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ABSTRACT

 

IMPACTS OF DIETARY N-3 PUFA INTERVENTIONS IN THE PREVENTION OF 

AGRICULTURAL DUST-INDUCED NEUROINFLAMMATION

 

 

Neuroinflammation is a central feature of neurodegenerative diseases, including 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral 

sclerosis. Chronic activation of microglia and astrocytes leads to sustained cytokine and 

chemokine production, oxidative stress, and blood–brain barrier (BBB) dysfunction, establishing 

a positive feedback loop that exacerbates neuronal injury. Peripheral immune cells also further 

contribute to CNS inflammation and neurodegeneration. Environmental exposures, particularly 

inhaled particulate matter (PM) and organic dusts common in agricultural settings, act as potent 

triggers of systemic and central immune activation. PM₂.₅ can reach the CNS through olfactory, 

hematogenous, or immune cell-mediated routes, promoting protein aggregation, oxidative stress, 

and glial reactivity. Organic dust has been shown to increase pro-inflammatory cytokines, 

microglial activation, and neuroinflammation in animal models, while interventions with omega-

3 fatty acid metabolites, such as aspirin-triggered resolvin D1 (AT-RvD1), attenuate these 

responses. Omega-3 and omega-6 polyunsaturated fatty acids serve as precursors to bioactive 

lipid mediators that regulate the balance between pro- and anti-inflammatory signaling. 

Dysregulation of this balance can prolong neuroinflammation, whereas omega-3–derived 

specialized pro-resolving mediators (SPMs) actively resolve inflammation. Understanding the 

interplay between environmental exposures, glial activation, peripheral immunity, and lipid-

mediated inflammation is essential for developing therapeutic strategies that mitigate 
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neuroinflammation and slow the progression of neurodegenerative disease. The studies presented 

in this dissertation demonstrate that inhaled agricultural organic dust rapidly initiates 

neuroinflammatory responses within the olfactory bulb and hippocampus, characterized by early 

microglial and astrocyte activation that precedes overt neuronal loss. Furthermore, chronic dust 

exposure promoted inflammatory astrocyte polarization and region-specific neurodegeneration, 

while endogenous enrichment of omega-3 polyunsaturated fatty acids modified glial responses, 

attenuated inflammatory astrocyte phenotypes, and preserved neuronal integrity. Collectively, 

these findings establish the central nervous system as an early target of agricultural dust 

exposure, support a temporal progression from neuroinflammation to neurodegeneration, and 

identify endogenous omega-3 fatty acids as a promising strategy for mitigating the neurological 

consequences of chronic occupational inhalant exposures. 
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CHAPTER 1 – INTRODUCTION 

1.1 NEUROINFLAMMATION AND DISEASE 

Neuroinflammation is a shared hallmark of many neurodegenerative diseases (Mayne et 

al., 2020). Neurodegeneration encompasses any pathological condition that primarily affects 

neurons, while neuroinflammation is defined as an inflammatory response mediated by 

cytokines, chemokines, and reactive oxygen species (ROS) produced by resident glial cells, 

including microglia and astrocytes (DiSabato et al., 2016). The immune system normally plays a 

key role in maintaining tissue homeostasis, clearing pathogens, and facilitating recovery from 

injury (Bernier et al., 2020; Hanisch & Kettenmann, 2007), and is designed to be beneficial and 

self-limiting. However, chronic activation can result in the overproduction of pro-inflammatory 

cytokines and chemokines (Glass et al., 2010; Lull & Block, 2010; J. Park & Kim, 2021). 

Persistent immune stimulation may arise from a range of environmental factors—including 

toxins, viruses, and heavy metals—as well as from genetic susceptibility and protein aggregation 

(T. R. Hammond et al., 2019; Mou et al., 2022; J. Park & Kim, 2021). 

Most studies on neurodegenerative diseases such as Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) 

have historically focused on gross anatomical changes, including neuronal loss and protein 

aggregation (Amor et al., 2010). However, as early as the 1980s, microglial and astrocytic 

activation was observed in these disease’s (Duffy et al., 1980; McGeer et al., 1988). Initially, this 

activation was considered a secondary response to neuronal injury rather than a causative factor 

(McGeer et al., 1987). Subsequent findings in the 1990s revealed that the use of non-steroidal 

anti-inflammatory drugs (NSAIDs) correlated with up to a 50% reduction in Alzheimer’s disease 

risk (Kinney et al., 2018), suggesting a potential causal role for inflammation in disease 
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progression. Prolonged activation of microglia and astrocytes has also been shown to 

compromise the integrity of the blood–brain barrier (BBB), facilitating the infiltration of 

peripheral immune cells such as macrophages and T-cells into the central nervous system  

(González et al., 2014; Noh et al., 2014; Teeling & Perry, 2009).  

Several key signaling pathways regulate the production of cytokines and chemokines and 

thus govern immune cell crosstalk in the brain. Depending on the nature of the insult, one or 

more of these pathways may be activated. One prominent example includes the NF-κB pathway 

(Paul et al., 2021; Shabab et al., 2017; Soraci et al., 2023). Upon activation, this pathway triggers 

the release of factors such as IL-1β and TNF-α, which can exert direct cytotoxic effects and 

further amplify the inflammatory cascade by stimulating additional cytokine and chemokine 

production in glial and other resident cells.  

1.1.2 Inflammatory Signaling Pathways 

 NF-kB 

 For signaling and “crosstalk” to occur between immune cells, whether they are innate or 

adaptive, several pathways can become activated upon stress or insult (Blevins et al., 2022; 

Decout et al., 2021; T. Liu et al., 2017). One such pathway, that is constitutive across cells, is the 

NF-kB pathway (Oeckinghaus & Ghosh, 2009). This pathway mediates the induction of pro-

inflammatory genes in innate immune cells (neurons, microglia, and astrocytes), while also 

playing a role in the activation, differentiation, and effector functions of T- and B-cells (Sun, 

2011; Vallabhapurapu & Karin, 2009). Structurally, NF-kB is made up of 5 different members, 

p50 (NF-kB1), p52 (NF-kB2), p65 (RelA), RelB, and c-Rel (Sun et al., 2013). Typically, this 

complex is sequestered in the cytoplasm of cells by IkB proteins or p105 and p100, precursor 

proteins of p50 and p52 that resemble the structure of IκB and has NF-κB inhibitory functions 



 3 

(Sun, 2011). This pathway can be activated in two different ways, one is canonically through 

pattern recognition receptors (PRR’s), TNF receptor (TNFR) activation, as well as T and B-cell 

receptor stimulation (Vallabhapurapu & Karin, 2009), and this pathway has been demonstrated to 

be involved in all immune responses (Karin & Delhase, 2000). Following receptor signaling, the 

IkB kinase (IKK) complex phosphorylates IkBa, which in turn is degraded by the proteosome, 

freeing NF-kB to translocate to the nucleus to facilitate transcription of pro-inflammatory 

cytokines (Karin & Delhase, 2000; Sun, 2011). In the non-canonical pathway, activation is 

facilitated by a protein in the TNFR superfamily such as the lymphotoxin beta receptor (LTbR), 

B-cell activating factor receptor (BAFFR), Cluster of differentiation 40 (CD40), or receptor 

activator of NF-κB (RANK) and relies on processing of the pre-cursor protein to p52, p100 (Sun, 

2011). In place of the IKK complex, NF-κB-inducing kinase (NIK) phosphorylates p100 for 

processing and degradation by the proteosome, and as a result p52 is formed, which can then 

translocate to the nucleus for transcription (Xiao et al., 2001).  

 Microglia and astrocytes are central to this process, translating molecular danger signals 

into coordinated immune responses that influence neuronal survival and synaptic function. Under 

homeostatic conditions, these cells maintain tissue integrity and facilitate repair; however, 

chronic or excessive activation can transform them into sources of sustained cytokine and 

chemokine production, amplifying neuronal injury. The next section examines the distinct yet 

interconnected roles of microglia and astrocytes in the initiation and regulation of 

neuroinflammatory processes. 

1.2 CELLULAR PLAYERS AND MECHANISMS OF INJURY 

1.2.1 Microglia 



 4 

Microglia are cells of the myeloid lineage (Ginhoux et al., 2010; Ginhoux & Merad, 

2011; Ginhoux & Prinz, 2015) and are recognized as the primary resident immune cells, or 

macrophages, of the central nervous system (CNS) (Norris & Kipnis, 2019). Following their 

formation from macrophage progenitors in the embryonic yolk sac (Perdiguero et al., 2015), 

these cells migrate into the developing neuroectoderm before the establishment of the BBB 

(Prinz & Priller, 2014). Once within the brain, microglial progenitors proliferate locally and 

differentiate into mature microglia, establishing a self-renewing population that is largely 

maintained through in situ proliferation rather than recruitment from circulating monocytes 

(Dermitzakis et al., 2023; Elmore et al., 2014). During development, microglia play essential 

roles in shaping neural circuitry and supporting brain maturation. They influence the 

proliferation, differentiation, and survival of neural stem and progenitor cells (Hattori, 2022, 

2023) and refine synaptic networks through the phagocytosis of excess synapses (Ginhoux & 

Prinz, 2015). Because microglial colonization occurs before the full maturation of the blood–

brain barrier, these cells also interact closely with developing vasculature, contributing to vessel 

formation and maintenance of vascular integrity (Hattori, 2023). 

Under homeostatic conditions, microglia are highly dynamic, continuously extending and 

retracting their processes to survey the surrounding microenvironment (Nimmerjahn et al., 

2005). This surveillance is facilitated by an array of pattern recognition receptors (PRRs) and 

toll-like receptors (TLRs), enabling the detection of subtle molecular changes in the CNS 

(Nimmerjahn et al., 2005). In addition to their immune surveillance role, microglia secrete 

neurotrophic factors such as nerve growth factor (NGF), brain-derived neurotrophic factor 

(BDNF), and insulin-like growth factor-1 (IGF-1), supporting neuronal survival and synaptic 

maintenance (D. M. Araujo & Cotman, 1992; Ueno et al., 2013). This population of cells is 
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maintained through low-level proliferation balanced by apoptosis, with minimal input from 

peripheral monocytes (Elmore et al., 2014). Furthermore, microglia also contribute to 

proteostasis by clearing misfolded or aggregated proteins, including amyloid-β, α-synuclein, and 

tau, thereby preventing their accumulation and preserving neural function. Transcriptionally, 

homeostatic microglia exhibit a distinct gene expression profile characterized by markers such as 

P2ry12, Tmem119, Cx3cr1, and Sall1, distinguishing them from other macrophage lineages 

(Butovsky et al., 2014; Butovsky & Weiner, 2018). 

While homeostatic microglia are essential for surveillance and maintenance of neural 

circuits, their phenotype can shift in response to chronic stress, injury, or disease. Under these 

conditions, microglia adopt a pro-inflammatory and phagocytic state, often referred to as 

damage-associated microglia (DAM). DAMs are characterized by the upregulation of specific 

genes and signaling pathways that drive neuroinflammation and tissue remodeling. Upon 

activation, these microglia rapidly assume an amoeboid morphology, retracting their processes to 

increase motility and enhance phagocytic capacity (Giulian, 1987; Giulian & Baker, 1986; 

Kreutzberg, 1996). This phenotypic switch can be induced by a variety of stimuli, including viral 

and bacterial components, interferon-γ (IFN-γ), and aberrant protein aggregates (Block et al., 

2007; Perry, 2010; Wierzba-Bobrowicz et al., 2002). Pattern recognition receptors (PRRs), 

including toll-like receptors (TLRs), recognize pathogen-associated molecular patterns (PAMPs) 

and contribute to the pro-inflammatory response, triggering the release of cytokines such as IL-1, 

IL-6, and TNF-α. While intended to resolve injury or infection, this response can exacerbate 

neural damage if persistent (Smith et al., 2012). Activated pro-inflammatory microglia also 

produce IL-12, IL-17, IL-18, IL-23, IFN-γ, nitric oxide (NO), and CCL2, while upregulating 

markers including CD11b, MHCII, inducible nitric oxide synthase, CD86, and COX2 (Jurga et 
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al., 2020; Loane & Byrnes, 2010). TLR4 signaling in particular has been implicated in 

neurodegeneration, contributing to chronic neuroinflammation following stroke and spinal cord 

injury (Akira et al., 2006; Caso et al., 2007; Lehnardt et al., 2003; Song et al., 2011). The release 

of pro-inflammatory cytokines and chemokines by DAM’s also compromises blood–brain barrier 

(BBB) integrity, facilitating the infiltration of peripheral immune cells and amplifying 

neuroinflammation (Arena et al., 2022).  

Microglia can also adopt an anti-inflammatory or “non-traditional” DAM phenotype in 

response to cues such as interleukin-4 (IL-4) or interleukin-13 (IL-13), promoting the secretion 

of anti-inflammatory factors including IL-10, arginase-1 (Arg-1), and Chitinase-3 (Chil3) (Beier 

et al., 2017; Bell-Temin et al., 2015; Colonna & Butovsky, 2017; S. Guo et al., 2022). These 

anti-inflammatory DAMs are involved in wound healing, restoration of homeostasis, debris 

clearance, and in limiting the magnitude of pro-inflammatory microglial activity (Tang & Le, 

2016). 

While microglia are the primary immune sentinels of the CNS, their activation state 

profoundly influences neighboring glial cells, particularly astrocytes. In response to DAM-

derived cytokines, chemokines, and reactive oxygen species, astrocytes can transition from a 

homeostatic, supportive state to a reactive phenotype, contributing to both neuroprotection and 

neuroinflammation. Understanding astrocyte origins, homeostatic roles, and their context-

dependent activation is therefore critical to fully characterizing the cellular mechanisms 

underlying CNS immune responses. 

1.2.2 Astrocytes 
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Originally, astrocytes (or astroglia) were considered primarily “housekeepers” of the 

CNS, providing structural support and metabolic assistance to neurons (Magistretti, 2006; 

Wender et al., 2000). However, recent studies have revealed that astrocytes participate in nearly 

all CNS processes, including synapse formation and remodeling, secretion of neurotrophic 

factors, circuit maintenance, neurotransmitter regulation, and supporting and regulating the 

blood–brain barrier (BBB) (Christopherson et al., 2005; Chung et al., 2015; Damisah et al., 2020; 

Hamilton & Attwell, 2010; Molofsky et al., 2014; Tsai et al., 2012).  

Astrocytes are produced after microglia during development and arise from neural stem 

cells in the embryonic neuroepithelium (Skoff, 1990). Gliogenesis, the phase in which astrocyte 

formation occurs, is during late embryonic and early postnatal development (Frisén, 2016). 

Radial glial cells act as progenitors for both neurons and astrocytes, with differentiation into 

astrocytes regulated by transcription factors such as NFIA and Sox9 (Neyrinck et al., 2021; 

Tchieu et al., 2019). Single-cell RNA sequencing has revealed that astrocytes exhibit regional 

heterogeneity in gene expression and function, influenced by local neural circuits and 

microenvironmental cues (Bayraktar et al., 2020; H.-G. Lee et al., 2022).  

Under homeostatic conditions, astrocytes perform a wide range of essential functions. 

They provide scaffolding for neurons and synapses, maintain extracellular ion balance (e.g., K⁺ 

buffering), and regulate water homeostasis via aquaporin-4 (J.-H. Lee et al., 2021; Mahmoud et 

al., 2019; Simard & Nedergaard, 2004). They supply neurons with metabolites through the 

astrocyte-neuron lactate shuttle and regulate glucose uptake and metabolism (Z. Chen et al., 

2023). At synapses, astrocytes modulate neurotransmitter uptake and synaptic plasticity 

(Andersen et al., 2022). Astrocytic endfeet enwrap blood vessels, contributing to BBB integrity 

and neurovascular coupling (L. Liu et al., 2020; Yu et al., 2020). They also express cytokine and 
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pattern recognition receptors, allowing them to detect subtle insults and modulate microglial 

activity under non-pathological conditions (Liddelow et al., 2017; Liddelow & Barres, 2017). 

Astrocytes can adopt reactive phenotypes following injury, stress, or neurodegenerative 

stimuli. Pro-inflammatory astrocytes are induced by microglial signals, including IL-1α, TNF-α, 

and C1q, and release neurotoxic factors such as IL-1β, TNF-α, NO, and Lcn2 (Giffard & 

Swanson, 2005; Giordano et al., 2009; Kajihara et al., 2001; Liddelow et al., 2017; Yun et al., 

2018; Zamanian et al., 2012). They upregulate markers including GFAP, Vimentin, GNBP2, H2-

D1, Serping1, and S100β (King et al., 2020; Zamanian et al., 2012). Pro-inflammatory astrocytes 

often downregulate metabolic and neurotrophic functions, including trophic factor release, 

lactate transport, GABA release, and transporters EAAT2/GLT1, as well as glypican 4/6 and 

SPARCL1 expression, and can secrete classical complement cascade proteins that damage 

synapses (Allen et al., 2012; Behrens, 2002; Howland et al., 2002; Kucukdereli et al., 2011; 

Liddelow et al., 2017; Liddelow & Barres, 2017; Wójtowicz et al., 2013). NF-κB signaling is a 

major driver of pro-inflammatory astrocyte activation, and its ablation can attenuate 

neurodegeneration in multiple models (Brambilla et al., 2005; S. L. Hammond et al., 2020; Lian 

et al., 2015), though not in all disease contexts such as ALS (Crosio et al., 2011).  

Anti-inflammatory or neuroprotective astrocytes upregulate neurotrophic factors and 

often signal through STAT3 (Wanner et al., 2013), with ablation of STAT3 alone sufficient to 

shift astrocytes toward a pro-inflammatory phenotype (Herrmann et al., 2008). These astrocytes 

maintain fewer dendritic processes than pro-inflammatory counterparts, though both exhibit 

hypertrophy (Althammer et al., 2020; Zou et al., 2019). These anti-inflammatory astrocytes 

express markers including S100a10, Ptx3, S1Pr3, and Tweak, and increase glutamate uptake and 

GLAST expression to mitigate excitotoxicity (King et al., 2020; T. Li et al., 2020; M. Ma et al., 
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2020; Tsai et al., 2012). They secrete IL-6, IL-10, cardiotrophin-like cytokine factor 1, TGF-β, 

thrombospondins, and VEGF depending on injury type, promoting neuroprotection, 

angiogenesis, and attenuation of microglial activation (Norden et al., 2014; Zamanian et al., 

2012; Zong et al., 2020). 

Through these homeostatic and reactive functions, astrocytes act as critical regulators of 

CNS immune responses, coordinating with microglia to maintain neural integrity or, under 

pathological conditions, contribute to neuroinflammation and tissue remodeling. Importantly, the 

activity of both microglia and astrocytes can influence the recruitment and activation of 

peripheral immune cells, B- and T-cells, highlighting the dynamic interplay between central and 

peripheral immunity in the progression of neuroinflammatory conditions. 

1.2.3 T-cells 

 T-cell infiltration into the CNS occurs via the meningeal lymphatics and the perivascular 

spaces, allowing peripheral immune cells to interact directly with resident glia and neurons 

(Congdon et al., 2019). Through cytokine secretion, cytotoxic activity, and interactions with B-

cells and glia, T-cells act as key mediators linking peripheral immune dysregulation to 

neurodegenerative pathology across multiple disease contexts. Peripheral T-cell activation has 

been observed in neurodegenerative diseases, including PD, AD, and MS (X. Chen et al., 2023; 

Gate et al., 2021; Jelcic et al., 2018; Karikari et al., 2022). In PD, both CD4⁺ and CD8⁺ T-cells 

infiltrate the CNS, contributing to neuroinflammation and dopaminergic neuron loss (Capelle et 

al., 2023; Sulzer et al., 2017; Williams et al., 2021). CD4⁺ TH1 and TH17 cells produce pro-

inflammatory cytokines such as IFN-γ, TNF-α, and IL-17, which can activate microglia and 

astrocytes, exacerbating neurodegeneration (Gate et al., 2021; Williams et al., 2021). Regulatory 

T cells (Tregs), in contrast, are often reduced in PD, AD, and MS, leading to a loss of immune 
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suppression and increased CNS inflammation (Frikeche et al., 2024; J. Li et al., 2023; Yang et 

al., 2022; Yoshimura et al., 2023). 

In MS, autoreactive T-cells play a central role in pathogenesis. CD4⁺ TH1 and TH17 cells 

target myelin antigens, driving demyelination and neurodegeneration, while CD8⁺ cytotoxic T-

cells can directly kill oligodendrocytes and neurons (Delgado & Sheremata, 2006; Jelcic et al., 

2025; Kaskow & Baecher-Allan, 2018; Salou et al., 2015). Similarly, in AD, T-cells infiltrate the 

CNS and interact with microglia and astrocytes to modulate amyloid-β clearance and 

neuroinflammation. CD4⁺ T-cells can exacerbate pathology through pro-inflammatory cytokines, 

whereas Tregs appear to mitigate disease progression by dampening immune activation (X. Chen 

et al., 2023; Jorfi et al., 2023; Yang et al., 2022; Yeapuri et al., 2023).  

Peripheral immune cell infiltration into the CNS not only drives local inflammation but 

can also compromise the integrity of the BBB (Aydin et al., 2023; Charabati et al., 2023; X. 

Dong et al., 2022). Pro-inflammatory cytokines and chemokines produced by activated B- and T- 

cells, as well as glial-derived factors, increase BBB permeability, facilitating further entry of 

immune cells and circulating toxins into the brain. This breakdown of the BBB allows peripheral 

and CNS immune response to amplify one another, highlighting an area in which peripheral 

environmental exposures can exacerbate neuroinflammation and neurodegeneration. 

1.2.5 Blood-Brain Barrier Dysfunction 

The BBB is a specialized vascular interface that maintains CNS homeostasis by tightly 

regulating the passage of molecules, cells, and pathogens between the blood and the brain 

parenchyma (Alahmari, 2021). Under homeostatic conditions, the BBB is primarily composed of 

endothelial cells connected by tight junction proteins such as claudins, occludin, and zonula 
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occludens-1, which restrict paracellular transport (T. Zhou et al., 2022) . Pericytes regulate 

vascular stability and permeability, while astrocytic endfeet enwrap the vessels, providing 

structural support and secreting factors that maintain tight junction integrity and metabolic 

homeostasis (Yu et al., 2020). Together, these cells form a barrier that ensures selective 

permeability, supports nutrient transport, and protects the CNS from pathogens and peripheral 

immune cells under normal conditions. 

During injury, chronic stress, or neuroinflammation, the BBB transitions to a more 

permeable state through multiple mechanisms. Pro-inflammatory cytokines such as TNF-α, IL-

1β, and IFN-γ disrupt tight junctions by downregulating claudin and occludin expression or by 

inducing phosphorylation-mediated junctional disassembly (Beltran-Velasco & Clemente-

Suárez, 2025; Candelario-Jalil et al., 2022; Galea, 2021; X. Huang et al., 2021). Matrix 

metalloproteinases (MMPs), particularly MMP-2 and MMP-9, degrade basement membrane 

components and extracellular matrix, further weakening barrier integrity (X. Chen et al., 2024; Y. 

Ji et al., 2023; Nichols et al., 2021; Shi et al., 2024). Endothelial cell activation increases 

transcellular transport via vesicular trafficking and caveolae-mediated transcytosis, allowing 

larger molecules and immune cells to cross the barrier (Beltran-Velasco & Clemente-Suárez, 

2025; Zhao et al., 2022). Astrocytes and pericytes can also become reactive, releasing additional 

pro-inflammatory mediators that amplify endothelial dysfunction and promote leukocyte 

infiltration (Candelario-Jalil et al., 2022). Increased permeability facilitates the entry of 

peripheral immune cells, circulating cytokines, and potentially neurotoxic molecules, linking 

systemic inflammation to neuroinflammation and neuronal injury. 

1.2.6 Protein Aggregation 
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Protein aggregation is a defining feature of many neurodegenerative diseases, including 

AD, PD, Huntington’s disease (HD), and ALS (Ajmal, 2023; Bourdenx et al., 2017). Misfolded 

or aggregation-prone proteins such as amyloid-β, tau, α-synuclein, and mutant huntingtin 

accumulate in neurons and extracellular spaces, forming oligomers, fibrils, or inclusions that 

disrupt cellular homeostasis (Aguzzi & O’Connor, 2010; Dobson, 2004; Gandhi et al., 2019). 

These aggregates impair proteostasis by overwhelming the ubiquitin-proteasome system and 

autophagic pathways, leading to neuronal dysfunction and death (Gandhi et al., 2019; Saikumar 

& Bonini, 2021).  

 Neuroinflammation both contributes to and is exacerbated by protein aggregation. 

Activated microglia and astrocytes release pro-inflammatory cytokines, chemokines, and 

reactive oxygen species (ROS), which can promote protein misfolding and aggregation by 

inducing oxidative stress and impairing protein degradation pathways (Bevan-Jones et al., 2020; 

Currais et al., 2017; Grimaldi et al., 2019; Pearce et al., 2015). Conversely, protein aggregates 

serve as potent activators of glial cells: misfolded amyloid-β and α-synuclein are recognized by 

pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and NLRP3 

inflammasomes, driving the production of pro-inflammatory cytokines and chemokines 

(Bourdenx et al., 2017; Currais et al., 2017; Gandhi et al., 2019; Grimaldi et al., 2019).  

In addition to direct neuronal toxicity, protein aggregates also disrupt the BBB and 

enhance peripheral immune cell recruitment. For example, amyloid-β accumulation in AD is 

associated with increased BBB permeability and infiltration of B and T cells, further amplifying 

neuroinflammation (Cockerill et al., 2018; Cuevas et al., 2019; Hou et al., 2024). Similarly, α-

synuclein oligomers in PD stimulate microglial and astrocytic activation, promote oxidative 
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stress, and facilitate peripheral immune cell entry (Hourfar et al., 2023; Kam et al., 2022; Lau et 

al., 2023).  

While intrinsic CNS mechanisms, peripheral immune cells, and proteinapathies clearly 

shape neuroinflammatory responses, external environmental factors can act as critical triggers 

that exacerbate or initiate these processes. Exposure to toxins, particulate matter (PM), and other 

environmental stressors has been shown to activate microglia, astrocytes, and infiltrating 

peripheral immune cells, amplifying cytokine production, BBB disruption, and 

neurodegeneration (Cannon & Greenamyre, 2011; Nabi & Tabassum, 2022). Understanding how 

these environmental triggers interface with both central and peripheral immune pathways is 

essential for elucidating the mechanisms that underlie neuroinflammation in occupational and 

environmental contexts. 

1.2.7. Regional Susceptibility of the Hippocampus to Neuroinflammation 

The hippocampus is a structurally and functionally heterogeneous brain region composed 

of interconnected subfields, including the dentate gyrus (DG), cornu ammonis regions (CA1–

CA3), and subiculum, which form the trisynaptic circuit and associated output pathways. These 

subregions differ in cellular composition, synaptic organization, metabolic demand, and 

connectivity, contributing to distinct functional roles in memory encoding, pattern separation, 

and information integration (Small et al., 2011) Importantly, these anatomical and functional 

differences are accompanied by marked regional variability in susceptibility to 

neuroinflammatory and neurodegenerative processes (Da Silva et al., 2025; Lidin et al., 2025). 

Among hippocampal subfields, CA1 neurons are particularly vulnerable to metabolic 

stress, excitotoxicity, and hypoxic injury, and exhibit early degeneration in AD and related 
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dementias (Braak & Braak, 1991; West et al., 1994). In contrast, the dentate gyrus demonstrates 

relative resistance to cell death but remains highly sensitive to inflammatory modulation of adult 

neurogenesis, which can be impaired by systemic inflammatory stimuli (Monje et al., 2003; 

Sierra et al., 2010). CA3, characterized by extensive recurrent excitatory circuitry, is susceptible 

to dysregulated network activity and inflammatory signaling, while CA2 exhibits distinct 

molecular and synaptic properties that may confer selective resistance or unique responsiveness 

to injury (Dudek et al., 2016). The subiculum, serving as the primary output region of the 

hippocampus, plays a critical role in propagating hippocampal activity to cortical and limbic 

targets and is increasingly recognized as a site of early pathological change in AD (Small et al., 

2011).  

Emerging evidence further indicates that neuroinflammatory responses, including 

microglial activation and cytokine signaling, are not uniformly distributed across hippocampal 

subregions but instead exhibit region-specific patterns that may influence disease progression 

and functional outcomes (Lidin et al., 2025; Nwaubani et al., 2022). Differences in BBB 

integrity, vascularization, and regional immune cell profiles may also contribute to selective 

vulnerability following systemic or inhalational inflammatory exposures. Given that PM and 

organic dust exposures induce both systemic inflammation and central immune activation, 

regional differences in hippocampal susceptibility may result in distinct patterns of injury across 

subfields. 

1.3 INHALANT PARTICULATE MATTER EXPOSURES, NEUROINFLAMMATION, 

AND NEURODEGENERATION 

1.3.1 Neurodegenerative Disease in Agricultural Occupations 
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Neurodegenerative diseases have been shown to affect nearly 15% of the population, 

however the etiology of many of these disorders are unknown (Feigin et al., 2020). Moreover, 

these numbers are expected to double over the next two decades (Feigin et al., 2020). 

Agricultural workers have been estimated to make up nearly 27% of the global workforce, and 

although they have more workers over 55 (Peters et al., 2008), they have also been found to have 

an increased risk for neurological disorders, which can be partially attributed to PM2.5, and even 

more specifically organic dust exposure (Erkkinen et al., 2018). This population has also been 

shown to be heavily underrepresented in research (Peters et al., 2008). Agricultural workers have 

a 46% higher rate of dementia (Arora et al., 2021), as well as increased rates of anxiety, 

depression, and suicide compared to the general public (Kori et al., 2020). Though there are 

many different factors implicated in the development of neurodegenerative disease (e.g. genetics, 

diet, environmental exposures, pathogenic insults) (Agim & Cannon, 2015; Bandyopadhyay, 

2016; P. Chen et al., 2016; Costa et al., 2020; Genc et al., 2012; Hu et al., 2013; Parrón et al., 

2011), all have been linked through shared mechanisms, which can be exploited to develop 

therapies across these contexts; some of which may include diet. Recently, studies have shown 

that PM, especially that below 2.5 uM (>PM2.5) also cause for adverse neuropathological 

outcomes as well (Babadjouni et al., 2018; Calderón-Garcidueñas et al., 2008; Y. J. Kang et al., 

2021).  

1.3.2 Particulate Matter 

Airborne PM, a complex mixture of solid and liquid particles suspended in air, has 

emerged as a major environmental contributor to systemic and neuroinflammatory disease. 

Depending on diameter, PM can be classified as coarse (PM₁₀), fine (PM₂.₅), or ultrafine (PM₀.₁), 

with the latter two capable of penetrating deep into the lungs and entering systemic circulation 
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(Bo et al., 2023; Polichetti et al., 2009; Thangavel et al., 2022). Once in the bloodstream, 

particles can reach the brain through several proposed routes, including directly via the olfactory 

bulb, passage across an impaired BBB, or transport within infiltrating immune cells (Y. Han et 

al., 2024; K. Kang et al., 2025; W. Li et al., 2022; Thiankhaw et al., 2022). 

There are several potential pathways in which PM has been shown to impact the brain. 

An epidemiological study in Mexico revealed that exposure to air pollution can lead to cognitive 

decline, oxidative stress, and inflammation, along with the buildup of misfolded proteins, and 

structural changes to the brain (Calderón-Garcidueñas & Monte, 2017). Furthermore, these 

studies have found that these negative neurological outcomes were exacerbated in young females 

who were heterozygous for the Apolipoprotein E4 (APOE4) allele, the most prevalent genetic 

risk for AD (Calderón-Garcidueñas & Monte, 2017). PM exposure has been shown to activate 

systemic inflammation and oxidative stress, leading to peripheral cytokine production and 

microglial activation (Guan et al., 2019; R.-E. Kim et al., 2020; H. Li et al., 2024). This 

neuroimmune activation contributes to endothelial damage and tight junction disruption in the 

BBB, increasing its permeability and allowing circulating immune cells and toxicants to infiltrate 

the CNS (K. Kang et al., 2025; Y. J. Kang et al., 2021; Shou et al., 2019). Chronic PM exposure 

has been linked to upregulation of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, 

along with ROS production that exacerbates glial reactivity and subsequently neuronal injury (K. 

Huang et al., 2018; Jia et al., 2021; Y. Zhang et al., 2018).  

Furthermore, particulate exposure has been correlated with pathological protein 

aggregation. Animal and human studies indicate that PM₂.₅ and ultrafine particles can increase 

amyloid-β deposition and α-synuclein accumulation, both hallmarks of AD and PD, respectively 

(C. Liu et al., 2024; Yuan et al., 2022). These aggregates, in turn, act as DAMPs, perpetuating 
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chronic microglial activation and astrocyte reactivity, thereby increasing levels of inflammation 

(Liddelow et al., 2017; Yun et al., 2018). Collectively, these findings suggest that environmental 

PM serves not only as an initiator of neuroinflammation but also as an accelerator of ongoing 

neurodegenerative pathology. 

1.3.3 Organic Dust Exposure 

Organic dusts, a major component of agricultural environments, represent a complex 

mixture of particulate matter containing microbial products such as lipopolysaccharides (LPS), 

peptidoglycans, fungal fragments, and endotoxins (Poole & Romberger, 2012; Wyatt et al., 

2020). Chronic exposure to these organic particulates has long been associated with pulmonary 

inflammation and airway remodeling, but growing evidence suggests that these inflammatory 

responses extend to the CNS through systemic immune activation and disruption of the BBB  

(Andersson et al., 2026; Threatt et al., 2024). Similar to ambient PM₂.₅, organic dust exposure 

activates microglia and astrocytes, increases oxidative stress, and enhances pro-inflammatory 

cytokine production, including TNF-α, IL-1β, and IL-6, both in the lung and in the brain (Y. J. 

Kang et al., 2021; Massey et al., 2022; Meganathan et al., 2020).  

Studies have demonstrated that repetitive exposure to organic dust extract (ODE) induces 

the release of circulating inflammatory mediators such as IL-6 and CCL2, which have been 

shown to cross a compromised BBB and amplify CNS inflammation (Meganathan et al., 2020; 

Poole et al., 2009). This crosstalk between peripheral and central immune responses may 

contribute to microglial priming, creating a sensitized state in which microglia respond more 

robustly to secondary insults such as infection, trauma, or neurotoxic protein accumulation 

further accelerating neurodegenerative cascades (He et al., 2024; Lima et al., 2022; Massey et al., 

2022). 
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More recently, a study was published that sought to examine source-specific PM2.5 

exposures with dementia in older adults. It was found that only exposure from agricultural and 

wildfire sources were associated with higher rates of dementia (B. Zhang et al., 2023). This 

prompted our laboratory to conduct a study utilizing a model of organic dust (OD) exposure 

investigating the secondary neuroinflammatory effects that follow repetitive organic dust extract 

challenges over a 3-week span (Threatt et al., 2024). While recapitulating the well-characterized 

pulmonary pathological response to repetitive dust exposure, this study was able to demonstrate 

an increase in microglia in the olfactory bulb, frontal cortex, and isocortex after only 3 weeks of 

recurring intranasal instillations with 12.5% ODE. Furthermore, both lung pathology and 

microglial activation were attenuated in animals treated with AT-RvD1, an omega-3 fatty acid 

metabolite, suggesting a role for diet as a potential novel therapeutic in neuroinflammatory 

responses (Threatt et al., 2024).  

 

1.4 OMEGA-3 FATTY ACIDS AND INFLAMMATION REGULATION 

1.4.1 Omega-3 and Omega-6 Polyunsaturated Fatty Acids 

 Chronic environmental exposures such as organic dusts and ambient PM not only initiate 

pro-inflammatory cascades but may also disrupt the delicate balance between pro- and anti-

inflammatory lipid mediators that regulate immune resolution. This balance is largely governed 

by dietary polyunsaturated fatty acids (PUFAs), namely omega-3 and omega-6 fatty acids, which 

serve as precursors for bioactive lipid mediators that shape both peripheral and central 

inflammatory responses (Gabbs et al., 2015). While omega-6 derived eicosanoids such as 

prostaglandins and leukotrienes often promote inflammation (with some pro-resolving qualities), 

omega-3 derived metabolites including resolvins, protectins, and maresins act to actively resolve 
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it (FAO, 2010; Gabbs et al., 2015). Dysregulation of this lipid mediator network has been 

implicated in chronic inflammatory diseases and neurodegenerative disorders, where insufficient 

production of specialized pro-resolving mediators (SPMs) may prolong or exacerbate 

neuroinflammation (Cagnina et al., 2022; Threatt et al., 2024). Understanding how 

environmental exposures intersect with PUFA metabolism and SPM signaling is therefore 

essential for identifying novel therapeutic strategies to restore resolution pathways and mitigate 

inflammation-driven neurodegeneration. 

Omega-3 PUFAs come in various forms, including a-linolenic acid (ALA), stearidonic 

acid (SDA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic 

acid (DHA) (SanGiovanni & Chew, 2005). These PUFA’s can come from a variety of sources but 

must be ingested as humans do not have the capacity to synthesize them endogenously. EPA and 

DHA can be found in high amounts within fish, while ALA is known to be in flax seeds, chia 

seeds, and canola oil (Gabbs et al., 2015). Some plants and other food products, including milk 

and eggs, have even been modified/fortified to contain higher levels of these PUFAs (Gabbs et 

al., 2015). Following ingestion, omega-3 and omega-6 fatty acids are hydrolyzed within the 

intestinal lumen where they are then incorporated in bile. They then can be absorbed by 

enterocytes by passive diffusion and finally enter circulation via the lymphatic system (Tso & 

Fujimoto, 1991).  From there, they help to form the phospholipid bilayer of cells (SanGiovanni 

& Chew, 2005), contribute to cell signaling regulation through receptor binding-mediated 

cellular signaling, and serve as substrates for the formation of bioactive lipids that also active 

signaling events (Simopoulos, 2008). There are numerous studies identifying important 

protective functions of omega-3 fatty acids, including early studies demonstrating that omega-3 

PUFAs reduce the incidence of cardiovascular disease in Inuit populations when compared to 
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their neighboring Danish counterparts (Bang & Dyerberg, 1980; Davidson et al., 1993). Omega-

3 PUFAs have been demonstrated to have actions that promote inflammation resolution, due in 

part to direct PUFA-mediated actions as well as by serving as substrates for the biosynthesis of 

bioactive lipid metabolites. On the other hand, their counterpart omega-6 fatty acids are involved 

in the synthesis of bioactive lipid metabolites that promote inflammation (Gabbs et al., 2015). 

These include prostaglandins, prostocyclins, thrombaxanes, leukotrienes, hydroperoxytetranoic 

acids, hydroeicosatetraenoic acid, and lipoxins (FAO, 2010). In example, during injury or 

another inflammatory stimulus, the omega-6 fatty acid arachidonic acid (AA) can be metabolized 

by cyclooxygenase 1 (COX1) and cyclooxygenase 2 (COX2) to increase levels of Thromboxane 

A2 (TXA2) and Prostaglandin E2 (PGE2) respectively (Calder, 2005).  These bioactive lipid 

metabolites act as chemoattractants, as well as increase platelet aggregation, and promote 

vasoconstriction. Notably, omega-3 fatty acids are acted on by the same enzymes, leading to 

competitive inhibition when there is both omega-6 and omega-3 PUFA substrate availability. 

EPA has been demonstrated to compete with AA for binding of these enzymes, to produce less 

inflammatory mediators such as Prostaglandin E3 (PGE3), and Thrombaxane A3 (TXA3) (FAO, 

2010).  

Furthermore, through metabolism by cyclooxygenase (COX) and lipoxygenase (LOX) 

enzymes, EPA and DHA serve as substrates for the generation of specialized pro-resolving 

mediators (SPMs), a family of bioactive lipid mediators that includes resolvins, protectins (also 

referred to as neuroprotectins in neural tissue), and maresins, while arachidonic acid serves as the 

precursor for lipoxins (Bannenberg & Serhan, 2010; Serhan & Chiang, 2013). EPA gives rise to 

the E-series resolvins (RvE1, RvE2, and RvE3), whereas DHA is metabolized into the D-series 

resolvins (RvD1–RvD6), protectin D1 (PD1/NPD1), and maresins (MaR1 and MaR2). More 
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recently, n-3 docosapentaenoic acid (DPA) has also been recognized as a precursor for distinct 

families of resolvins, protectins, and maresins, further expanding the diversity of SPMs involved 

in the active resolution of inflammation. In addition, aspirin-acetylated COX-2 generates aspirin-

triggered epimers of several SPMs, including aspirin-triggered resolvin D1 (AT-RvD1), which 

retain potent pro-resolving and anti-inflammatory properties (Colas et al., 2014; Mas et al., 2012; 

Schwab et al., 2007).  

1.4.2 PUFA’s in the Brain 

Within the brain, DHA is particularly abundant in neuronal membranes and is essential 

for maintaining synaptic plasticity and membrane fluidity (Tanaka et al., 2012). Deficiencies in 

DHA or disruptions in its metabolism have been associated with cognitive decline, microglial 

activation, and increased vulnerability to neurodegenerative processes (J. A. Araujo et al., 2022; 

Chang et al., 2015; Sala-Vila et al., 2021). Experimental models of Alzheimer’s disease (AD) 

have shown that dietary supplementation with omega-3 fatty acids decreases amyloid-β 

accumulation and downregulates NF-κB–mediated inflammatory signaling (Hur et al., 2018; 

Morita et al., 2025; D. Zhang et al., 2025). Similarly, in models of Parkinson’s disease (PD), 

DHA and its metabolites, such as neuroprotectin D1, reduce dopaminergic neuronal loss and 

inhibit pro-inflammatory cytokine production (Calandria et al., 2015).  

In contrast, an excess of dietary omega-6 fatty acids, particularly in the absence of 

sufficient omega-3 intake, can shift the lipid mediator profile toward a pro-inflammatory state 

(Innes & Calder, 2018). Epidemiological studies indicate that a high n-6/n-3 ratio correlates with 

elevated systemic inflammation, oxidative stress, and increased risk of cognitive impairment 

(Ajabnoor et al., 2021). This imbalance may potentiate the chronic neuroinflammation observed 
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in neurodegenerative diseases by sustaining activation of microglia and astrocytes and promoting 

the release of cytokines such as TNF-α and IL-1β (Y. Dong et al., 2018; Sanchez et al., 2024).  

SPMs derived from omega-3 fatty acids, including resolvin D1 (RvD1), protectin D1 

(PD1), and maresin 1 (MaR1), represent promising therapeutic candidates for mitigating 

neuroinflammatory responses. These mediators promote clearance of apoptotic cells and 

misfolded proteins, inhibit leukocyte recruitment, and restore BBB integrity (Calandria et al., 

2015; Fiala et al., 2015; Mizwicki et al., 2013; Tiberi & Chiurchiù, 2021; Yin et al., 2019). Our 

laboratory has also demonstrated that AT-RvD1 treatment mitigated both pulmonary and 

neuroinflammatory responses following repetitive organic dust extract exposure, underscoring 

the translational relevance of targeting resolution pathways (Threatt et al., 2024).  

Despite substantial evidence linking environmental particulate matter and organic dust 

exposure to neuroinflammatory processes, and a growing understanding of how omega-3 PUFAs 

and their pro-resolving mediators modulate CNS inflammation, very few studies have directly 

examined the intersection of these factors. Specifically, the combined impact of chronic 

agricultural dust exposure and dietary n-3 PUFA intake on neuroimmune signaling remains 

largely unexplored. Addressing this gap is critical, as dietary omega-3s may represent a 

modifiable factor capable of mitigating dust-induced microglial and astrocytic activation, 

cytokine production, and BBB disruption. Understanding this interaction could illuminate novel 

strategies for preventing or attenuating environmentally triggered neuroinflammatory cascades, 

particularly in at-risk occupational populations.  

The overall objective of this dissertation was to characterize the neuroinflammatory 

consequences of acute and chronic agricultural organic dust exposure and determine whether 

endogenous enrichment of n-3 PUFA’s modifies these responses. It was hypothesized that 
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organic dust exposure would induce region-specific neuroinflammation within the olfactory bulb 

and hippocampus, characterized by increased glial activation and subsequent neuronal injury 

following chronic exposure, and that elevated endogenous n-3 PUFA levels would attenuate 

these pathological responses. To test this hypothesis, the first aim investigated the consequences 

of repeated chronic exposure and determined whether the Fat-1 genotype altered glial activation, 

inflammatory astrocyte polarization, and neuronal survival, whereas the second aim evaluated 

the neuroinflammatory and neuropathological effects of a single acute organic dust exposure. 

Collectively, these studies were designed to define the temporal progression of dust-induced 

neuroinflammation and evaluate endogenous n-3 PUFAs as a potential strategy for mitigating the 

neurological consequences of agricultural dust exposure. 

 



 24 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 –  NEURONINFLAMMATION FOLLOWING CHRONIC OGANIC DUST 
EXPOSURE IS MODULATED IN FAT-1 TRANSGENIC MICE 

 

 

 

 

 



 25 

Neuroinflammation following chronic organic dust exposure is modulated in Fat-1 transgenic 

mice 

Casey P. McDermott1,3, Alyssa N. Threatt1, Pranav Renavikar, Logan S. Dean2, Emmanuel O. 

Oyewole1,3, Kaylee Jones1, Rachel E. Sisley5, Pinaki Mondal3, Julie A. Moreno1, and Tara M. 

Nordgren3,1# 

1Department of Environmental and Radiological Health Sciences, Colorado State University, Fort 

Collins, CO 80523 

2Cell and Molecular Biology Graduate Program, Colorado State University, Fort Collins, CO 

80523 

3Department of Pediatrics, University of Nebraska Medical Center, Omaha, NE 68132 

4Department of Pathology, Microbiology, and Immunology, University of Nebraska Medical 

Center, Omaha, NE 68132 

5Department of Internal Medicine, University of Nebraska Medical Center, Omaha, NE 68132 

#Corresponding author: 

  

Tara M. Nordgren, PhD 

Pediatrics Department 

College of Medicine 

University of Nebraska Medical Center 



 26 

Omaha, NE, 68198 

tara.nordgren@unmc.edu / tmnordgren@gmail.com 

Running Title: Organic Dust Exposure and Neuroinflammation in Fat-1 Mice 

Keywords: Neuroinflammation, omega-3 fatty acids, organic dust, microglia, astrocytes, pro-

resolution 

 

mailto:tara.nordgren@unmc.edu
mailto:tmnordgren@gmail.com


 27 

Abstract 
 

Agricultural workers experience chronic exposure to particulate matter, specifically 
organic dust, which has been increasingly associated with neuroinflammation and elevated risk 
of neurodegenerative disease. However, the mechanisms linking inhaled organic dust exposure to 
neuroinflammation and neuronal injury remain incompletely understood. Omega-3 
polyunsaturated fatty acids (n-3 PUFAs) and their bioactive lipid mediators possess pro-
resolving properties and have demonstrated neuroprotective effects in several models of 
neurological disease. We aimed to investigate the neuroinflammatory and neurodegenerative 
consequences of chronic organic dust exposure and determine whether endogenous n-3 PUFA 
enrichment protects against dust-induced neuropathology. Male and female wild-type (WT) and 
Fat-1 transgenic mice were exposed to 12.5% organic dust extract (ODE) by intranasal 
instillation four times per week for three months. Fat-1 mice endogenously convert omega-6 
fatty acids into omega-3 fatty acids, resulting in elevated tissue n-3 PUFA levels. Following 
exposure, microglial activation, astrocyte reactivity, and neuronal survival were evaluated in the 
olfactory bulb and hippocampus. We observed that chronic ODE exposure induced significant 
neuroinflammatory changes in WT mice characterized by increased microglial recruitment, 
microglial activation, astrocyte hypertrophy, loss of S100ß+ astrocytes, increased astrocytic C3 
expression, and region-specific neuronal loss within the olfactory bulb and hippocampus. In 
contrast, Fat-1 mice exhibited reduced microglial reactivity, maintenance of a more ramified 
microglial morphology, preservation of S100ß+ astrocytes, and reduced induction of C3+ 
inflammatory astrocytes following dust exposure. Although ODE-induced astrogliosis persisted 
in Fat-1 mice, neuronal loss observed in WT mice was prevented. Our data demonstrate that 
chronic organic dust exposure induces neuroinflammatory and neurodegenerative changes 
extending beyond the respiratory system and that increased endogenous n-3 PUFA production 
confers significant neuroprotection. These findings suggest that enhancement of pro-resolving 
omega-3 pathways may represent a promising therapeutic strategy for mitigating 
neuroinflammatory consequences associated with chronic agricultural dust exposure.  
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Introduction 

 

Agricultural occupations have been increasingly recognized as a potential risk factor for 

cognitive decline and neurodegenerative disease, particularly Alzheimer’s disease (AD) and 

related dementias (Arora et al., 2021; Petit et al., 2024; Sturm et al., 2022; B. Zhang et al., 2023). 

Epidemiologic studies have reported elevated prevalence and incidence of dementia among 

farming and other agricultural workers, with risk often linked to duration and intensity of 

occupational exposure (Hayden et al., 2010; R. M. Park et al., 2005). Furthermore, large cohort 

and case–control studies demonstrate that chronic exposure to agricultural environments is 

associated with accelerated cognitive decline and increased likelihood of developing Alzheimer’s 

disease (Hayden et al., 2010; Petit et al., 2024). These findings are supported by occupational 

exposure assessments demonstrating that farmers and agricultural workers experience sustained 

contact with neurotoxic and pro-inflammatory agents, including pesticides, organic dust, and 

airborne particulates (R. M. Park et al., 2005; Yan et al., 2016; B. Zhang et al., 2023). 

Exposure to particulate matter (PM) has emerged as a significant environmental risk 

factor for cognitive decline and dementia. Epidemiological studies demonstrate associations 

between long-term exposure to ambient PM, particularly the PM size fraction less than 2.5 um 

(PM2.5), and an increased risk of AD and related dementias (H. Chen et al., 2017; Y.-H. Ma et al., 

2023; B. Zhang et al., 2023). Mechanistic investigations suggest that inhaled particles can 

promote oxidative stress, systemic inflammation, and neuroimmune activation, all of which are 

linked to neurodegenerative disease (Block & Calderón-Garcidueñas, 2009; Calderón-

Garcidueñas et al., 2008; Choi et al., 2022; C. Guo et al., 2026; B. Han et al., 2022). In 

experimental models, PM exposure has been shown to induce microglial activation, disrupt 

blood–brain barrier (BBB) integrity, and increase pro-inflammatory cytokine signaling within the 
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central nervous system (CNS) (C. Guo et al., 2026; B. Han et al., 2022; X. Ji et al., 2022; C. Liu 

et al., 2024). Agricultural environments demonstrate a complex mixture of organic dusts and PM 

generated from animal production, crop processing, and/or waste management activities (Poole 

& Romberger, 2012). Organic dust frequently includes endotoxins, peptidoglycans, fungal β-

glucans, and other biologically active components that can activate innate immune pathways 

(Douwes et al., 2003; Nordgren et al., 2018; Poole & Romberger, 2012). Inhalation of 

agricultural dust has previously been shown to induce a robust pulmonary inflammatory response 

characterized by cytokine release, neutrophil recruitment, and oxidative stress (Johnson et al., 

2023; Nordgren et al., 2014; Poole et al., 2009). Increasing evidence suggests that these 

inflammatory responses are not restricted to the respiratory system but may propagate 

systemically through circulating cytokines and endothelial activation (Block & Calderón-

Garcidueñas, 2009; Wells et al., 2017).  Persistent or repeated inflammatory signaling has been 

implicated in the pathogenesis of several neurodegenerative disorders, raising concerns that 

chronic exposure to agricultural PM may contribute to long-term neurologic vulnerability (Block 

& Calderón-Garcidueñas, 2009; Perry, 2010).  

Resolution of inflammation is an active biological process regulated in part by lipid 

mediators derived from omega-3 polyunsaturated fatty acids (PUFAs). Omega-3 fatty acids, 

including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), serve as precursors for 

specialized pro-resolving mediators (SPMs) such as resolvins, protectins, and maresins (Hong et 

al., 2003; Serhan & Chiang, 2013). These molecules actively limit excessive inflammatory 

responses, promote clearance of cellular debris, and restore tissue homeostasis following injury 

or immune activation (Calder, 2015). Increasing evidence suggests that SPMs may modulate 
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neuroinflammatory pathways and exhibit neuroprotective effects in models of neurodegenerative 

disease (Shrivastava et al., 2024; Threatt et al., 2024; Zhu et al., 2016).  

Given emerging evidence linking PM exposure to systemic and neuroinflammatory 

processes, strategies that enhance inflammation resolution may protect against environmentally 

induced neurotoxicity. To address this gap, the present study utilized wild-type (WT) and Fat-1 

transgenic mice to examine whether increased endogenous omega-3 fatty acid production 

influences inflammatory and neurodegenerative responses following chronic organic dust 

exposure. Fat-1 transgenic mice express an omega-3 fatty acid desaturase derived from 

Caenorhabditis elegans that converts omega-6 fatty acids into omega-3 fatty acids endogenously 

(J. X. Kang, 2007). As a result, Fat-1 mice exhibit elevated tissue omega-3 fatty acid levels and 

increased production of pro-resolving lipid mediators without requiring dietary supplementation 

(Bilal et al., 2011), providing a unique model for studying the anti-inflammatory and 

neuroprotective potential of omega-3 fatty acid-related pathways. In the current studies, male and 

female WT and Fat-1 mice were exposed to aqueous extracts of organic dust (ODE) via 

intranasal instillation (12.5%) four times per week for 12 weeks to model chronic inhalational 

exposure encountered in agricultural environments. Following exposure, mice were evaluated for 

pulmonary and systemic inflammatory responses. Neuroinflammatory and neurodegenerative 

outcomes were also assessed in the olfactory bulb (OFB) and the hippocampus (HP). We 

hypothesized that increased endogenous omega-3 fatty acid levels in Fat-1 mice would attenuate 

dust-induced systemic inflammation, reduce glial activation within the brain, and limit 

neurodegenerative pathology compared with WT animals. 
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Materials and Methods 

Animal Care 

Male and female Fat-1 and wild-type C57BL/6J mice (Jackson Laboratory, Bar Harbor, 

ME) were housed in an AAALAC-accredited facility either at the University of Nebraska Medical 

Center or Colorado State University. Mice were 14-24 weeks old at study onset and were 

maintained on standard rodent chow and sterile water ad libitum. All experimental procedures were 

carried out in compliance with the University of Nebraska Medical Center (25-011-04-FC) and 

Colorado State University (#2887) Institutional Animal Care and Use Committees. 

  

Preparation of Organic Dust Extract 

Settled agricultural dusts were collected from surfaces ~1 m above the floor within indoor 

swine confinement facilities and processed into aqueous extracts as described previously 

(Romberger et al., 2002). Briefly, dust was suspended in Hank’s Balanced Salt Solution (HBSS) 

at 100 mg/mL, centrifuged, and sterile filtered (0.22 μm) to generate 100% HDE (vol/vol). Extracts 

were stored at −20 °C until use. For in vivo exposures, 100% HDE was diluted to 12.5% in sterile 

PBS. Previous reports have demonstrated trace metals, as well as gram-negative and gram-positive 

bacterial  and fungal components in the extracts (Poole et al., 2010).  

  

Animal treatment and dosing 

Wild-type (WT) and Fat-1 transgenic mice were anesthetized with isoflurane and 

underwent intranasal instillations of 50 µl 12.5% organic dust extract (ODE) four times weekly 
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for 12 consecutive weeks. At 72 hours after the final exposure, brains, lungs, spleens, and 

bronchoalveolar lavage fluid (BALF) were collected for assessment of neuroinflammatory 

pathology, as well as local and systemic inflammatory endpoints. A total of 55 mice (20 WT, 35 

Fat-1) were studied. Experimental groups included saline controls (10 WT, 15 Fat-1) and ODE-

exposed mice (10 WT, 20 Fat-1).  

  

Lung Histopathology Scoring 

Formalin-fixed, paraffin-embedded lung tissues were processed for hematoxylin and eosin 

staining following a standard deparaffinization protocol, as previously described (Threatt et al., 

2024). Slides were scanned at 200X on a Vectra Polaris scanning microscope. Semiquantitative 

scoring was used for airway, perivascular, and alveolar parenchymal inflammation. Airway and 

vascular inflammation: 0 = none, 1 = minimal (<50% bronchioles/vessels with <2-3 layer width 

of lymphoid cuff), 2 = mild (>50% bronchioles/vessels with <2-3 layer width of lymphoid cuff), 

3 = moderate (<50% bronchioles/vessels with >3 layers width of lymphoid cuff), 4 = severe (>50% 

bronchioles/vessels with >3 layers width of lymphoid cuff). Alveolar inflammation: 0 = none, 1 = 

minimal (<50% alveoli with non-dense inflammation), 2 = mild (>50% alveoli with non-dense 

inflammation), 3 = moderate (<50% alveoli with dense inflammation), 4 = severe (>50% alveoli 

with dense inflammation). Goblet cell hyperplasia and fibrosis were graded as: 0 = absent, 1 = 

present. 

  

Stereology and Immunofluorescent Imaging/Analysis 
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Formalin-fixed, sagittal whole brain, paraffin-embedded tissues were processed for 

immunofluorescence to characterize neuroinflammatory outcomes of chronic ODE exposure. 

Deparaffinization was performed as described above. For antigen retrieval, either 10 mM EDTA 

buffer, pH 8.0 or 0.01 M Sodium Citrate, pH 6.0 was utilized at 95°C for 20 minutes in a BioCare 

Medical Decloaking Chamber™ NxGen (BioCare Medical). See Table 1 for antibody details. 

Tissue sections were rinsed three times for 10 minutes each in 0.05 M TBS prior to blocking in a 

solution containing 2% donkey or goat serum and 0.2% Triton X-100 prepared in 0.05 M TBS for 

1 hour at room temperature. To quantify neurons, tissues were labeled using rabbit anti- Neuronal 

Nuclei NeuN (1:200, Cell Signaling, D4G40). To count microglia, tissues were labeled using rabbit 

anti–ionized calcium-binding adaptor molecule 1 (Iba1) (1:1000; Invitrogen, PA5-18039). 

Chicken anti-glial fibrillary acidic protein (GFAP) (1:1000, AvesLabs, GFAP) was utilized for the 

labeling of astrocytes. Following primary antibody incubation, tissues were washed four times for 

10 minutes each with 0.05 M TBS. All secondaries were diluted 1:500 in 2% donkey or goat serum 

prepared in 0.05 M TBS and then incubated for one hour. Secondaries used can be found in Table 

1. After secondary incubation, sections were washed three times for 10 minutes each with 0.05 M 

TBS. Nuclear counterstaining was performed using Hoechst 33342 (1:2000 in PBS; Invitrogen, 

Cat #: H3570) for 3 minutes, followed by three additional 10-minute washes in 0.05 M TBS. 

Sections were then mounted using ProLong Diamond Antifade Mountant (Fisher Scientific, Cat #: 

P36970) and cover slipped with glass coverslips. Slides were left at room temperature in the dark 

for 24–48 hours to allow the mounting medium to cure before being stored at 4°C protected from 

light until imaging. Imaging was performed on a Discover Echo Revolve microscope (San Diego, 

CA, USA) with a 5MP monochrome CMOS camera with an Olympus SAPO 10x objective. High 

magnification images were taken with an Olympus SAPO 40x objective.  
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Characterization of Astrocyte and Microglial Morphology 

To characterize astrocyte and microglial cell morphology, sagittal whole brain slices were 

first immunolabelled with Iba1 or GFAP as described above. Two sections per animal were 

utilized, and images in the OFB and HP were acquired using the Discover Echo Revolve 

microscope (San Diego, CA, USA) .Two images were taken were taken within the OFB and HP 

of each animal. Cell soma identification was performed by Hoechst 33342 and IBA1+ or GFAP+ 

colocalization. Imaris for neuroscientists' image analysis software (version 10.1.1 Bitplane Imaris, 

South Windsor, CT, USA) was then used to perform morphometric analysis. On Imaris, images 

were converted to native Imaris format, and the filament tracer module was utilized to trace 

microglial processes. Settings for determining the soma, branches, and spines were optimized, and 

then a batch analysis was applied throughout the images. Stepwise, the program is as follows: Step 

1/5 Algorithm. Here default settings are maintained for both “Favorite Creation Parameters” and 

“Algorithm Settings”. At Step 2/5 Dendrite Points Diameter, starting point (or cell body diameter) 

was measured and then input, whereas seed point (the setting used to trace the filaments) was kept 

at 1 µM. The next step, Step 3/5 Classify Dendritic Points, is where the program automatically 

plots starting points and seed points, of which thresholds for background were optimized. At Step 

4/5 Dendrite Diameter, filaments were checked to be sure all were traced correctly. Data on the 

number of branches and their length (uM) were then generated using this module. 

 

Inflammatory Astrocyte Characterization 
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OFB and HP sections were immunolabeled with S100 calcium-binding protein B (S100ß) 

(1:750, Abcam, AB41548) and complement protein 3 (C3) (1:250, Abcam, AB11862) using the 

protocol referenced above. Two images per animal, per region were taken using an Olympus S-

Apochromat 40× air objective (0.95 N.A). Utilizing the QuPath cell detection feature, images 

were then used for determining S100ß+/C3+ cells within the OFB and HP. To calculate the 

percent of cells producing C3 per 400× image, the total number of S100ß+ cells demonstrating 

C3+ staining were divided by total S100ß+ cells. 

  

Table 1: 

Primary Ab 
/ Dilution 

Manufacturer/Cat. 
# 

Secondary 
Ab (1:500) 

Manufacturer 
/ 

Cat. # 

HIER 
Reagent 

NeuN / 
1:200 

Cell Signaling / 
D4G40 

Donkey anti- 
rabbit 555 

Invitrogen / 
A31572 

0.01 M 
Sodium 

Citrate,  pH 
6.0 

Iba1 / 
1:1000 

Invitrogen /  
PA5-18039 

Donkey anti- 
goat Cy5 

Abcam / 
AB6566 

10 mM 
EDTA 

buffer, pH 
8.0 

S100ß / 
1:750 

Abcam / AB41548 Donkey anti- 
rabbit 555 

Invitrogen / 
A31572 

10 mM 
EDTA 

buffer, pH 
8.0 

C3 / 1:250 Abcam / AB11862 Goat anti- rat  
647 

Invitrogen / 
A21247 

10 mM 
EDTA 

buffer, pH 
8.0 

GFAP / 
1:500 

AvesLabs /  
GFAP 

Goat anti- 
chicken 647 

Invitrogen / 
A21448 

10 mM 
EDTA 

buffer, pH 
8.0 

  

Analysis of Cytokines and Chemokines 
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Bronchoalveolar lavage fluid (BALF) was collected, processed, and stored as previously described 

(Threatt et al., 2024). Cytokine concentrations in BALF and lung tissue were quantified using 

sandwich ELISAs (DuoSet, R&D Systems) according to manufacturer instructions. Cytokines 

analyzed include TNF, IL-6, and IL-10. High-binding half-well 96-well plates (Greiner Biotech) 

were coated with capture antibodies at manufacturer-specified concentrations and incubated 

overnight at room temperature prior to assay completion. Plates were read at 450 nm and 540 nm 

on Varioskan Lux (Leica Biosystems).  

  

Statistical Analysis 

All data are presented as mean +/- SEM, unless otherwise noted. Experimental values from each 

mean were analyzed with a ROUT (α=0.05) test for exclusion of significant outliers.  A 3-way 

ANOVA with Tukey’s post hoc test for multiple comparisons was utilized to compare treatment, 

sex, and genotype as independent variables. Significance is denoted as *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.  All statistical analysis was conducted using GraphPad Prism 

Software (version 10.0.) 

  

Results 

 

Development of Chronic Dust Exposure Model with Sub-Clinical Pulmonary Pathology 

  WT and Fat1 transgenic mice were exposed intranasally to 12.5% organic dust extract 

four times a week for 12 total weeks (Fig. 1A). It is important to note that this dosing paradigm 

did not develop  significant lung pathology (Supplementary Fig. 1). Mice were sacrificed three 

days post- the last exposure. Sagittal brain sections (Fig. 1B) were analyzed for markers of 
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inflammation and neurodegeneration, specifically the OFB and HP. Further sub-regional analysis 

of the HP was performed to elucidate regional susceptibility to agricultural PM. 

  

Chronic Organic Dust Exposure Increases the Number of Microglia in the Olfactory Bulb and 

Alters Morphology 

As increases in IBA1 expression and alterations in microglial morphology are widely 

used indicators of microglial reactivity and neuroinflammation (Hopperton et al., 2018), we next 

quantified IBA1+ cells and evaluated their morphological phenotype in the OFB of WT and Fat-

1 mice. Whole field scans (Fig. 2A) revealed a significant increase in microglial cells in 

WT+Dust mice compare to saline controls (p=0.0003). A significant decrease was also 

demonstrated between Fat-1+D mice compared to WT+Dust exposed mice (p<0.0001). 

Statistical variance observed in the OFB was attributed to exposure (p=0.0014, F(1,38)=11.94), 

genotype (p=0.0167, F(1,38)=6.268), and to the interaction between the two (p=0.0008, 

F(1,38)=13.33).   

High magnification images were then “skeletonized” utilizing the filament tracer module 

on Imaris for phenotypic characterization (Fig. 2B; insets on images demonstrate traced IBA1+ 

cells). There were no significant differences revealed in the total number of filaments amongst 

the different groups. However, analysis revealed a significant decrease in filament length in Fat-

1+S compared to WT+Saline mice (p=0.0008). A decrease was also demonstrated between 

WT+Dust and WT+Saline exposed mice (p=0.0005). The statistical variance seen in filament 

length in the OFB was determined to be a result of treatment (p=0.0025, F(1,718)=9.915), 
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genotype (p=0.0447, F(1,718)=4.043), and the interaction between the two (p=0.0002, 

F(1,718)=13.74).   

  

Chronic Organic Dust Exposure Induces Region-Specific Microglial Alterations Throughout the 

Hippocampus   

Quantification of IBA1+ cells were also determined in the HP using whole field 10X 

images (Fig. 3A). A significant increase in microglial cells was seen in both WT+Dust mice 

compared to WT+Saline (p=0.0448), as well as Fat-1+D mice compared to Fat-1+S mice 

(p=0.0245). Statistical variance was determined to be a result of ODE exposure (p=0.0055. 

F(1,41)= 8.592).  

Further phenotypical characterization of microglia within subregions of the HP was also 

performed utilizing the Imaris filament tracer module (Fig. 3B-F). As was done in the OFB, both 

the number of filaments/microglia as well as filament length were measured. In the Cornu 

Ammonis (CA)1 area (Fig. 3B), a significant decrease in the number of filaments was 

demonstrated in WT+Dust exposed mice compared to WT+Saline controls (p=0.0448), while a 

significant increase in length of filaments was seen in Fat-1+D exposed mice compared to Fat-

1+S controls (p=0.0420). While investigating the CA2 area of the HP (Fig. 3C), no significant 

differences were seen in the number of microglial filaments. However, both Fat-1+S and 

WT+Dust exposed mice demonstrated a decrease in filament length compared to WT-S controls 

(p<0.0001, p<0.0001). The statistical variance here was determined to be a result of exposure 

(p<0.0001, F(1,585)= 46.95), genotype (p<0.0001, F(1,585)= 27.62), and the interaction between 

the two (p<0.0001, F(1,585)= 31.63). Within the Ca3 area (Fig. 3D), there also was not a 
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significant change in the number of microglial filaments, however both Fat-1+S and WT+Dust 

exposed mice had significantly shorter filaments compared to WT controls (p<0.0001, 

p<0.0001). Statistical variance in filament length in Ca3 was determined to be due to exposure 

(p<0.0001, F(1,581)= 29.97), genotype (p<0.0001, F(1,581)= 29.48), and the interaction between 

the two (p<0.0001, F(1,581)= 35.34). Investigation into the dentate gryus (DG) (Fig. 3E), the 

site of neurogenesis in the HP, demonstrated a significant decrease in the number of filaments 

between WT+Saline and Fat-1+S mice (p=0.0199). A significant increase in the number of 

filaments was also seen in Fat-1+D exposed mice compared to Fat-1+S controls (p=0.0457). The 

statistical variance seen in filament length withing the DG was seen to be a result of the 

interaction between exposure and genotype (p=0.0086, F(1,80)= 7.249). When measuring 

filament length within the DG a significant decrease in length was seen in WT+Dust exposed 

mice compared to WT+Saline controls (p=0.0102). Similarly, a decrease was demonstrated in the 

filament length of microglia in the DG of Fat-1+D exposed mice compared to Fat-1+S control 

mice (p=0.0457). The statistical variance seen in filament length in the DG was demonstrated to 

be a result of exposure (p=0.0013, F(1, 470)= 10.41). Finally, within the subiculum (Fig. 3F) of 

WT+Dust exposed mice there was a significant decrease in the number of microglial filaments 

compared to WT+Saline controls (p=0.0245). The statistical variance seen here was due to an 

interaction between exposure and genotype (p=0.0234, F(1, 78)= 5.348). A decrease in filament 

length was also demonstrated in subiculum of Fat-1+S and WT+Dust exposed mice compared to 

WT+Saline controls (p=0.0044, p=0.0035). Statistical variance was determined to be a result of 

interaction between exposure and genotype (p=0.0116, F(1, 561)= 6.414), as well as exposure 

alone (p=0.0116, F(1, 561)= 7.488). 
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Chronic Organic Dust Exposure Increases Olfactory Bulb Astrogliosis and Alters Astrocyte 

Morphology 

  Astrocytes undergo progressive changes in GFAP expression, cellular hypertrophy, and 

process remodeling during neuroinflammatory responses (B. Zhou et al., 2019); therefore, we 

evaluated the number of GFAP+ astrocytes in WT and Fat-1 mice, as well as analyzed astrocyte 

morphology in the OFB after chronic dust exposure. (Fig. 4).  An increase in GFAP+ cells were 

demonstrated in WT+Dust exposed mice compared to saline controls (p=0.0188) (Fig. 4A). This 

trend was also seen in the Fat-1+D group in comparison to Fat-1+S mice (p=0.0198). The 

statistical variation driving the increase in GFAP+ cells within the OFB was determined to be a 

result of the exposure (p=0.0020, F(1, 18)= 13.08). 400x images in the OFB (Fig. 4B) revealed 

an increase in the number of filaments in WT+Dust exposed mice when compared to WT+Saline 

controls (p=0.0268). Statistical variance demonstrated here was determined to also be due to 

exposure (p=0.0419, F(1, 26)= 4.582). An increase in filament length was also seen in both Fat-

1+S- and WT+Dust-exposed mice compared to WT+Saline controls (p<0.0001, p<0.0001). The 

statistical variation in filament length was demonstrated to be a result of the interaction between 

exposure and genotype (p<0.0001, F(1, 431)= 20.80), as well as exposure (p<0.0001, F(1, 431)= 

36.08) and genotype alone (p<0.0001, F(1, 431)= 40.93). 

  

Genotype-Dependent Astrocyte Remodeling Following Chronic Organic Dust Exposure 

Further investigation into astrogliosis was also performed in the HP of Fat-1 and WT 

mice chronically exposed organic dust (Fig. 5).  100x scans (Fig. 5A) reveal an increase in 

WT+Dust mice compared to WT+Saline controls (p=0.0090), as well as an increase in the Fat-
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1+D group compared to Fat-1+S mice (p=0.0374). The primary driver of statistical variance seen 

here was determined to be a result of exposure alone (p=0.0014, F(1, 26)= 12.74). High 

magnification images of hippocampal subregions were then taken to determine astrogliosis (Fig. 

5B-F). There were no significant changes seen in the number of filaments in the Ca1 area. 

However, a significant decrease in filament length was demonstrated in Fat-1+S mice compared 

WT controls (p<0.0001). A significant increase in filament length was also seen in the Ca1 area 

(Fig. 5B) of Fat-1+D-exposed mice compared to both Fat-1+S- and WT+Dust-exposed mice 

(p<0.0001, p<0.0001). In the Ca2 area of the HP (Fig. 5C), a significant increase in the number 

of filaments was seen in Fat-1+S mice compared to WT+Saline controls (p=0.0138). The 

statistical variance in the number of filaments was determined to be driven by genotype alone 

(p=0.0069, F(1, 27)= 8.566). Furthermore, WT+Dust exposed mice and Fat-1+S had increased 

filament lengths when compared to WT+Saline controls (p<0.0001, p<0.0001). Fat-1+S mice 

also demonstrated significantly longer astrocyte filament lengths compared to Fat-1+D mice 

(p=0.0020). Statistical variance in filament length was determined to be a result of the interaction 

between exposure and genotype (p<0.0001, F(1 352)= 33.39), as well as genotype alone 

(p<0.0001, F(1 352)= 30.08). Investigation into the Ca3 area of the HP (Fig. 5D) revealed more 

astrocytic filaments in Fat-1+S- and WT+Dust-exposed mice compared to WT+Saline mice 

(p=0.0008, p=0.0265). The statistical variance here was determined to be due to the interaction 

between exposure and genotype (p=0.0084, F(1, 27)= 8.085), as well as genotype alone 

(p=0.0386, F(1, 27)= 4.727). In measuring the length of astrocytic filaments in the Ca3 region, it 

was found that Fat-1+S and WT+Dust mice had longer filaments compared to WT+Saline 

controls (p<0.0001, p=0.0023). Astrocytes in the Ca3 region of Fat-1+D exposed mice also 

demonstrated longer filaments that both Fat-1+S- and WT+Dust-exposed mice (p<0.0001, 
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p<0.0001). Statistical variation in filament length within the Ca3 region of the HP was 

determined to be a result of exposure (p<0.0001, F(1, 484)= 29.67) and genotype (p<0.0001, F(1, 

484)= 127.7). 400X scans of astrocytes in the DG (Fig. 5E) revealed that Fat-1+S mice had 

significantly more astrocytes filaments compared to WT+Saline controls (p=0.0305). The 

filament length of astrocytes in DG of Fat-1+S mice and WT+Dust mice were revealed to be 

significantly longer than WT+Saline controls (p<0.0001, p<0.0001). Fat-1+D also demonstrated 

longer astrocytic filaments than Fat-1+S and WT+Dust exposed mice (p=0.0038, p<0.0001). The 

statistical variation demonstrated here was determined to be due to exposure (p<0.0001, F(1, 

424)=29.52) and genotype (p<0.0001, F(1, 424)=139.8). Finally, investigation into GFAP+ 

astrocytes within the subiculum (Fig. 5F) revealed no significant differences in their total 

number of filaments. However, both Fat-1+S and WT+Dust exposed mice demonstrated longer 

astrocytic filaments than the WT+Saline group (p<0.0001, p<0.0001). Astrocytes within the 

subiculum of Fat-1+D mice also demonstrated significantly longer processes than those within 

the Fat-1+S group (p=0.0090). Statistical variation in the length of astrocytic filaments in the 

subiculum was determined to be a result of the interaction between exposure and genotype 

(p=0.0008, F(1, 319)= 11.39), as well as exposure (p<0.0001, F(1, 319)= 41.17) and genotype 

alone (p=0.0002, F(1, 319)= 13.94). 

 

Organic Dust-Induced Reactive Astrocyte Polarization in the Olfactory Bulb Is Attenuated in 

Fat-1 Mice 

   As astrocyte reactivity encompasses both structural remodeling and phenotype-specific 

functional changes, we next examined S100β+ astrocytes and their expression of complement 

component 3 (C3), a hallmark of inflammatory reactive astrocytes associated with neurotoxic 
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signaling (Escartin et al., 2021, 2021; Liddelow et al., 2017). Figure 6 shows the analysis of 

astrogliosis in the OFB in Fat-1 and WT mice chronically exposed to organic dust. WT+Dust 

mice demonstrated significantly less S100ß+ cells compared to WT+Saline mice (p=0.0182). In 

contrast, Fat-1+D saw a significant increase in S100ß+ cells compared to WT+Dust mice 

(p=0.0296). The statistical variance was determined to be a result of the interaction between 

exposure and genotype (p=0.0071, F(1,45)= 7.956). 400X imaging revealed that an increased 

percentage of S100ß+ astrocytes co-localized with C3 in the OFB of WT+Dust mice compared 

to WT+Saline (p=0.0001). A reduction in this percentage was demonstrated in Fat-1+D mice 

compared to the WT+Dust exposed group (p<0.0001). Statistical variance in this analysis was 

determined to be a result of exposure (p<0.0001, F(1, 92)= 20.12) and genotype (p=0.0006, F(1, 

92)= 12.72) individually, as well as due to the interaction between the two (p=0.0094, F(1, 92)= 

7.036). 

  

Fat-1 Genotype Attenuates Organic Dust-Induced Reactive Astrocyte Polarization Throughout 

the Hippocampus   

Similar analyses of astrogliosis were performed in the HP by measuring total S100ß+ and 

S100ß+ /C3+ cell populations in Fat-1 and WT mice chronically exposed to organic dust (Fig. 

7). 100X scans of the whole HP in WT+Dust mice reveal a significant decrease in S100ß+ cells 

when compared to WT+Saline mice (p=0.0066) (Fig. 7A). Similarly to the OFB, Fat-1+D mice 

had significantly more S100ß+ cells in the HP compared to WT+Dust mice (p=0.0098). 

Statistical variance in this analysis was determined to be a result of exposure (p=0.0232 F(1,45)= 

5.527), and the interaction between exposure and genotype (p=0.0126 F(1,45)= 6.750). 

Subregional analysis of the HP revealed that WT+Dust mice had significantly more S100ß+/C3+ 
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cells than WT+Saline (p=0.0021) in the Ca1 region (Fig. 7B), however Fat-1+D mice 

demonstrated significantly less co-localization than WT+Dust (p=0.0076). The statistical 

variation demonstrated in this region was determined to be a result of exposure alone (p=0.0020, 

F(1,98)= 10.06), as well as the interaction between exposure and genotype (p=0.0203, F(1,98)= 

5.585). This same trend is seen in the Ca2 region (Fig. 7C), where WT+Dust mice had a 

significantly higher percentage of C3 producing astrocytes compared to WT+Saline (p<0.0001), 

and Fat-1+D exposed mice demonstrated a significantly lower percentage than WT+Dust mice 

(p<0.0001). Statistical variance in this region was determined to be a result of exposure 

(p<0.0001, F(1,99)= 21.95), genotype (p=0.0007, F(1,99)= 12.40), and the interaction between 

the two (p=0.0014, F(1,99)= 10.83). Similarly, in the Ca3 region of the HP (Fig. 7D), WT+Dust 

exposed mice had significantly more S100ß+/C3+ cells than WT+Saline (p=0.0002), with a 

significant reduction demonstrated between Fat-1+D and WT+Dust groups (p=0.0002). The 

statistical variance was determined to be a result of exposure (p<0.0001, F(1,98)= 18.32), 

genotype (p=0.0082, F(1,98)= 7.290), and the interaction between the two (p=0.0109, F(1,98)= 

6.737). In the DG (Fig. 7E), WT+Dust mice were revealed to have significantly more 

S100ß+/C3+ cells than WT+Saline mice (p=0.0012). Again, Fat-1+D mice exhibited less C3-

producing astrocytes than WT+Dust (p=0.0053), but more than Fat-1+S (p=0.0089). The 

statistical variance in this analysis was determined to be a result of exposure (p<0.0001, F(1,96)= 

17.80) and genotype (p=0.0194, F(1,96)= 5.657) alone. Finally, analysis of S100ß/C3+ cells 

within the subiculum (Fig. 7F) revealed that Fat-1+S mice had a reduction in the percentage of 

C3-producing astrocytes compared to WT+Saline (p=0.0491), whereas, WT+Dust had 

significantly more (p=0.0147). Fat-1+D-exposed mice demonstrated an increase in S100ß+/C3+ 

cells compared to Fat-1+S mice (p=0.0301), however, significantly less than WT+Dust-exposed 
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mice (p=0.0005). The statistical variance in the analysis of this region was determined to be a 

result of exposure (p=0.0016, F(1,97)= 10.55) and genotype (p=0.0001, F(1,97)= 15.62). 

  

Fat-1 Genotype Attenuates Organic Dust-Induced Neuronal Loss in the Olfactory Bulb 

To determine whether chronic dust exposure and Fat-1 genotype affect neuronal survival 

in the olfactory bulb, NeuN+ cells were quantified in the OFB of WT and Fat-1 mice (Fig. 9). 

Significantly less neurons were seen in the OFB of WT+Dust mice compared to WT+Saline 

controls (p=0.0001). Comparison of Fat-1+D and WT+Dust groups revealed significantly more 

neurons in the OFB of the Fat-1+D mice (p=0.0089). Statistical variance was determined to be a 

result of exposure (p=0.0007, F(1,34)= 13.83), as well as the interaction between exposure and 

genotype (p=0.0074, F(1,34)= 8.129). 

  

Chronic Organic Dust Exposure Induces Selective Neuronal Loss in the CA1 Region of the 

Hippocampus 

Neuronal survival in the hippocampus following chronic dust exposure was also 

evaluated by quantifying NeuN+ cells across the HP and the individual subregions in WT and 

Fat-1 mice (Fig. 10). Analysis of the whole HP (Fig. 10A) revealed a significant increase in the 

number of NeuN+ cells in Fat-1+S mice compared to WT controls (p=0.0204). The statistical 

variance was determined to be a result of genotype (p=0.0265, F(1,20)= 5.741). Subregional 

analysis of the HP identified no significant differences between groups, regardless of genotype or 

exposure, in the Ca2 region (Fig. 10C), Ca3 (Fig. 10D), or subiculum (Fig. 10F). In the Ca1 

region (Fig. 10B), WT+Dust mice exhibited significantly fewer NeuN+ cells compared to WT 
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controls (p=0.0268). Statistical variance was determined to be a result of exposure (p=0.0086, 

F(1,25)= 8.410). Finally, analysis of NeuN+ neurons in the DG also revealed significantly more 

neurons in the Fat-1+S group compared to WT+Saline mice (p=0.0477).  

  

Summary of Neuroinflammatory and Neurodegenerative Changes Following Chronic Organic 

Dust Exposure   

Pathological responses were modeled using Biorender in order to visually compare 

pathological changes across treatment groups (Fig. 10). WT+Saline mice exhibited baselines 

responses across the OFB and the HP (Fig. 10A). Interestingly, Fat1+Saline mice were 

demonstrated to have hypertrophic astrocytes in the OFB, subiculum, CA2, CA3, and dentate 

gyrus (DG) compared to WT+Saline mice. More amoeboid-shaped microglia were also observed 

in these areas in Fat1+Saline mice in comparison to WT controls (Fig. 10B). WT+Dust mice 

demonstrated pathological changes across markers in the OFB, including hypertrophic as well as 

C3+ astrocytes, more amoeboid microglia, and neuronal loss compared to WT control. 

Amoeboid microglia and C3+ astrocytes were seen across hippocampal regions analyzed. 

Hypertrophic astrocytes were also seen across hippocampal regions, except for CA1. CA1 is also 

the only region of the HP in WT+Dust mice to display neuronal loss. Finally, Fat1+Dust mice 

displayed no differences in pathological changes in the OFB compared to Fat1+S controls. (Fig. 

10D). An increase in C3+astrocytes was seen in the subiculum and DG of Fat1+Dust mice 

compared to WT control, however significantly less than WT+Dust mice. Hypertrophic 

astrocytes were seen across hippocampal brain regions, except for CA2 compared to WT+Saline 

controls.  
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Discussion 

 

Our data demonstrate that the Fat-1 genotype modifies the microglial response to dust 

exposure in a region-specific manner. The OFB and HP are brain regions particularly susceptible 

to particulate exposure and inflammatory signaling and have been implicated in 

neurodegenerative disorders, including Alzheimer’s disease and related dementias. Within the 

HP, anatomically and functionally distinct subregions, including CA1–CA3 and the DG, exhibit 

differential vulnerability to inflammatory and neurodegenerative processes (Bouwman et al., 

2025; Small et al., 2011). In the OFB (Fig. 2), dust exposure increased IBA1+ cell number in 

WT mice, consistent with a pro-inflammatory response to environmental inhalants (X. Chen et 

al., 2020; B. Han et al., 2022; X. Ji et al., 2022). This increase was absent in Fat-1+D mice, 

suggesting that elevated endogenous n-3 PUFAs attenuate microglial proliferation or recruitment 

following exposure. Morphological analysis of IBA1+ cells further supports an altered activation 

state: WT+Dust microglia exhibit shortened processes across multiple hippocampal subregions; a 

phenotype associated with de-ramification and reactivity (Kettenmann et al., 2011; Stence et al., 

2001). In contrast, Fat-1+D microglia maintained or even increased filament length in Ca1 and 

DG, indicating a more ramified, surveillant morphology despite dust exposure. Collectively, 

these results suggest that the increase in n-3 PUFAs associated with the Fat1 genotype may 

confer protection by limiting both microglial expansion and the morphological shift toward 

reactivity. Notably, Fat-1+S mice differed from WT+Saline at baseline, with shorter processes in 

several regions, suggesting that n-3 PUFA enrichment alters microglial phenotype constitutively, 

independent of insult. This corroborates others’ findings, with prior reports demonstrating that 

Fat-1 mice exhibit an altered microglial phenotype, including reduced IBA1+ immunoreactivity 

and a shift toward a surveillant morphology in the cortex and HP under homeostatic conditions 
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(Orr et al., 2013), as well as attenuated pro-inflammatory gene expression in unchallenged Fat-1 

brain homogenates (Boudrault et al., 2009).  

Astrocyte reactivity encompasses both morphological and transcriptional changes, which 

are not necessarily linked. GFAP is an intermediate filament protein whose upregulation reflects 

cytoskeletal remodeling, hypertrophy, and process extension during astrogliosis (Sofroniew, 

2015). S100ß, by contrast, labels a subset of mature astrocytes and participates in calcium 

signaling as well as inflammatory responses, with altered expression frequently reported in 

neuroinflammatory and neurodegenerative conditions (Rothermundt et al., 2003), whereas 

complement component C3 functions as a transcriptional marker and effector of the neurotoxic 

astrocyte state driven by microglia-derived IL-1α, TNF, and C1q (Liddelow et al., 2017). 

Distinguishing these markers, therefore, allows separation of structural astrogliosis (GFAP) from 

inflammatory polarization (S100ß and C3). 

In contrast to the protective effect of Fat-1 on dust-induced microgliosis, astrocyte 

responses to chronic dust were differentially modulated. WT and Fat-1+D mice demonstrated 

exposure-induced increases in GFAP+ cells in the OFB and HP (Fig. 4, 5). This indicates that 

astrogliosis, in the context of GFAP, is a conserved response to dust exposure, and is not 

prevented by the elevated levels of endogenous n-3 PUFAs. However, morphological and 

phenotypic analyses showed that Fat-1 separates astrocytic cytoskeletal remodeling from 

inflammatory polarization. Fat-1+S mice display significantly longer processes, and, in several 

subregions, an increased filament number compared to WT controls. This suggests that n-3 

PUFA enrichment alone promotes a hypertrophic state. While previous studies demonstrate that 

Fat-1 mice attenuate GFAP upregulation following LPS or traumatic brain injury (X. Chen et al., 

2017; Orr et al., 2013), the elevated baseline levels observed here likely reflect the region-
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specific effects of n-3 PUFA such as DHA on membrane phospholipid incorporation and 

subsequent altered lipid membrane mechanics in astrocytes (H.-Y. Kim et al., 2010). Dust 

exposure further amplified this morphology in Fat-1+D mice, which exhibited the longest 

filaments across Ca1, Ca3, DG, and subiculum. 

Interestingly, S100ß/C3 co-labeling demonstrated that GFAP+ hypertrophy in Fat-1+D 

mice occurred independent of inflammatory astrocyte induction (Fig. 6-7). Across the regions 

analyzed, WT+Dust mice demonstrated a loss of S100ß+ astrocytes and an increase in C3 

production, consistent with inflammatory astrocyte polarization. The Fat-1 genotype exhibited a 

protective effect against both of these results; Fat-1+D mice retained or increased S100ß+ cell 

numbers and displayed a significantly lower percentage of C3+ astrocytes following dust 

exposure. Interestingly, Fat-1+S mice displayed reduced C3 co-localization in the subiculum 

relative to WT+Saline, despite their hypertrophic GFAP+ morphology. The n-3 PUFAs DHA and 

EPA act as ligands for PPARγ (Bernardo & Minghetti, 2006; Zou et al., 2019), which promotes 

trophic astrocytic phenotypes. However, resolvins, which are bioactive metabolites of DHA and 

EPA, along with DHA-mediated effects on GPR120/FFAR4 signaling, are n-3 PUFA-mediated 

mechanisms with known capacities to inhibit NF-κB–dependent C3 transcription (Gogu et al., 

2025; Serhan, 2014). Notably, ODE exposure further amplified this morphology in Fat-1+D 

mice. 

To assess the functional consequence of dust exposure and Fat-1 genotype, we quantified 

NeuN+ cells in the OFB and hippocampus. Chronic dust exposure reduced NeuN+ cell number 

in the OFB and Ca1 subregion of WT mice (Figs. 9–10), consistent with previous reports that 

inhaled PM cause neuronal damage in chemosensory and hippocampal circuits (X. Ji et al., 

2022). However, this is the first time intranasal organic dust exposure has specifically been 
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implicated in neuronal loss. Notably, neuronal loss was prevented in Fat-1 mice. Not only did 

Fat-1+D mice exhibit significantly more NeuN+ cells in the OFB compared to WT+Dust, but the 

Fat-1 genotype also altered baseline neuronal density. Fat-1+S mice displayed significantly more 

NeuN+ cells than WT+Saline in the whole HP and DG. This suggests that developmental n-3 

PUFA enrichment promotes either enhanced neurogenesis or neuronal survival independent of 

environmental insult. This is consistent with prior work showing DHA supports hippocampal 

neuronal development and synaptogenesis (Cao et al., 2009). The preservation of neurons in Fat-

1+D mice aligns with the upstream glial phenotypes described above, whereby dust exposure in 

WT mice drove microglial de-ramification and proliferation alongside C3+ astrocyte induction, 

both of which are sufficient to kill neurons (Liddelow et al., 2017). However, Fat-1 mice 

maintained ramified microglia and blocked inflammatory astrocyte polarization despite robust 

GFAP+ astrogliosis, thereby demonstrating that structural astrogliosis may not always go hand-

in-hand with neurotoxicity. Collectively, these data suggest that an increase in endogenous n-3 

PUFAs limits glial-mediated toxic pathways, leading to the preservation of neurons.   

To conclude, our studies found that an increase in endogenous n-3 PUFAs conferred 

neuroprotection in a murine model of chronic organic dust exposure. This is demonstrated by a 

decrease in microglial reactivity, as well as a decrease in the C3+ neurotoxicity, and region-

specific neuronal loss seen in WT+Dust exposed mice.  In Fat-1 mice, dust exposure failed to 

induce microglial proliferation or de-ramification, and astrocytes maintained homeostatic S100ß 

expression despite an increase in GFAP+ processes. This corresponded to the prevention of 

neuronal loss seen in WT+Dust mice, as well as an increase in the baseline number of neurons in 

the DG. As agricultural workers are chronically exposed to organic dust on the farm and already 

face an elevated risk of neuroinflammatory disease, our study demonstrates that n-3 PUFA 
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supplementation may be a viable therapeutic against the neuroinflammatory consequences of 

inhaled PM. Future time course studies are needed to define the progression of glial phenotypes 

and to isolate pulmonary versus systemic contributions to CNS pathology. Thus, an increase in n-

3 PUFA content represents a biologically plausible strategy to alleviate dust-associated 

neuroinflammation and neuronal loss.  

 

Figure 1. Dosing strategies in WT and Fat-1 mice. WT and Fat-1 transgenic mice were 

exposed to 12.5% organic dust extract four times a week for 12 weeks (A). After a 2 day recover 
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period organs were harvested for inflammatory and pathological changes. Specifically, these 

changes were analyzed in the olfactory bulb (OFB and the hippocampus (HP) (B). Subregional 

analysis was done on the HP to determine more specifically the areas affected by chronic organic 

dust exposure.  
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Figure 2. Chronic organic dust drives microglial proliferation and morphological changes 

in the olfactory bulb. Microglial abundance was assessed in the OFB following chronic 

intranasal dust exposure (A). High magnification insets demonstrate analysis of morphological 

parameters (filament #, filament length) (B). White bars indicate WT mice, while grey bars are 

Fat-1. 2-way ANOVA with post-hoc analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** 

= p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 3. Chronic organic dust drives region-specific microglial alterations in the 

hippocampus. Iba1+ microglial counts were determined across the entire HP (A). Similarly to 

the OFB, high magnification images of microglia across hippocampal subregions (CA1, CA2, 

CA3, DG, and the Subiculum) were further analyzed for the number of microglial processes as 
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well as process length (B-F). White bars indicate WT mice, while grey bars are Fat-1.  Insets 

show representative skeletonized images used for quantitative analysis. 2-way ANOVA with 

post-hoc analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** = p ≤ 

0.0001. 
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Figure 4. Chronic organic dust drives olfactory bulb astrogliosis and astrocyte 

morphological changes. To determine the extent of astrogliosis within the OFB GFAP+ 

astrocytes were quantified (A) and then skeletonized (B) to determine inflammatory 

morphological changes. High-magnification insets reveal distinct changes as a result of both 

exposure and genotype. White bars indicate WT mice, while grey bars are Fat-1. 2-way ANOVA 

with post-hoc analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** = p 

≤ 0.0001. 
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Figure 5. Chronic organic dust exposure remodels astrocytes in a genotype-dependent 

manner. GFAP+ astrocyte quantification was also done across the hippocampus as a whole (A). 

High magnification images of GFAP+ astrocytes across hippocampal subregions (CA1, CA2, 

CA3, DG, and the Subiculum) were used to determine the extent of astrogliosis, based on 
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morphological remodeling (B-F). White bars indicate WT mice, while grey bars are Fat-1. 2-way 

ANOVA with post-hoc analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, 

**** = p ≤ 0.0001. 
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Figure 6. Fat-1 genotype attenuates organic dust–induced reactive astrocyte polarization in 
the olfactory bulb. Further astrocyte characterization was performed using S100β labeling. Total 
S100β+ astrocyte numbers were quantified in the OFB (A). To determine the proportion of 
neurotoxic astrocytes, high-magnification images co-stained for S100β and C3 were analyzed, 
and the percentage of S100β+ astrocytes expressing C3 was quantified (B). White bars indicate 
WT mice, while grey bars are Fat-1. 2-way ANOVA with post-hoc analysis error bars = SEM; * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 7. Fat-1 genotype attenuates organic dust–induced reactive astrocyte polarization 
across the hippocampus. Astrocyte populations within the hippocampus were further 
characterized using S100β immunolabeling. The total number of S100β+ astrocytes was 
quantified (A). To assess the prevalence of neurotoxic astrocytes across hippocampal subregions 
(CA1, CA2, CA3, DG, and the Subiculum), high-magnification images co-labeled for S100β and 
C3 were analyzed, and the percentage of S100β+ astrocytes expressing C3 was determined (B-
F). White bars indicate WT mice, while grey bars are Fat-1. 2-way ANOVA with post-hoc 
analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 8. Fat-1 genotype attenuates organic dust–induced neuronal loss in the olfactory 
bulb. In order to assess the total number of neurons within the OFB of WT and Fat-1 mice 
exposed to dust, NeuN+ neurons were quantified (A). High-magnification insets reveal a 
decrease in NeuN+ immunolabeling in WT+Dust exposed mice. White bars indicate WT mice, 
while grey bars are Fat-1.  2-way ANOVA with post-hoc analysis error bars = SEM; * = p ≤ 
0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 9. Selective CA1 neuronal loss in the hippocampus after chronic organic dust 
exposure. Neuronal populations within the hippocampus were assessed using NeuN 
immunolabeling. Total NeuN+ neuron numbers were quantified in across the whole HP in WT 
and Fat-1 mice following dust exposure (A). Neuronal quantification was also performed within 
individual hippocampal subregions (B–F). White bars indicate WT mice, while grey bars are 
Fat-1. 2-way ANOVA with post-hoc analysis error bars = SEM; * = p ≤ 0.05; ** = p ≤ 0.01; *** 
= p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 10. Summary of neuroinflammatory and neurodegenerative changes induced by 
chronic organic dust exposure. Biorender was utilized to map changes across regions, 
genotypes, and treatment groups (A-D). Pathological changes include ramified vs. amoeboid 
microglia, hyper- and non-hypertrophic astrocytes, C3- and C3+ astrocytes, as well as if the 
neurons were preserved or lost. 
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Supplementary Figure 1. Summary of neuroinflammatory and neurodegenerative changes 

induced by chronic organic dust exposure. Histopathological scoring of markers of lung 

inflammation (peribronchial inflammation, perivascular inflammation, epithelial hyperplasia, and 

lymphoid aggregates) (A-D)  were determined following hematoxylin and eosin staining.  
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Abstract 
Agricultural workers are routinely exposed to airborne organic dusts containing a 

complex mixture of particulate matter, microbial products, and inflammatory agents. Inhalation 
of organic dust has been linked to neuroinflammatory responses; however, the early mechanisms 
by which acute exposure promotes neuroinflammation and neuronal injury remain incompletely 
understood. Omega-3 polyunsaturated fatty acids (n-3 PUFAs) and their bioactive lipid 
mediators possess potent pro-resolving properties and have demonstrated neuroprotective effects 
in multiple models of neurological injury and disease. We investigated the neuroinflammatory 
and neurodegenerative consequences of acute organic dust exposure and assessed whether 
endogenous n-3 PUFA enrichment mitigates dust-induced neuropathology. Male and female 
wild-type (WT) and Fat-1 transgenic mice were administered a single intranasal dose of 12.5% 
organic dust extract (ODE) and analyzed 5 hours later. Fat-1 transgenic mice express an omega-3 
desaturase that converts omega-6 fatty acids to omega-3 fatty acids, producing elevated tissue 
concentrations of n-3 PUFAs. Following exposure, microglial activation, astrocyte reactivity, and 
neuronal survival were assessed in the olfactory bulb and hippocampus. Acute ODE exposure 
increased the number of microglia in both the olfactory bulb and hippocampus and elevated 
GFAP+ and S100β+ astrocyte populations within the olfactory bulb. In contrast, astrocyte 
reactivity was largely unchanged in the hippocampus, with no significant increases in 
S100β+/C3+ astrocytes was observed in either brain region. Although Fat-1 mice exhibited 
region-specific alterations in glial morphology, endogenous n-3 PUFA enrichment did not 
consistently attenuate ODE-induced increases in glial cell numbers. Furthermore, neuronal 
counts remained unchanged throughout the olfactory bulb and hippocampus, indicating that glial 
activation precedes neurodegeneration following acute dust exposure. Together, these findings 
demonstrate that a single agricultural dust exposure is sufficient to induce neuroinflammatory 
responses in brain regions vulnerable to neurodegenerative disease and suggest that early glial 
activation represents a key event in dust-induced neuropathology. 
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Introduction 

 Alzheimer's disease (AD) and dementia have been recognized recently with potential 

adverse outcomes associated with  maintaining an agricultural occupation (Arora et al., 2021; 

Petit et al., 2024; Sturm et al., 2022; B. Zhang et al., 2023). This is often linked to duration of the 

exposure (Hayden et al., 2010; R. M. Park et al., 2005), although the contribution of acute 

exposure events remain unknown. Agricultural workers routinely encounter short, intense 

exposures when working in animal confinement areas that could elicit early neuropathological 

changes or prime innate immune responses to subsequent exposures. Such priming could 

increase susceptibility to subsequent inflammatory insults, including pathogen exposure and/or 

repeated contact organic dust constituents, thereby exacerbating neuroinflammatory outcomes (S. 

Von Essen & D. Romberger, 2003; Sahlander et al., 2012).  

 Inhaled particulate matter (PM), specifically that with a diameter under 2.5um (PM2.5) 

has been demonstrated to elevate AD risk as well as cognitive decline (H. Chen et al., 2017; Y.-

H. Ma et al., 2023; B. Zhang et al., 2023). Previous studies indicate that PM2.5 elicits oxidative 

stress as well as pulmonary, and subsequently systemic immune activation (Block & Calderón-

Garcidueñas, 2009; Calderón-Garcidueñas et al., 2008). Blood-brain barrier dysfunction and 

microglial activation have also been demonstrated to be compromised with PM exposure (C. 

Guo et al., 2026; B. Han et al., 2022; Threatt et al., 2024). Agricultural dust has been shown to be 

a complex PM mixture enriched with microbial components including endotoxin, 

peptidoglycans, and fungal β-glucans, all of which are potent Toll-like receptor agonists 

(Nordgren et al., 2018; Poole & Romberger, 2012). Previous reports have demonstrated that a 

single intranasal challenge with agricultural dust extract elicits a robust neutrophilic response 

with an increase in pro-inflammatory cytokines in the lungs (Nordgren et al., 2014; Poole et al., 
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2009). Whether this acute response is enough to initiate CNS inflammatory signaling, however, 

has not been explored. Following pulmonary exposure, both circulating pro-inflammatory 

mediators and the direct interaction of PM with olfactory neurons may be sufficient to initiate 

early neuroinflammatory processes (Block & Calderón-Garcidueñas, 2009; Perry, 2010; Wells et 

al., 2017). 

 Specialized pro-resolving mediators (SPMs) derived from omega-3 polyunsaturated fatty 

acids (n-3 PUFAs) have been previously demonstrated to resolve inflammation derived from 

repetitive organic dust exposure (Nordgren et al., 2014, 2015; Threatt et al., 2024). The n-3 

PUFAs docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are metabolized into a 

number of these SPM’s, including resolvins, protectins, and maresins that ameliorate neutrophil 

recruitment, enhance macrophage efferocytosis, and ultimately restore homeostasis (Calder, 

2005; Hong et al., 2003; Serhan, 2014). SPMs have also been shown to be neuroprotective and 

may have the potential to mitigate PM-induced neuroinflammation (Shrivastava et al., 2024; 

Threatt et al., 2024; Zhu et al., 2016). 

 To determine if a single exposure to organic dust extract (ODE) can initiate 

neuroinflammation and whether n-3 PUFAs modulate this response, wild-type (WT) and Fat1 

transgenic mice were exposed to a single intranasal instillation of 12.5% ODE. The Fat1 mouse 

model expresses a C. elegans omega-3 desaturase enzyme that endogenously converts omega-6 

PUFA’s to omega-3 PUFA’s, elevating tissue DHA/EPA and SPM production independent of 

dietary PUFA intakes (Bilal et al., 2011; J. X. Kang, 2007). Using this mouse model and study 

design, we assessed pulmonary inflammation, systemic cytokines, and early neuroinflammatory 

markers in both the olfactory bulb (OFB) and hippocampus (HP). Both regions have been 

demonstrated to be directly vulnerable in response to PM and in AD (Bouwman et al., 2025; W. 
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Li et al., 2022; Small et al., 2011). We hypothesized that a single dust exposure is sufficient to 

trigger acute neuroinflammation, and that elevated endogenous omega-3 fatty acids in Fat-1 

mice would blunt this response. 
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Materials and Methods 

Animal Care  

Male and female Fat-1 transgenic and wild-type C57BL/6J mice (Jackson Laboratory, 

Bar Harbor, ME), aged 10-14 weeks at study initiation, were maintained in AAALAC-accredited 

facilities at the University of Nebraska Medical Center. Animals had ad libitum access to 

standard rodent chow and sterile water. All procedures were approved by and conducted in 

accordance with the Institutional Animal Care and Use Committee of the University of Nebraska 

Medical Center (25-011-04-FC) . 

Preparation of Organic Dust Extract  

Settled dust was collected from indoor swine facilities at ∼1 m height and processed to 

hog dust extract (HDE) as previously described (Romberger et al., 2002). Dust was dissolved in 

HBSS (100 mg/mL), centrifuged, and sterile-filtered (0.22 μm) to produce 100% HDE (vol/vol), 

then stored at −20 °C. For in vivo use, HDE was diluted to 12.5% in sterile PBS. These extracts 

contain trace metals and bacterial constituents from both gram-negative and gram-positive 

organisms, as reported previously (Poole et al., 2010).  

Animal treatment and dosing  

Wild-type (WT) and Fat-1 transgenic mice were administered a single 50 µl intranasal 

instillation of either 12.5% organic dust extract (ODE) or saline. Five hours following exposure, 

brain, lung, spleen, and bronchoalveolar lavage fluid (BALF) samples were collected to evaluate 

neuroinflammatory pathology alongside local and systemic inflammatory responses. Based on 

power analysis calculations, a total of 40 mice were included in the study, consisting of 20 WT 

and 20 Fat-1 mice. Experimental cohorts were divided into saline-treated controls (10 WT, 10 
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Fat-1) and ODE-exposed groups (10 WT, 10 Fat-1). All animals were between 10 and 14 weeks 

of age at the start of the experiment. 

Immunofluorescent Imaging and Analysis 

Formalin-fixed, paraffin-embedded sagittal whole-brain sections were processed for 

immunofluorescence analysis to evaluate neuroinflammatory changes associated with acute ODE 

exposure. Tissue deparaffinization was conducted as previously described. Antigen retrieval was 

performed using either 10 mM EDTA buffer (pH 8.0) or 0.01 M sodium citrate buffer (pH 6.0) at 

95°C for 20 minutes in a BioCare Medical Decloaking Chamber™ NxGen (BioCare Medical), 

with buffer selection dependent on the antibody utilized (see Table 1). 

Sections were rinsed three times for 10 minutes each in 0.05 M TBS before blocking for 

1 hour at room temperature in 0.05 M TBS containing 2% donkey or goat serum and 0.2% Triton 

X-100. Neuronal populations were identified using rabbit anti-NeuN antibody (1:200; Cell 

Signaling, D4G40), microglia were labeled with rabbit anti-Iba1 (1:1000; Invitrogen, PA5-

18039), and astrocytes were detected using chicken anti-GFAP (1:1000; AvesLabs, GFAP). 

Following primary antibody incubation, sections were washed four times in 0.05 M TBS for 10 

minutes each. Secondary antibodies (Table 1) were diluted 1:500 in 2% donkey or goat serum 

prepared in 0.05 M TBS and applied for 1 hour. 

After secondary incubation, sections were washed three additional times for 10 minutes 

each in 0.05 M TBS. Nuclear counterstaining was performed with Hoechst 33342 (1:2000 in 

PBS; Invitrogen, H3570) for 3 minutes, followed by three further washes in 0.05 M TBS. 

Sections were mounted using ProLong Diamond Antifade Mountant (Fisher Scientific, P36970), 

coverslipped with glass coverslips, and allowed to cure in the dark at room temperature for 24–
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48 hours before storage at 4°C protected from light until imaging. Fluorescent imaging was 

carried out using a Discover Echo Revolve microscope (San Diego, CA, USA) equipped with a 5 

MP monochrome CMOS camera and Olympus SAPO 10× objective, while high-magnification 

images were acquired using an Olympus SAPO 40× objective. 

Microglial Morphology 

To assess microglial morphology, sagittal whole-brain sections were immunolabeled with 

Iba1 as described above. Two tissue sections per animal were analyzed, and images of the 

olfactory bulb (OFB) and hippocampus (HP) were acquired using a Discover Echo Revolve 

microscope (San Diego, CA, USA) equipped with a 5 MP monochrome CMOS camera and an 

Olympus S-Apochromat 40× air objective (0.95 N.A). Microglial cell somas were identified 

through colocalization of Hoechst 33342, a nuclear stain, and Iba1-positive staining. 

Morphometric analyses were conducted using Imaris for Neuroscientists image analysis 

software (version 10.1.1; Bitplane Imaris, South Windsor, CT, USA). Images were first 

converted into the native Imaris file format, after which the filament tracer module was used to 

reconstruct and analyze microglial processes. Parameters for soma, branch, and spine detection 

were optimized prior to applying batch analysis across all images. 

During Step 1/5 (Algorithm), default settings were maintained for both “Favorite 

Creation Parameters” and “Algorithm Settings.” In Step 2/5 (Dendrite Points Diameter), the 

starting point corresponding to the cell body diameter was measured and entered manually, while 

the seed point parameter used for filament tracing remained fixed at 1 µm. In Step 3/5 (Classify 

Dendritic Points), the software automatically identified starting and seed points, and background 

threshold settings were optimized accordingly. During Step 4/5 (Dendrite Diameter), filament 
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tracings were reviewed to confirm accurate reconstruction of microglial processes. Quantitative 

outputs generated from the analysis included filament number and filament length (µm). 

Astrocyte Phenotyping 

Sections from the olfactory bulb (OFB) and hippocampus (HP) were immunolabeled for 

S100 calcium-binding protein B (S100β; 1:750, Abcam, AB41548) and complement component 

3 (C3; 1:250, Abcam, AB11862) according to the immunofluorescence protocol described 

previously. Two images were acquired per animal for each brain region using an Olympus S-

Apochromat 40× air objective (0.95 N.A). 

Quantification of S100β+/C3+ cells within the OFB and HP was performed using the cell 

detection function in QuPath. The percentage of astrocytes expressing C3 within each 400× 

image was calculated by dividing the number of S100β-positive cells colocalized with C3-

postive cells by the total number of S100β-positive cells. 

Table 1:  

Primary Ab / 

Dilution  

Manufacturer/Cat. 

#  

Secondary Ab 

(1:500)  

Manufacturer 

/  

Cat. #  

HIER 

Reagent  

NeuN / 1:200  Cell Signalling / 

D4G40  

Donkey anti- 

rabbit 555  

Invitrogen / 

A31572  

0.01 M 

Sodium Citrate, 

pH 6.0  

Iba1 / 1:1000  Invitrogen /   

PA5-18039  

Donkey anti- 

goat Cy5  

Abcam / 

AB6566  

10 mM EDTA 

buffer, pH 8.0  

S100b / 1:750  Abcam / AB41548  Donkey anti- 

rabbit 555  

Invitrogen / 

A31572  

10 mM EDTA 

buffer, pH 8.0  

C3 / 1:250  Abcam / AB11862  Goat anti- rat   

647  

Invitrogen / 

A21247  

10 mM EDTA 

buffer, pH 8.0  
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GFAP / 1:500  Aves Labs /   

GFAP  

Goat anti- 

chicken 647  

Invitrogen / 

A21448  

10 mM EDTA 

buffer, pH 8.0  

   

Cytokine and Chemokine Analysis 

 Bronchoalveolar lavage fluid (BALF) was collected, processed, and stored as previously 

described (Threatt et al., 2024). Cytokine levels in BALF and lung tissue were measured using 

sandwich ELISA kits (DuoSet, R&D Systems) following the manufacturer’s protocols. Analytes 

assessed included TNF, IL-6, and IL-10. High-binding half-well 96-well plates (Greiner Biotech) 

were coated overnight at room temperature with capture antibodies prepared at concentrations 

specified by the manufacturer prior to completion of the assay procedure. Absorbance was 

measured at 450 nm and 540 nm using a Varioskan plate reader. 

Statistical Analysis 

 All data are expressed as mean ± SEM unless otherwise specified. Significant outliers 

were identified and excluded using a ROUT test with an α value of 0.05. Statistical comparisons 

were performed using a three-way ANOVA with Tukey’s post hoc multiple comparisons test, 

with treatment, sex, and genotype included as independent variables. Statistical significance was 

defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All analyses were 

conducted using GraphPad Prism software (version 10.0). 

 

Results 

 

Experimental Design and Associated Pulmonary Inflammation Following Acute Organic Dust 

Exposure 
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WT and Fat1 transgenic mice received intranasal 12.5% organic dust extract once and 

then were euthanized 5 hours later (Fig. 1A). Sagittal brain sections (Fig. 1B) were examined for 

markers of inflammation and neurodegeneration in the OFB and HP. Hippocampal subregions 

were subsequently evaluated to determine whether susceptibility to agricultural PM varied across 

regions. Cell counts within the BALF of exposed animals revealed that both WT- and Fat1- dust 

exposed mice (WT+Dust, Fat1+Dust) revealed a higher percentage of neutrophils compared to 

their respective genotype controls (p<0.0001, p<0.0001) (Fig. 1C). Fat1+Dust mice were 

revealed to have significantly less neutrophil infiltration compared to WT+Dust mice 

(p=0.0257). WT- and Fat-1 saline control mice (WT+Saline, Fat1+Saline) displayed a higher 

number of macrophages in the BALF compared with mice of the same genotype following dust 

exposure (p<0.0001, p<0.0001), with Fat1+Dust mice having a higher number of macrophages 

than WT+Dust mice (p=0.0257). Statistical variance in both macrophage and neutrophil content 

were determined to be a result of exposure (p<0.0001, F (1, 12) = 149.1). 

 

Region-Specific Microglial Responses Following Acute Organic Dust Exposure 

To determine the extent of microglia-mediated inflammation induced by dust exposure, 

we quantified and phenotypically characterized Iba1+ cells in the OFB of WT and Fat-1 mice. 

100X scans of the OFB (Fig. 2A) revealed an increase in microglia within the OFB of Wild Type  

mice + dust (WT + Dust) exposed mice compared to WT controls (p=0.0491). The statistical 

variance was determined to primarily be due to exposure (p=0.0266, F(1,26) = 5.529). 

For phenotypic characterization, high-magnification images were skeletonized using the 

Filament Tracer module in Imaris (Fig. 2B). There were no significant changes in the number of 
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filaments between any groups, however Fat1 mice + Saline (Fat1+Saline) mice demonstrated 

filaments with significantly longer lengths than both Wild-type mice + Saline (WT+Saline) and  

Fat1 mice + Dust (Fat1+Dust) mice respectively (p<0.0001, p=0.0011).  Fat1+Dust mice also 

revealed significantly longer filaments compared to WT+Dust mice (p<0.0001). Statistical 

variance was determined to be due to exposure and genotype individually (p=0.0063, F(1,357) = 

7.563; p<0.0001, F(1,357) = 75.57).  

Similarly, quantification of IBA1+ cells was also determined in the HP (Fig. 3A). There 

was revealed to be significantly more microglia in the HP of WT+Dust exposed mice compared 

to WT controls (p=0.0055). Statistical variance was determined to be a result of exposure alone 

(p=0.0035, F(1,24) = 10.38).  

To assess microglial morphology within hippocampal subregions, images were analyzed 

using the Imaris Filament Tracer module (Fig. 3B–F). Within the CA1 region (Fig. 3B)  no 

significant difference in the number of filaments between groups was found. However, 

Fat1+Saline mice were revealed to have significantly longer filaments than WT controls 

(p=0.0107). This statistical variance was determined to be due to genotype alone (p=0.0043, 

F(1,227) = 8.322). The number of filaments were also unchanged in the CA2 region of the HP. 

Here, Fat1+Saline mice were seen to have significantly shorter microglial filaments than 

WT+Saline mice (p<0.0001), but longer filaments than Fat1+Dust mice (p<0.0001) (Fig. 3C). 

Statistical variance was determined to be a result of exposure (p=0.0069, F(1, 209) = 7.433), 

genotype (p=0.0101, F(1, 209) = 6.755), and the interaction between the two (p<0.0001, F(1, 

209) = 23.83) Similarly, the filament number was also unchanged between groups in the Ca3 

region of the HP (Fig. 3D), while  Fat1+Dust mice demonstrated longer microglial filaments 

than Fat1+Saline controls (p=0.0072). The statistical variance in this region was due to exposure 
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alone (p=0.0096, F(1, 210) = 6.824). In the DG (Fig. 3E), filament number between groups was 

once again not significantly different, but dust-exposed Fat1 mice were found to have shorter 

filaments than WT+Dust mice (p=0.0308). Variance in this region was determined to be a result 

of genotype alone (p=0.0421, F(1, 284) = 4.167). Finally, the subiculum (Fig. 3F) of WT+Dust 

mice revealed significantly longer microglial filaments than WT+Saline controls (p=0.0030). 

Statistical variance in this region is a result of exposure alone (p=0.0005, F(1, 273) = 12.24).   

 

Acute Organic Dust Exposure Alters Astrocyte Reactivity in the Olfactory Bulb and 

Hippocampus 

To characterize astrogliosis within the OFB following acute dust exposure, GFAP+ cells 

were quantified and subsequently skeletonized for morphological analysis (Figure 4). An 

increase in GFAP+ astrocytes in the OFB (Fig. 4A) was seen in both WT+Dust and Fat1+Dust 

mice compared to their respective genotype controls (p=0.0187, p=0.0034). The statistical 

variance demonstrated in the OFB was due to exposure alone (p=0.0005, F(1, 23) = 16.71).  

Skeletonized GFAP+ cells did not reveal any differences in filament number across 

treatment groups (Fig. 4B). However, Fat1+Saline mice were seen to have longer astrocytic 

processes in the OFB than both WT+Saline and Fat1+Dust mice (p=0.0247, p=0.0013). The 

statistical variance in filament length within the OFB was revealed to be due to both interaction 

(p=0.0256, F(1, 314) = 5.032) and exposure (p=0.0346, F(1, 314) = 4.503) alone. 

We next investigated astrogliosis within the hippocampus of WT and Fat-1 mice acutely 

exposed to organic dust (Fig. 5). 100X images did not reveal any significant differences between 

the number of GFAP+ astrocytes across the whole HP in any group (Fig. 4A). Across all of the 
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regions analyzed there were no observed significant differences in the number of GFAP+ 

filaments, except in the subiculum (Fig. 4B-F) where Fat1+Dust mice demonstrated a significant 

increase in the astrocytic filament length compared to WT+Dust mice (p=0.0058). The statistical 

variance in this region was determined to be due to genotype (p=0.0018, F(1, 187) = 10.01). 

Within the Ca2 region of the HP (Fig. 4C) Fat1+Saline mice demonstrated significantly longer 

filaments than both WT+Saline and Fat1+Dust mice respectively (p=0.0179, p=0.0090). 

Variance in filament length within the Ca2 region was revealed to be due to exposure alone 

(p=0.0452, F(1, 169) = 4.069). Upon measuring filament length in the Ca3 region of the HP (Fig. 

4D), Fat1+Saline mice were demonstrated to have longer filament lengths than both WT+Saline 

and Fat1+Dust mice (p=0.0209, p=0.0363). Similarly, WT+Dust mice saw longer filament 

lengths than WT+Saline and Fat1+Dust groups (p=0.0088, p=0.0128). The statistical variance 

was demonstrated to be due to the interaction between exposure and genotype (p=0.0009, F(1, 

243) = 11.37). There were no differences determined between filament length between any group 

in the DG. Finally, within the subiculum  we observed significantly more astrocytic filaments in 

Fat1+Saline mice compared to WT+Saline mice (p=0.0454). This coincided with an increase in 

filament length in the Fat1+Saline group compared to both WT+Saline and Fat1+Dust mice 

respectively (p<0.0001, p=0.0010). Statistical variance was determined to be due to the 

interaction between exposure and genotype (p=0.0047, F(1, 377) = 8.081), as well as genotype 

alone (p<0.0001, F(1, 377) = 26.01) 

Regional Differences in Astrocyte Reactivity Following Acute Organic Dust Exposure 

To further characterize astrocyte reactivity within the OFB, total S100β+ cells and 

S100β+/C3+ cells were quantified in WT and Fat-1 mice following acute organic dust exposure 

(Fig. 6). Analysis revealed that dust exposure increased total S100β+ cells in WT and Fat1 mice 
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compared to their respective genotypic controls (p=0.0066, p=0.0004) (Fig. 6A). The statistical 

variance was determined to be a result of exposure (p<0.0001, F(1, 22) = 25.83). There were no 

significant differences seen in the percentages of S100β+/C3+ cells across treatment groups (Fig. 

6B). 

Next, we examined astrocyte reactivity in the HP by quantifying total S100β+ cells and 

S100β+/C3+ cells in WT and Fat-1 mice following acute organic dust exposure (Fig. 7). 100X 

images of the HP did not reveal any significant changes in the number of S100β+ cells in any 

treatment group (Fig. 7A). High magnification analysis demonstrated that there was also no 

significant difference in S100β+/C3+ cells in any of the subregions of the HP either (Fig. 7B-F).  

 

Neuronal Survival is Preserved Following Acute Organic Dust Exposure 

We next assessed neuronal survival in the OFB by quantifying NeuN+ cells in WT and 

Fat-1 mice following acute organic dust exposure (Figure 8). No significant changes in NeuN+ 

cells were seen in the OFB of any treatment group (Fig. 8A) 

Neuronal survival in the hippocampus was further assessed by quantifying NeuN+ cells 

in WT and Fat-1 mice following acute organic dust exposure. Analyses were performed for the 

whole HP as well as the hippocampal subregions Ca1, Ca2, CA3, DG, and subiculum (Fig. 9). 

No differences were observed in the number of NeuN+ cells across the whole HP in any 

treatment group (Fig. 9A). This trend was also seen throughout hippocampal subregions, where 

statistical significance was not reached in any group (Fig. 9B-F). 
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Discussion 

 

In the present study, we investigated whether a single intranasal exposure to ODE is 

sufficient to induce acute neuroinflammatory responses within the OFB and HP, and whether 

increased levels of endogenous n-3 PUFAs modulates these effects. Our findings demonstrate 

that a single ODE exposure rapidly increases microglial numbers in both the OFB and HP as 

well as increases astrocyte reactivity within the olfactory bulb, indicating that neuroinflammatory 

processes are initiated within hours of exposure to organic dust. In contrast, neuronal counts 

remained unchanged in both brain regions, suggesting that glial activation precedes 

neurodegeneration during the acute phase of injury. While Fat-1 mice exhibited alterations in 

glial morphology across several brain regions, elevated endogenous n-3 PUFAs did not 

consistently attenuate ODE-induced increases in microglial or astrocytic cell numbers. This may 

indicate that the 5-hour post-exposure time point is insufficient for the pro-resolving effects of n-

3 PUFAs and their downstream lipid mediators to exert measurable effects (Bannenberg & 

Serhan, 2010). Collectively, these findings support the hypothesis that inhaled agricultural dust 

can rapidly trigger neuroinflammatory responses in brain regions vulnerable to 

neurodegenerative disease and suggest that glial activation represents an early event in ODE-

induced neuropathology. 

Microglia are the primary innate immune cells of the central nervous system and are 

among the earliest responders to inflammatory stimuli (Colonna & Butovsky, 2017). In the 

present study, a single intranasal exposure to ODE increased the total number of IBA1+ 

microglia in both the OFB (Fig. 2) and HP (Fig. 3) within 5 hours following ODE challenge, 

indicating that agricultural dust exposure rapidly initiates neuroimmune responses in multiple 

brain regions. The increase observed in the OFB has a strong scientific premise, as the OFB has 
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been previously demonstrated to be susceptible to inhaled environmental toxicants given its 

direct anatomical connection to the nasal cavity (Hopkins et al., 2018; Threatt et al., 2024). 

However, the increase in hippocampal microglia suggests that the effects of ODE may involve 

broader neuroinflammatory signaling mechanisms, including peripheral inflammatory responses 

and/or blood-brain barrier-mediated dysfunction following acute lung inflammation (Gimeno-

Ferrer et al., 2026). These findings are consistent with previous studies demonstrating that PM 

can promote microglial activation through both direct olfactory pathways and indirect systemic 

inflammatory processes, resulting in widespread neuroinflammatory responses (Bai et al., 2019; 

X. Ji et al., 2022). 

 Although ODE exposure increased the number of microglia, alterations in microglial 

morphology were less uniform and varied across hippocampal subregions (Fig 3B-F). Changes 

in filament length were observed in several regions, whereas filament numbers remained largely 

unchanged. Interestingly, Fat-1 mice exhibited genotype-dependent differences in microglial 

process length across multiple regions, including the OFB and HP subfields. Because highly 

ramified processes are often associated with immune surveillance and environmental sensing 

functions in the healthy brain, these findings may indicate that elevated endogenous n-3 PUFAs 

influence microglial morphology and responsiveness during the early stages of 

neuroinflammation (Giulian, 1987; Madry et al., 2018). Previous studies have demonstrated that 

n-3 PUFAs and their downstream SPM metabolites can modulate microglial activation and 

inflammatory signaling, supporting a potential role for n-3 PUFAs in shaping early neuroimmune 

responses following environmental insult (Threatt et al., 2024; Tiberi & Chiurchiù, 2021). 

However, the regional variability of these effects suggests that modulation of microglial 

activation is complex and may depend on local microenvironmental factors within individual 
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brain regions (Tan et al., 2020). 

 In addition to microglial activation, acute ODE exposure also elicited an astrocytic 

response within the OFB (Fig. 4, 6). Both GFAP+ and S100β+ astrocyte populations were 

increased following exposure, whereas comparable changes were not observed in the 

hippocampus (Fig. 5, 7). Astrocytes play a critical role in maintaining central nervous system 

homeostasis and rapidly respond to inflammatory stimuli (Liddelow & Barres, 2017). The 

astrocytic response observed in the OFB may reflect its proximity to the nasal cavity and its 

heightened vulnerability to inhaled environmental contaminants (Hopkins et al., 2018; X. Ji et 

al., 2022). Together with the concurrent increase in microglia, these findings suggest that a single 

ODE exposure is sufficient to initiate coordinated glial responses within the OFB, supporting the 

hypothesis that this region serves as an early target of inhalation-mediated neuroinflammation (Y. 

Zhang et al., 2018). 

 Despite the increase in astrocyte numbers within the OFB, ODE exposure did not 

increase the proportion of S100β+/C3+ astrocytes in either the OFB or HP (Fig. 6, 7). C3 has 

been widely used as a marker of inflammatory reactive astrocytes and has been implicated in 

several neurodegenerative disorders (Lian et al., 2015; Liddelow et al., 2017). The absence of 

S100β+/C3+ cells at 5 hours post-exposure suggests that GFAP+ astrocyte activation may 

precede the neurotoxic astrocyte phenotype characterized by C3 expression. The lack of neuronal 

loss observed in either brain region (Fig. 8, 9) further supports this interpretation, indicating that 

early glial activation occurs before overt neurodegenerative changes become detectable. This is 

consistent with the previous studies in which the activation of microglia and astrocytes often 

precedes overt neurodegeneration (Block et al., 2007; Glass et al., 2010).  Future studies utilizing 

later time points will be necessary to determine whether acute astrocyte activation progresses 
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toward a C3-associated reactive state in the sequalae following a single, acute organic dust 

exposure, or following continued or repeated dust exposure. While chronic neuroinflammation 

can contribute to neuronal dysfunction and cell death, the absence of NeuN+ cell loss in the 

present study (Fig. 8, 9) indicates that a single ODE exposure is insufficient to induce 

measurable neurodegeneration within the acute phase of the response. Nevertheless, the observed 

glial activation may represent an early pathogenic event that could contribute to neuronal injury 

following repeated or prolonged exposure. 

 In summary, the present study demonstrates that a single intranasal exposure to ODE is 

sufficient to induce acute neuroinflammatory responses within both the OFB and HP. An increase 

in microglial numbers was seen in both brain regions, as well as enhanced astrocyte reactivity in 

the OFB, indicates that glial activation occurs rapidly following agricultural dust exposure. In 

contrast, neuronal populations remained unchanged throughout the OFB and HP, supporting the 

concept that neuroinflammation precedes overt neurodegeneration in the early stages of injury. 

Although endogenous enrichment of n-3 PUFAs in Fat-1 mice influenced glial morphology in a 

region-dependent manner, these effects did not consistently attenuate acute inflammatory 

responses. Importantly, the observed increase in microglial abundance and astrocyte reactivity, 

despite the absence of detectable neurodegeneration, suggests that acute ODE exposure initiates 

an early neuroimmune state rather than overt neuropathology. Previous studies have shown that 

activated glial cells can remain sensitized following an initial insult, resulting in exaggerated 

responses to subsequent inflammatory challenges. Thus, while a single exposure was insufficient 

to induce neuronal loss, the neuroinflammatory changes observed here may represent an early 

priming event capable of modifying CNS responses to future agricultural dust exposures, 

infections, or other inflammatory stimuli (Hennessy et al., 2015; Norden et al., 2015). 
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Collectively, these findings identify the brain as an early target of inhaled agricultural dust and 

highlight the need for future studies examining whether repeated or chronic exposures over a 

time-course model promote sustained neuroinflammation and subsequent neurodegenerative 

changes.  
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Figure 1. Experimental design and acute organic dust–induced pulmonary inflammation. 
WT and Fat1 mice were intranasally exposed to 12.5% organic dust extract and then organs were 
harvested 5 hours later to assess pulmonary and neuroinflammatory endpoints (B). Specifically, 
the proportion of macrophages and neutrophils were assessed in the BALF of exposed mice (C). 
Within the brain, analyses focused on the olfactory bulb (OFB) and hippocampus (HP), including 
both whole-hippocampus and subregional assessments (B). 
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Figure 2. Acute organic dust exposure elicits microglial changes within the OFB. Microglial 
abundance was assessed in the OFB following acute intranasal dust exposure (A). Morphological 
analyses, including filament number and filament length, were performed to evaluate microglial 
activation (B). White bars indicate WT mice, while grey bars are Fat-1. Two-way ANOVA with 
post hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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Figure 3. Acute organic dust exposure elevated microglial numbers without altering 
morphology. Hippocampal microglial populations were assessed following acute intranasal dust 
exposure (A). Morphological characterization was performed in hippocampal subregions by 
measuring filament number and filament length, with representative high-magnification insets 
provided (B). White bars indicate WT mice, while grey bars are Fat-1. Two-way ANOVA with 
post hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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Figure 4. Astrogliosis demonstrated in the olfactory bulb following acute organic dust 
exposure. Astrogliosis within the OFB following acute dust exposure was assessed by 
quantifying GFAP+ astrocytes (A). Astrocytes were subsequently skeletonized to evaluate 
exposure-related morphological changes associated with inflammation (B). Representative high-
magnification insets illustrate distinct alterations attributable to both exposure and genotype. 
Two-way ANOVA with post hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p 
≤ 0.001, **p ≤ 0.0001. 
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Figure 5. Limited hippocampal astrogliosis following acute organic dust exposure. To assess 
astrogliosis within the hippocampus following acute dust exposure, GFAP+ astrocytes were 
quantified across the hippocampus as a whole (A). High-magnification images of GFAP+ 
astrocytes within the CA1, CA2, CA3, DG, and subiculum were analyzed to characterize 
morphology associated with astrocyte reactivity (B–F). Two-way ANOVA with post hoc 
analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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Figure 6. Increased astrocyte numbers following acute organic dust exposure. Astrocyte 
populations within the OFB were further characterized using S100β immunolabeling. Total 
S100β+ astrocyte numbers were quantified (A). To assess the prevalence of neurotoxic 
astrocytes, high-magnification images co-labeled for S100β and C3 were analyzed, and the 
percentage of S100β+ astrocytes expressing C3 was determined (B). Two-way ANOVA with post 
hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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Figure 7. Acute organic dust exposure does not elicit a neurotoxic astrocyte response in the 
hippocampus. Further characterization of hippocampal astrocytes was performed using S100β 
immunolabeling. Total S100β+ astrocyte abundance was quantified across the hippocampus (A). 
Neurotoxic astrocyte prevalence was then assessed within the CA1, CA2, CA3, DG, and 
subiculum by analyzing high-magnification images co-stained for S100β and C3 and 
determining the percentage of S100β+ astrocytes expressing C3 (B–F). Two-way ANOVA with 
post hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001 
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Figure 8. Acute organic dust exposure does not change neuronal populations within the 
olfactory bulb. To assess neuronal abundance within the OFB following acute dust exposure, 
NeuN+ neurons were quantified in WT and Fat-1 mice (A). Two-way ANOVA with post hoc 
analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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Figure 9. Hippocampal neurons preserved following acute organic dust exposure. Neuronal 
populations within the hippocampus were assessed using NeuN immunolabeling. Total NeuN+ 
neuron numbers were quantified across the hippocampus as a whole in WT and Fat-1 mice 
following dust exposure (A). Additional analyses were performed to quantify NeuN+ neurons 
within individual hippocampal subregions, including the CA1, CA2, CA3, DG, and subiculum 
(B–F). Two-way ANOVA with post hoc analysis; error bars represent SEM. *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001, **p ≤ 0.0001. 
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CHAPTER 4 –  DISCUSSION 

 

The objective of this dissertation was to understand the neuroinflammatory consequences 

of inhaled agricultural organic dust, and to determine whether the enrichment of n-3 PUFAs 

modifies these responses. We examined both acute and chronic exposure paradigms, providing 

evidence that organic dust induced neuropathology over chronic exposure. This first begins with 

rapid glial activation and moves towards a pro-inflammatory phenotype with continued 

exposure. These studies also demonstrate that elevated endogenous n-3 PUFAs alter glial 

phenotypes and morphology, as well as aide in the preservation of neurons even with chronic 

exposure. Taken together, these findings advance the understanding of how inhaled agricultural 

PM influence neurological health, neurodegenerative disease, and provides insights into the 

mechanisms behind occupational dust exposure and disease risk. 

One of the major findings of this dissertation is that neuroinflammatory responses occur 

rapidly following the inhalation of ODE, as it was evident only 5 hours post-exposure. Our 

laboratory has extensively characterized the pulmonary consequences to ODE; however, less is 

known about the timing and progression of CNS responses. In the acute exposure model, a single 

exposure to ODE was enough to increase the number of microglia in both the OFB and HP, as 

well as enhance GFAP+ astrocyte reactivity in the OFB. This suggests not only that the CNS is 

an early target of inhaled agricultural PM toxicity, but that it may occur alongside the pulmonary 

inflammatory response, not secondary to it. These glial changes also were observed without 

notable neuronal loss in the OFB or HP, demonstrating neuroinflammation as one of the earliest 

responses to ODE. 
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The response observed within the OFB is consistent with its anatomical position as an 

interface between the external environment and the CNS (X. Ji et al., 2022). Olfactory neurons 

directly connect the nasal cavity and the brain, creating a potential route through which inhaled 

PM could elicit neuroinflammatory responses on neural tissue. Previous studies have 

demonstrated that inhaled environmental toxicants can access the CNS through olfactory 

pathways and induce inflammation (X. Chen et al., 2020; X. Ji et al., 2022; Threatt et al., 2024). 

This is further supported by the rapid induction of microglial and astrocytes in the present acute 

study.  

Furthermore, neuroinflammatory changes were not restricted to the OFB. In the acute 

study, ODE increased the number of microglia within the HP, a region that is distant from the 

OFB. The presence of inflammation in the HP within hours of exposure demonstrates that 

broader neuroimmune signaling mechanisms are at play. These could be due to circulating 

inflammatory cytokines, BBB alterations, systemic immune activation, and/or some combination 

of the three (Beier et al., 2017; Guan et al., 2019; Teeling & Perry, 2009). Although the present 

studies were not designed to address or distinguish between these mechanisms, it does support 

that inhaled organic dust initiates a widespread neuroimmune response. Additionally, with 

repeated exposure subsequent and overt neurodegeneration follows. 

One of the most consistent findings across the studies presented in this dissertation is the 

temporal dissociation between glial activation and neuronal loss. In the acute exposure model, a 

single intranasal administration of dust induced robust microglial and astrocytic responses within 

hours of exposure, yet no changes in NeuN+ neuronal populations were detected in either the 

olfactory bulb or hippocampus. Furthermore, acute astrocyte activation occurred in the absence 

of increased C3 expression, suggesting that the early glial response reflects a reactive but not 
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overtly neurotoxic state. In contrast, chronic exposure produced a more complex inflammatory 

phenotype. Dust-exposed WT mice exhibited an increase in the number of amoeboid microglia, 

and C3+ astrocytes, specifically in areas that demonstrated neuronal loss. This is consistent with 

previous research that demonstrates C3-expressing astrocytes are neurotoxic across numerous 

neurodegenerative disorders (Hennessy et al., 2015; T. Li et al., 2020; Liddelow et al., 2017). 

Notably, these changes did not occur with acute exposure suggesting that neurotoxic astrocytes 

occur later in the progression of dust-induced pathology. 

Taken together, the acute and chronic exposure studies support a model in which dust 

exposure initiates a neuroinflammatory cascade that leads to subsequent neuronal loss. Microglia 

and astrocyte activation are demonstrated early, and with continued exposure the appearance of 

neurotoxic astrocytic responses occur in parallel with NeuN+ neuron loss in two distinct brain 

regions. The present studies do not address this mechanism directly; however, a growing body of 

literature demonstrates that chronic neuroinflammation can contribute directly to 

neurodegeneration (Fan et al., 2020; Koprich et al., 2008; Noh et al., 2014; Rostami et al., 2020). 

The progression observed here suggests that similar mechanisms may contribute to the 

neurological consequences seen in our chronic exposure model. Importantly, the absence of 

neuronal loss following acute exposure should not be interpreted that short-term exposures are 

inconsequential. Activated microglia and astrocytes can remain sensitized, resulting in an 

exaggerated response to subsequent challenges (He et al., 2024). The neuroinflammatory 

changes observed in the acute exposure model may represent a “primed” neuroimmune state that 

could increase the susceptibility to future agricultural exposures, infections, or other secondary 

insults.  
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Importantly, the progression of neuropathology was not uniform across the OFB or the 

HP. While they both exhibited evidence of neuroinflammatory changes, the magnitude of these 

changes varied considerably between regions and hippocampal sub-regions. The OFB 

demonstrated glial responses following both acute and chronic exposure, consistent with 

previous findings, and its anatomical positioning. In contrast, the HP exhibited regional 

heterogeneity, with distinct patterns of microglial morphology, astrocyte reactivity, and neuronal 

loss. Notably, neuronal loss was most apparent in the CA1 region following chronic dust 

exposure, supporting literature that demonstrates this region’s susceptibility to inflammatory and 

neurodegenerative insults (West et al., 1994). Such selective vulnerability may be particularly 

relevant when considering the long-term neurological consequences of repeated occupational 

dust exposure, as the OFB and HP are among the earliest affected structures in several 

neurodegenerative disorders. 

These studies also address that the endogenous enrichment of n-3 PUFAs alter the 

neuroinflammatory response to ODE, as well as mitigates the development of neuropathology. 

Although acute dust exposure induced neuroimmune activation in both WT and Fat1 mice, the 

neuroprotective effects of elevated n-3 PUFAs become more evident with chronic exposure. This 

distinction is important, as it suggests that n-3 PUFAs exert a greater influence on the resolution 

of inflammation than upon initial insult. These findings align with previously established roles 

for DHA, EPA, and their downstream SPMs in regulating inflammatory signaling and promoting 

the restoration of tissue homeostasis (Mas et al., 2012; Serhan & Chiang, 2013). 

The differing effects of the Fat1 genotype observed between the acute and chronic 

exposure models may also reflect the differences in the time given to resolve inflammation. In 

the acute study, tissues were collected 5 hours following exposure, whereas the chronic study had 
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a 3-day recovery period following the final instillation. Given that many of the protective 

mechanisms behind n-3 PUFA intervention are mediated through SPMs, and that SPMs actively 

promote the resolution phase of inflammation (Serhan & Chiang, 2013), it is possible that the 

acute timepoint primarily captures the initiation of inflammation rather than resolution. 

Consequently, the acute exposure paradigm may reflect insufficient time for pro-resolving 

pathways to fully influence the neuroimmune response. This is consistent with the more 

pronounced neuroprotective phenotype exhibited following chronic exposure. 

Interestingly, the effects of the Fat1 genotype were evident under basal conditions. Fat1 

mice exhibited differences in microglial and astrocyte morphology, as well as increased neurons 

(in the dentate gyrus) in the absence of dust exposure. This indicates that increased endogenous 

n-3 PUFAs influence the baseline state of the CNS independently of neuroinflammatory insult. 

These findings are also consistent with previous reports that n-3 PUFAs modulated glial 

phenotype, inflammatory gene expression, membrane composition, and neuronal development 

(Chang et al., 2015; Rahman et al., 2009; Threatt et al., 2024; Zgórzyńska et al., 2021). Although 

chronic dust exposure induced glial responses in both genotypes, WT mice demonstrated 

increased microglial proliferation, as well as took on a more amoeboid state indicating a pro-

inflammatory response. Furthermore, chronic dust exposure in WT mice induced an increase in 

C3+ astrocytes, and an associated neuronal loss. In contrast, Fat-1 mice maintained a 

morphology more consistent with a surveillance state, and exhibited a significant reduction in 

C3+ astrocytes, despite GFAP-associated astrogliosis. This suggests that n-3 PUFAs do not 

suppress glial activation, but instead modify glial phenotypes, limiting their neurotoxic responses 

as demonstrated in the OFB and CA1 area of the HP. This becomes increasingly important as 
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studies continue to recognize the heterogeneity of microglia and astrocyte activation state in 

neurodegenerative disease.  

Several mechanisms may underlie these observations. DHA and EPA serve as pre-cursors 

for SPMS, including resolvins, protectins, and maresins, all of which actively promote the 

resolution of inflammation and suppress the production of pro-inflammatory cytokines. In 

addition, n-3 PUFAs can influence pro-inflammatory signaling through the activation of PPARγ 

and GPR120, resulting in inhibition of NF-κB-dependent inflammatory pathways (Bernardo & 

Minghetti, 2006; Oh et al., 2010; Rahman et al., 2009). Although further mechanistic studies are 

required, the present findings support previous research demonstrating that n-3 PUFAs are 

involved as active regulators of the neuroimmune response and highlight pro-resolving lipid 

pathways as promising targets for mitigating the neurological consequences of chronic 

agricultural dust exposure. 

Although the present studies do not directly identify the pathways responsible for dust-

induced neuroinflammation, the observed responses in both the OFB and HP provide insights 

into the potential mechanisms linking inhaled PM and CNS-associated pathology. The rapid glial 

activation demonstrated in the acute exposure model is consistent with previous findings that 

suggest inhaled PM induces a neuroinflammatory response directly (Y. Zhang et al., 2018). 

Direct transport through olfactory pathways has been previously proposed as a mechanism by 

which inhaled contaminants access the CNS. Indirect mechanisms that may also be in play 

include circulating systemic inflammation as well as alterations in the BBB (Gimeno-Ferrer et 

al., 2026; Noh et al., 2014). Given that there are early changes in the OFB and HP, it is likely that 

multiple mechanisms contribute to CNS inflammatory changes following dust exposure. 

However, because measures of pulmonary inflammation, circulating inflammatory mediators, 



 104 

and blood-brain barrier integrity were not included in these studies, the relative contribution of 

these pathways remains unclear. Future studies integrating pulmonary, systemic, and central 

nervous system endpoints across a longitudinal time course will be necessary to define the 

mechanisms by which agricultural dust exposure promotes neuroinflammation and to identify 

potential intervention points capable of interrupting this process. 

Several limitations should be considered when interpreting the results found in these 

studies. First, although the current studies demonstrate the dust exposure induces 

neuroinflammatory responses in both the OFB and HP, they were not designed to determine the 

mechanisms linking exposure to pathology. Consequently, the contributions of direct olfactory 

bulb mediated transport, pulmonary inflammation, circulating inflammatory mediators, and 

blood-brain barrier dysfunction remain unresolved. Additionally, both the acute and chronic 

exposure paradigms only capture a snapshot in time, and do not represent the changes occurring 

between the first instillation and the development of neuronal injury. Finally, although the 

neuropathological changes in glial and neuronal populations were identified the consequences on 

cognition and behavior remain to be determined.  

Future studies should focus on defining the mechanistic pathways by which agricultural 

dust exposure influences the brain. One promising approach would be the use of ex vivo brain 

slice cultures to determine whether organic dust exerts direct neurotoxic or neuroinflammatory 

effects on central nervous system tissue independent of pulmonary and systemic influences. 

Complementary studies assessing blood-brain barrier integrity following acute and chronic dust 

exposure would further clarify whether barrier dysfunction contributes to the propagation of 

neuroinflammatory signaling. Additionally, longitudinal time-course studies examining multiple 

intervals following both single and repeated exposures would provide valuable insight into the 
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progression of glial activation, inflammatory astrocyte polarization, and neuronal injury. Such 

studies could be performed in paradigms both with and without designated recovery periods, 

allowing differentiation between inflammatory processes that resolve and those that progress 

toward chronic neuropathology. Together, these approaches would strengthen our understanding 

of the pulmonary-brain axis and help identify critical windows for therapeutic intervention aimed 

at preventing the neurological consequences of agricultural dust exposure. 

 Collectively, the studies presented in this dissertation demonstrate that inhaled 

agricultural organic dust is capable of rapidly initiating neuroinflammatory responses within the 

central nervous system and that continued exposure promotes the development of pathological 

glial phenotypes and neuronal loss in vulnerable brain regions. The findings support a model in 

which neuroinflammation precedes overt neurodegeneration, with early glial activation 

representing a critical event in the progression of dust-induced neuropathology. Furthermore, 

endogenous enrichment of n-3 PUFAs modified this trajectory by altering glial responses, 

limiting inflammatory astrocyte polarization, and preserving neuronal integrity following chronic 

exposure. Together, these results establish the brain as an important target of agricultural dust 

exposure and identify pro-resolving lipid pathways as promising therapeutic targets for 

mitigating the neurological consequences of occupational inhalant exposures. 

 

Dust is bad 

Neurotoxic astrocytes produce C3 

n-3 PUFAs were protective 

 So pass the salmon to me  
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