in AD 

patients [127,132], which correlated with Aβ levels [127]. O3 exposure in 5xFAD mice 

resulted in circulating HMGB1 increase [22], whereas in a separate experiment increased 

circulating HMGB1 in C57s resulted in reduced CNS triggering receptor expressed on 

myeloid cells 2 (TREM2) levels [22] which is required for disease associated microglial 

response [49] and plaque association [50]. More importantly, while O3 exposure reduced 

CNS TREM2 levels, selective deletion of HMGB1 in peripheral myeloid cells, but not in 

CNS microglia diminished that reduction [22], implicating an important role of peripheral 

myeloid specific HMGB1 in amyloid pathology. It is important to fully characterize the 

role and effect of peripheral HMGB1, its impact on myeloid cell recruitment in AD and 

how that affects astrocytes and other CNS components, to identify pharmacological 

inhibition of peripheral HMGB1 as a therapeutic intervention. 

Air Pollution 

Air pollution is becoming one of the most common risk factors for global public 

health [133]. Indeed, a Global Burden Disease Study revealed air pollution as one of the 

five top risk factors, accounting for 11.3% of all female deaths and 12.2% of all male 

deaths [1]. Although long-term air pollution-associated respiratory illnesses have been 
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the primary target of investigation [133], increasing evidence has demonstrated an 

association between air pollution and increased risk for neurological disorders [10]. The 

2021 World Health Organization (WHO) Air Quality Guidelines highlight the 

contribution of increasing air pollution to the global health burden associated with these 

noncommunicable diseases [134]. 

Air pollution comprises a complex mix of components [133]. The 2021 WHO Air 

Quality Guidelines provide air quality guidelines (AQGs) for PM10, PM2.5, O3, nitrogen 

dioxide, sulfur dioxide, and carbon monoxide, highlighting these air pollution 

components as a priority [134]. These components were prioritized due to their effects on 

health outcomes; most contributing to total mortality and cardiovascular effects, and all 

cause respiratory effects [134]. However, to date, the estimated global disease burden 

only includes PM2.5 and O3; thus, the total effect of air pollution on global health is 

underestimated [134]. The disproportionate availability of monitoring systems for these 

individual pollutants makes it challenging to model their contributions to the global 

health burden [134]. 

One of the major outcomes of long term air pollution exposure is increased risk of 

dementia supported by an increasing body of epidemiologic studies [11,16,19,135–139]. 

More importantly, some of the studies demonstrate increased dementia risk with long 

term exposure to even relatively low levels of air pollution [12,140,141], including one 

study in Ontario, with one of the lowest air pollution levels [140]. A similar study found 

higher incidences of dementia among population living near heavy traffic roadside [15]. 

Importantly, Mork et al 2023 demonstrates lagged hospitalization with dementia from air 

pollution exposure from decades earlier [12], which is consistent  with dementia etiology 
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being a decades long process [86]. Along with dementia incidences and hospitalizations, 

post mortem analysis of adults and children living in cities with high air pollution have 

found increased Aβ and hyperphosphorylated tau [136,137]. Studies using animal models 

have recapitulated air pollution induced memory deficit and cognitive decline symptoms 

[142–146] as well as fibrillar Aβ deposits [23] and increased Aβ plaques [22,25,147]. 

Increased oxidative damage along with decreased glutamate receptors, neuritic damage 

and decreased neurite density have been observed in some of these studies associated 

with increased amyloid pathology [22–25]. While plaque deposition take a longer time 

frame to form, some studies show increase in Aβ42 levels, the longer form of the peptide 

that is more prone to aggregation [148], from just a single exposure to some air pollutants 

[142,149,150]. Some form of neuroinflammatory signatures have been most commonly 

found in air pollution exposed rodent brains including microgliosis, astrogliosis, 

increased cytokines from interleukin family, increased NFκB, as well increased NLRP3 

[22,26,27,29,143,151–154]. However air pollution is a complex mixture of several 

components, whose composition, hence human exposure to them, differ in different 

regions depending on their sources and climate of the region [155], making it challenging 

to study the mixed effect of these pollutants on human health [142,156]. Most animal 

studies are conducted with one form of pollutant and their differing composition, dose, 

route of administration or mode of exposure as well as use of diverse animal models 

confound the translatability of these findings. 

O3 Pollution 

Ground-level O3 is a major component of air pollution [134]. However, O3 has 

received less attention than PMs, which is the focus of most air pollution studies. 
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Nonetheless, recent research has demonstrated the deleterious effects of O3 exposure on 

human health, with Malashock et. al. reporting a 46% increase in O3-attributable 

mortality from 2000 to 2019 [157]. The extensive effects of O3 exposure on pulmonary 

function and its robust positive association with cardiorespiratory illnesses have been 

well documented [2,158–160]. More recent research has identified adverse effects on 

cognitive health, with an increasing number of studies finding increased dementia and 

AD risk with increased O3 exposure [16,19,20]. Overall, the global O3 incidence has 

increased despite considerable mitigation efforts in various parts of the world [134,157]. 

Malashock et al. reported an average 10% worldwide increase between 2000 and 2019 in 

population-weighted mean O3 levels despite varying degrees of decreasing trends in high-

income North American, European, and East Asian countries [157]. The considerable 

regional variation in O3 levels has resulted in disproportionate O3-attributable health 

effects and mortality [157]. 

Natural influx from the stratosphere provides a low background O3 level in the 

troposphere (ground-level O3) [161]; however, the two main sources of ground-level O3 

are oxides of nitrogen and volatile organic compounds (VOCs) [158,161]. Generally, the 

equilibrium state reaction between oxides of nitrogen keeps O3 accumulation at check 

with nitrogen dioxide (NO2), via photolysis, indirectly giving rise to O3 and nitric oxide 

(NO) and in return nitric oxide scavenging O3 to produce nitrogen dioxide [161]. These 

reactions result in O3 accumulation when an imbalance in ratio of NO2 and NO occurs 

[161]. One of the dominant pathways of disrupting this imbalance is via VOCs, which 

result from fossil fuel combustion and are present in vehicular exhaust fumes [158,161]. 

Atmospheric VOCs give rise to a series of reactions resulting in NO scavenging and, 



 

14 

consequently, O3 accumulation [158,161]. The dissociation of NO2, a photochemical 

reaction of O3, also largely depends on sunlight and increased temperature. Hence, 

climate change and continued global increases in temperature makes it even a greater 

threat [158]. 

Respiratory and Neurological Effects of O3 Pollution 

O3-induced lung damage and the resulting loss of respiratory function have been 

extensively studied in rodent models [162] and humans [2,163]. The upper respiratory 

tract is the only route of O3 entry [34,164]. O3 is very reactive and is absorbed entirely by 

the epithelial lining fluid (ELF) in a manner termed as “reactive absorption” [161], where 

it reacts with the constituents of ELF, generating lipid ozonation and peroxidation 

products and aldehydes [161,165], which has the potential to trigger downstream immune 

responses and lung damage [3,166]. Additionally, the thickness of the ELF is not uniform 

across the lower respiratory tract,  exposing the epithelial cell layer to direct O3 damage 

similarly triggering an immune response [166]. Evidence of cytokine upregulation, 

including that of IL-1 family members, has been observed following O3 exposure, 

accompanied by increased myeloid cell (dominated by neutrophils and macrophages) and 

lymphocyte infiltration [166]. The combined effect of these responses leads to airway 

hyperactivity (AHR), as evidenced by human [163] and rodent studies [162,166], which 

is also observed in asthma [166,167]. Prolonged lung damage from continued exposure to 

O3 results in emphysema, which is also observed in chronic obstructive pulmonary 

disease (COPD) patients [166]. In fact, O3 exposure has been linked to impaired lung 

development, increased risk of developing asthma [168,169], and exacerbation of asthma 

[170–172] and COPD [173–175]. 
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Along with respiratory illness, emerging epidemiologic studies have implicated 

O3 pollution in increased cognitive deficit and AD risk [16,141]. Many of the initial 

studies linking air pollution and O3 to neuropathology were conducted in Mexico City 

[176–179]. These studies examined the neuropathological effects of people living in 

cities with high levels of air pollution, including O3, and revealed hyperphosphorylated 

tau, diffuse plaque, markers of oxidative stress, inflammatory responses, and BBB 

dysregulation in the brains of autopsied children and young adults [137,179]. More recent 

studies have been conducted with the advancement of ground-level O3 estimation and 

monitoring approaches, revealing a striking association between O3 exposure and 

cognitive impairment with findings like 10.4% increased risk of cognitive impairment 

according to Mini-Mental State Examination (MMSE) scores was reported to be 

associated with a 10 μg/m3 increase in O3 in China [16], and a case study in Taiwan 

revealed a 211% increase in AD risk associated with a 10.91 ppb increase in O3 [19]. 

Cleary et al. also reported an increased rate of cognitive decline with increased O3 

exposure in the US, which was worsened by the presence of one or more APOE4 alleles 

[141]. Deleterious effects of air pollution, including O3, have also been observed in 

children including impaired brain development and dysfunction [180,181]. 

Evidence of O3-induced neuropathology has also been investigated in rodent 

models. Increased oxidative stress and mitochondrial dysfunction [182] leading to the 

overproduction of Aβ were found in the rat hippocampus after O3 exposure [183], as 

were memory deficits [145,146,184,185]. Avila-Costa et al. demonstrated reduced 

dendritic spines in the hippocampus of O3-exposed rats exhibiting memory deficits [145]. 

Similar neuropathologies have been observed in mouse models of AD, in which O3 
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aggravated amyloid pathology and neuronal damage [22,147]. However, a few studies 

have presented evidence of CNS BBB damage and increased permeability with O3 

exposure [150,186,187]. Microglial migration towards and association with plaques has 

been shown to mediate protective barrier function, facilitating plaque clearance and 

attenuating toxicity [50,110]. Although few previous studies have shown a microglial 

proinflammatory response [26,150], more recent work shows decreased microglial 

association with plaque, as well as altered periplaque protein expression profile with 

subchronic O3 exposure [22]. 

These advancements in knowledge illustrate glimpses of potential mechanistic 

pathways underlying the impact of O3 on amyloid pathology. However, it also elucidates 

the gaps in our understanding of the underlying mechanism. Astrocytic and neurovascular 

responses are tremendously important aspects of AD pathology. Yet, little is known about 

how O3 influences their responses, and nothing is known about how O3 affects their 

phenotypes in plaque microenvironment. 

Lung–Brain Axis 

Even though many components of air pollution are able to translocate into the 

brain and thereby exert a direct effect [136,180,188–191], that cannot be the case for O3, 

it being a very reactive gas [34]. Studies have shown that O3 is completely absorbed by 

the ELF or within the epithelial cell bilayer; no traces are observed beyond this region, 

including in the CNS [34,164]. The lung–brain axis hypothesis posits that the byproducts 

of O3-induced lung damage, such as inflammatory cytokines and DAMPs, spill into the 

circulation and travel to the brain, possibly facilitating negative effects including BBB 

dysfunction, microglial response, oxidative stress, and neuronal damage. This axis may 
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represent the underlying mechanism behind the impact of O3 on the CNS, and findings 

from animal studies support the lung–brain axis hypothesis [22,26,28]. Interestingly, the 

serum of O3-exposed rats has been reported to be bioactive and can induce a microglial 

response ex vivo in the absence of a traditional circulating cytokine signature [26]. 

Erickson et al, on the other hand, observed increased serum amyloid A (SAA) and its 

influx into the brain parenchyma, implicating circulating factors as mechanistic 

contributors to the CNS effect of O3 [28]. Greve et al. demonstrated subchronic O3 

exposure has the potential to aggravate amyloid pathology in an AD mouse model along 

with upregulation of circulating HMGB1, VEGF and IL-9. Elevated circulating HMGB1 

was found in AD patients and although there are inconsistent findings showing both 

increase and decrease of circulating VEGF levels correlating with AD disease 

progression, taken together they implicate a role of these circulating factors in AD. While 

their presence in the serum has been reported and sometime correlated with disease 

progression, how they mediate O3-associated CNS effects remains largely unexplored, as 

does their role in the pulmonary response. 

 

Knowledge Gap and Research Outline 

O3 causes lung damage in humans and animal models [2,166]. It is associated 

with an increased risk of dementia in humans [16] and aggravated amyloid pathology in 

rodent models [22]. Greve et al. investigated the mechanistic underpinnings of O3-

induced increases in the Aβ plaque burden, revealing an impaired microglial association 

with plaque and overall altered protein expression in the plaque microenvironment [22]. 

However, how other cellular components in the plaque microenvironment, including 
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astrocytes and neurovascular units, are influenced by O3 is not known. The role of 

peripheral signaling in mediating the impact of O3 on these cellular components in 

amyloid pathology has not been investigated. 

Hence, we investigated how O3 affects the astrocyte phenotype by analyzing 

astrocytic proteomic and transcriptomic characteristics after subchronic O3 exposure in an 

AD mouse model. Additionally, we examined the role of peripheral HMGB1 in 

regulating this phenotype. In Chapter Two, our findings show that an altered astrocytic 

phenotype leads to increased physical interactions between astrocytes and microglia in 

the plaque microenvironment and that peripheral deletion of HMGB1 has the potential to 

regulate this phenotype. We also explored how neurovasculature is modulated by O3 

exposure and as illustrated in Chapter three, demonstrate subchronic O3 exposure alters 

neurovascular phenotype in plaque microenvironment. Overall, we provide evidence that 

O3-induced dysregulation of the lung–brain axis modifies astrocytic and neurovascular 

responses (Figure 1.1), thereby potentially contributing to exacerbated amyloid 

pathology. 
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Figure 1.1: O3 alters amyloid-associated astrocytic and neurovascular phenotype 

reflecting on the impact of lung immune dysregulation on CNS pathology. 

 

Figure 1.1: O3, a reactive component of air pollution, is unable to translocate to the 

brain, has been associated with dementia and found to exacerbate amyloid pathology in 

the brain. After inhalation it reacts entirely in the lungs, inducing tissue damage and 

initiating immune cell trafficking. Lung−brain axis dysregulation has been implicated in 

O3 mediated CNS pathology and here we demonstrate astrocytes and vasculature are 

important components of the O3 lung−brain axis. Analysis of O3 induced altered 

astrocytic and neurovascular phenotype highlighted changes in cell-cell interaction in the 

plaque microenvironment. These findings provide important insight into how air 

pollution impact CNS physiology and reflect the importance of understanding influences 

of peripheral immune dysregulation in AD pathology. 
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CHAPTER TWO 

PERIPHERAL HMGB1 IS LINKED TO O3 PATHOLOGY OF DISEASE-

ASSOCIATED ASTROCYTES AND AMYLOID 

Background 

Alzheimer’s disease (AD) is the most common neurodegenerative disease and the 

leading cause of dementia; however, its etiology is largely unknown and there are few 

disease modifying treatments [21,86]. Increasing evidence points to a role for 

environmental factors in AD risk [154,192–196], where several studies implicate several 

components of urban air pollution in increased AD risk and cognitive deficits [16,197–

204]. Urban air pollution is a complex mixture comprising several chemical, particulate, 

and gaseous components, such as ozone (O3), which is a prevalent and chronic exposure 

with health effects spanning several organ systems [134,158], including the central 

nervous system (CNS). In the United States (US), in 2022 alone, over 85 million  people 

were exposed to air pollution levels exceeding EPA safety standard [205], emphasizing 

the importance of understanding how these inhaled exposures could be affecting the 

brain, particularly AD pathology. 

O3, one of the components of urban air pollution and a common ground-level air 

pollutant component [134,205], increases mortality [1,134,206,207] with a global burden 

of disease study attributing 12.1% of all male deaths in 2019 to ambient ozone pollution 

along with ambient air pollution [1]. Increased temperatures catalyze ground-level O3 

accumulation [161]; thus, climate change is a concern regarding increasing O3-associated 

health effects [205]. Recent epidemiology studies have implicated O3 as a strong risk 

factor for cognitive decline [16,141,208] and AD risk [19,20], with one study finding 
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10.4% increase in cognitive impairment risk with increased O3 [16]. Prior rodent studies 

support that inhalation of O3 affects the brain, demonstrating increased oxidative stress, 

mitochondrial dysfunction, neuronal damage as well as memory deficits [22,145–

147,150,182,187,209,210]. Increased amyloid β (Aβ) PET signals in response to ambient 

air pollution have been observed in humans [200]; however, the underlying cellular 

mechanisms remain unclear. O3 is a highly reactive gas and cannot transfer to the brain 

after inhalation [34,164,165]; thus, circulating factors or trafficking peripheral immune 

cells have been implicated to contribute to O3-induced CNS effects in a pathway named 

“the lung–brain axis” [22,26,28] among other pathways [211,212]. While the majority of 

the inhaled O3 reacts with the alveolar lining fluid and O3 exposure extensively linked to 

myeloid cell infiltration in prior studies [22], the cell-specific and peripheral mechanisms 

underlying the impact of O3 on amyloid pathology are unclear. 

Aβ plaque deposition is a hallmark of AD [39,43,213,214]. Astrocytes [72] and 

microglia [49] surround plaques to form a protective barrier, restricting plaque toxicity to 

the surrounding neuropil and facilitating plaque clearance [49,50,72,73,110,215,216]. 

Disease-associated astrocytes (DAAs), a recently identified reactive astrocyte subset with 

a unique transcriptional signature and high glial fibrillary acidic protein (GFAP) 

expression, surround plaques in human and 5xFAD mouse tissue [73]. We previously 

demonstrated that O3 exposure impacts plaque-associated microglia in 5xFAD mice [22]; 

however, little is known regarding how air pollution, including O3, affects astrocytes and 

their plaque microenvironment localization. 

Increasing evidence suggests that peripheral and systemic immune mechanisms 

contribute to AD pathobiology [22,217]; e.g., peripheral myeloid cells are implicated in 
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AD and amyloid pathology [22,112]. How these cells are pathologically modified and 

contribute to neurological disease is unknown, but urban air pollution exposure could 

play a role [22]. High mobility group box 1 (HMGB1) is a ubiquitous nuclear DNA-

binding chaperone actively secreted by immune and damaged cells, acting as an autocrine 

and paracrine signal/cytokine [116]. Importantly, circulating HMGB1 is elevated in O3-

exposed 5xFAD mice, but CNS HMGB1 expression level changes are absent [22]. 

Circulating HMGB1 is elevated in some AD patient populations [127,131], implicating 

peripheral circulating HMGB1 but the role of HMGB1 as a transcription factor regulating 

specific cellular functions in AD is less known. The roles of these peripheral mechanisms 

in DAA phenotype development and amyloid pathology are unclear. 

In the current study, we began to address these unresolved questions in the field 

by exploring: 1) How O3-induced changes in the periphery may regulate the astrocyte 

phenotype (transcriptomic, proteomic, cell number, and cell contact) and how this is 

modified by localization with plaques; 2) the potential role of peripheral myeloid cells in 

this process; and 3) whether the loss of peripheral myeloid cell HMGB1 is linked to 

changes in the DAA phenotype.  

 

Methods 

Reagents 

All reagents are listed in Tables 2.1–2.5. 

Animals 

Male transgenic 5xFAD mice hemizygous for five familial AD mutations (APP 

K670N/M671L, Swedish; I716V, Florida; V717,I London; PSEN1 M146L; and PSEN1, 
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L286V) [33], littermate controls on a C57Bl/6J background (B6. Cg-

Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax; RRID:MMRRC_034848-

JAX), C57BL/6J (RRID:IMSR_JAX:000664), and LysM-Cre (B6.129P2-

Lyz2tm1(cre)Ifo/J; RRID:IMSR_JAX:004781) mice were obtained from the Jackson 

Laboratory. Female 5xFAD mice exhibit markedly exacerbated amyloid pathology that 

increases rapidly over time [218,219], risking a ceiling effect when combined with O3 

exposure; thus, to prevent potentially confounding analyses, only male mice were 

employed in the current study. Homozygous HMGB1 floxed (HMGB1fl/fl) mice [220] 

were obtained from Riken (B6.129P2-Hmgb1<tm1Ttg>; BRC No. RBRC06240). 

Hmgb1fl/fl mice were crossed with LysM-Cre+/+ mice to generate Hmgb1fl/fl
. LysM-Cre+ 

mice with deletion of HMGB1 in only peripheral myeloid cells [22]. Hmgb1fl/fl
.LysM-

Cre+/- mice were bred to produce the experimental Hmgb1fl/fl
. LysM-Cre+ mice and 

control Hmgb1fl/fl
. LysM-Cre- littermates. All Hmgb1fl/fl

. LysM-Cre mice were genotyped 

to confirm the presence or absence of Cre recombinase and homozygous floxed HMGB1 

alleles. 

The mice were acclimated to the housing facility for at least 1 week before all 

studies. All mice were maintained on a 12-hour light/dark cycle (7:00 AM–7:00 PM) in a 

specific pathogen-free environment, excluding Helicobacter. The complete list of 

pathogen exclusions is provided in Table 2.6. Experimental mice were individually 

housed in HEPA-filtered ventilated polycarbonate cages with food and acidic water (pH 

2.2–2.7) provided ad libitum. All experiments were completed in strict accordance with 

the IUSM IACUC protocols (29002 and 27001) and NIH guidelines for housing, 

breeding, and experimental use. All mice were treated humanely to alleviate suffering. 
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O3 Exposure 

 Mice were exposed to O3 in full-body Hinner’s inhalation chambers [221] 

as previously described [22]. Briefly, O3 was produced with an HFL-10 O3 generator 

(Ozonology, Northfield, IL, USA). The O3 concentration was continuously monitored 

using a UV photometric O3 analyzer (465L, Teledyne API, San Diego, CA), and the 

temperature was maintained at 21 ± 2°C. Rodents have lower sensitivity to O3 toxicity 

than primates [222,223] due to their complex nasal turbinates, lung morphological 

differences, and unique airway surfactant [223,224]. Thus, increasing exposure by a 

factor of 3 is traditionally accepted for extrapolating to environmentally relevant human 

exposures [222]. O3 concentrations of 0.2–0.3 ppm are frequent in areas of high air 

pollution, similar to 1 ppm O3 exposure in rodents [26,225]. Regarding single exposures, 

2 ppm was used to compensate for rodent insensitivity, as previously reported [28]. 

Rochester-style Hinners chambers were used for whole-body O3 inhalation exposure. The 

mice were placed in wire mesh individual housing cages that were transferred to the 

chambers for exposure. Before the experiment, mice were habituated to the exposure 

chambers for 5 consecutive days (4 hours/day). 

Exposure-Specific Experimental Design 

For each study, animals were assigned to experimental groups using a randomized 

block design. Random numbers were generated using 

http://www.jerrydallal.com/random/randomize.htm. 

Subchronic O3 Exposure 

For the subchronic O3 exposure experiments exploring how astrocytes are 

modified during O3-augmented amyloid plaque pathology, one hundred twenty 10- to 11-

http://www.jerrydallal.com/random/randomize.htm
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week-old male 5xFAD mice and littermate controls were exposed in two separate 

experiments (60 for CNS and 60 for pulmonary measures) to filtered air (FA), 0.3 ppm, 

or 1.0 ppm O3 for 4 hours/day, 3 consecutive days/week, for 13 weeks (n = 10 per group). 

The mice were then euthanized, and samples were collected 18–24 hours after the last 

exposure, as reported previously [22]. Because the purpose of the study was to determine 

how O3 modified the astrocyte phenotype during ongoing O3-augmented amyloid 

pathology, the littermate control strain (no plaques) and the mice exposed to 0.3 ppm O3 

(no O3-induced change in plaque pathology [22]) were excluded from processing and 

analysis. 

Single O3 Exposure 

Two studies were conducted to investigate the effects of O3 in Hmgb1fl/fl
.LysM-

Cre+ mice. For the single 1.0 ppm exposure, seventeen 6- to 8-week-old male Hmgb1fl/fl
. 

LysM-Cre+ mice and Hmgb1fl/fl
.LysM-Cre- mice were exposed to 1.0 ppm O3 or FA once 

for 4 hours (n = 4–5 mice). Samples were collected 18–24 hours after exposure. To 

obtain clear neuroimmune measurements in this unique strain and genetic background, 

the exposure was increased to a single 2.0 ppm O3 exposure, which results in increased 

neuroimmune responses in the control Hmgb1fl/fl
.LysM-Cre- mice [22]. As such, thirty-

eight 6- to 8-week-old male Hmgb1fl/fl
.LysM-Cre+ mice and Hmgb1fl/fl

. LysM-Cre- mice 

were exposed to 2.0 ppm O3 or FA once for 4 hours (n = 4–5 mice). Tissue samples were 

collected approximately 24 hours after exposure. 

rHMGB1 IV Administration 

Sixteen male C57Bl/6J mice (6–7 weeks old; n = 8) were injected intravenously 

by tail vein with 32.5 µg rHMGB1 (Thermo Scientific, 34-8401-85) in 200 µL vehicle 
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(20 mM Tris HCl, pH 8.0, 0.2 M NaCl, 1 mM DTT). Three hours after injection, the mice 

were euthanized, and samples were collected. Samples were excluded from analysis 

when identified as statistical outliers, resulting in a final sample size of n = 6–8.  

Sample Collection 

Brain Tissue 

Mice were euthanized with isoflurane. One brain hemisphere was microdissected 

(cortex, hippocampus, and midbrain), flash-frozen in liquid nitrogen, and stored at 

−80°C. The other half of the brain was fixed in 4% paraformaldehyde (PFA, Electron 

Microscopy Sciences, 1921) by immersion for 2 days, followed by cryopreservation in 

30% sucrose in phosphate-buffered saline (PBS) for another 2 days. Then, the entire 

hemisphere was embedded with optimal cutting temperature compound (OCT, 4583, 

Sakura Finetec, Terrance, CA) in cryomolds (Tissue-Tek, 4557, Sakura Finetec, 

Terrance, CA). 

Pulmonary Samples 

Bronchoalveolar lavage (BAL) fluid was collected from euthanized mice by 

lavaging the lung twice with 1 mL Hanks Balanced Saline Solution (HBSS, 21-622CV, 

Corning, Manassas, VA) without Ca2+ and Mg2+. BAL fluid samples were centrifuged at 

1500 x g for 10 minutes at 4°C, and the cell pellets were resuspended in 250 μL of PBS. 

Total cell counts were determined using a TC-10 automated cell counter (Bio–Rad, 

Hercules, CA), applied to slides using a Shandon Cytospin centrifuge (Thermo Scientific, 

Waltham, MA), and stained with Wright–Giemsa (89013, Thermo Scientific, Waltham, 

MA). Cell differentials were determined at 40× by a blinded observer counting at least 

300 cells per sample. 
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Fluorescent Immunohistochemistry (IHC) 

Sagittal sections (40 µM) were collected using a freezing stage microtome 

(Microm HM 450, Thermo Scientific, Waltham, MA). For all following IHC endpoints, 

three evenly spaced sections approximately 0.24 mm apart spanning the motor cortex 

starting at the sagittal plane ~0.6 mm lateral to the midline [226] were stained per brain. 

All sections were washed for 10 minutes in 0.1% PBST prior to antigen retrieval. Antigen 

retrieval was performed in 1 M sodium citrate solution at 85°C for 15 minutes with 

subsequent cooling to room temperature for 20 minutes. Blocking was performed with 

normal donkey serum for 1 hour, followed by overnight incubation in primary antibody 

diluted (1: 500) in blocking serum. Rabbit anti-GFAP (Agilent DAKO, Z0334; RRID 

AB_10013382) and goat anti-IBA1 (Novus Biologicals, NB100-1028) were used to stain 

astrocytes and microglia, respectively. Sections were washed three times in 0.1% PBST 

and incubated with secondary Alexa Fluor antibodies diluted (1: 1000) in blocking serum 

at room temperature for 1 hour, followed by three washes with 0.1% PBST. Donkey anti-

rabbit 647 (Invitrogen A-31573; RRID AB_2536183) and donkey anti-goat 488 

(Invitrogen A11055; RRID AB_2534102) were used as secondary antibodies for GFAP 

and IBA-1 staining, respectively. Sections were mounted on slides with Prolong Gold 

(P36930, Life Technologies, Eugene, OR), coverslipped, and dried overnight in the dark. 

Slides were stored at −20°C before imaging. To stain for Aβ plaques, sections were 

washed in 0.1% PBST for 5 minutes and Methoxy x34 (SL 1954, Millipore Sigma, St 

Louis, MO) solution (0.04 g X34 in 400 mL 100% ETOH and 600 mL DI H2O) for 10 

minutes. The slides were then sequentially washed five times with DDH2O and 0.1% 

PBST for 5 minutes before the addition of Prolong Gold and coverslipping. 
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Imaging 

Whole-Cortex GFAP Expression 

The entire hemisphere was scanned at 10× using a Leica Aperio Versa slide 

scanner (Leica Microsystems Inc., Deerfield, IL) to determine whole-cortex astrocyte 

expression. Images were processed and analyzed using ImageJ (FIJI, version 2.9.0, NIH). 

The region of interest (ROI) was drawn around the entire cortex and manually 

thresholded. The Analyze Particles plugin was used to quantify the GFAP-positive area 

and cell number. A sample size of 8–10 mice per group was analyzed per endpoint. 

Statistical outliers were excluded. 

Plaque-associated Astrocyte Quantification 

For plaque-associated astrocyte quantification, 1 μm Z-stacks were acquired at 

40× with oil immersion with a Nikon A1R confocal microscope (Nikon, Tokyo, Japan) in 

the primary motor region of the cortex due to ease of identification of the finite region 

using confocal microscopy. Images were analyzed in NIS Elements AR (Nikon, Tokyo, 

Japan) using the General Analysis 3 module. Image stacks were thresholded using 

consistent criteria across the entire analysis. To consistently define the plaque 

microenvironment, a 50 μm diameter circle was drawn around a plaque-positive area of 

this specific size, defining the periplaque ROI. A blinded observer counted GFAP-

positive cell bodies manually in the maximum intensity projection image. Astrocytes 

were considered periplaque astrocytes if either the cell body or any branches were 

contained in the ROI. A sample size of 8–10 mice per group was analyzed per endpoint. 

Statistical outliers were excluded. 
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Colocalized Astrocyte–Microglia Volume Quantification: Cell‒Cell Contact 

To assess astrocyte–microglia colocalization, 1 μm spaced Z-stacks were acquired 

from the primary motor region of the cortex at 40× with oil immersion with a Nikon A1R 

confocal microscope. Images were analyzed in NIS Elements AR using the General 

Analysis 3 Module. Image stacks were thresholded using criteria maintained across the 

entire analysis. Within a 50 μm diameter ROI, areas double-positive for GFAP and IBA-1 

were quantified per stack. The total colocalized volume was obtained by adding the 

colocalized area of all the stacks in the image and normalized by the total GFAP volume. 

A sample size of 8–10 mice per group was analyzed per endpoint. Statistical outliers 

were excluded. 

NanoString GeoMx Digital Spatial Profiling: Protein Expression 

Fixed 10 μm coronal sections were acquired with a cryostat (CM1900, Leica) and 

stored at −20 °C before processing. Slides were processed per the NanoString Slide Prep 

manual for protein analysis. Briefly, slices were incubated with the NanoString GeoMx 

Alzheimer's Morphology kit, which contains the Aβ antibody for plaque visualization and 

Alexa Fluor 647-conjugated mouse anti-GFAP antibody (BioLegend, 837512; RRID 

AB_2734611) for astrocyte identification, along with NanoString panels (Neural Cell 

Profiling Core, Alzheimer’s Disease Panel, Alzheimer’s Disease Extended Panel, Glial 

Subtyping Panel) containing approximately 60 antibodies with unique photo-cleavable 

oligonucleotide tags. Slices were scanned in the NanoString Digital Spatial Profiler, and 

polygonal ROIs were drawn around plaque-associated and non-plaque-associated 

astrocytes in the cortex. The GFAP-positive area within each ROI was delineated for 

photocleavable oligonucleotides collection. The collected oligonucleotides were 
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hybridized with NanoString codeset, per the NanoString user manual, to map the counts 

to corresponding antibodies and region from where the oligonucleotides was collected. 

Digital counts were generated on an nCounter Max/Flex system (NanoString 

Technologies, Seattle, WA). The differential protein expression analysis was performed 

using the NanoString GeoMx Digital Spatial Profiling (DSP) Analysis Suite. The digital 

counts were tested for quality control and normalized to the housekeeping protein 

(GAPDH and histone H3) counts. Three sections were scanned per brain from a sample 

size of 4 animals per exposure group (FA or 1.0 ppm O3) for the analysis, resulting in 68–

70 ROIs analyzed per experimental group. ROIs that did not pass the quality control 

checks were excluded. 

NanoString GeoMx Digital Spatial Profiling: Whole Transcriptome Assay 

Fixed frozen 10 μm coronal brain sections were processed with the NanoString 

Mouse Whole Transcriptome Atlas (WTA) panel per the NanoString user manual for 

spatial transcriptomic analysis. Plaques and astrocytes were visualized using Alexa Fluor 

594-conjugated mouse anti- Aβ antibody (BioLegend 803019; RRID AB_2734552) and 

Alexa Fluor 647-conjugated mouse anti-GFAP antibody (BioLegend; 837512 RRID 

AB_2734611), respectively. Sections were scanned in the NanoString Digital Spatial 

profiler, and polygonal ROIs were drawn around plaque-associated astrocytes in the 

cortex. Photocleavable oligonucleotides were collected only from the GFAP-positive 

segments. Collected oligonucleotides were sequenced using the Illumina Next Generation 

Sequencing (NGS) Platform (NanoString Technologies, Seattle, WA). Differential gene 

expression and enriched pathway analyses were conducted using the NanoString GeoMx 

DSP Analysis Suite. Normalization was performed using the ubiquitous astrocyte marker 
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Aldh1l1 [227,228] since its expression was unchanged in both groups. For the analysis, 

2–5 sections were scanned per brain from a sample size of 3 animals per group, with 90–

92 ROIs analyzed per experimental group. ROIs were excluded from the analysis if they 

did not pass the quality control test. 

RNA Isolation and RT‒qPCR 

Microdissected whole cortex (including corpus collosum) and midbrain tissue 

were homogenized in Tissue Protein Extraction Reagent (T-PER) with protease and 

phosphatase inhibitors. An equal volume of TRIzolTM was added to each homogenate, 

and RNA was extracted per the manufacturers’ protocol. RNA was treated with DNAse 

for purification using an Ambion DNA-free kit (Invitrogen AM1906) and reverse-

transcribed using a Maxima First Strand cDNA synthesis kit (Invitrogen, K1641). RT‒

qPCR was performed with 1 μL cDNA and TaqMan probes and primers (Tables 2.2 and 

2.3) on a QuantStudioTM 6 Flex RT‒PCR system (Applied Biosystems, Waltham, MA). 

Gapdh was used as the housekeeping control for 2-ΔΔCT quantification. For a complete list 

of primers and probes used, see Tables 2.2 and 2.3. 

Statistical Analysis 

Experimenters were blinded to the experimental groups. The sample size was 

determined according to prior reports, and power analyses were calculated for 80% 

power. Data were analyzed in GraphPad Prism 8.0 (GraphPad Prism, San Diego, CA, 

USA). Outliers were determined using the ROUT method with Q = 1% and removed 

from all analyses. Normal distribution was tested using the Shapiro‒Wilk test. Welch’s t 

test was performed for data that passed the normality test. A 2-way ANOVA with 

Bonferroni’s post hoc analysis was performed when applicable. A t test was used for 



 

32 

GeoMx DSP protein profiling and a linear mixed model with Benjamini‒Hochberg post 

hoc correction for the whole transcriptome assay. Data are expressed as the mean ± 

standard error of the mean (SEM). A P value <.05 was considered to indicate 

significance.  

 

Results 

Ozone Exposure Increases GFAP Astrocyte Density in the Cortex 

The role of astrocytes in maintaining neuronal health and function has been 

extensively studied and described [43,73]. Astrocytes are a heterogeneous and highly 

complex population of cells with unique phenotypic responses depending on pathological 

conditions. Some common characteristics of reactive astrocytes have been identified, 

such as the overexpression of GFAP with enlarged morphology [43,72,73], which is a 

characteristic of AD [43,72]. However, the instigating events responsible for astrogliosis 

in AD and how astroglia respond to air pollution are poorly understood. Here, cortical 

GFAP-positive astrocytes were found to increase in number in response to O3 exposure, 

as evidenced by increased O3-elevated GFAP-positive cell counts and increased total 

cortical GFAP expression in 5xFAD mice (Figure 2.1A and 2.1B). To explore whether 

the O3-induced increase in cortical astrocyte density is affected by plaque proximity, we 

quantified the plaque-associated and plaque-distant astrocyte numbers in confocal images 

of the primary motor cortex. Consistent with prior reports [22], subchronic O3 exposure 

increased the plaque number (Figure 2.1C and 2.1D). O3 also increased the periplaque 

astrocyte number; however, only a trend toward an O3-induced increase was observed in 

the number of nonplaque astrocytes (Figure 2.2A and 2.2B). No significant difference in 
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the number of periplaque astrocytes per plaque was identified (Figure 2.1E, 2.2C and 2,2 

D), suggesting that the close proximity of astrocytes to the increased number of plaques 

may be associated with the increased number of astrocytes. This association is further 

supported by the significant correlation between periplaque astrocytes and plaque number 

irrespective of O3 exposure (Figure 2.1F). However, the number of nonplaque-associated 

astrocytes increased with O3 exposure with no significant association with plaque number 

(Figure 2.1G), suggesting that O3 affects astrogliosis differently depending on plaque 

localization. 

Ozone Alters Astrocyte-Associated Protein Expression in the Periplaque Space 

To understand how O3 exposure and plaque localization could interact to affect 

the astrocyte phenotype and obtain insight into potential functional changes, we next 

sought to spatially profile cortical astrocyte protein expression according to their 

proximity to or distance from amyloid plaques. As such, we compared the protein 

expression pattern in periplaque astrocytes to that in astrocytes distant from the plaque 

deposition site (nonplaque) in both O3- and FA-exposed mice. More specifically, we 

sought to elucidate how the astrocyte protein response to plaque deposition changes with 

O3 exposure. DSP analysis revealed a baseline change in 25 astrocyte-associated proteins 

(Table 2.7) in periplaque astroctyes, consistent with prior findings [72,73]. Notably, the 

expression of 16 proteins changed regardless of O3 exposure (Figure 2.3B). However, 

when comparing plaque-associated and plaque-distant astrocytes, 9 proteins (Figure 2.3B 

and 2.3C) were changed in only FA-exposed mice, including neprilysin and Ki-67, 

indicating a unique baseline change in plaque-associated astrocyte proteins that occurs 

without O3 exposure. Thus, O3 exposure appears to impede this shift in protein 
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expression. However, myelin basic protein (MBP), CSF1R, and Clec7a protein 

expression levels were increased in response to O3 in plaque-associated astrocytes (Table 

2.7). The upregulation of microglia-associated proteins in response to O3 in GFAP-

positive tissue indicated increased cell-to-cell physical overlap, suggesting that O3 may 

modify astrocyte–microglia communication in the plaque microenvironment. 

Ozone Increases Astrocyte and Microglia Colocalization in the Plaque 

Microenvironment 

The overlapping GFAP-positive and IBA-1-positive volume in the motor cortex 

periplaque space was calculated to directly test whether ozone exposure affects 

astrocyte–microglia cell‒cell contact around plaques (Figure 2.4A and Figure 2.5A). The 

data demonstrated that O3 exposure increased astrocyte and microglia colocalization in 

the plaque microenvironment (Figure 2.4B) but not in nonplaque regions (Figure 2.4C 

and 2.4D), suggesting that O3 modifies glial cell‒cell communication only near amyloid 

plaques. We have previously seen a O3-induced decrease in plaque associated microglia 

[22], making this increased colocalization even more intriguing. To verify that this 

increased colocalization is not simply a result of increased GFAP in the periplaque space, 

we normalized the data to total GFAP (Figure 2.4B). The significant difference was 

retained regardless of the source of GFAP volume. 

Ozone Triggers an Astrocytic Transcriptional Shift 

Large-scale astrogliosis is observed in AD, and impaired clearance of Aβ by 

astrocytes is thought to be deleterious [72]. A recently identified DAA population 

displays a somewhat distinct transcriptional phenotype when localized around plaques; 

however, this transcriptomic fingerprint is also closely linked with astrocyte 
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subpopulations in the aged brain [73]. Very little is known about how air pollution 

exposure changes astrocytes, particularly the transcriptional phenotype of plaque-

associated astrocytes. Thus, we used DSP and the NanoString WTA to assess the 

transcriptional changes in periplaque versus plaque-distant astrocytes in FA- and O3-

exposed 5xFAD mice. O3 exposure triggered a unique transcriptional shift in periplaque 

astrocytes (Figure 2.6A and 2.6B). On closer examination of the differentially expressed 

genes in these astrocytes (Table 2.8), an accelerated DAA phenotype was present, 

highlighted by increased expression of serpina3n, a serine protease inhibitor associated 

with increased amyloid accumulation [73,229], ctsb and ctsd, lysosomal cysteine 

proteases associated with amyloid precursor protein processing [73,230], and c1qa, a 

complement factor associated with astrocyte-mediated synapse elimination [231]. 

However of the protein targets upregulated in the O3 group, only csf1r, cd9 and ctsd were 

also significantly transcriptionally upregulated with DSP analysis. Pathway analysis 

revealed that O3 upregulated several functional categories of genes in periplaque 

astrocytes, including cell‒cell communication and gap junction trafficking pathways 

(Figure 2.6C and Table 2.9 and 2.10). O3 also resulted in the downregulation of genes in 

other critical categories in periplaque astrocytes, such as matrix metalloproteinase 

activation (Figure 2.6D), suggesting that extracellular matrix modifications potentially 

underlie the spatially defined differences. Overall, these results suggest that O3 exposure 

triggers a potentially pathologically dysregulated astrocyte phenotype that occurs 

concomitantly with higher Aβ accumulation. 
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Peripheral HMGB1 Mediates O3-induced Dysregulation of Astrocytes 

We previously demonstrated that peripheral HMGB1 regulates the microglial 

response to O3 in 5xFAD mice [22]; however, the impact on astrocytes is unknown. Here, 

HMGB1 mRNA levels were found to be downregulated in O3-exposed BAL fluid (Figure 

2.7A), predominantly comprising infiltrating myeloid cells consistent with prior studies 

in other tissues [22,232]. Thus, we hypothesized that peripheral myeloid cell HMGB1 is 

involved in the association between astrocytes and amyloid pathology. To test this 

hypothesis, we used the previously described Hmgb1fl/fl.LysM-Cre+ mouse strain [22], 

with HMGB1 specifically deleted in only peripheral myeloid cells, including BAL fluid 

cells. A single 4-hour O3 exposure (1 ppm) reduced neutrophil and lymphocyte 

infiltration into the BAL fluid in Hmgb1fl/fl.LysM-Cre+ mice (Figure 2.7B), indicating 

that myeloid cell HMGB1 plays an important role in peripheral immune cell trafficking 

and the pulmonary immune response to O3. Given the reduced HMGB1 mRNA in these 

cells in 5xFAD mice after 13 week exposure, we hypothesize that ongoing AD pathology 

and extended exposure length could have a differential impact on HMGB1 mRNA 

expression in these cells. Interestingly, serpina3n levels in the midbrain of 

Hmgb1fl/fl.LysM-Cre+ mice were reduced in response to O3 exposure (Figure 2.7C), 

further suggesting that peripheral myeloid cells and HMGB1 influence the expression of 

astrocyte genes in the lung–brain axis.  

Circulating HMGB1 has previously been shown to be upregulated in 5xFAD mice 

in response to O3 [22]. Thus, we treated C57 mice with 32.5 μg recombinant HMGB1 

protein intravenously, as previously reported [22,233], to determine whether circulating 

HMGB1 can regulate the DAA phenotype. Circulating HMGB1 increased gfap mRNA 
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expression in the midbrain, and there was a trend toward an increase in c3, and aqpn4 

mRNA expression (Figure 2.7D). Most of these DAA markers were demonstrated above 

to be modified by O3 in the cortex in 5xFAD mice (Table 2.8). Overall, these data 

suggest that peripheral myeloid cell HMGB1 is modified by O3 exposure and may play 

an important role in immune cell trafficking and modulating the astrocytic response to O3 

exposure. 

 

Discussion  

O3 is a major component of urban air pollution and abundant at levels deleterious 

to human health across the US and worldwide [161]. High O3 levels have recently been 

strongly associated with increased AD risk [19]. In addition, O3 is associated with 

chronic obstructive pulmonary disease (COPD) and is a well-known asthma irritant 

[172,234], and recent studies have linked both asthma [235] and COPD [236] to 

increased dementia risk, further emphasizing the importance of understanding the 

underlying disease mechanisms. In the current study, using 5xFAD mice, we explored the 

mechanistic underpinnings of how an inhaled gas incapable of translocating to the brain 

(O3) could impact the brain and cellular pathology in the CNS parenchyma in association 

with peripheral immune responses. We define periplaque DAAs and demonstrate the 

involvement of peripheral myeloid cells in their regulation to delineate an overlooked 

component of the lung–brain axis that potentially influences how urban air pollution 

promotes AD pathobiology (Figure 2.8). 

In the current study, we demonstrated that GFAP astrocyte density in the cortex of 

5xFAD mice increases in response to O3 exposure (Figure 2.1A and B). The number of 
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plaque-associated astrocytes increased with O3 exposure; however, the number of 

astrocytes surrounding each plaque did not increase. Thus, the increase in cortical 

astrocytes was likely due to the increase in the number of plaques in response to O3 

exposure (Figure 2.1E). Importantly, the astrocytes surrounding plaques, which are 

important for plaque clearance and reducing toxicity [215,216], were found to be 

qualitatively different after O3 exposure (Figure 2.3, 2.4, 2.5). Periplaque astrocytes from 

5xFAD mice exposed to O3 exhibited a localization-dependent altered astrocytic 

proteomic profile (Figure 2.3). On closer examination, many of the proteomic changes 

occurring only with O3 exposure in plaque-distant versus periplaque astrocytes involved 

the loss of several key proteins (Figure 2.3). Some unexpected proteins, such as MBP, 

were upregulated in plaque-associated astrocytes in response to O3 exposure (Table 2.7). 

This finding suggests that astrocytes may take up MBP during neurite breakdown, 

consistent with our prior work showing that O3 enhances dystrophic neurites in the 

periplaque space [22]. 

Importantly, the upregulation of microglia-specific proteins in astrocytes (Table 

2.7) likely reflects an increase in cell‒cell interactions and communication between 

astrocytes and microglia in the plaque microenvironment. We directly tested increased 

astrocyte–microglia interactions by immunohistochemistry (Figure 2.6) and demonstrated 

that O3 increases astrocyte–microglia contact only in the periplaque space. Additionally, 

these periplaque cells differ transcriptionally from plaque-distant astrocytes, 

demonstrating altered cell‒cell communication and gap junction trafficking pathway 

genes in the plaque microenvironment (Figure 2.6). It has been previously reported that 

microglia and astrocyte cell‒cell contact may be important for amyloid clearance [237]. 
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We hypothesize that increased astrocyte–microglia communication may signify a 

coordinated effort between these cell types in compensating for the O3 exposure–induced 

dysregulation of protective functions in the periplaque space. 

While O3 mainly induced a loss of protein expression in periplaque astrocytes, a 

larger transcriptional inquiry revealed the upregulation of genes such as serpina3n, c1qa, 

c1qb, and ctsb, indicating that O3 exposure shifted the astrocyte transcriptional signature 

toward a more enriched DAA phenotype. Among the DAA genes upregulated by O3 only 

in the periplaque space, serpina3n is associated with increased Aβ deposition and could 

contribute to increased plaque burden [73,229]. Notably, DAA astrocytes precede plaque 

deposition in 5xFAD mice and accumulate over time [73]. Here, exposure to O3 appears 

to accelerate the DAA phenotype in 5xFAD mice. However, while this O3-accelerated 

DAA phenotype correlated with an O3-induced increase in plaque burden in the current 

study, the beneficial or deleterious consequences of the O3-modified astrocyte genes in 

the periplaque space remain unclear and require substantial further investigation. 

The transcriptional data emphasize that O3 exposure qualitatively changes 

periplaque astrocytes, revealing multiple important potential targets for future 

mechanistic inquiry. For example, O3 exposure has a well-established impact on stroke 

and vascular pathology [150,186,187], and the astrocyte gene expression pathway 

analysis in the current study denotes changes in pathways involving vascular wall 

communication, vegfa–vegr2 communication (which occurs in vascular endothelial 

cells), and aquaporin communication, all of which point to O3-induced phenotypic 

changes in plaque-associated astrocytes that may be linked to neurovascular dysfunction 

or pathology. Interestingly, gene expression changes in neurotransmitter pathways were 
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also altered, which is unsurprising because astrocytes are known to maintain 

neurotransmitter homeostasis, the disruption of which is neurotoxic. This finding 

supports our previous data showing that O3 exposure augments neuritic dystrophy [22]. 

We next sought to better understand the mechanisms underlying these changes in 

the periplaque astrocyte phenotype. Peripheral immune cells traffic to the lung upon O3 

inhalation [3], and these cells and their associated circulating factors are key components 

of the lung–brain axis [26]. Here, we discovered that with subchronic O3 exposure in 

5xFAD mice, when the plaque load was increased and the proteomic and transcriptomic 

DAA phenotype was disrupted, HMGB1 gene expression was lowered in the immune 

(predominantly myeloid) cells that trafficked to the lung (Figure 2.7). While this decrease 

in gene expression does not demonstrate a direct impact on Aβ plaque load it implies a 

potential relation to be directly tested in future studies. Furthermore, Peripheral myeloid 

cell-specific HMGB1 deletion reduced immune cell infiltration into the lung and 

midbrain serpina3n expression (Figure 2.7), implicating the lung–brain axis in 

modulating the astrocytic transition to the DAA phenotype. Our data demonstrating that 

circulating HMGB1 upregulates DAA marker expression further indicate that peripheral 

HMGB1 influences the periplaque astrocyte phenotype. 

Overall, our findings demonstrate that O3 triggers a qualitative change in 

periplaque astrocytes, dysregulates cell‒cell communication and cellular function in the 

plaque microenvironment, and accelerates the astrocyte transcriptomic shift toward the 

DAA phenotype, which is associated with an increased plaque number. These findings 

identify astrocytes, particularly periplaque astrocytes, as a key mechanistic component of 

the lung–brain axis associated with the effect of air pollution on AD pathology. Finally, 
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we demonstrate the important role of peripheral HMGB1 in this process, highlighting a 

critical need to investigate this highly complex mechanistic pathway further. 

One limitation of this study is the use of the 5xFAD mouse model. While this 

model is popular for investigating amyloid pathology, the Alzheimer’s disease phenotype 

is aggressive, particularly in female mice. This prevented us from assessing female mice 

in this study, and sex-based differences may exist. Additionally, the focus of this study 

was astrocytic dysregulation in the context of amyloid pathology. To fully elucidate the 

role of the lung–brain axis in astrocytic dysregulation in AD, its effects on tau pathology 

must be investigated in the future. 

While O3 is unable to directly interact with the brain parenchyma after inhalation, 

it is important to note that in addition to the pulmonary epithelium, O3 also reacts with 

nasal epithelium potentially causing some lesions and generating cytokines among other 

factors which could also be an indirect pathway signaling ozone-induced CNS effects, 

which is a point of future study, to fully elucidate how O3 affects brain. 

This manuscript introduces a complex mechanism implicating astrocytes in the 

lung–brain axis that will require extensive multidisciplinary studies to fully elucidate. 

The following prospects for future inquiry were identified according to our results: 1) 

The identification and localization of the culpable immune cell cascade, tracing the first 

immune cell response in the periphery to the transfer of the cascade to the brain 

parenchyma and subsequent follow-up of chronic consequences. 2) An exploration of the 

CNS cellular contribution and the role of cell–cell contact, including the CNS vasculature 

unit and border-associated macrophages, in how O3 communicates with the brain and 

impacts astrocyte and amyloid pathology. 3) Rescue studies investigating whether 
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peripheral circulating factors can ameliorate the O3-augmented astrocyte and amyloid 

pathology. 4) Investigations into the O3 lung-brain axis exposome and its role in this 

process, comparing identifiable markers of pathological peripheral immune changes, 

deleterious circulating factors, ongoing astrocyte disruption, and amyloid pathology in 

AD animal models exposed to O3 with those in AD, asthma, and COPD patient data. 

This study is the first to identify astrocytes as part of the lung–brain axis and 

explore how trafficking immune cells can modify astrocytes and, potentially, amyloid 

plaque pathology in response to air pollution. Together, these findings provide much-

needed insight into the underlying mechanisms driving how exposure to high levels of air 

pollutants, such as O3, increase AD risk, highlighting the need to investigate this complex 

mechanistic pathway further to deepen our understanding of AD etiology, identify targets 

for the prevention and treatment of this disease, and guide the development of policies 

regulating air pollution. 

  



 

43 

Figures 

Figure 2.1: Ozone exposure increases astrocyte density in the cortex of 5xFAD mice. 
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Figure 2.1: Male 5xFAD mice (10–11 weeks old) were exposed to either FA or 1.0 ppm 

ozone (O3) for 3 consecutive days each week for 4 hours/day for 13 weeks. (A) 

Representative 10× images depicting cortical astrocyte density (GFAP, red) in FA- and 

O3-exposed mice. Scale bar: 1000 µm or 100 µm. (B) Quantification of the number of 

GFAP-positive areas and GFAP-positive cells in the entire cortex (layers I-VI). (C) 

Representative maximum intensity projection images taken at 40× in the cortex, staining 

for plaques (Methoxy-X34, gray) and astrocytes (GFAP, green). Scale bar: 50 µm. (D) 

Quantification of plaque number in the 40× confocal images. (E) Quantification of 

plaque-associated astrocytes normalized to plaque number. Correlation of the number of 

plaques with the number of (F) periplaque and (G) nonplaque astrocytes in the cortex. 

Astrocytes were considered periplaque if their cell bodies or branches reached within the 

circular periplaque region of interest drawn at 50 μm diameter around the plaque center; 

if not, they were considered nonplaque. Data are represented as the mean ± SEM, n = 8–9 

mice/exposure group. * = p <.05; Welch’s t test. 
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Figure 2.2: Ozone exposure increases astrocyte density in the cortex in 5xFAD mice, 

which is associated with increased plaque number and independent of plaque localization. 
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Figure 2.2: Male 5xFAD mice (10–11-week-old) were exposed to either FA or 1.0 ppm 

of O3 for 3 consecutive days each week for 4h/d, for 13 weeks. Quantification of (A) 

periplaque  and (B) non-plaque astrocytes. Astrocytes were considered periplaque  if their 

cell bodies or branches reached within the circular periplaque  region of interest drawn at 

50 μm diameter around plaque center, if not they were considered non-plaque. Data are 

represented as mean ±SEM, n = 8-9 mice/exposure group. * = p < 0.05; Welch’s t-test. 

(C) Representative maximum intensity projection images taken at 40x in the 

hippocampus, staining for plaque (Methoxy-X34, gray) and astrocytes (GFAP, green). 

Scale bar,50 µm. (D) Quantification of plaque associated astrocyte. Data are represented 

as mean ±SEM, n = 3 mice/exposure group. * = p < 0.05; Welch’s t-test. 
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Figure 2.3: Ozone altered the astrocytic protein expression pattern, dependent on spatial 

localization with plaques. 
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Figure 2.3: Male 5xFAD mice (10–11 weeks old) were exposed to FA or 1.0 ppm ozone 

(O3) for 3 consecutive days each week for 4 hours/day for 13 weeks. (A) Representative 

images from the NanoString GeoMX DSP platform illustrating periplaque (left) and 

nonplaque astrocytes (right), as defined by plaque staining (Aβ, magenta), astrocyte 

(GFAP, green) staining, and the area from which samples were collected for analysis 

(blue). Scale bar: 10 µm. (B) Venn diagram showing the number of plaque environment-

induced changes in the astrocyte proteomic profile in FA and O3 groups, indicating 

protein changes shared between the two groups. Volcano plots representing differentially 

expressed proteins on periplaque versus plaque-distant astrocytes in the (C) FA and (D) 

O3 groups. n = 68–72 ROIs/region per exposure group (n = 4 mice/exposure group). p 

<.05.  
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Figure 2.4: Ozone increased astrocyte–microglia cell contacts in the plaque 

microenvironment. 
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Figure 2.4. Male 5xFAD mice (10–11 weeks old) were exposed to either FA or 1.0 ppm 

ozone (O3) for 3 consecutive days each week for 4 hours/day for 13 weeks. (A) 

Representative image showing colocalized areas (yellow) of cell‒cell contact, as 

indicated by white arrows in a single image from a set of confocal Z-stack images taken 

at 40×. Scale bar: 10 µm. Quantification of astrocyte–microglia colocalization in the (B) 

periplaque and (C) nonplaque (right) space from confocal Z-stacks taken at 40× in the 

cortex. Data are represented as the mean ±SEM, n = 8–9 mice/exposure group. * = p 

<.05; Welch’s t test. (D) Representative maximum intensity images taken at 60× showing 

plaques (Methoxy-X34, gray), astrocytes (GFAP, green), and microglia (IBA-1, red) in 

the O3 and FA groups. Scale bar: 10 μm. 
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Figure 2.5: Ozone increased astrocyte-microglia cell-contact in plaque 

microenvironment. 

 

 

 

Figure 2.5. Male 5xFAD mice (10–11-week-old) were exposed to either FA or 1.0 ppm 

of O3 for 3 consecutive days each week for 4h/d, for 13 weeks. (A) Representative 

maximum intensity projection images taken at 40x in the hippocampus, staining for 

plaque (Methoxy-X34, gray), astrocytes (GFAP, green) and microglia (IBA-1, red). Scale 

bar, 50 µm. 
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Figure 2.6: Ozone alters the astrocytic transcriptional profile in the plaque 

microenvironment. 
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Figure 2.6. Male 5xFAD mice (10–11 weeks old) were exposed to either FA or 1.0 ppm 

ozone (O3) for 3 consecutive days each week for 4 hours/day for 13 weeks. (A) 

Representative image showing the digital spatial profiler scan for regions of interest 

containing astrocytes localized in the periplaque space, as defined by plaque staining 

(6e10, magenta), astrocyte staining (GFAP, green), and the area from which GFAP-

positive cells were collected for mRNA analysis (blue). Scale bar, 50 μm. (B) Volcano 

plot showing O3-induced gene expression in plaque-associated astrocytes compared to 

that in the FA group. Highlighted genes represent a subset of significantly changed genes 

(red dots) after FDR correction (Benjamini‒Hochberg, p <.05). Pathway analysis of O3 

vs. FA cortical astrocyte gene expression in plaque-associated astrocytes depicting 

significantly (C) increased and (D) decreased pathways of interest (Benjamini–Hochberg, 

p <.05. n = 96 ROIs/region per exposure group (n = 3 mice/exposure group). 
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Figure 2.7: Peripheral HMGB1 modulates ozone-induced astrocytic dysregulation. 
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Figure 2.7: (A) Subchronic (13-week) O3 (1 ppm) exposure reduced HMGB1 mRNA 

expression in the BAL cells of 5xFAD mice. Data are represented as the mean ± SEM, n 

= 6 mice/exposure group. Welch’s t test. 

(B) Hmgb1fl/fl.LysM-Cre+ mice have Hmgb1 genetically ablated in peripheral myeloid 

cells (comprising a substantial component of BAL fluid cells) but not microglia. 

Hmgb1fl/fl.LysM-Cre- and Hmgb1fl/fl.LysM-Cre+ mice were exposed to O3 (1.0 ppm) 

or FA once for 4 hours. Cell counts of eosinophils, neutrophils, and lymphocytes 

infiltrating the BAL are shown. Data are represented as the mean ± SEM, n = 3–5 

mice/group. * = p <.05, ** = p <.01, *** = p <.001; Welch’s t test. (C) 

Hmgb1fl/fl.LysM-Cre- and Hmgb1fl/fl.LysM-Cre+ mice were exposed to O3 (2.0 ppm) 

or FA once for 4 hours. Serpina3n mRNA levels in the midbrain after a single 2 ppm O3 

exposure are shown. Data are represented as the mean ± SEM, n = 9–10 mice/exposure 

group. * = p <.05, †† = p <.01 (D) Gfap, C3 and Aqpn4 mRNA levels were assessed 3 

hours after a tail vein injection of rHMGB1 (32.5 μg). Data are represented as the mean ± 

SEM, n = 6–8 mice/exposure group. * = p <.05; Welch’s t test. 
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Figure 2.8: Plaque-associated astrocytes and peripheral myeloid cells interact in the O3-

dysregulated lung–brain axis: Implications for Alzheimer’s disease. 
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Figure 2.8: O3, a reactive gas component of urban air pollution that cannot reach the 

brain, increased astrocyte density in the 5xFAD mouse cortex, concomitant with 

decreased bronchoalveolar lavage fluid cell (predominantly myeloid) HMGB1 expression 

and an exacerbated plaque burden. O3-induced astrocyte effects (transcriptomic and 

proteomic) were dependent on the localization of astrocytes relative to plaques, indicating 

that this air pollution exposure selectively and qualitatively changes astrocytes in the 

plaque microenvironment, accelerates the astrocyte transcriptomic shift to a disease-

associated astrocyte phenotype, and increases astrocyte contact with microglia but not 

plaques. Mechanistically, O3-exposed mice with HMGB1 deleted from the peripheral 

myeloid cells but not microglia exhibited a perturbed pulmonary immune response to O3 

and disrupted DAA markers in the brain, indicating that peripheral myeloid cells and 

HMGB1 regulate the astrocyte DAA response to O3. These findings provide much-

needed insight into how urban air pollution may dysregulate the lung–brain axis, disrupt 

astrocytic function, and increase the amyloid burden. 
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Tables 

Table 2.1: Antibodies and chemical stains used in specific applications. 

 

  

Primary Antibodies Secondary 
Antibodies 

Application 

Rabbit anti-GFAP  
(Agilent DAKO, 
Z0334; RRID 
AB_10013382) 

Donkey anti-Rabbit-
647 
(Invitrogen A-31573; 
RRID AB_2536183) 

GFAP-positive astrocyte number and area 
quantification in whole cortex and 
periplaque region in Figure 2.1. 
Astrocyte–microglia colocalization 
quantification in Figure 2.4. 
 
 

Goat anti-IBA-1  
(Novus biologicals, 
NB100-10280) 

Donkey anti-Goat-
488 
(Invitrogen A11055; 
RRID AB_2534102) 

Astrocyte–microglia colocalization 
quantification in Figure 2.4. 

Alexa Fluor 647 
conjugated mouse 
anti-GFAP antibody 
(BioLegend, 837512; 
RRID AB_2734611) 

N/A Periplaque and nonplaque astrocyte staining 
for GeoMx spatial protein profiling in Figure 
2.3. 
GeoMx spatial whole transcriptome analysis 
of periplaque astrocytes in Figure 2.6. 

Alexa Fluor 594 
conjugated mouse 
anti-Abeta antibody 
(BioLegend 803019; 
RRID AB_2734552) 

N/A Plaque staining for GeoMx spatial whole 
transcriptome analysis of periplaque 
astrocytes in Figure 2.6. 

   
Chemical stains   
Methoxy x34 
(SL 1954, Millipore 
Sigma, St Louis, MO) 

N/A Chemical staining of dense core plaques in 
Figure 2.6. 
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Table 2.2: Primer sequences for qPCR. 

Primer Name Sequence 
Aquaporin-4 (Aqpn4) Forward 5´-ATTGGGAGTCACCACGGTTC-3´ 

Reverse 5´-CGTTTGGAATCACAGCTGGC-3´ 
Apolipoprotein E (Apoe) Forward 5´-AGATGGGGTTCTCTGGGTGG-3´ 

Reverse 5´-TAGGCATCCTGTCAGCAATGT-3´ 
Complement factor 3 (C3) Forward 5´-AAGCATCAACACACCCAACA-3´ 

Reverse 5´- CTTGAGCTCCATTCGTGACA-3´ 
Glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh) 

Forward 5´-GAACATCATCCATGCATCCA-3´ 
Reverse 5´-CCAGTGAGCTTCCCGTTCA-3´ 

 

Table 2.3: TaqMan probes. 

Probe Catalog Number 
Glial fibrillar acidic protein (Gfap) Mm01253033_m1 
Serine (or cysteine) peptidase inhibitor, clade 
A, member 3N (Serpina3n) 

Mm00776439_m1 

Glyceraldehyde 3-phosphate dehydrogenase 
(Gapdh) 

Mm99999915_gI 

High mobility group box 1 (Hmgb1) Mm04205650_gH 
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Table 2.4: Other reagents used in Methods. 

Reagent Application 
Paraformaldehyde (PFA) 
(1921, Electron Microscopy Sciences) 

Brain fixation 

Optimal cutting temperature compound 
(OCT) 
(4583, Sakura Finetec) 

Fixed brain sectioning 

Hanks Balanced Saline Solution (HBSS) 
(21-622CV, Corning) 

Broncho alveolar lavage fluid (BALF) 
collection 

Prolong gold 
(P36930, Life Technologies, Eugene, OR) 

Immunofluorescent staining 

Tissue Protein Extraction Reagent (T-PER) 
(78510, ThermoScientific) 

RNA extraction 

Protease inhibitor 
(78429, Thermo Scientific) 

Used in tissue homogenizing solution with T-
PER at 1:100 dilution 

Phosphatase inhibitor 
(1862495, Thermo Scientific) 

Used in tissue homogenizing solution with T-
PER at 1:100 dilution 

TRIzol 
(15596018, Invitrogen) 

RNA extraction 

Choloroform 
(BP-1145-1, Fisher BioReagents) 

RNA extraction 

Molecular grade ethanol 
(BP2818-500, Fisher BioReagents) 

RNA extraction 

Ambion Nuclease free water 
(AM9932, Invitrogen) 

RNA extraction 

Ambion DNA-free kit  
(AM1906, Invitrogen) 

RNA extraction 

Maxima First Strand cDNA synthesis kit 
(K1641, Invitrogen) 

RNA reverse transcription  

PoweUp SYBR Green Master Mix 
(100029284, Thermo Fisher) 

qPCR 

TaqMan Fast Advnced Master Mix 
(4444557, Thermo Fisher) 

qPCR 
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Table 2.5: Reagents used in GeoMx DSP. 

Reagent Application 
DEPC treated water 
(AM9922, ThermoFisher) 

Slide preparation for protein expression assay 
and whole transcriptomic assay 

Tris buffered saline (TBS) 
(12498S, Cell Signaling Technologies) 

Slide preparation for protein expression assay 

TBS with tween 20 (TBS-T) 
(9997S, Cell Signaling Technologies) 

Slide preparation for protein expression assay 

Fluoromount-G  
(0100-01, SouthernBiotech) 

Slide storage 

Citrate buffer  
(AP-9003-125, Richard-Allan Scientific) 

Slide preparation for protein expression assay 

GeoMx Protein Slide Prep Kit 
(121300312, NanoString) 

Slide preparation for protein expression 
profiing 

GeoMx Neural Cell Profiling Panel 
(121300120, NanoString) 

Slide preparation for protein expression assay 

GeoMx Glial Cell Profiling Panel 
(121300125, NanoString) 

Slide preparation for protein expression assay 

GeoMx AD pathology panel 
(121300109, NanoString) 

Slide preparation for protein expression assay 

GeoMx AD pathology Extend panel 
(121300114, NanoString) 

Slide preparation for protein expression assay 

GeoMx probe R 
(121302135; 121302140; 121302136; 
121302152, NanoString) 

Collection plate preparation for readout 

GeoMx Alzheimer’s Morphology Kit 
(121300306, NanoString) 

Slide preparation for protein expression assay 

GeoMx Nuclear Stain Morphology Kit 
(121300303, NanoString) 

Slide preparation for protein expression assay 

GeoMx Instrument Buffer Kit 
(100474, NanoString) 

DSP instrument run 

GeoMx Hybridization Code Pack 
(121300401, NanoString) 

Collection plate preparation for readout 

GeoMx Hybridization buffer 
(121300401, NanoString) 

Collection plate preparation for readout 

Proteinase K 
(AM2548, Thermo Fisher) 

Slide preparation for whole transcriptomic 
assay 

Antigen Retrieval Solution 
(00-4956-58, Ebioscience) 

Slide preparation for whole transcriptomic 
assay 

20x SSC  
(S6639, Sigma-Aldrich) 

Slide preparation for whole transcriptomic 
assay 

Phosphate buffered solution (PBS) 
(P5368-10PAK, Sigma-Aldrich) 

Slide preparation for whole transcriptomic 
assay 

Geomx RNA Slide Prep Kit 
(121300313, NanoString) 

Slide preparation for whole transcriptomic 
assay 

GeoMx Whole Transcriptome Assay 
(121401103, NanoString) 

Slide preparation for whole transcriptomic 
assay 

100% deionized formamide 
(AM9342, Thermo Fisher) 

Slide preparation for whole transcriptomic 
assay 
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10% Tween-20 
(T0710, Teknova) 

Slide preparation for whole transcriptomic 
assay 

Agencount AMPure XP 
(A63880, Beckman Coulter) 

NGS readout preparation 

Elution buffer  
(T1485, Teknova) 

NGS readout preparation 
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Table 2.6: Pathogen Exclusion List in Indiana University Mouse Colony. 

Pathogen 
Aspiculunis tetraptera 
Syphacia muris  
Syphacia obvelata 
Myocoptes 
Radfordia/Myobia 
EDIM 
MHV 
MPV 1-5 
MVM 
TMEV 
Mycoplasma pulmonis 
Clostridium piliforme 
LCMV 
PVM 
REO3 
Sendai 
Ectromelia 
MAV1 (MAD) 
MAV2 (MAD) 
K virus 
Polyoma virus 
CAR baillus 
Clostridium difficile Toxins A&B 
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Table 2.7: List of altered proteins in GeoMx DSP assay. 

Filtered Air 
Upregulated targets Fold Change p-value 
CD45 2.78 7E-20 
CD11b 2.81 2E-18 
Amyloid-Beta 1-42 9.92 3E-18 
IBA1 2.41 6E-18 
Mertk 1.38 1E-13 
APOE 3.59 7E-13 
BACE1 1.54 6E-12 
ITGAX 1.74 5E-11 
CD39 1.76 1E-10 
Ubiquitin 1.59 1E-09 
Amyloid Precursor Protein 1.62 1E-09 
CD9 1.35 3E-09 
S100B 1.33 3E-07 
Ctsd 1.26 9E-05 
Ki-67 1.13 1E-02 
P2RX7 1.28 2E-02 
Downregulated targets 
Phospho-Tau (S214) -1.22 1E-04 
NeuN -1.12 5E-04 
Neprilysin -1.29 7E-04 
MHC II -1.37 2E-03 
Amyloid-Beta 1-40.2 -1.38 8E-03 
Phospho-Tdp-43 (S409/S410).1 -1.38 3E-02 
NRGN -1.14 3E-02 
CD31 -1.09 3E-02 
SPP1 -1.36 4E-02 
O3 (1PPM) 
Upregulated targets 
Amyloid-Beta 1-42 9.19 7E-21 
CD11b 2.60 4E-20 
IBA1 2.67 2E-19 
CD45 2.81 4E-18 
ITGAX 1.79 3E-14 
APOE 3.47 6E-14 
Mertk 1.40 1E-13 
Ubiquitin 1.68 5E-11 
CD39 1.93 3E-09 
CD9 1.33 5E-09 
BACE1 1.75 3E-08 
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Amyloid Precursor Protein 1.77 4E-08 
S100B 1.34 1E-05 
Ctsd 1.23 3E-03 
Myelin basic protein 1.37 7E-03 
CSF1R 1.13 3E-02 
Clec7a 1.13 4E-02 
Downregulated targets 
NeuN -1.10 2E-02 
Phospho-Tau (S214) -1.11 4E-02 
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Table 2.8: List of Altered targets from GeoMx Whole Transcriptomic Assay. 

Upregulated targets Fold Change Adjusted p-value 
Ctss 1.84 7E-07 
Sparc 1.46 1E-05 
Fcgr3 1.56 4E-05 
Cx3cr1 1.57 7E-05 
Mpeg1 1.61 7E-05 
Serpina3n 1.64 7E-05 
Laptm5 1.61 1E-04 
Apoe 1.37 1E-04 
Csf1r 1.52 2E-04 
C1qb 1.64 2E-04 
Itgb5 1.45 4E-04 
Tyrobp 1.75 4E-04 
Lag3 1.50 4E-04 
C1qa 1.62 4E-04 
Cd63 1.36 4E-04 
Trem2 1.68 5E-04 
Egr3 1.57 6E-04 
Ctsb 1.46 6E-04 
C1qc 1.60 8E-04 
Ctsl 1.39 2E-03 
Ly86 1.46 2E-03 
Hexa 1.42 2E-03 
Man2b1 1.44 2E-03 
Ctsz 1.45 2E-03 
Selplg 1.46 4E-03 
Ccl3 1.47 4E-03 
Cotl1 1.39 5E-03 
Hexb 1.51 6E-03 
Cd9 1.39 6E-03 
Fcgr2b 1.46 7E-03 
Gfap 1.39 1E-02 
Csf3r 1.41 1E-02 
Grn 1.46 1E-02 
Itgam 1.44 1E-02 
Ctsd 1.52 1E-02 
Tmem176b 1.35 1E-02 
Fscn1 1.37 1E-02 
Cd68 1.41 1E-02 
Fcrls 1.39 1E-02 
Aqp4 1.32 2E-02 
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Vsir 1.35 2E-02 
Cd52 1.44 2E-02 
Cst7 1.58 2E-02 
Npc2 1.32 2E-02 
Ly6e 1.35 3E-02 
Ctsa 1.32 3E-02 
B2m 1.39 3E-02 
Etv5 1.38 3E-02 
Enc1 1.42 3E-02 
P2ry12 1.35 4E-02 
Itgb2 1.42 4E-02 
Btbd3 1.35 4E-02 
Zfp36l2 1.34 4E-02 
Ctsh 1.36 4E-02 
Lgals3bp 1.34 5E-02 
Cck 1.35 5E-02 
Downregulated targets 
Ttr -2.84 3E-09 
Tmc5 -2.22 1E-05 
Sgk1 -1.42 9E-03 
Ogn -1.58 2E-02 
Prr32 -1.60 2E-02 
Mia -1.54 3E-02 
Olfr1388 -1.57 3E-02 
Sult6b1 -1.50 4E-02 
Pltp -1.38 4E-02 
Fmo2 -1.49 4E-02 
Plat -1.41 4E-02 
Olfr301 -1.51 4E-02 
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Table 2.9: Selected Upregulated Pathways from GeoMx Whole Transcriptomic Assay. 

Reactome 
pathway ID 

Pathway 
description 

Normalized 
enrichment 
score 

Adjusted 
pValue 

Targets 

R-MMU-
112314 

Neurotransmit
ter receptors 
and 
postsynaptic 
signal 
transmission 

5E+00 9.5E-04 Gng11,Gabrr3,Chrna9,Ap2s1,Adcy3,Adcy4,Ap2b1,Adcy
1,Arhgef9,Glra2,Grip1,Chrnb4,Chrnb3,Camk2d,Camkk2,
Chrna1,Chrna4,Chrna6,Chrna7,Chrnb2,Chrnd,Chrne,Act
n2,Adcy6,Adcy7,Adcy8,Adcy9,Ap2a1,Ap2a2,Ap2m1,Glr
a3,Calm1,Calm2,Calm3,Camk2a,Camk2b,Camk2g,Grik4
,Chrna5,Chrna3,Gabra5,Chrna2,Lrrc7,Gabbr2,Grin3a,Dlg
1,Dlg4,Gnat3,Grip2,Gabra1,Gabra2,Gabra3,Gabra4,Gabr
a6,Gabrb1,Gabrb2,Gabrb3,Gabrg2,Gabrg3,Gabrr1,Gabrr2
,Glra1,Glrb,Gnai1,Gnai2,Gnai3,Gnal,Gnb1,Gnb2,Gnb3,G
nb4,Gnb5,Gngt1,Gng10,Gng2,Gng3,Gng4,Gng5,Gng8,G
ngt2,Gria1,Gria4,Grik3,Grik5,Grin1,Grin2a,Grin2b,Grin2
c,Grin2d,Htr3a,Kcnj10,Kcnj12,Kcnj15,Kcnj16,Kcnj2,Kc
nj3,Kcnj5,Kcnj6,Kcnj9,Nefl,Nsf,Prkaca,Prkacb,Prkca,Prk
cb,Prkcg,Plcb1,Plcb2,Plcb3,Prkar1a,Prkar1b,Prkar2b,Ca
mk1,Ncald,Dlg3,Gria3,Gabbr1,Tspan7,Camkk1,Htr3b,Ga
brq,Adcy5,Gng13 

R-MMU-
6798695 

Neutrophil 
degranulation 

5E+00 1.3E-03 Flg2,Defa34,Defa40,Defa41,Serpinb1a,Psmd6,Lamtor1,S
erpinb3d,Ormdl3,Pgm2,Actr2,Pycard,Fuca2,Dsn1,Psmd1
2,Magt1,Cmtm6,Bpi,Snap29,Agpat2,Plac8,Aldh3b1,Tme
m179b,Arpc5,Ilf2,Slc15a4,2310033P09Rik,1600012H06
Rik,Npc2,Cxcl3,Pdap1,Ndufc2,Rab14,Clec12a,Dera,Slc4
4a2,Arl8a,Mgam,Cd177,Oscar,Lilra5,Psmd11,Ubr4,Gsd
md,Mcemp1,Siglecf,Dnase1l1,Bst2,Cdk13,Tmbim1,Plek
ho2,Tmem30a,Cpne1,Mettl7a1,Psmd1,Copb1,Unc13d,At
p6ap2,Qpct,Cpne3,Arhgap45,AY761185,Qsox1,Acly,Vps
35l,H2-
M10.2,Fuca1,Stk11ip,Cd59b,Ppia,Apeh,Abca13,Dync1li
1,Acaa1b,H2-
M10.6,Serpinb12,Chit1,Cand1,Ist1,Cotl1,Rap2c,Pgm1,Cd
a,Dynlt1a,Prcp,Txndc5,Nfasc,Ms4a3,Sting1,Vcp,Creg1,A
no6,Nckap1l,Glipr1,Rab31,Atp6v1d,Rap2b,Nfam1,Hvcn
1,Armc8,Atg7,Kcmf1,Serpina3f,Cd300c2,Scamp1,Chrnb
4,Olr1,Gns,Svip,Cant1,Atad3a,Mmp25,Tbc1d10c,H2-
M5,Atp11b,Erp44,Mlec,Commd9,Faf2,Mospd2,Dsp,Cyb
5r3,Adam10,Adam8,Cfd,Aga,Rap1a,Ahsg,Aldoa,Aldoc,
Alox5,Gusb,Ampd3,Prdx6,Ap1m1,Ap2a2,Pygb,Apaf1,Py
gl,Aprt,Arg1,Rhoa,Manba,Arsb,Arsa,Asah1,Rab27a,Atp6
v0a1,Atp8a1,Atp6v0c,B2m,Agl,Glb1,Bst1,Tmem63a,Co
mmd3,H2-
Q6,Atp8b4,C3,C3ar1,C5ar1,Cab39,Anxa2,Cap1,Capn1,C
at,H2-
M10.3,Cct2,Cct8,Cd14,Cd36,Cd44,Cd53,Cd63,Cd68,Gm
8909,Chil1,Cxcr2,Camp,Cnn2,Mvp,Lrrc7,Csnk2b,Dnajc5
,Cst3,Cstb,Ctsb,Ctsc,Ctsd,Ctsg,Ctsh,Ctss,Cyba,Cybb,Dbn
l,Ddost,Ddx3x,Degs1,Dgat1,Crispld2,Diaph1,Dync1h1,D
sc1,Dsg1a,Ear1,Eef2,Stom,Epx,Fcer1g,Fcgr2b,Fcna,Fcnb
,Fgl2,Fgr,Folr2,Fpr2,Fpr1,Frk,Fth1,Xrcc6,Lpcat1,Gaa,Gd
i2,Ggh,B4galt1,Gm2a,Lilrb4b,Gpi1,Grn,Cxcl1,Gstp1,H2-
K1,H2-M10.1,H2-M2,H2-M3,H2-M9,H2-Q1,H2-
Q10,H2-T23,H2-
T24,Ptpn6,Hexb,Calm4,Hmgb1,Ghdc,Hmox2,Gpr84,Hk3
,Hp,Hpse,Hspa8,Nhlrc3,Hsp90ab1,Hsp90aa1,Tarm1,Idh1
,Igf2r,Kpnb1,Frmpd3,Itgav,Itgax,Itgb2,Cd47,Trappc1,Jup
,Kcnab2,Fabp5,Krt1,Lamp1,Lamp2,Anpep,Lcn2,Rab44,L
ta4h,Ltf,Alad,Cd93,Lyz2,Man2b1,Mif,Mme,Mmp8,Mmp
9,Psmd7,Clec4d,Mpo,Siglece,Lamtor2,Elane,Atp11a,Neu
1,Nfkb1,Nme2,Galns,Slc11a1,Dpp7,Orm1,Orm2,P2rx1,P
afah1b2,Padi2,Pecam1,Cfp,Pfkl,Pgam1,Pigr,Pkm,Prkcd,P
kp1,Plau,Plaur,Pa2g4,Rap1b,Pnp,Ctsa,Prg2,Prtn3,Psap,Ps
ma2,Psmb1,Psmb7,Psmc2,Psmc3,Ptafr,Sirpa,Ptprb,Ptprc,
Ptprj,Ptprn2,A1bg,Ptx3,Rab10,Rab18,Rab24,Rab3a,Rab3
d,Rab4b,Rab5b,Rab5c,Rab6a,Rab7,Hgsnat,Rac1,Pdxk,St
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bd1,Ckap4,Cep290,Tspan14,Arhgap9,Nit2,Rock1,Lair1,S
100a11,S100a8,S100a9,Serpinb3a,Cxcl2,Sell,Ostf1,Cyfip
1,Slc2a3,Pgrmc1,Slpi,Sdcbp,Prdx4,Snap25,Snap23,Iqgap
2,Cd300a,Serpina3g,Serpinb6a,Tmc6,Srp14,Serpinb3c,Ifi
211,Stk10,Surf4,Syngr1,Gm5150,Prg3,Rnase2b,Tollip,Ps
md2,Adgrg3,Tnfaip6,Tnfrsf1b,Pglyrp1,Tom1,Psmd3,Ttr,
Tubb5,Tyrobp,Vamp8,Vcl,Vnn1,Xrcc5,Ypel5,Bri3,Hebp
2,Ppie,Rhog,Acpp,Actr10,Dynll1,Slc2a5,Clec5a,Mgst1,C
lec4n,Defa17,Rhof,Impdh1,Impdh2,Lamtor3,Psmd13,Tlr
2,Retn,Ppbp,Golga7,Rab9b,Rab37,Huwe1,Psmd14,Adgre
5,Ceacam1,Mapk1,Mapk14,Psma5,Slc27a2,Ncstn,Vat1,N
aprt,Tcirg1,Dok3,Gyg,Cpped1,H2-M10.4,H2-M1,H2-
M10.5,Ear6,Enpp4,Ear10,Rnase2a,Trpm2,Dock2,Iqgap1,
Hspa1a,Ifi205,Gm11127,Actr1b,Rnaset2a,Dnajc3,Cxcr1,
Slco4c1,Vapa,Gm9733,Tubb4b,Gsn,Gmfg,Gca,Ctsz,Ptge
s2,Mndal 

R-MMU-
4420097 

VEGFA-
VEGFR2 
Pathway 

5E+00 9.5E-04 Shb,Abi2,Dock1,Brk1,Mapkapk3,Nckap1l,Pik3cb,Elmo2,
Elmo1,Baiap2,Them4,Prr5,Abi1,Cyfip2,Actb,Actg1,Akt1
,Akt2,Rhoa,Calm1,Calm2,Calm3,Ctnna1,Ctnnb1,Ctnnd1,
Cav1,Cdc42,Cdh5,Bcar1,Crk,Cyba,Cybb,Rictor,Wasf2,Pt
k2,Fyn,Hras,Hspb1,Hsp90aa1,Itgav,Itgb3,Jup,Wasf3,Kdr,
Kras,Mapkapk2,Ncf1,Ncf2,Ncf4,Nck1,Nck2,Nckap1,Nos
3,Wasf1,Pak3,Pdpk1,Pik3ca,Pik3r1,Pik3r2,Prkaca,Prkacb
,Prkca,Prkcb,Prkcd,Prkcz,Plcg1,Mapk11,Ptk2b,Pxn,Rac1,
Shc2,Rock1,Rock2,Cyfip1,Sphk1,Src,Rasa1,Vav1,Vav2,
Vegfa,Akt3,Mlst8,Mtor,Vav3,Axl,Mapk13,Mapk14,Sh2d
2a,Pak2,Mapk12,Mapkap1,Trib3 

R-MMU-
194138 

Signaling by 
VEGF 

4E+00 9.5E-04 Shb,Abi2,Dock1,Brk1,Mapkapk3,Nckap1l,Pik3cb,Elmo2,
Elmo1,Baiap2,Them4,Prr5,Abi1,Cyfip2,Actb,Actg1,Akt1
,Akt2,Rhoa,Calm1,Calm2,Calm3,Ctnna1,Ctnnb1,Ctnnd1,
Cav1,Cdc42,Cdh5,Bcar1,Crk,Cyba,Cybb,Rictor,Wasf2,Pt
k2,Vegfd,Flt1,Flt4,Fyn,Hras,Hspb1,Hsp90aa1,Itgav,Itgb3
,Jup,Wasf3,Kdr,Kras,Mapkapk2,Ncf1,Ncf2,Ncf4,Nck1,N
ck2,Nckap1,Nos3,Nrp1,Nrp2,Wasf1,Pak3,Pdpk1,Pgf,Pik
3ca,Pik3r1,Pik3r2,Prkaca,Prkacb,Prkca,Prkcb,Prkcd,Prkc
z,Plcg1,Mapk11,Ptk2b,Pxn,Rac1,Shc2,Rock1,Rock2,Cyfi
p1,Sphk1,Src,Rasa1,Vav1,Vav2,Vegfa,Vegfb,Vegfc,Akt3
,Mlst8,Mtor,Vav3,Axl,Mapk13,Mapk14,Sh2d2a,Pak2,Ma
pk12,Mapkap1,Trib3 

R-MMU-
9020702 

Interleukin-1 
signaling 

4E+00 9.5E-04 Psmd6,Tab1,Ube2v1,Tab3,Psmd12,Psmd5,Psmc6,Psmd9,
Peli1,Tnip2,Tab2,Psmd11,Nkiras1,Irak4,Psmd1,Psme4,F
bxw11,Nkiras2,Psma8,Psmb11,Irak3,Nod1,Irak2,Peli3,A
ger,App,Rps27a,Hmgb1,Ikbkb,Ikbkg,Il1a,Il1b,Il1r1,Il1r2,
Irak1,Il1rap,Il1rn,Psmb9,Psmb8,Psmd7,Myd88,Nfkb1,Nf
kb2,Nfkbia,Nfkbib,Sqstm1,Psma2,Psma3,Psmb1,Psmb10
,Psmb4,Psmb5,Psmb6,Psmb7,Psmc1,Psmc2,Psmc3,Psmc
5,Psmd4,Psme1,Psme2,Psme3,Rela,S100b,Psmd10,Skp1,
Tollip,Psmd2,Traf6,Psmd3,Uba52,Ubb,Rbx1,Psmc4,Psm
d13,Psmd8,Psmd14,Map2k6,Map3k3,Map3k7,Map3k8,P
sma1,Psma4,Psma5,Psma6,Psma7,Psmb2,Psmb3,Cul1,U
be2n,Peli2,Ripk2,Psmf1 

R-MMU-
448424 

Interleukin-17 
signaling 

3E+00 9.5E-04 Tab1,Ube2v1,Tab3,Tnip2,Dusp6,Tab2,Vrk3,Mapkapk3,F
bxw11,Dusp7,Dusp3,Rps6ka5,Ppp2r1b,Nod1,Irak2,Atf1,
Atf2,Rps27a,Creb1,Fos,Ikbkb,Ikbkg,Irak1,Jun,Mapkapk2
,Nfkb1,Ppp2r1a,Ppp2ca,Ppp2cb,Mapk11,Skp1,Traf6,Uba
52,Ubb,Mapk7,Dusp4,Map2k3,Map2k4,Map2k6,Map2k7
,Map3k7,Map3k8,Mapk1,Mapk10,Mapk14,Mapk3,Mapk
8,Mapk9,Cul1,Ube2n,Ripk2 

R-MMU-
446652 

Interleukin-1 
family 
signaling 

3E+00 9.5E-04 Psmd6,Tab1,Ube2v1,Tab3,Psmd12,Psmd5,Psmc6,Psmd9,
Peli1,Tnip2,Tab2,Psmd11,Gsdmd,Il36b,Nkiras1,Irak4,Ps
md1,Psme4,Fbxw11,Nkiras2,Psma8,Psmb11,Irak3,Il1rl2,
Nod1,Irak2,Peli3,Il33,Ager,App,Casp1,Rps27a,Ctsg,Hmg
b1,Ikbkb,Ikbkg,Il1a,Il1b,Il1r1,Il1r2,Irak1,Il1rap,Il1rn,Ps
mb9,Psmb8,Il1rl1,Psmd7,Myd88,Nfkb1,Nfkb2,Nfkbia,Nf
kbib,Sqstm1,Il1f10,Psma2,Psma3,Psmb1,Psmb10,Psmb4,
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Psmb5,Psmb6,Psmb7,Psmc1,Psmc2,Psmc3,Psmc5,Psmd4
,Psme1,Psme2,Psme3,Rela,S100b,Psmd10,Stat3,Skp1,Il3
6a,Il36rn,Tollip,Psmd2,Traf6,Psmd3,Uba52,Ubb,Rbx1,T
bk1,Psmc4,Psmd13,Psmd8,Psmd14,Map2k6,Map3k3,Ma
p3k7,Map3k8,Mapk8,Psma1,Psma4,Psma5,Psma6,Psma7
,Psmb2,Psmb3,Cul1,Ube2n,Peli2,Ripk2,Psmf1 

R-MMU-
399721 

Glutamate 
binding, 
activation of 
AMPA 
receptors and 
synaptic 
plasticity 

3E+00 9.5E-04 Ap2s1,Ap2b1,Grip1,Ap2a1,Ap2a2,Ap2m1,Grip2,Gria1,G
ria4,Nsf,Prkca,Prkcb,Prkcg,Gria3,Tspan7 

R-MMU-
416993 

Trafficking of 
GluR2-
containing 
AMPA 
receptors 

3E+00 9.5E-04 Ap2s1,Ap2b1,Grip1,Ap2a1,Ap2a2,Ap2m1,Grip2,Gria1,G
ria4,Nsf,Prkca,Prkcb,Prkcg,Gria3,Tspan7 

R-MMU-
168898 

Toll-like 
Receptor 
Cascades 

3E+00 9.5E-04 Ube2d3,Tab1,Ube2v1,Tab3,Fgg,Peli1,Tnip2,Bpi,Dusp6,T
ab2,Vrk3,Gsdmd,Nkiras1,Mapkapk3,Fbxw11,Plcg2,Dnm
3,Dusp7,Nkiras2,Cnpy3,Dusp3,Tlr7,Tlr8,Rps6ka5,Ppp2r
1b,Ticam1,Sarm1,Apob,Nod1,Pik3r4,Irak2,Peli3,Ager,Bi
rc3,Birc2,App,Fgb,Atf1,Atf2,Casp8,Cd14,Cd36,Rbsn,Rp
s27a,Creb1,Ctsb,Ctsk,Ctsl,Ctss,Dnm1,Dnm2,Fadd,Fga,Fo
s,Hmgb1,Ikbkb,Ikbkg,Irak1,Tlr9,Itgb2,Jun,Lbp,Cd180,Ly
86,Ly96,Mapkapk2,4930486L24Rik,Nfkb1,Nfkb2,Nfkbia
,Nfkbib,Tirap,Ppp2r1a,Ppp2ca,Ppp2cb,Mapk11,Lgmn,Ptp
n11,Ube2d1,Eea1,Rela,Ripk1,S100a1,S100a8,S100a9,S1
00b,Sftpd,Tank,Irf7,Irf3,Skp1,Unc93b1,Tlr1,Tlr4,Tlr6,Gs
dme,Hsp90b1,Traf3,Traf6,Uba52,Ubb,Tbk1,Ikbke,Ripk3,
Ube2d2a,Mapk7,Tlr2,Dusp4,Map2k3,Map2k4,Map2k6,
Map2k7,Map3k7,Map3k8,Mapk1,Mapk10,Mapk14,Mapk
3,Mapk8,Mapk9,Ecsit,Cul1,Ube2n,Peli2,Ripk2 

R-MMU-
991365 

Activation of 
GABAB 
receptors 

3E+00 9.5E-04 Gng11,Adcy3,Adcy4,Adcy1,Adcy6,Adcy7,Adcy8,Adcy9
,Gabbr2,Gnat3,Gnai1,Gnai2,Gnai3,Gnal,Gnb1,Gnb2,Gnb
3,Gnb4,Gnb5,Gngt1,Gng10,Gng2,Gng3,Gng4,Gng5,Gng
8,Gngt2,Kcnj10,Kcnj12,Kcnj15,Kcnj16,Kcnj2,Kcnj3,Kcn
j5,Kcnj6,Kcnj9,Gabbr1,Adcy5,Gng13 

R-MMU-
977444 

GABA B 
receptor 
activation 

3E+00 9.5E-04 Gng11,Adcy3,Adcy4,Adcy1,Adcy6,Adcy7,Adcy8,Adcy9
,Gabbr2,Gnat3,Gnai1,Gnai2,Gnai3,Gnal,Gnb1,Gnb2,Gnb
3,Gnb4,Gnb5,Gngt1,Gng10,Gng2,Gng3,Gng4,Gng5,Gng
8,Gngt2,Kcnj10,Kcnj12,Kcnj15,Kcnj16,Kcnj2,Kcnj3,Kcn
j5,Kcnj6,Kcnj9,Gabbr1,Adcy5,Gng13 

R-MMU-
77387 

Insulin 
receptor 
recycling 

3E+00 9.5E-04 Atp6v1f,Atp6v1g2,Atp6v1g1,Atp6v1c1,Atp6v1c2,Atp6v
1d,Atp6v1e2,Atp6v0a4,Atp6v1h,Atp6v1g3,Atp6v0e2,Atp
6v1a,Atp6v1b2,Atp6v0d1,Atp6v1e1,Atp6v0e,Atp6v0a1,
Atp6v0c,Atp6v1b1,Atp6v0d2,Atp6v0b,Ins2,Insr,Atp6ap1
,Atp6v0a2,Tcirg1 

R-MMU-
166166 

MyD88-
independent 
TLR4 cascade 

3E+00 1.3E-03 Ube2d3,Tab1,Ube2v1,Tab3,Tnip2,Dusp6,Tab2,Vrk3,Nki
ras1,Mapkapk3,Fbxw11,Dusp7,Nkiras2,Dusp3,Rps6ka5,
Ppp2r1b,Ticam1,Sarm1,Nod1,Irak2,Ager,Birc3,Birc2,Ap
p,Atf1,Atf2,Casp8,Cd14,Rps27a,Creb1,Fadd,Fos,Hmgb1,
Ikbkb,Ikbkg,Irak1,Jun,Ly96,Mapkapk2,Nfkb1,Nfkb2,Nfk
bia,Nfkbib,Ppp2r1a,Ppp2ca,Ppp2cb,Mapk11,Ptpn11,Ube
2d1,Rela,Ripk1,S100b,Tank,Irf7,Irf3,Skp1,Tlr4,Traf3,Tra
f6,Uba52,Ubb,Tbk1,Ikbke,Ripk3,Ube2d2a,Mapk7,Dusp4,
Map2k3,Map2k4,Map2k6,Map2k7,Map3k7,Map3k8,Map
k1,Mapk10,Mapk14,Mapk3,Mapk8,Mapk9,Cul1,Ube2n,
Ripk2 
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R-MMU-
264642 

Acetylcholine 
Neurotransmit
ter Release 
Cycle 

3E+00 9.5E-04 Ppfia2,Ppfia4,Ppfia1,Tspoap1,Ppfia3,Cplx1,Rims1,Rab3a
,Snap25,Stx1a,Stxbp1,Syt1,Unc13b,Vamp2,Slc5a7 

R-MMU-
9674555 

Signaling by 
CSF3 (G-
CSF) 

3E+00 9.5E-04 Ube2d3,Elob,Eloc,Cul5,Socs3,Socs1,Rps27a,Csf3,Csf3r,
Grb2,Hck,Jak2,Kras,Lyn,Ptpn11,Ube2d1,Rnf7,Shc1,Syk,
Tyk2,Uba52,Ubb,Ube2d2a 

R-MMU-
5689901 

Metalloprotea
se DUBs 

3E+00 9.5E-04 Ep300,Babam1,H2aj,Stambp,Abraxas1,Babam2,Abraxas
2,Stambpl1,Rps27a,Brcc3,H2ac18,Kat2b,Uimc1,Nlrp3,St
am,Uba52,Ubb,H2aw,H2ac10,Mysm1,Psmd14,H2ac21 

R-MMU-
913531 

Interferon 
Signaling 

2E+00 9.5E-04 Ddx58,Ifna13,Eif4e3,Eif4g3,Oasl1,Uba7,Camk2d,Eif4g1,
Camk2a,Camk2b,Camk2g,Socs3,Socs1,Ifna12,Eif4a1,Eif
4a2,Eif4e,Eif4g2,Ifit1bl2,Ptpn6,Pde12,Ifna1,Ifna4,Ifnar1,
Ifnar2,Ifnb1,Ifng,Ifngr1,Ifngr2,Irf9,Jak2,Mx2,Nedd4,Prkc
d,Plcg1,Ppm1b,Eif2ak2,Ptpn1,Ptpn11,Ptpn2,Trim25,Irf3,
Tyk2,Ube2e1,Sumo1,Pias1,Arih1,Rnasel,Abce1,Ube2l6,
Usp18,Flnb,Mapk3,Eif4e2,Ube2n,Eif4a3,Isg15 

R-MMU-
432040 

Vasopressin 
regulates 
renal water 
homeostasis 
via 
Aquaporins 

2E+00 1.5E-03 Gng11,Rab11fip2,Aqp1,Aqp2,Aqp3,Aqp4,Avp,Avpr2,Gn
as,Gnb1,Gnb2,Gnb3,Gnb4,Gnb5,Gngt1,Gng10,Gng2,Gng
3,Gng4,Gng5,Gng8,Gngt2,Prkaca,Prkacb,Prkar1a,Prkar1
b,Prkar2b,Rab11a,Gng13 

R-MMU-
9705462 

Inactivation 
of CSF3 (G-
CSF) 
signaling 

2E+00 1.1E-03 Ube2d3,Elob,Eloc,Cul5,Socs3,Socs1,Rps27a,Csf3,Csf3r,
Hck,Jak2,Lyn,Ube2d1,Rnf7,Syk,Tyk2,Uba52,Ubb,Ube2d
2a 

R-MMU-
109606 

Intrinsic 
Pathway for 
Apoptosis 

2E+00 2.5E-03 Diablo,Dynll2,Gsdmd,Bmf,Aven,Apaf1,Xiap,Bad,Bak1,
Bax,Bcl2,Bcl2l1,Bid,Bcl2l11,Casp3,Casp7,Casp8,Casp9,
Cycs,Gzmb,Nmt1,Septin4,Ppp3cc,Ppp3r1,Ywhab,Gsdme,
Ywhae,Ywhag,Ywhah,Ywhaq,Ywhaz,Sfn,Apip,Dynll1,P
maip1,Mapk1,Mapk3,Mapk8 

R-MMU-
512988 

Interleukin-3, 
Interleukin-5 
and GM-CSF 
signaling 

2E+00 2.0E-03 Pik3cb,Rapgef1,Cbl,Rps27a,Crk,Crkl,Csf2,Csf2ra,Csf2rb
2,Fyn,Grb2,Hck,Ptpn6,Il2ra,Il2rb,Il2rg,Il5ra,Inpp5d,Inppl
1,Jak2,Jak3,Lyn,Pik3ca,Pik3cd,Pik3r1,Pik3r2,Pik3r3,Prka
ca,Ptpn11,Shc1,Sos1,Stat5a,Stat5b,Syk,Tec,Uba52,Ubb,
Vav1,Yes1,Ywhaz 

R-MMU-
5218920 

VEGFR2 
mediated 
vascular 
permeability 

2E+00 1.9E-03 Them4,Prr5,Akt1,Akt2,Calm1,Calm2,Calm3,Ctnna1,Ctn
nb1,Ctnnd1,Cav1,Cdh5,Rictor,Hsp90aa1,Jup,Nos3,Pak3,
Pdpk1,Rac1,Vav1,Vav2,Akt3,Mlst8,Mtor,Vav3,Pak2,Ma
pkap1,Trib3 

R-MMU-
157858 

Gap junction 
trafficking 
and regulation 

2E+00 4.1E-03 Cltc,Tubb6,Tubb2b,Cltb,Tubal3,Actb,Actg1,Ap2m1,Dab
2,Dnm1,Dnm2,Gja1,Gja10,Gja3,Gja4,Gja5,Gjc1,Gja8,Gj
d2,Gjb1,Gjb2,Gjb3,Gjb4,Gjb5,Gjb6,Gjc2,Src,Tuba8,Tub
b1,Tjp1,Tuba1a,Tuba1b,Tuba4a,Tuba3b,Tubb3,Tubb4a,
Gjd3,Gjd4,Tubb4b 

R-MMU-
4086398 

Ca2+ 
pathway 

2E+00 3.4E-03 Gng11,Calm1,Calm2,Calm3,Camk2a,Ctnnb1,Fzd3,Fzd4,
Fzd5,Fzd6,Gnao1,Gnat2,Gnb1,Gnb2,Gnb3,Gnb4,Gnb5,G
ngt1,Gng10,Gng2,Gng3,Gng4,Gng5,Gng8,Gngt2,Kras,Le
f1,Nlk,Pde6b,Pde6g,Plcb1,Plcb2,Plcb3,Ppp3ca,Ppp3cb,P
pp3r1,Tcf7l2,Wnt11,Wnt5a,Fzd2,Map3k7,Gng13 
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R-MMU-
74752 

Signaling by 
Insulin 
receptor 

2E+00 3.2E-03 Frs2,Atp6v1f,Atp6v1g2,Atp6v1g1,Atp6v1c1,Fgf22,Atp6
v1c2,Atp6v1d,Pik3cb,Atp6v1e2,Atp6v0a4,Pik3r4,Them4,
Atp6v1h,Atp6v1g3,Atp6v0e2,Akt2,Atp6v1a,Atp6v1b2,A
tp6v0d1,Atp6v1e1,Atp6v0e,Atp6v0a1,Atp6v0c,Atp6v1b1
,Atp6v0d2,Fgf1,Fgf10,Fgf15,Fgf17,Fgf18,Fgf2,Fgf4,Fgf
5,Fgf6,Fgf7,Fgf8,Fgf9,Fgfr1,Fgfr2,Fgfr4,Flt3,Flt3l,Gab1,
Grb10,Grb2,Fgf20,Fgf16,Atp6v0b,Ins2,Insr,Tlr9,Irs1,Kl,
Klb,Pde3b,Pdpk1,Pik3ca,Pik3r1,Pik3r2,Ptpn11,Shc1,Sos
1,Atp6ap1,Atp6v0a2,Irs2,Mapk1,Mapk3,Tcirg1,Fgf23,Tr
ib3 

R-MMU-
8964038 

LDL 
clearance 

2E+00 5.2E-03 Ldlrap1,Cltc,Pcsk9,Npc2,Ap2s1,Ap2b1,Apob,Ap2a1,Ap2
a2,Ap2m1,Ces3b,Ldlr,Lipa,Npc1,Soat1,Nceh1,Soat2 

R-MMU-
445717 

Aquaporin-
mediated 
transport 

2E+00 7.6E-03 Gng11,Aqp11,Rab11fip2,Aqp1,Aqp2,Aqp3,Aqp4,Aqp5,
Aqp7,Aqp8,Avp,Avpr2,Aqp12,Gnas,Gnb1,Gnb2,Gnb3,G
nb4,Gnb5,Gngt1,Gng10,Gng2,Gng3,Gng4,Gng5,Gng8,G
ngt2,Mip,Prkaca,Prkacb,Prkar1a,Prkar1b,Prkar2b,Rab11a
,Aqp9,Gng13 

R-MMU-
418990 

Adherens 
junctions 
interactions 

2E+00 1.3E-02 Nectin4,Cdh24,Cadm2,Actb,Actg1,Ang,Cdh7,Ctnna1,Ctn
nb1,Ctnnd1,Cdh1,Cdh11,Cdh13,Cdh15,Cdh17,Cdh2,Cdh
3,Cdh4,Cdh5,Cdh6,Cdh8,Jup,Afdn,Cdh12,Nectin2,Pvr,C
adm1,Nectin1,Cdh18,Cdh10,Nectin3 

R-MMU-
1169410 

Antiviral 
mechanism 
by IFN-
stimulated 
genes 

2E+00 1.4E-02 Ddx58,Eif4e3,Eif4g3,Oasl1,Uba7,Eif4g1,Eif4a1,Eif4a2,E
if4e,Eif4g2,Ifit1bl2,Pde12,Mx2,Nedd4,Plcg1,Ppm1b,Eif2
ak2,Trim25,Irf3,Ube2e1,Arih1,Rnasel,Abce1,Ube2l6,Usp
18,Flnb,Mapk3,Eif4e2,Ube2n,Eif4a3,Isg15 

R-MMU-
202733 

Cell surface 
interactions at 
the vascular 
wall 

2E+00 2.1E-02 Ppil2,Jam2,Slc7a6,Cd177,Esam,Ppia,Jaml,Apob,Pik3cb,
Olr1,Angpt1,Angpt2,Angpt4,Atp1b1,Atp1b2,Atp1b3,Bsg
,Cav1,Cd44,Cd48,Cd84,Col1a1,Col1a2,Cxadr,Dok2,F2,F
cer1g,Fn1,Fyn,Gp6,Gas6,Gpc1,Grb2,Grb7,Ptpn6,Slc16a3
,Hras,Sdc2,Jchain,Cd74,Inpp5d,Itga3,Itga4,Itga5,Itga6,Itg
av,Itgax,Itgb1,Itgb2,Itgb3,Cd47,F11r,Psg29,Kras,Lck,Epc
am,Lyn,Mag,Slc3a2,Mertk,Mif,Cd244a,Grb14,Slc7a8,Ja
m3,Pecam1,Pik3ca,Pik3r1,Pik3r2,Plcg1,Proc,Procr,Pros1,
Ptpn11,Sirpa,Sele,Glg1,Sell,Selp,Shc1,Slc16a1,Slc7a5,Sl
c7a7,Sos1,Spn,Src,Sdc1,Sdc3,Sdc4,Gm5150,Slc7a10,Tek
,Tgfb1,Thbd,Tnfrsf10b,Yes1,Pf4,Slc16a8,Trem1,Ceacam
1,Ceacam2,Psg18,Slc7a11,Slc7a9,Gm9733,Fcamr 

R-MMU-
111465 

Apoptotic 
cleavage of 
cellular 
proteins 

2E+00 2.0E-02 Stk26,Clspn,Dsp,Add1,Birc2,Bmx,Casp3,Casp6,Casp7,C
asp8,Ctnnb1,Cdh1,Dbnl,Dsg1a,Dsg2,Dsg3,Ptk2,Fnta,Gas
2,Lmna,Lmnb1,Mapt,Ocln,Prkcd,Prkcq,Pkp1,Plec,Rock1,
Satb1,Tjp1,Tjp2,Vim,Acin1,Stk24,Bcap31,Gsn 

R-MMU-
3299685 

Detoxification 
of Reactive 
Oxygen 
Species 

2E+00 1.9E-02 Nudt2,Gpx7,Gpx8,Gpx6,Prdx3,Prdx6,Cat,Ccs,Cyba,Cybb
,Cycs,Gpx1,Gpx2,Gpx3,Gpx5,Gsr,Gstp1,Nox4,Txnrd1,Er
o1a,Ncf1,Ncf2,Ncf4,P4hb,Prdx1,Sod1,Sod2,Sod3,Prdx2,
Prdx5,Txn1,Txn2,Txnrd2 

R-MMU-
168638 

NOD1/2 
Signaling 
Pathway 

2E+00 2.3E-02 Tab1,Ube2v1,Tab3,Tab2,Cyld,Nod1,Irak2,Birc3,Birc2,C
asp1,Casp4,Casp2,Casp8,Casp9,Rps27a,Ikbkb,Ikbkg,Irak
1,Itch,Mapk11,Tnfaip3,Traf6,Uba52,Ubb,Map2k6,Map3k
7,Mapk13,Mapk14,Ube2n,Ripk2,Mapk12,Aamp 
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R-MMU-
983712 

Ion channel 
transport 

2E+00 2.4E-02 Atp1a2,Asph,Clca2,Atp6v1f,Atp6v1g2,Atp6v1g1,Atp6v1
c1,Clca4b,Unc80,Atp8b3,Atp10d,Atp2b1,Mcoln2,Wnk1,
Trpm4,Atp6v1c2,Ano1,Atp2c2,Atp1a3,Ano5,Ano10,Wn
k4,Tpcn2,Ano9,Atp2c1,Atp13a5,Sgk3,Atp13a1,Slc17a3,
Pdzd11,Mcoln3,Asic3,Ano6,Trpm8,Atp6v1d,Mlkl,Atp13
a2,Wwp1,Atp6v1e2,Bsnd,Atp6v0a4,Fxyd4,Camk2d,Wnk
2,Atp6v1h,Atp6v1g3,Nalcn,Atp6v0e2,Atp11b,Trdn,Sri,A
no7,Asic2,Asic1,Asic4,Raf1,Atp1a1,Atp1b1,Atp1b2,Atp
1b3,Fxyd2,Atp2a1,Atp2a2,Atp2b2,Atp4b,Atp6v1a,Atp6v
1b2,Atp6v0d1,Atp6v1e1,Atp6v0e,Atp6v0a1,Atp7a,Atp7b
,Atp8a1,Atp9a,Atp10a,Atp6v0c,Atp8b4,Calm1,Calm2,Ca
lm3,Camk2a,Camk2b,Camk2g,Casq1,Casq2,Atp6v1b1,Cl
cn1,Clcn2,Clcn4,Clcn5,Clcnka,Rps27a,Ttyh3,Atp6v0d2,
Stom,Fkbp1b,Ano2,Tsc22d3,Ostm1,Trpa1,Atp6v0b,Best
2,Fxyd3,Trpm1,Trpv3,Wnk3,Atp8a2,Atp11a,Atp9b,Pln,T
tyh2,Ripk1,Ryr1,Ryr2,Ryr3,Scnn1a,Scnn1b,Scnn1g,Sgk1
,Atp2a3,Atp2b4,Unc79,Ano8,Atp6ap1,Atp6v0a2,Atp8b1,
Best3,Trpc1,Trpc4,Trpc5,Trpc6,Uba52,Ubb,Trpv2,Fxyd1
,Clcnkb,Tpcn1,Trpc4ap,Ripk3,Clca1,Trpm5,Best1,Atp10
b,Ttyh1,Fxyd7,Ano4,Asic5,Atp2b3,Atp11c,Trpm7,Fxyd6
,Clcn6,Clcn7,Trpc7,Tcirg1,Sgk2,Atp1a4,Atp13a4,Trpm2,
Atp12a,Mcoln1,Trpv1,Trpm6,Trpv5,Trpv4,Trpv6,Slc9b2,
Ano3,Stoml3 

R-MMU-
1500931 

Cell-Cell 
communicatio
n 

2E+00 2.6E-02 Kirrel3,Sdk1,Flnc,Nectin4,Nphs2,Kirrel,Parvb,Wasl,Arhg
ef6,Sdk2,Fblim1,Cdh24,Cadm2,Actn1,Actb,Actg1,Ang,C
dh7,Krt5,Ctnna1,Ctnnb1,Ctnnd1,Cd151,Lims1,Cdh1,Cdh
11,Cdh13,Cdh15,Cdh17,Cdh2,Cdh3,Cdh4,Cdh5,Cdh6,Cd
h8,Col17a1,Dst,Fyn,Kirrel2,Grb2,Ilk,Itga6,Itgb1,Cd47,F1
1r,Jup,Krt14,Lama3,Lamb3,Afdn,Nck1,Nck2,Prkci,Plec,
Cdh12,Ptk2b,Sirpa,Nectin2,Pxn,Pvr,Sftpd,Gm5150,Skap
2,Tesk1,Nphs1,Cadm1,Tyrobp,Vasp,Fermt2,Pard6a,Fyb,
Parva,Pard6b,Nectin1,Cdh18,Cdh10,Nectin3,Pard6g,Pard
3,Flna,Lims2,Itgb4,Iqgap1,Gm9733 

R-MMU-
111471 

Apoptotic 
factor-
mediated 
response 

2E+00 3.0E-02 Diablo,Gsdmd,Aven,Apaf1,Xiap,Bak1,Bax,Casp3,Casp7,
Casp9,Cycs,Septin4,Gsdme,Apip,Mapk1,Mapk3 
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Table 2.10: Selected Downregulated Pathways from GeoMx Whole Transcriptomic 

Assay. 

Reactome 
pathway ID 

Pathway 
description 

Normalized 
enrichment 
score 

Adjusted 
pValue 

Targets 

R-MMU-
1474228 

Degradation of 
the 
extracellular 
matrix 

-2E+00 9.5E-04 Ctrb1,Col8a2,A2m,Capns2,Tmprss6,Scube3,Capn11,Ca
pn8,Optc,Spock3,Phykpl,Capn9,Col6a5,Mmp25,Adam1
0,Adam15,Adam8,Adamts4,Acan,Bcan,Bmp1,Bsg,Capn
1,Capn2,Capn3,Capns1,Capn5,Capn6,Capn7,Cast,Cd44,
Cdh1,Col10a1,Col11a1,Col11a2,Col12a1,Col13a1,Col1
5a1,Col18a1,Col19a1,Col2a1,Col3a1,Col4a1,Col4a2,Co
l4a3,Col4a4,Col4a5,Col5a1,Col5a2,Col6a1,Col6a2,Col7
a1,Col8a1,Col1a1,Col1a2,Ctsb,Ctsd,Ctsg,Ctsk,Ctsl,Ctss,
Dcn,Klk1b22,Klk1b9,Eln,Fbn1,Fbn2,Fn1,Hspg2,Col6a6
,Klk1b11,Klk1b16,Klk1b21,Klk1b26,Klkb1,Klk1b1,La
ma3,Lamb3,Cma1,Mmp12,Mmp10,Mmp11,Mmp13,M
mp14,Mmp15,Mmp16,Mmp2,Mmp24,Mmp3,Mmp8,M
mp9,Elane,4930486L24Rik,Capn15,Klk1b3,Nid1,Furin,
Plg,Capn13,Spp1,Col5a3,Timp1,Htra1,Adamts5,Capn10
,Mmp17,Klk7,Tll2,Mmp19,Capn12,Col4a6,Mmp20,Scu
be1 

R-MMU-
5669034 

TNFs bind 
their 
physiological 
receptors 

-2E+00 1.4E-03 Tnfrsf14,Tnfsf13,Tnfsf18,Eda,Edar,Eda2r,Lta,Tnfrsf11b
,Tnfrsf25,Tnfrsf17,Tnfrsf18,Tnfrsf1a,Tnfrsf1b,Cd27,Tnf
rsf8,Tnfrsf9,Tnfsf11,Cd70,Tnfsf8,Tnfsf9,Tnfrsf4,Tnfsf4
,Tnfsf13b,Tnfrsf13b,Tnfsf15 

R-MMU-
1592389 

Activation of 
Matrix 
Metalloprotein
ases 

-2E+00 3.1E-03 Ctrb1,Spock3,Mmp25,Col18a1,Ctsg,Ctsk,Klk1b22,Klk1
b9,Klk1b11,Klk1b16,Klk1b21,Klk1b26,Klkb1,Klk1b1,
Cma1,Mmp10,Mmp11,Mmp13,Mmp14,Mmp15,Mmp1
6,Mmp2,Mmp24,Mmp3,Mmp8,Mmp9,Elane,4930486L
24Rik,Klk1b3,Furin,Plg,Timp1,Mmp17 

R-MMU-
216083 

Integrin cell 
surface 
interactions 

-2E+00 4.5E-03 Fgg,Jam2,Col8a2,Itga9,Col16a1,Col6a5,Itga1,Fgb,Itga8,
Bsg,Cd44,Cdh1,Col13a1,Col18a1,Col2a1,Col3a1,Col4a
1,Col4a2,Col4a3,Col4a4,Col4a5,Col5a1,Icam4,Col5a2,
Col6a1,Col6a2,Col7a1,Col8a1,Col9a1,Col9a3,Col1a1,C
ol1a2,Comp,Fbn1,Fga,Fn1,Hspg2,Col6a6,Ibsp,Icam1,Ic
am2,Icam5,Itga2,Itga2b,Itga3,Itga4,Itga5,Itga6,Itgae,Itg
av,Itgax,Itgb1,Itgb2,Itgb3,Itgb5,Itgb6,Itgb7,Cd47,F11r,
Kdr,Lum,Jam3,Pecam1,Spp1,Col5a3,Tnc,Vtn,Vwf,Itgb
8,Col4a6 

R-MMU-
1474244 

Extracellular 
matrix 
organization 

-2E+00 3.1E-03 Ctrb1,Fgg,Tnn,Jam2,Mfap1a,Loxl4,Col8a2,Adamts3,E
milin1,A2m,Capns2,Pxdn,Col22a1,Colgalt1,Itga9,Col24
a1,Tmprss6,Scube3,Capn11,Ltbp1,Capn8,Optc,Colgalt2
,Spock3,Phykpl,Col20a1,Capn9,Col23a1,Col16a1,Col26
a1,Col6a5,Ltbp4,Mmp25,Mfap4,Pcolce2,Itga1,Adam10,
Adam12,Adam15,Adam19,Adam8,Adamts4,Acan,App,
Fgb,Itga8,Bcan,Bgn,Bmp1,Bmp10,Bmp2,Bmp4,Bmp7,
Bsg,Ddr1,Capn1,Capn2,Capn3,Capns1,Capn5,Capn6,Ca
pn7,Cast,Serpinh1,Cd151,Cd44,Cdh1,Col10a1,Col11a1,
Col11a2,Col12a1,Col13a1,Col14a1,Col15a1,Col17a1,C
ol18a1,Col19a1,Col2a1,Col3a1,Col4a1,Col4a2,Col4a3,
Col4a4,Col4a5,Col5a1,Icam4,Col5a2,Col6a1,Col6a2,Co
l7a1,Col8a1,Col9a1,Col9a3,Col1a1,Col1a2,Comp,Hapln
1,Ncan,Ctsb,Ctsd,Ctsg,Ctsk,Ctsl,Ctss,Dag1,Dcn,Dmp1,
Col27a1,Dst,Klk1b22,Klk1b9,Eln,P3h2,Fbln2,Fbn1,Fbn
2,Fga,Fgf2,Sh3pxd2a,Fn1,Gdf5,P3h3,Sdc2,Hspg2,Col6
a6,Ibsp,Icam1,Icam2,Icam5,Tnxb,Itga2,Itga2b,Itga3,Itga
4,Itga5,Itga6,Itgae,Itgav,Itgax,Itgb1,Itgb2,Itgb3,Itgb5,Itg
b6,Itgb7,Cd47,F11r,Kdr,Klk1b11,Klk1b16,Klk1b21,Klk
1b26,Klkb1,Klk1b1,Lama1,Lama2,Lama3,Lama4,Lama
5,Lamb1,Lamb2,Lamb3,Lox,Loxl1,Loxl3,Ltbp2,Ltbp3,
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Lum,Mfap2,Matn1,Matn3,Matn4,Cma1,Emilin2,Col28a
1,Mmp12,Mmp10,Mmp11,Mmp13,Mmp14,Mmp15,M
mp16,Mmp2,Mmp24,Mmp3,Mmp8,Mmp9,Mfap5,Elane
,4930486L24Rik,Capn15,Klk1b3,Nid1,Nid2,Ddr2,Jam3
,P4ha1,P4ha2,P4hb,Emilin3,Pcolce,Furin,Pdgfa,Pdgfb,P
ecam1,Prkca,Plec,Plg,Plod1,Ppib,Adamts2,Mfap3,Capn
13,Sparc,Spp1,Sdc1,Sdc3,Sdc4,Col5a3,Tgfb1,Tgfb2,Ti
mp1,Tnc,Tnr,Ttr,Vtn,Vwf,Htra1,P3h1,Adamts5,Capn10
,Fbln5,Crtap,Lamc3,Mmp17,Klk7,Tll2,Mmp19,Itgb8,Ef
emp2,Ceacam1,Plod2,Plod3,Capn12,Col4a6,Loxl2,Itgb
4,Mmp20,Scube1 

R-MMU-
166658 

Complement 
cascade 

-2E+00 8.2E-03 C8a,C8g,Colec11,Cd59b,Cpn2,Colec10,C7,Cfd,C8b,Ser
ping1,C1qa,C1qb,C1qc,C2,C3,C3ar1,C4b,C5ar1,C9,Cd
19,Cd81,Cfh,Cfi,Clu,Crp,F2,Fcna,Fcnb,Hc,Gzmm,Masp
1,Masp2,Cd46,Elane,C1ra,Cfp,Vtn,C1s2,Cpb2,C5ar2,C
pn1 
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CHAPTER THREE 

ROLE OF VEGF IN O3 INDUCED ALTERED VASCULAR PHENOTYPE 

Introduction 

Vascular abnormalities, including leaky blood brain barrier (BBB) and reduced 

cerebral blood flow (CBF), are commonly observed in Alzheimer’s disease (AD) [56]. 

Studies show vascular dysregulation starts early in the pathology progression [56,238–

240] and a complex mixture of pathways are involved in mediating its dysregulation 

[56,60,61,90]. Even though a number of mechanisms behind dysregulated vascular 

phenotype in AD have been determined [57,61,95,96,241–244], a clear understanding of 

it is still lacking. An increasing body of epidemiologic studies have associated air 

pollution, including ozone (O3), with higher risk of dementia and AD [16,19,20,141]. O3 

has long been linked to cerebral vascular effects such as stroke [9,158,245–248], which 

itself has been associated with increased dementia risk [249,250]. However, how O3 may 

affect the vasculature characteristics in AD pathology is largely unknown.  

The neurovascular unit (NVU) regulates CBF and modulates BBB integrity, 

maintaining central nervous system (CNS) health and homeostasis [56]. These functions 

are carried out by a combination of cells, that form the NVU, and their mutual 

communication [56,60,61,65,95,251]. Neurovascular coupling regulating CBF is 

mediated by mutual communication between neurons, astrocytes, pericytes with the 

capillary wall [56,65,252–254]. Reduced CBF, a well-established feature in AD 

[56,60,65,240,255–257], contributes to increased amyloid-beta (Aβ) generation [56,258–

262] and dysfunctional vascular clearance increases its accumulation [39,56,263,264]. On 

the other hand, Aβ accumulation promote further neurovascular dysregulation and CBF 
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reduction [244,265–267]. A number dysregulations in these NVU components caused by 

Aβ accumulation have been noted [244,265,268–274], including altered cellular 

communication [273,275,276] among them. However, how their phenotypes and hence 

their functions and cell to cell communications are altered in the plaque 

microenvironment is not clearly understood.  

Animal studies demonstrate deleterious effects of air pollution on CNS 

vasculature encompassing reduced tight junction protein levels, increased BBB 

permeability [29,277–279], artery narrowing and thickening, vascular inflammation 

[280], upregulated p-glycoprotein via oxidative stress [281], dysregulated vessel-

microglia association [27]. O3 exposure itself has been associated with increased BBB 

permeability [150,186,187]. However, how O3 alters NVU cellular component phenotype 

and their mutual communication, particularly in the plaque microenvironment, is 

unknown. 

Consistent with prior reports from other labs, Figure 2.6 demonstrates pathways 

involving astrocyte-vascular wall communication being dysregulated in periplaque region 

from O3 exposure implicating dysregulated cellular communication in mediating O3 

induced BBB damage. Our findings also suggested involvement of multiple VEGFA-

VEGFR2 signaling pathways (Figure 2.6). VEGFA is a well-studied angiogenic factor 

[100,101,282,283], responsible for vascular growth and maintenance [101,283], mediated 

by signaling via its specific receptor VEGR2 [283], with both beneficial [107,284] and 

detrimental [97,98,104] observed roles in pathological conditions. In AD as well it has 

been attributed to attenuation [106,107] and exacerbation [102,104,285] of pathology, 

possibly owing to the differing sites of VEGFA upregulation [103]. However, nothing is 
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known about its role in air pollution mediated neurovascular damage. While we have 

previously shown increased circulating VEGF from subchronic O3 exposure in AD 

mouse model [22], how it modulates O3’s effect on amyloid pathology and associated 

neurovascular phenotype is not known. 

Hence, in this study we aimed to examine: a) how ozone alters vascular 

phenotype in plaque microenvironment along with vascular amyloid deposition, and b) 

the potential role of VEGFA in mediating dysregulated vascular phenotype from O3 

exposure. 

 

Methods 

Animals 

Male transgenic 5xFAD mice hemizygous for five familial AD mutations (APP 

K670N/M671L, Swedish; I716V, Florida; V717,I London; PSEN1 M146L; and PSEN1, 

L286V) [61], littermate controls on a C57Bl/6J background (B6. Cg-

Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax; RRID:MMRRC_034848-

JAX), C57BL/6J (RRID:IMSR_JAX:000664), and LysM-Cre (B6.129P2-

Lyz2tm1(cre)Ifo/J; RRID:IMSR_JAX:004781) mice were obtained from the Jackson 

Laboratory. Female 5xFAD mice exhibit markedly exacerbated amyloid pathology that 

increases rapidly over time [62,63], risking a ceiling effect when combined with O3 

exposure; thus, to prevent potentially confounding analyses, only male mice were 

employed in the current study.  

The mice were acclimated to the housing facility for at least 1 week before all 

studies. All mice were maintained on a 12-hour light/dark cycle (7:00 AM–7:00 PM) in a 
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specific pathogen-free environment. Experimental mice were individually housed in 

HEPA-filtered ventilated polycarbonate cages with food and acidic water (pH 2.2–2.7) 

provided ad libitum. All experiments were completed in strict accordance with the IUSM 

IACUC protocols (29002 and 27001) and NIH guidelines for housing, breeding, and 

experimental use. All mice were treated humanely to alleviate suffering. 

O3 Exposure 

Mice were exposed to O3 in full-body Hinner’s inhalation chambers [65] as 

previously described [29]. Briefly, O3 was produced with an HFL-10 O3 generator 

(Ozonology, Northfield, IL, USA). The O3 concentration was continuously monitored 

using a UV photometric O3 analyzer (465L, Teledyne API, San Diego, CA), and the 

temperature was maintained at 21 ± 2°C. Rodents have lower sensitivity to O3 toxicity 

than primates [66,67] due to their complex nasal turbinates, lung morphological 

differences, and unique airway surfactant [67,68]. Thus, increasing exposure by a factor 

of 3 is traditionally accepted for extrapolating to environmentally relevant human 

exposures [66]. O3 concentrations of 0.2–0.3 ppm is frequent in areas of high air 

pollution, similar to 1 ppm O3 exposure in rodents [41,69 The mice were placed in wire 

mesh individual housing cages that were transferred to the chambers for exposure. Before 

the experiment, mice were habituated to the exposure chambers for 5 consecutive days (4 

hours/day). 

For each study, animals were assigned to experimental groups using a randomized 

block design. Random numbers were generated using 

http://www.jerrydallal.com/random/randomize.htm. 

http://www.jerrydallal.com/random/randomize.htm
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For the subchronic O3 exposure experiments exploring how astrocytes are 

modified during O3-augmented amyloid plaque pathology, one hundred twenty 10- to 11-

week-old male 5xFAD mice and littermate controls were exposed in two separate 

experiments (60 for CNS and 60 for pulmonary measures) to filtered air (FA), 0.3 ppm, 

or 1.0 ppm O3 for 4 hours/day, 3 consecutive days/week, for 13 weeks (n = 10 per group). 

The mice were then euthanized, and samples were collected 18–24 hours after the last 

exposure, as reported previously [29]. Because the purpose of the study was to determine 

how O3 modified the neurovascular phenotype during ongoing O3-augmented amyloid 

pathology, the littermate control strain (no plaques) and the mice exposed to 0.3 ppm O3 

(no O3-induced change in plaque pathology [29]) were excluded from processing and 

analysis. 

For VEGFR2 inhibition experiments, forty male 5xFAD mice (10-11 weeks) were 

intraperitoneally injected with 100 μl of VEGFR2 antibody (BioXCell, BP0060, RRID 

AB_1107766, Lebanon, NH) or IgG1 (BioXCell, BP0088, RRID AB_1107775, Lebanon, 

NH) for controls. 30 minutes after injection mice were exposed to FA or 1.0 ppm O3 for 4 

hours/day, 3 consecutive days/week, for 10 weeks (n = 10 per group). While we have 

previously seen exacerbated amyloid pathology from a 13 week long O3 exposure [22], 

owing to increasing sickness and mortality in VEGFR2 ab treated groups the experiment 

was stopped at 10 weeks and tissue samples were collected 24 hours after the last 

exposure. 

Sample Collection 

Mice were euthanized with isoflurane. One brain hemisphere was microdissected 

(cortex, hippocampus, and midbrain), flash-frozen in liquid nitrogen, and stored at 
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−80°C. The other half of the brain was fixed in 4% paraformaldehyde (PFA, Electron 

Microscopy Sciences, 1921) by immersion for 2 days, followed by cryopreservation in 

30% sucrose in phosphate-buffered saline (PBS) for another 2 days. Then, the entire 

hemisphere was embedded with optimal cutting temperature compound (OCT, 4583, 

Sakura Finetec, Terrance, CA) in cryomolds (Tissue-Tek, 4557, Sakura Finetec, 

Terrance, CA). 

Fluorescent Immunohistochemistry (IHC) 

Sagittal sections (40 µM) were collected using a freezing stage microtome 

(Microm HM 450, Thermo Scientific, Waltham, MA). For all following IHC endpoints, 

three evenly spaced sections approximately 0.24 mm apart spanning the motor cortex 

starting at the sagittal plane ~0.6 mm lateral to the midline [70] were stained per brain. 

All sections were washed for 10 minutes in 0.1% PBST prior to antigen retrieval. Antigen 

retrieval was performed in 1 M sodium citrate solution at 85°C for 15 minutes with 

subsequent cooling to room temperature for 30 minutes. Blocking was performed with 

normal donkey serum containing mouse on mouse (1:1000, MKB-2213-1, Vector 

Laboratories) blocking solution for 1 hour, followed by overnight incubation in primary 

antibody diluted (1: 500) in blocking serum. Rabbit anti-Laminin (Novus Biologicals, 

NB300-144), mouse anti-Aqpn4 (Abcam, ab9512) and mouse anti-6e10 (BioLegend, 

803001; RRID AB_2564653) were used to stain vessels and Aβ, respectively. Sections 

were washed three times in 0.1% PBST and incubated with secondary Alexa Fluor 

antibodies diluted (1: 1000) in blocking serum at room temperature for 1 hour, followed 

by three washes with 0.1% PBST. Donkey anti-rabbit 647 (Invitrogen A-31573; RRID 

AB_2536183) and donkey anti-mouse 568 (Invitrogen A10037; RRID AB_2534013) 
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were used as secondary antibodies (1:1000) for Laminin and 6e10 staining, respectively. 

For select experiments, sections were incubated with Dylight-488 conjugated lectin (DL-

1174-1, Vector Laboratories) for 1 hour for vessel visualizations. Sections were mounted 

on slides with Prolong Gold (P36930, Life Technologies, Eugene, OR), coverslipped, and 

dried overnight in the dark. Slides were stored at −20°C before imaging.  

To stain for Aβ plaques, sections were washed in 0.1% PBST for 5 minutes and 

Methoxy x34 (SL 1954, Millipore Sigma, St Louis, MO) solution (0.04 g X34 in 400 mL 

100% ETOH and 600 mL DI H2O) for 10 minutes. The slides were then sequentially 

washed five times with DDH2O and 0.1% PBST for 5 minutes before the addition of 

Prolong Gold and coverslipping. For Thioflavin S (ThioS, T1892, Sigma-Aldrich, St 

Louis, MO) staining was done by incubating slides with ThioS solution (1g ThioS in 500 

ml 100% EtOH and 500 ml ddH2O) for 10 min followed by subsequent washes in 80% 

EtOH twice, 95% EtOH and ddH2O three times for 3 minutes each. 

Imaging 

Vessel Associated Plaque Quantification 

To assess Aβ deposition in and around vessels, 1 μm spaced Z-stacks were 

acquired from the primary motor region of the cortex at 40× with oil immersion with a 

Nikon A1R confocal microscope. Images were analyzed in NIS Elements AR using the 

General Analysis 3 Module. Image stacks were thresholded using criteria maintained 

across the entire analysis. Areas double-positive for Laminin and 6e10 were quantified 

per stack. The total colocalized volume was obtained by adding the colocalized area of all 

the stacks in the image and normalized by the total Laminin volume. A sample size of 8 

mice per group was analyzed per endpoint. Statistical outliers were excluded. 
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Plaque Microenvironment Vessel Density Quantification 

For vessel density quantification, 1 μm Z-stacks were acquired at 40× with oil 

immersion with a Nikon A1R confocal microscope (Nikon, Tokyo, Japan) in the primary 

motor region of the cortex. Images were analyzed in ImageJ (FIJI, version 2.9.0, NIH). 

To consistently define the plaque microenvironment, 5 similar sized plaques were 

selected in each sample and a 50 μm diameter circle was drawn around a plaque-positive 

area of this specific size, defining the periplaque ROI. Image stacks were thresholded and 

denoised and laminin positive area within the ROI was measured in all the stacks. The 

total volume was obtained by adding the area of all the stacks in the image and 

normalized by the total ROI volume A sample size of 8 mice per group was analyzed per 

endpoint. Statistical outliers were excluded. 

Astrocytic Endfeet Quantification 

To assess aqpn4-positive astrocytic endfeet association with vessels, 1 μm spaced 

Z-stacks were acquired from the primary motor region of the cortex at 40× with oil 

immersion with a Nikon A1R confocal microscope. Images were analyzed in ImageJ 

(FIJI, version 2.9.0, NIH). Image stacks were thresholded and denoised and aqpn4-

positive area was quantified per stack. The total volume was obtained by adding the area 

of all the stacks in the image and normalized by the total vessel volume. A sample size of 

7 mice per group was analyzed per endpoint. Statistical outliers were excluded. 

NanoString GeoMx Digital Spatial Profiling: Protein Expression 

 Fixed frozen 10 μm coronal sections were acquired with a cryostat 

(CM1900, Leica) and stored at −20 °C before processing. Slides were processed per the 

NanoString Slide Prep manual for protein analysis. Briefly, slices were incubated with 
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the NanoString GeoMx Alzheimer's Morphology kit, which contains the Aβ antibody for 

plaque visualization and Alexa Fluor 647-conjugated mouse anti-Laminin antibody 

(Novus Biologicals, NB300-144AF647) for vessel identification, along with NanoString 

panels (Neural Cell Profiling Core, Alzheimer’s Disease Panel, Alzheimer’s Disease 

Extended Panel, Glial Subtyping Panel) containing approximately 60 antibodies with 

unique photo-cleavable oligonucleotide tags. Slices were scanned in the NanoString 

Digital Spatial Profiler, and polygonal ROIs were drawn around plaque-associated and 

non-plaque-associated astrocytes in the cortex. The Laminin-positive area within each 

ROI was delineated for photocleavable oligonucleotides collection. The collected 

oligonucleotides were hybridized with NanoString codeset, per the NanoString user 

manual, to map the counts to corresponding antibodies and region from where the 

oligonucleotides was collected. Digital counts were generated on an nCounter Max/Flex 

system (NanoString Technologies, Seattle, WA). The differential protein expression 

analysis was performed using the NanoString GeoMx Digital Spatial Profiling (DSP) 

Analysis Suite. The digital counts were tested for quality control and normalized to the 

CD31 counts. Three sections were scanned per brain from a sample size of 4 animals per 

exposure group (FA or 1.0 ppm O3) for the analysis, resulting in 96 ROIs analyzed per 

experimental group. ROIs that did not pass the quality control checks were excluded. 

Statistical Analysis 

 Experimenters were blinded to the experimental groups. The sample size 

was determined according to prior reports, and power analyses were calculated for 80% 

power. Data were analyzed in GraphPad Prism 8.0 (GraphPad Prism, San Diego, CA, 

USA). Outliers were determined using the ROUT method with Q = 1% and removed 
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from all analyses. Normal distribution was tested using the Shapiro‒Wilk test. Welch’s t 

test was performed for data that passed the normality test. A 2-way ANOVA with 

Bonferroni’s post hoc analysis was performed when applicable. Linear mixed model 

(LMM) was used for GeoMx DSP protein profiling. Data are expressed as the mean ± 

standard error of the mean (SEM). A P value <.05 was considered to indicate 

significance.  

 

Result 

O3 Increases Vessel Associated Aβ 

Vascular Aβ accumulation [56,90,93,276,286,287] is commonly seen in AD and 

studies have shown reduced vascular density [56,90,288–292]. To explore the role of air 

pollution in mediating vascular amyloid pathology, overlapping laminin-positive and Aβ-

positive volume was calculated in the cortex. We demonstrated, along with aggravated 

amyloid plaque burden (Figure 2.1D), O3 exposure elevates Aβ deposition in and around 

vessels (Figure 3.1A, 3.1 B and 3.1D), implicating potential role of air pollution in 

reduced Aβ clearance and increased accumulation. We also quantified vessel density in 

plaque microenvironment and observed reduced periplaque vascular volume from O3 

exposure (Figure 3.1C and 3.1D). 

O3 Alters Vasculature Associated Protein Expression in Plaque Microenvironment 

To begin to understand how O3 exposure affects vascular phenotype in the plaque 

microenvironment we spatially profiled protein expression on vessels that were present 

near plaques (periplaque) and away from plaque (nonplaque). We analyzed differential 

protein expression between periplaque and nonplaque vessels in both FA and O3 exposed 
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mice and compared how O3 exposure alters that differential expression pattern, thereby 

changing vascular response to plaque deposition. As expected, our analysis showed a 

baseline change in expression of 14 proteins on periplaque vessels compared to the 

nonplaque ones (Figure 3.2B and C and Table 3.1), While 8 of those were also changed 

in O3 exposure, 6 protein were only differentially expressed in FA exposed mice (Figure 

3.2B and C) and not in O3 exposed mice (Figure 3.2B and D), implying O3 impedes the 

baseline vascular response to plaque deposition. Notably, one of the proteins upregulated 

in FA exposed mice, IDE (Figure 3.2C and Table 3.1) an Aβ degradation enzyme [293], 

is not upregulated in O3 exposed periplaque vessels, revealing obstructed Aβ degradation 

and clearance from O3 exposure. On the other hand, only O3 exposed periplaque vessels 

show upregulation of several proteins including CD9 and CD11b (Figure 3.2B and Table 

3.1). In particular, CD9 is associated with cell to cell interaction and communication 

[294,295] and important for migration and adhesion [295–297], suggesting increased cell 

to cell communication along periplaque vessels from O3 exposure and upregulated 

CD11b, implicating increased microglial association falls in line with that. A common 

marker of exosome and extracellular vesicle mediated communication [298,299], CD9 

has also been associated with increased Aβ transfer and accumulation across BBB into 

the parenchyma [300–302]. While APOE was upregulated in both FA and O3 exposed 

periplaque vessels, a greater upregulation was seen in the FA samples and reduced 

upregulation in O3 (Table 3.1), fortifying O3 induced dysregulated Aβ processing.  

A direct comparison between FA and O3 exposed mice, however, showed 

minimal differences in periplaque vessels (Figure 3.2E) and no significant difference in 

nonplaque vessels (Figure 3.2F). The use of such an aggressive disease model as 5xFAD 
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[33,303], potentially have muted the subtle O3 induced dysregulation that more likely 

precede the pathology onset. 

Role of VEGFA in O3 Induced Exacerbated Amyloid Pathology 

We have previously found increased circulating VEGF in 5xFAD from 

subchronic O3 exposure [22]. While studies have shown beneficial roles of increased 

brain VEGF in AD [106,107], circulating VEGF-A has been shown to cause BBB 

damage and stalls [103,104] and inhibiting VEGF receptor demonstrated reduced Aβ 

deposition [102]. To understand the role of VEGF-A in O3 induced exacerbated amyloid 

pathology we inhibited its action by blocking VEGFR2, receptor specific for VEGF-A 

signaling [283]. Even though we did not achieve statistical significance, possibly owing 

to inter-experimental differences, our results show a trend towards increased plaque 

deposition from O3 exposure, supporting our previously reported observation [22]. 

Similarly, VEGFR2 inhibition show only a trend towards decreased plaque deposition 

(Figure 3.3A and B). 

O3 Potentially Alters Vascular Wall-Astrocytic Association 

Vascular amyloid accumulation has previously been shown to cause reduced 

AQPN4 and loss of astrocytic endfeet association with vasculature [274]. Our findings 

from astrocytic transcriptomic analysis in O3 exposed mice demonstrated upregulated 

astrocytic communication with vascular wall (Figure 2.6). We assessed astrocytic endfeet 

coverage changes from O3 by quantifying AQPN4 positive area on vessels and found, 

though not statistically significant, a decreasing trend of AQPN4 positive area in O3 

exposed mice (Figure 3.4A and B). VEGFR2 inhibition however did not change the 

trend. 



 

88 

Discussion 

Air pollution has been associated with increased risk of AD. Studies show air 

pollution cause vascular damage including increased BBB permeability. Impact of O3 on 

neurovasculature is well established [245–247]. However, the mechanistic underpinnings 

of its vascular effects in AD pathology are obscure. In the current study we explored how 

vascular phenotype changes with O3 exposure in an AD mouse model, 5xFAD, 

uncovering important insight into its functional dysregulation.  

Here we demonstrate O3 increases vascular amyloid (Figure 3.1), suggesting a 

greater deterioration of clearance mechanism leading to increased accumulation. This 

could be one of the causes driving exacerbated disease progression observed previously 

from subchronic O3 exposure in these mice [22]. Along with increased accumulation we 

also observed reduced vascular density in plaque microenvironment (Figure 3.1), a 

classic AD feature [56], that leads to reduced CBF and hypoxia [56] resulting in neuronal 

damage and further Aβ accumulation [56].  

O3 also qualitatively altered these vessels in the plaque microenvironment (Figure 

3.2). These periplaque vessels from O3 exposed mice had an altered proteomic response 

to plaque deposition and the change in periplaque versus nonplaque vessel associated 

protein expression pattern with O3 exposure signified important loss of function. 

Particularly, loss of IDE upregulation on periplaque vessels from O3 exposure potentially 

is a contributor to increased Aβ accumulation. 

Similar to our previous observation from O3 induced astrocytic proteomic 

response to plaque (Figure 2.3), altered cell-cell communication from O3 exposure was 

evident from vasculature phenotyping in plaque microenvironment. Upregulated CD9 in 
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these samples suggests an increase in cell-cell communication with vasculature in plaque 

microenvironment. In line with this premise, upregulated CD11b reflects an increase in 

microglial association with vessels in plaque microenvironment from O3 exposure. 

Further, more detailed, experiments need to be carried out to verify the nature of this 

altered inter-cellular interaction and their effects on amyloid pathology. 

Vascular dysregulation precedes amyloid accumulation. Vascular two-hit 

hypothesis posits an initial systemic insult dysregulates neurovasculature, triggering a 

cascading loop of hypoxia leading to neuronal damage resulting in increasing Aβ 

accumulation [56]. This in turn furthers the neuronal damage and degeneration as well as 

neurovascular dysfunction and Aβ clearance disruption augmenting the accumulation and 

pathology [56]. While pre-existing cardiovascular disorders being an AD risk factor [56] 

provide substantial support to the vascular 2 hit hypothesis, no clear evidence of what 

causes the initial vascular hit is present. Lung−brain axis has been implicated in 

mediating air pollution induced CNS pathology [22,26,142], particularly with O3 

[22,26,28], an air pollutant that cannot translocate to the brain [34]. It defines a 

mechanistic pathway where circulating factors resulting from the lung response to O3 

exposure triggers BBB damage and subsequent CNS pathology [22,26]. In support of 

lung−brain axis we previously found circulating factors such as HMGB1, VEGF, that 

have been previously associated with AD, elevated from subchronic O3 exposure [22]. 

Our data (increased Aβ accumulation on vessels and decreased clearance) 

potentially support the early vascular two-hit theory. However, our current experimental 

paradigm, with pathology already setting in and use of such an aggressive AD mouse 

model as 5xFAD, pinpointing the pre-amyloid pathology vascular changes would be 
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challenging. No changes in protein expression profile on nonplaque vessels from O3 

exposure (Figure 3.2F) suggests investigations at earlier stages of the pathology are 

required to uncover the initial subtle vascular effects of O3 exposure preceding plaque 

development. 

We next sought to explore the role of VEGFA in mediating O3 induced vascular 

damage and exacerbated amyloid. Our astrocytic analysis highlighted multiple VEGFA-

VEGFR2 signaling pathways being altered from O3 exposure and more importantly we 

previously found increased circulating VEGF [22] which has been shown to cause 

detrimental vascular effects [97,98,103,104]. However, our analysis for parenchymal 

amyloid plaque, on VEGFR2 inhibition, did not show statistically significant difference 

possibly owing to several study limitations. Both VEGFR2 antibody and IgG treatment 

for controls seemed to increase the variance of observed pathology markers, which we 

did not anticipate before, affecting our analysis. But more importantly, VEGFR2 

inhibition seemed to affect multiple organ systems, evidenced by antibody treated mice 

presenting with different sickness symptoms. Because of increasing mortality in the 

antibody treated group, irrespective of O3 exposure, we decided to stop the exposure 

earlier, at 10 weeks, than our subchronic exposure paradigm (13 weeks) possibly 

resulting in reduced pathology than was previously observed.  

Interestingly, FA exposed antibody treated mice started becoming sick earlier in 

the experimental timeline, whereas the O3 exposed mice that were treated with antibody 

only started showing sickness very late in the process. Suggesting effects of O3 exposure 

was initially counteracting effects of VEGFR2 inhibition. However, our parenchymal 

plaque deposition analysis show a decreasing trend, while not significantly so, of O3 



 

91 

induced amyloid pathology from VEGFR2 inhibition in 5xFAD mice, reflecting a 

potential beneficial role of VEGFR2 inhibition in O3 induced amyloid pathology. Even 

though studies show beneficial effect of VEGF inhibition in AD [102–104] with 

implications for potential therapeutic target, our data shows no changes in plaque 

deposition from VEGFR2 inhibition alone and while our experiment demonstrates its 

potential for counteracting the O3 induced exacerbated pathology, it will be extremely 

important to consider its long term treatment effects on other organs systems. 

Taken together, our findings suggest O3 dysregulates neurovasculature, 

potentially contributing to increased Aβ plaque burden. O3 induced vascular 

dysregulation reflected altered cell-cell communication strengthening the need to 

investigate intercellular interaction in AD pathology. Finally, in my opinion, our data 

does not strongly reject the potential for VEGFR2 inhibition as a therapeutic target but 

highlights the importance of better understanding its role in physiological and 

pathological conditions. 
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Figures 

Figure 3.1: O3 increases vessel associated Aβ and decreases vascular density in plaque 

microenvironment. 
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Figure 3.1: Male 5xFAD mice (10–11 weeks old) were exposed to either FA or 1.0 ppm 

O3 for 3 consecutive days each week for 4 hours/day for 13 weeks. (A) Representative 

image showing vascular Aβ in a single image from a set of confocal Z-stack images taken 

at 40×. Scale bar: 10 µm. (B) Quantification of Aβ–vessel colocalization in the 

periplaque and (C) Quantification of periplaque vessel density from confocal Z-stacks 

taken at 40× in the cortex. Data are represented as the mean ±SEM, n = 8 mice/exposure 

group. * = p <.05; Welch’s t test. (D) Representative maximum intensity images taken at 

40× showing plaques (Methoxy-X34, gray), vessels (Laminin, red) in the O3 and FA 

groups. Scale bar: 50 μm.  
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Figure 3.2: O3 alters vasculature associated protein expression in plaque 

microenvironment. 
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Figure 3.2: Male 5xFAD mice (10–11 weeks old) were exposed to FA or 1.0 ppm O3 for 

3 consecutive days each week for 4 hours/day for 13 weeks. (A) Representative images 

from the NanoString GeoMX DSP platform illustrating periplaque (left) and nonplaque 

vessels (right), as defined by plaque staining (Aβ, yellow), vessel (Laminin, red) staining, 

and the area from which samples were collected for analysis (green). Scale bar: 10 µm. 

(B) Venn diagram showing the number of plaque environment-induced changes in the 

vascular proteomic profile in FA and O3 groups, indicating protein changes shared 

between the two groups. Volcano plots representing differentially expressed proteins on 

periplaque versus plaque-distant vessels in the (C) FA and (D) O3 groups. Volcano plots 

representing differentially expressed proteins on FA versus O3 groups in the (C) 

periplaque and (D) nonplaque vessels. n = 96 ROIs/region per exposure group (n = 4 

mice/exposure group). p <.05.  
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Figure 3.3: Role of VEGFA in O3 Induced Exacerbated Amyloid Pathology. 

 

Figure 3.3: Male 5xFAD mice (10–11 weeks old) were exposed to either FA or 1.0 ppm 

O3 and treated with VEGFR2ab or IgG control for 3 consecutive days each week for 4 

hours/day for 10 weeks. (A) Representative 10× images depicting cortical plaques 

(ThioS, green). Scale bar: 1000 µm. (B) Quantification of the number of ThioS-positive 

plaques in the cortex. Data are represented as the mean ± SEM, n = 7–9 mice/exposure 

group. * = p <.05; Welch’s t test. 
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Figure 3.4: O3 Potentially Alters Vascular Wall-Astrocytic Association. 

 

Figure 3.4: Figure 3.3: Male 5xFAD mice (10–11 weeks old) were exposed to either FA 

or 1.0 ppm O3 and treated with VEGFR2ab or IgG control for 3 consecutive days each 

week for 4 hours/day for 10 weeks. (A) Representative 60× images depicting vessels 

(Lectin, red) and astrocytic endfeet (AQPN4, green). Scale bar: 50 µm. (B) 

Quantification of lectin normalized AQPN4 positive area in the cortex. Data are 

represented as the mean ± SEM, n = 6–8 mice/exposure group. * = p <.05; Welch’s t test. 
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Tables 

Table 3.1: List of altered proteins in GeoMx DSP assay. 

Filtered Air 

Upregulated targets Log2 fold change p-value 

Phospho-Tau (S404) 0.31 7E-03 

Amyloid Precursor Protein 0.63 2E-02 

Neurofilament light 0.47 2E-02 

IBA1 0.81 2E-02 

APOE 1.15 2E-02 

Amyloid-Beta 1-42 1.88 2E-02 

GFAP 1.69 2E-02 

Ubiquitin 0.44 3E-02 

CD45 0.87 3E-02 

BACE1 0.33 3E-02 

IDE 0.27 4E-02 

Phospho-Tau (S396) 0.22 4E-02 

Downregulated targets   

Synaptophysin -0.19 2E-04 

MAP2 -0.25 6E-03 

O3 (1 ppm) 

Upregulated targets   

GFAP 1.34 2E-03 

CD9 0.15 1E-02 

Olig2 0.15 2E-02 

CD45 0.64 2E-02 
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Amyloid Precursor Protein 0.38 2E-02 

CD11b 0.58 3E-02 

IBA1 0.55 3E-02 

Amyloid-Beta 1-42 1.10 3E-02 

Ubiquitin 0.26 4E-02 

Phospho-Tau (S404) 0.11 4E-02 

APOE 0.64 4E-02 

Downregulated targets   

NRGN -0.66 9E-03 

Myelin basic protein -0.26 3E-02 
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CHAPTER FOUR 

CONCLUSION 

Alzheimer’s disease (AD) pathology progression takes decades [86]. Even though 

considerable numbers of disease risk factors have been identified, its etiology is still 

largely unknown and likely involves a combinatory effect of multiple risk factors over 

time. Epidemiologic studies have associated air pollution with higher risk of AD 

incidences [8,11,12,15–17,19] and evidence from animal studies supports that air 

pollution exposure affects the central nervous system (CNS) [22–25,27]. However, not 

much is known about the mechanisms of how it affects the CNS. Rising global 

prevalence of air pollution [1,134,157], despite mitigation efforts, and an increasing 

number of population being exposed to some form of air pollution emphasizes the 

urgency to understand how it affects the brain. 

Air pollution is a complex mixture of components, likely exerting mixed effects 

on human health [134,142,161]. However, to begin to understand how air pollution 

impact CNS physiology and influence ongoing pathology in AD we used ozone (O3) 

exposure, a major component of air pollution [134,158]. Increased O3 exposure has been 

implicated as a risk factor for dementia and AD [19,20]. However studies show, being a 

reactive gaseous element of air pollution, O3 is unable to translocate to the CNS as it 

reacts in its entirety with the lung barrier lining right after inhalation [34]. Hence the 

lung−brain axis has been identified as a potential mechanistic pathway where it is 

hypothesized that the lung response to O3 exposure modulates its CNS effects, potentially 

via circulating factors [22,26]. 
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We have previously demonstrated subchronic O3 exposure exacerbates amyloid 

pathology in 5xFAD mice along with dysregulating microglial association with Aβ 

plaque and promoting a differential proteomic profile in the plaque microenvironment 

[22]. Importantly, HMGB1, VEGF, and IL-9 were elevated in the circulation [22] 

providing us with potential mechanistic targets to explore as a part of the O3 lung−brain 

axis. 

In this dissertation, to advance our understanding of how O3 impacts ongoing AD 

pathology we have identified several alterations in astrocytic and neurovascular responses 

to amyloid plaque deposition from O3 exposure. We also investigated how the astrocytic 

dysregulation connects to the O3 lung response and our findings show peripheral myeloid 

HMGB1 regulate lung immune response to O3 exposure as well as brain disease 

associated astrocyte (DAA) signature gene expression, thereby implicating an important 

role in modulating the lung−brain axis in O3 induced aggravated amyloid pathology. We 

briefly explored the potential role of VEGFA in regulating O3 induced aggravated 

amyloid pathology and altered vascular phenotype and while we did not find a conclusive 

result, our findings demonstrate inhibiting circulating VEGFA has the potential to 

ameliorate some of the pathological effects. 

In the first part of this project we demonstrated increased plaque burden from O3 

exposure promoted an increase in GFAP positive astrocyte density in the cortex. While 

this increase was equally present in periplaque and nonplaque regions, the astrocytes in 

the periplaque region proved to be phenotypically different as a consequence of O3 

exposure. Spatial proteomic analysis showed O3 exposure caused a broad elimination of 

protein changes that occurred in response to plaque deposition in FA exposed mice in 
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periplaque region, thereby possibly impeding their function. Spatial transcriptomic 

profiling revealed an accelerated shift in the periplaque astrocytes towards a DAA 

phenotype, with a larger neurotoxic connotation [73]. Notably, serpina3n, a DAA 

signature gene was even further upregulated from O3 exposure and has been implicated to 

impede plaque degradation [73,229]. Thus, while our data indicate increase in GFAP 

positive astrocyte density is potentially a consequence of the O3 induced increased plaque 

number, the transcriptional shift in periplaque astrocyte implicate a contribution of these 

astrocytes towards increased plaque burden from O3 exposure. Both the proteomic and 

transcriptomic analyses suggested O3 increased cell-cell communication in the plaque 

microenvironment, an observation that has been reflected in most works throughout this 

project. In this case, we tested astrocyte-microglia overlap and observed O3 increases 

their cell-cell overlap in periplaque region only and not in nonplaque space. While studies 

have shown paracrine communication between microglia and astrocyte promoted 

neurotoxic astrocytic phenotype [304], Rostami et. al. demonstrated physical crosstalk 

between astrocyte and microglia was beneficial for Aβ degradation [237] and hence we 

think suggest a compensatory role here. 

The second part of the project focused on how O3 exposure dysregulates 

vasculature and we demonstrated increased vascular Aβ deposition, similar to increased 

parenchymal plaque burden from O3 exposure. This was accompanied by reduced 

vascular density in the plaque microenvironment, both of which (increased vascular Aβ, 

reduced vascular density) have been described in AD before [56,90]. While Aβ 

accumulation has been shown to cause to reduced vessel density and hypoxia [56], O3 

exposure aggravates the circumstance potentially exacerbating the resulting toxicity. 
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Which is supported by our previously reported neurite degeneration from O3 exposure 

[22]. A similar pattern of functional impedance and increased cell-cell interaction with 

other cellular components as seen in astrocytic profiling was also reflected in vascular 

spatial proteomic profiling of O3 exposed samples. Functional impedance was notable 

here because an increased periplaque vascular expression of IDE in the FA exposed 

samples was no longer visible in O3 exposed samples. IDE being one of the important Aβ 

degradation enzymes [293], it suggests a hindrance of Aβ degradation and clearance 

mechanism. 

Altered cell-cell interaction and thereby, potential communication alteration has 

been a common observation in this project. A large portion of physiological functions 

carried out by the CNS cells take place in concert with each other and on the other hand 

they have been shown to have deleterious effects on each other. Astrocytes and microglia 

have been shown to aid each other in Aβ degradation [237] whereas, microglia also have 

been shown to induce neurotoxic astrocytic phenotype [304]. Pericytes play important 

roles in endothelial tight junction maintenance [251], however in pathological condition, 

they have been shown to contribute to BBB breakdown in an APOE dependent pathway 

[96]. Microglia vasculature association has been shown to play a biphasic dual role, first 

protecting, and later diminishing the barrier function [305]. All these examples 

emphasize the importance of investigating the nature of altered cell-cell communication 

indicated in our analyses. In fact in a recent study, Sun et al reported a dynamic 

directional alteration of cell-cell communication between vascular and neuronal or glial 

cells, finding increased communication from pericyte and endothelial cells to neurons, 

microglia and astrocytes and decreased communication from astrocyte and neuron to 
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pericytes and endothelial cells [275] highlighting the need to further investigate the 

nature of altered cell-cell communication from O3 exposure. 

The spatial proteomic profiling provided us with valuable insight into how O3 

modifies the astrocytic and neurovascular phenotype and more importantly demonstrated 

it does so differentially depending on their localization with respect to plaque. However 

the spatial proteomic assays that shaped these insights were done with AD pathology 

focused panels, hence provided us with a partial and biased picture. A more 

comprehensive assessment of protein expression is required to gain a better 

understanding of O3’s effects. 

Previous data from our lab demonstrated O3 exposure increased circulating 

HMGB1 in 5xFAD mice [22]. Even though we did not have any definitive proof for the 

source of this circulating HMGB1, we hypothesized it could be the lungs. HMGB1, being 

a DAMP, has been shown to be released in response to lung damage facilitating immune 

response supporting our hypothesis. To begin to understand the role of HMGB1 in O3 

lung−brain axis, we utilized Hmgb1fl/fl
. LysM-Cre+ strain, with deletion of HMGB1 

specifically in the peripheral myeloid cells. These myeloid cells are the dominant 

constituent of the infiltrating immune response in the lungs to O3 and hence a potential 

source of HMGB1. O3 exposure resulted in reduced lung immune infiltration in these 

mice. However, more importantly, deletion of HMGB1 specifically in the peripheral 

myeloid cells reduced serpina3n expression in the CNS. Implicating a role of HMGB1 

and peripheral myeloid cells in regulating CNS response to O3 exposure. 

While this signifies a promising start in identifying HMGB1 as an important 

mechanistic component in lung−brain axis, and strengthens the case for lung as its 
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source, it does not yet provide definitive proof. In fact, it is possible for the CNS to be the 

source of circulating HMGB1, released from damaged neurons, since we found the 

significantly elevated HMGB1 only in 5xFAD and not in the non-carrier controls. We 

have previously shown that ongoing AD pathology enhances lung immune response to O3 

proposing a bidirectional lung−brain axis [22] and necrotic cells including neurons have 

been shown to release HMGB1 into extracellular space [131,306]. Cytokine like HMGB1 

has been shown to stimulate macrophages to pro-inflammatory activation [116]. Hence, 

theoretically, CNS derived circulating HMGB1 could potentially be how ongoing AD 

pathology mediate enhanced lung immune response to O3 exposure. 

Regardless of the source of circulating HMGB1, deletion of HMGB1 in 

peripheral myeloid cells showed reduction of serpina3n in the brain in response to O3 in 

this project, as well as trem2 as has been previously reported [22]. In pathological 

condition HMGB1 has been classically considered as DAMP and its cytokine like 

activity has been studied [116]. However, we also need to consider HMGB1, as a 

transcriptional cofactor, has the potential to regulate myeloid cell behavior and thereby it 

can regulate the role of myeloid cells in AD pathology. More importantly, it signifies 

brain pathology does not always occur in isolation and it is crucial to investigate 

peripheral effects in a disease like AD, whose progression encompasses decades. 

Transcriptional profiling of periplaque astrocytes revealed that O3 affects many 

vasculature associated pathways, including pathways involved in VEGFA-VEGFR2 

signaling. To test the role of VEGFA in O3’s effect on amyloid pathology we inhibited its 

receptor VEGFR2 using antibody against it. Irrespective of O3 exposure, few of these 

antibody treated 5xFAD mice became sick with varying symptoms. VEGFA and 
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VEGFR2 are both common targets in cancer research [100] and while we could not find 

any reports of sickness from this antibody applications, differences in treatment protocols 

and pre-existing tumor could have masked the antibody specific effects that we observed 

in 5xFAD mice. Ongoing amyloid pathology along with treatment length could also be a 

potential confounder. 

Even though our parenchymal plaque deposition assessment from VEGFR2 

inhibition did not reach statistical significance, I do not think the data conclusively 

invalidated a potential role of VEGFA mediated signaling in O3 induced aggravated 

amyloid pathology. Further much deeper investigation is required to decipher how 

VEGFR2 inhibition may have caused these diverse sicknesses. However given that our 

data trend suggests a beneficial role of VEGFR2 inhibition, a milder and shorter 

treatment regimen might be worth evaluating. 

Overall, our findings denote an aggravated pathology progression from O3 

exposure as evidenced by increased parenchymal and vascular Aβ accumulation, 

accelerated astrocytic transcriptional shift towards DAA phenotype, reduced vascular 

density in plaque microenvironment-possibly causing increased hypoxia. It suggest a 

worse outcome from O3 exposure for an ongoing pathological condition. However the 

role of O3 and by extension air pollution exposure in pathology initiation, how it affects 

astrocytic and vascular phenotype at an earlier stage of the disease before the onset of 

pathology needs to be explored. 

This project, to our knowledge, for the first time demonstrated astrocytic 

dysregulation from O3 exposure and identified astrocytes as a part of lung−brain axis, 

connecting peripheral myeloid modulation to brain expression of DAA signature target in 
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O3 exposure. O3 induced neurovascular damage has been shown before [150,186,187] but 

here we, for the first time, demonstrate the O3 neurovascular proteomic alteration with 

the potential to contribute to reduced Aβ clearance and increased accumulation. Taken 

together, the findings of this project makes one important step towards fortifying our 

premise that air pollution increases AD risk and that lung−brain axis is an important 

mechanistic pathway driving this effect via identification of novel impacts of O3 exposure 

on CNS cellular components. Along with detecting potential peripheral biomarkers and 

therapeutic targets, this project also recognizes a modifiable risk factor of AD, air 

pollution, and the importance of intensifying the execution of global policies curbing 

exposure to air pollution. 

This project also highlights several gaps in our knowledge indicating much more 

investigations are required to further our understanding of how air pollution drives CNS 

pathology. However few of the future queries are highlighted below: 

1. Does peripheral myeloid cell specific HMGB1 ameliorate O3 induced 

aggravated amyloid pathology via crossing our existing Hmgb1fl/fl
. LysM-Cre+ 

strain with 5xFAD and their subchronic O3 exposure. Although we 

demonstrate peripheral HMGB1 can regulate CNS DAA specific mRNA 

expression, their role in continued subchronic exposure in amyloid pathology 

needs to be explored. 

2. The nature of increased astrocyte-microglia interaction in plaque 

microenvironment from O3 exposure and characterizing its role in Aβ 

accumulation or degradation. 
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3. Does O3 induced neurovascular dysregulation facilitate CNS infiltration of 

circulating factors and peripheral myeloid cells such as neutrophils 

enhancing the continuing neurotoxic processes. 

4. Our previous work have defined the lung−brain axis as bidirectional [22] and 

deep cervical lymph nodes (DCLN), where cerebrospinal fluid has been 

shown to drain carrying CNS antigens, is an important communicator 

facilitating peripheral and CNS immune crosstalk [307]. It would be 

interesting to explore how O3 exposure modifies the DCLN cellular 

composition and its role in O3 lung−brain axis. 
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