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Abstract: 

Autism Spectrum Disorders are neurodevelopmental disorders most commonly 

characterized by social deficits, such as decreased social interactions and/or communications, as 

well as stereotyped and/or repetitive behaviors. While the etiology of ASD is not known, 

environmental factors have been widely studied for their potential contributions to ASD 

development. Importantly, many of these environmental factors are also suspected contributors 

to other neuropsychiatric disorders, such as attention deficit/hyperactive disorder (ADHD) and 

schizophrenia. Several environmental factors have been linked to ASD incidence, including 

obesity, pollution, infection, and allergy/asthma during pregnancy, with inflammation of the 

maternal immune system being the common thread. Among these, asthma represents a serious 

concern due to its prevalence, but also, asthma symptoms become worse during pregnancy. 

Importantly, ASD risk, and the severity of symptoms, appears to increase with an increase in 

asthma severity. Here, the current work investigates the impact that maternal allergic asthma 

(MAA) during pregnancy can have on offspring neurodevelopment.   

 

In the second chapter of this work, we will examine the consequences that maternal 

allergic asthma (MAA) has on the cytokine concentration of the placenta during gestation as well 

as the fetal brain. This work expands on our initial studies done in a mouse model of MAA 

where we demonstrated behavioral changes in offspring consistent with the core behaviors of 

ASD due to MAA during pregnancy. Specifically, we observed a decrease in social interaction 

and increased repetitive behaviors in offspring. Using this model of MAA, we collected placenta 

and fetal brains at gestational day (GD)17.5 and performed Luminex multiplex bead assay on the 
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tissue homogenates. Our findings demonstrate a decrease in inflammatory cytokine 

concentrations in the placenta of offspring, but also an increase in many inflammatory cytokines 

in the offspring fetal brains. The presence of cytokine disruptions in this study provide evidence 

that MAA disrupts the maternal/fetal compartment which impacts offspring neurodevelopment. 

These neurodevelopmental changes in offspring suggest a potential driving force behind 

behaviors previously identified in this model.  

 

In the third chapter of this work, we continue our studies on MAA and investigate 

whether the previously identified cytokine elevations in fetal offspring persist into adolescence 

and early adulthood. Additionally, we expand on the MAA model by including particulate matter 

(PM) exposure following allergic asthma challenge. PM has not only been associated with 

asthma development and asthma severity, but it has also been identified as a factor with the 

potential to increase likelihood of ASD in offspring of mothers exposed to PM during pregnancy. 

Despite the links between allergic asthma during pregnancy with ASD, and the link between PM 

exposure in pregnancy and ASD incidence, there are no studies investigating the neuroimmune 

outcome on offspring of these environmental factors in in combination. Here, we provide 

evidence from this novel model of MAA and PM exposure (using ultrafine-iron soot), that dual 

exposure results in altered neuroimmunity in both adolescent and young adult offspring. We also 

show that MAA and PM exposure alters microglial density in the hippocampus, which suggests a 

deviation from normal functioning of microglia in these offspring.  
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In the fourth and final chapter of this work, we explore MAA using a human relevant 

allergen and the impact this has on offspring neurodevelopment. This preliminary study used 

house dust mite (HDM), a common allergen in human allergic asthma, to explore whether the 

previously identified changes in our OVA MAA model are mirrored in this more human relevant 

investigation. Additionally, from human studies, it has been shown that PM exposure during 

allergen sensitization can increase asthma severity. Here, we investigate how PM exposure 

during allergen sensitization in preconception might increase asthma severity during pregnancy, 

and subsequently, how this impacts offspring neuroimmunity. We demonstrate in this novel 

model, a synergistic impact of PM exposure and allergen sensitization that may worsen 

neurodevelopmental outcomes in offspring.  

 

Taken together, this body of work begins to uncover the neurobiological changes in 

offspring that can occur as a result of maternal allergy during pregnancy. We also show, in a first 

of its kind model, that exposure to asthma and PM during pregnancy increase cytokine 

concentration in the brains of offspring and impacts microglia function. In addition to this, we 

show that PM exposure with allergen sensitization, during preconception, can have a synergistic 

impact on offspring neurodevelopment. The findings from these studies demonstrate a need for 

further investigation into the links between mothers with asthma during pregnancy and the 

increased likelihood of birthing a child with ASD.  
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Chapter 1: The Influence of Asthma on Neurodevelopment and Neuroinflammation: From 

Epidemiology to Basic models 

Introduction: 

Asthma represents one of the leading chronic illnesses among children and affects 

approximately 24 million people in the United States (CDC, 2021). Prevalence of asthma is on 

the rise, with rates of asthma estimated at 3.1% in 1980 increasing to 7.8% by 2020 (Gans et al., 

2020). Of the populations most impacted, minority groups and those living below the poverty 

level are disproportionately more susceptible to asthma and asthma-related morbidity (Cardet et 

al., 2022; Ganti et al., 2022; Matsui et al., 2008; Milligan et al., 2016). Asthma mortality rates 

are estimated to be over 3000 deaths each year in the US. In addition, those living with asthma 

face an increased risk of hospitalization and are reported to miss more work and school days than 

those without asthma (Baek et al., 2022; Jean et al., 2019; Loftus and Wise 2015). As such, 

asthma represents a serious chronic disease with a substantial impact on the personal lives of 

asthmatic individuals as well as a heavy economic burden placed on the healthcare system.  

 

Asthma is a heterogeneous disease most often characterized by airway inflammation and 

bronchial hyperresponsiveness leading to constriction, obstruction, and remodeling of the 

airways (Gans and Gavrilova, 2020; Mims 2015). A T-helper 2 (TH2) immune response plays a 

significant role in the development of asthma through the release of pro-inflammatory cytokines 

and recruitment of granulocytes (Deo et al., 2010; Leon & Ballesteros, 2021; Yu et al., 2014). 

Asthma often occurs in response to an allergic trigger which begins with an initial sensitization 

to an allergen followed by an IgE immunoglobulin response where subsequent exposures to the 
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allergen, or challenges, lead to inflammation (Sonntag et al., 2019). Allergic asthma is not the 

only type of asthma, however, and several factors in addition to allergen exposure can lead to the 

development of asthma.   

 

The exact cause for asthma is unknown, but genetic, epigenetic, and environmental risk 

factors have been identified. Hundreds of gene variants and epigenetic translational variations 

have been associated with an increased risk of asthma (Wang et al., 2022; Harb and Renz., 

2015). Environmental contributors, such as viral infections, air pollution, and sensitization to 

allergens have all been associated with development of asthma and disease severity (Castillo et 

al., 2017; Acevedo et al., 2021; Rosário Filho et al., 2021; Mims 2015). Furthermore, pollutants 

such as particulate matter (PM), tobacco smoke, diesel exhaust, and ozone can exacerbate 

disease and symptom expression in individuals already diagnosed with asthma resulting in 

increased inflammatory response and airway hyperresponsiveness (Castillo et al., 2017; Samoli 

et al., 2011; Trasande & Thurston 2005; Hansel et al., 2008).  

 

In addition to these contributors to asthma and asthma severity, comorbidities alongside 

asthma are also highly prevalent and can further increase the burden of the disease. In total, 60% 

of adults living with asthma have one or more comorbidities which may include other respiratory 

disorders, cardiac disease, vascular diseases, immune disorders, cancer, and neurological 

conditions (Boulet & Boulay, 2011). An increase in psychiatric conditions is also seen in both 

adults and children with asthma. For instance, depression and anxiety disorders are frequently 

seen in adults with asthma, while children with asthma may show increased symptoms of 
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behavioral disorders, anxiety, and depression (Cooley et al., 2022; Licari et al., 2022; Fasmer et 

al., 2011). Furthermore, individuals with asthma have an increased risk of cognitive deficits 

(Kroll & Ritz, 2023). While asthma can have neurological impacts on the individual patient, 

asthma during pregnancy can also disrupt the outcome of the pregnancy and disease in the 

offspring. Maternal asthma is associated with increased complications and risk during pregnancy 

and delivery (Shaked et al., 2019; Sheiner et al., 2005; Baghlaf et al., 2019). Moreover, children 

of asthmatic mothers are more likely to develop asthma themselves, especially if the mother’s 

asthma is uncontrolled during pregnancy (Liu et al., 2018; Lim et al., 2010). Another 

consequence of maternal asthma is an increased risk of neurodevelopmental disease in offspring 

(Ali & Ulrik, 2013; Croen et al., 2019; Gong et al., 2019; Abdallah et al., 2011; Hisle-Gorman et 

al., 2018; Lyall et al., 2013; Patel et al., 2020; Fasmer et al., 2011). Together, these impacts of 

asthma represent not only an important disease that can affect the neuropsychiatric environment 

of the individuals suffering from asthma themselves, but also pose a potential risk for the 

neurodevelopment and wellbeing of offspring of mothers suffering from the disease. Here, we 

will provide a detailed overview of the current literature as it stands with regard to asthma and 

impacts on behavior and neuroimmunity.  
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Asthma and the Central Nervous System (CNS) 

The phenotype typically associated with asthma is allergic asthma, an atopic disease that 

occurs due to sensitization to allergens (Schatz and Rosenwasser, 2014). Atopic diseases are 

conditions in which the immune system is predisposed to becoming sensitized towards allergens 

and mounting an allergic, IgE mediated response (Vaillant et al., 2022). Non-atopic, or non-

allergic, asthma is less common and more severe (Peters, 2014). Development of allergic asthma 

is characterized by a sensitization phase and a challenge phase (Sonntag et al., 2019). Briefly, 

sensitization to allergen occurs when dendritic cells (DC) phagocytose an allergen in the lung. 

The DC then carries the allergen to the draining lymph node where it can present it to naive T 

cells and elicit a type 2 immune response resulting in the differentiation of TH2 cells (Leόn, 

2017). TH2 effector cell functions are responsible for the common pathologies and symptoms 

seen in asthma as TH2 cells regulate allergen specific IgE production, eosinophil recruitment, 

inflammatory cytokine secretion, chronic inflammation, and expansion of memory T cells 

(Holgate et al., 2015; Schatz and Rosenwasser, 2014; Leόn, 2017). Upon subsequent allergen 

challenge these memory T cells can be reactivated to perform effector functions and cause 

further inflammation (Leόn, 2017). In both allergic and non-allergic asthma, airway remodeling 

is common and consists of airway wall thickening, increases in smooth muscle, and increased 

presence of mucous cells and mucous production which subsequently results in airway 

hyperresponsiveness, mucus plug formation, and the characteristic symptoms of asthma (Holgate 

et al., 2015; Boucherat et al., 2013) 

 

The initiation of an allergic asthma response results from an increase in TH2 cytokines 

interleukin-4 (IL-4), IL-5, and IL-13, an observation seen in both human patients with asthma 
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and animal models of the disease (Choy et al., 2015; Barnes 2001). IL-4 drives the differentiation 

of naive T cells into TH2 cells after encountering inhaled allergen presented by DC in the lungs 

(Gans and Gavrilova, 2020; Chapoval et al., 2010). TH2 cells then produce IL-5, IL-9, and IL-13, 

leading to eosinophil recruitment, mast cell degranulation, and resulting airway remodeling and 

obstruction (Hazlewood et al., 2011; Spencer and Weller, 2010; Lambrecht et al., 2000). Lung 

epithelial cells and fibroblasts will secrete eotaxins in high amounts during allergic airway 

inflammation, assisting in the recruitment of eosinophils to the lungs (Adar et al., 2014; Conroy 

& Williams, 2001). Classically, a phenotype of high circulating IgE and eosinophil infiltration in 

the lungs has defined asthma (Lloyd and Saglani, 2013). However, asthma is a highly 

heterogeneous disease and some patients do not show evidence of high levels IgE or respond to 

TH2 repression as treatment, highlighting the need to look into other mechanisms that may be 

driving airway hyperresponsiveness (Cosmi et al., 2011; Choy et al., 2015).  For example, some 

cases of asthma are induced by a TH17 response characterized by neutrophil invasion of the lungs 

and high levels of IL-17. Neutrophilic asthma is non-atopic and typically non-eosinophilic. 

Higher levels of IL-17 and neutrophil invasion of the lungs are associated with increased disease 

severity (Cosmi et al., 2011). In some patients, both a TH2 and TH17 response is seen, suggesting 

that although neutrophilic asthma is non-allergic, the added TH17 response can exacerbate 

allergic airway inflammation and lead to an imbalance in Tregs/TH17 cells (Liu et al., 2020; 

Newcomb & Peebles, 2013).   

 

The underlying inflammatory response in asthma is suspected to play a role in associated 

neurological comorbidities, including depression, anxiety, and attention hyperactivity disorder 

(ADHD) (Boulet & Boulay, 2011; King-Dowling et al., 2019; Jiang et al., 2014). Compared to 
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non-asthmatic individuals, asthmatic patients are twice as likely to develop depressive 

symptoms. This relationship between asthma and depression is bidirectional; both asthma and 

depression patients have an increased likelihood of having the other as a comorbidity (Loebrooks 

et al., 2010; Choi et al., 2019; Liu et al., 2023). In a study of 245,727 individuals spanning 57 

countries, it was shown that asthma and depression are comorbid (Loerbrooks et al., 2012). 

Furthermore, asthmatics with depression have a higher mortality rate than asthmatics without 

depression (hazard ratio: 1.87) (Walters et al., 2011). There is evidence that immune dysfunction 

and increased systemic inflammatory molecules can be associated with depression (Blume et al., 

2011; Slavich & Irwin, 2014). Specifically, increased levels of IL-6 and tumor necrosis factor 

alpha (TNF-α) have been observed in individuals with depressive disorders (Slavich & Irwin, 

2014). Similarly, IL-6 elevations are seen in patients with anxiety, independent of depressive 

disorders; however, it is unknown whether this is a cause or a result of anxiety (O’Donovan et 

al., 2010; Salim et al., 2012). Importantly, elevated IL-6 and TNF-α have been identified in cases 

of severe asthma and asthma exacerbations (Berry et al., 2007; Dimitrova et al., 2019; Cui et al., 

2017). Panic disorders and anxiety are also common among asthma patients, with both general 

symptoms of anxiety and anxiety disorders appearing at higher rates in asthmatics than non-

asthmatic individuals (Ye et al., 2021; Hasler et al., 2005). The prevalence of anxiety is increased 

even more in individuals with difficult to treat, or treatment-resistant, asthma (Chee Kiang et al., 

2015). Similar to depression, there is evidence of a bidirectional relationship between asthma and 

anxiety (Lee et al., 2016), with asthma increasing risk of associated anxiety, and anxiety 

disorders leading to increased asthma incidence, deterioration, and severity (Lee et al., 2016). 

Psychosocial stress is also identified as a risk factor for asthma and increased asthma morbidity, 
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potentially through immune mechanisms (Slatterly et al., 2012; Kemeny & Schedlowski, 2007; 

Mathews et al., 2011; Yonas et al., 2012). 

 

In the context of asthma, ADHD is another common co-occurring neuropsychiatric 

condition with individuals frequently prescribed medications for both asthma and ADHD 

(Fasmer et al., 2011). Environmental factors like exposure to smoking and psychosocial stress 

appear to play a role in this relationship (Holmberg et al., 2015), while those with inflammatory 

disorders and atopic diseases are more often diagnosed with ADHD (Leffa et al., 2018; Chuang 

et al., 2022). In a recent meta-analysis that included studies of more than 25,000 individuals, a 

positive association between atopic diseases, such as asthma, with both ADHD diagnosis and 

severity of ADHD symptoms was noted (Chuang et al., 2022). In a Swedish study of 1,575,377 

individuals, a significant association between asthma and ADHD was observed (odds ratio: 1.60) 

(Cortese et al., 2018). Taken together, the complex relationships between depression, anxiety, 

ADHD, and asthma suggests the possibility of shared neuroimmune mechanisms. 

 

The exact mechanisms by which asthma influences neuropsychiatric disorders and the 

central nervous system (CNS), and vice versa, are not known. However, there is evidence that 

chronic inflammatory conditions, such as asthma, can lead to a disruption in the homeostasis of 

the neuroimmune environment. For example, during peripheral inflammation, inflammatory 

mediators cross the blood-brain barrier (BBB) and subsequently can alter brain chemistry and 

function (Varatharaj and Galea, 2017; Di Benedetto et al., 2017). Eotaxins present in a TH2 

response can cause neuronal cell death via microglial excitation (Parajuli et al., 2015; Kroll & 
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Ritz, 2023). In mice, it is seen that the main regions of the brain affected by asthma during 

periods of difficulty breathing are the hippocampus and frontal cortex. In humans, adults with 

asthma tend to have decreased volumes of the hippocampus and poor integrity of the 

hippocampal neurons (Carlson et al., 2017; Kroll et al., 2018). These reductions in the 

hippocampus are hypothesized to contribute to the cognitive deficits often associated with 

asthma (Kroll & Ritz, 2023). Moreover, in mouse models of asthma, dendritic spine density is 

decreased in the hippocampus, a phenomenon often associated with altered behavior and 

disrupted neurodevelopment (Fiala et al., 2002; Hering and Sheng, 2001; Sala and Segal, 2014). 

Hypoxia as a result of severe asthma attacks also poses significant risk to brain function leading 

to depression of the CNS (suppressed brain activity) that could impact behavior and normal brain 

functioning (Eckert et al., 2004). 

 

Another neuropsychiatric disorder with suspected links to asthma and allergies is autism 

spectrum disorders (ASD). Autism spectrum disorders are characterized by social impairments, 

such as a decrease in social interactions and communication deficits, as well as increased 

restrictive and repetitive behaviors. Similar to asthma, ASD represents a prevalent disorder that 

appears to be on the rise (Maenner et al., 2021). ASD and asthma are two of the most common 

childhood afflictions, and altered immune function is suspected to be involved in both ASD and 

asthma (Hughes et al., 2023; Jónsdóttir et al., 2017; Torpy et al., 2010), with both most often 

impacting boys (Jónsdóttir et al., 2017). Like asthma, ASD places increased financial, social, and 

mental health burdens on diagnosed individuals and their surrounding community, especially for 

those with more severe cases of the disorder (Patel et al., 2018).  
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It was observed in three cross-sectional population-based studies that parents of 

individuals with ASD were more likely to report asthma among their children than those without 

ASD (odds ratios [ORs], 1.35-1.74) (Schieve et al., 2012; Kotey et al., 2014; Chen et al., 2017). 

Interestingly, branching anomalies of subsegmental airways have been described among ASD 

individuals (Stewart & Klar 2013), which could impact asthma severity. In addition, children 

with ASD and asthma were more frequently prescribed asthma controller medications (Jónsdóttir 

et al., 2017). Lyall et al. found that food allergies were more common in children with ASD and 

observed a modest association between allergies and higher stereotypy scores in children with 

ASD (Lyall et al., 2015). Higher frequency of food allergies among individuals with ASD were 

also reported by Jyonouchi et al. in 2008 (Jyonouchi et al., 2008). This group also found that 

non-IgE mediated allergies are more frequently found among autistic individuals (Jyonouchi 

2010). Of note, non-IgE-mediated asthma, or nonatopic asthma, accounts for approximately 20% 

of cases, and is mediated by antibodies other than IgE (Quirce 2009).  

 

Some researchers have found TH2 skewed cytokine levels in individuals with ASD 

(Molloy et al., 2006; Gupta et al., 1998), and there is also evidence of mast cell activation in 

ASD children (Theoharides 2009). Two of the main cytokine mediators of an allergic response, 

IL-5 and IL-13, were found to be elevated in serum samples of high-functioning ASD males 

(Suzuki et al., 2011). In a case control study, peripheral blood mononuclear cells (PBMC) from 

children with ASD produced higher IL-4, IL-5, and IL-13 at baseline when compared to PBMC 

controls (Molloy et al., 2006). Also related to asthma, two chemokines associated with 

neutrophil and eosinophil recruitment, eotaxin and IL-8, were found to be elevated in neonatal 

blood spots of children later diagnosed with ASD (Heuer et al., 2019). Additionally, IL-8 and 
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eotaxin were also found to be significantly elevated in plasma samples of ASD children, with 

eotaxin elevations being associated with more impaired behaviors (Ashwood et al., 2011a; 

Ashwood et al., 2011b).  

 

Neutrophils and eosinophils play a significant role in airway and lung inflammation 

(Pease & Williams 2001; Pease & Sabroe 2002), and increased levels of the chemoattractants 

eotaxin and IL-8 in ASD suggests the potential for worsening of asthma symptoms in these 

individuals. Research suggests that individuals with ASD are more prone to pro-inflammatory 

status, with significant elevations of IL-1β, IL-6, and IL-12p40 in plasma from children ages 2-5 

(Ashwood et al., 2011), as well as IL-1β, IL-6, IL-12, IL-23, and TNF-α found in serum samples 

of ASD individuals ranging from 2-21 years of age (Ricci, 2013). This is on a background of low 

regulatory cytokines such as transforming growth factor (TGF) beta 1, and IL-35 (Ashwood et 

al., 2008, Rose at al., 2018). After activation, TH2 cellular responses of were also associated with 

more severe impairments in children with ASD (Careaga et al., 2017). Moreover, PBMCs 

stimulated by gliadin, cow’s milk protein or soy, from individuals with ASD (n=23) produced 

twice as much TNF compared to controls (n=13) (Jyonouchi et al., 2001). Although not directly 

linked to asthma, food allergies, and potentially associated gastrointestinal abnormalities, in 

general are significantly linked to ASD in many epidemiology and animal studies (Rose et al., 

2018; Rose et al., 2020; Xu et al., 2018; Nemet et al., 2022; Jyonouchi et al., 2008; Jyonouchi 

2010; de Theije et al., 2014). With TH2 skewed cytokine elevations and cellular responses 

associated with ASD, and the epidemiology links to allergy and asthma among ASD individuals, 

the potential for allergy related immune dysfunction in ASD is more likely.  
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Asthma During Pregnancy and Developmental Impacts to Offspring 

Asthma is a common disease during pregnancy impacting an estimated 8-13% of 

pregnant women worldwide (Murphy 2022). Asthma symptoms worsen during pregnancy for 

approximately 40% of individuals, and changes in the respiratory system and a shift from TH1 

immune dominance in first trimester, to TH2 immune dominance during the second and third 

trimester (Bravo-Solarte et al., 2023). Asthma symptom changes can be unpredictable and are 

likely related to whether the asthma is IgE mediated or has a cellular basis (Grosso et al., 2018; 

Kircheret al., 2002). Exacerbations can occur frequently and may require medical intervention 

for up to 45% of pregnant women (Schatz et al., 2003; Murphy et al., 2010). There also appears 

to be a link between women with increased risk of having uncontrolled asthma and 

neuropsychiatric disorders during pregnancy, particularly regarding anxiety and depression 

(Grzeskowiak et al., 2017). For example, a Danish study of 1,000 pregnant women with asthma, 

enrolled between 2007-2014, reported that 6.1% suffered with a new onset psychiatric condition 

(Ali et al., 2016). Asthma can also increase complications in pregnancy such as preeclampsia, 

gestational diabetes, premature contractions, placenta previa and premature ruptures of 

membranes (Whalen et al., 2019; Wen et al., 2001; Källén et al., 2000; Dombrowski et al., 2004; 

Rejnö et al., 2014). Postnatal complications in offspring have been identified as well, with some 

studies identifying associations between maternal asthma and low birth weight in offspring 

and/or being small for gestational age (Breton et al., 2009; Rejnö et al., 2014). These associations 

to low birth weight and small gestational age are stronger in cases of severe asthma and where 

there is poor asthma control (Namazy et al., 2013).  
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Maternal asthma during pregnancy can have future consequences on the development of 

asthma/allergies in offspring. Infant wheeze, preschool wheeze, and childhood asthma are risks 

associated with mothers with asthma (Litonjua et al., 1998; Mattes et al., 2014; Sherriff et al., 

2001; Martel et al., 2009; Liu et al., 2018). In fact, it has been suggested that maternal asthma 

represents the biggest risk factor for childhood asthma, with at least a 3 times greater risk 

compared to mothers without asthma (Lim et al., 2010; Litonjua et al., 1998). In a Canadian 

study including over 26,000 women, the risk of childhood asthma was influenced by asthma 

severity in mothers. Specifically, moderate to severe uncontrolled asthma increased the chances 

of a child developing asthma compared to mothers with only mild asthma during pregnancy 

(Martel et al., 2009). This trend also appeared in a Danish study finding a higher incidence of 

early-onset persistent asthma in children born to mothers with mild uncontrolled asthma, and 

moderate to severe asthma that was controlled or uncontrolled, compared to children of mothers 

with mild but controlled asthma (Liu et al., 2018). While the above findings highlight some of 

the potential impacts that the asthmatic maternal environment can have on the developing fetus, 

the potential causes of these trends are not well understood.  

 

There have been recent investigations into the link between maternal asthma and 

increased risk of neurodevelopmental disorders in offspring. For instance, a Norwegian study of 

2,322,657 residents found 50% higher odds of ADHD among children whose mothers had 

asthma during pregnancy (Instanes et al., 2017). Additionally, a Danish population-based study 

of 961,202 individuals found associated risk of ADHD among children born from mothers or 

fathers with asthma, but higher associated risk among those children from mothers with asthma 

(Hazard ratio: 1.41) (Liu et al., 2019). Leonard et al. reported that asthma was associated with an 
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increased risk of mild to moderate risk for offspring intellectual disability in a cohort of 2,865 

subjects [CI: 1.26–1.83; OD: 1.52] (Leonard et al., 2006). Another neurodevelopmental disorder 

in offspring with strong links to maternal allergic asthma exposure is ASD. In a population-based 

study of 407 cases of ASD, Croen et al. found a two-fold elevated risk of ASD in offspring when 

mothers experienced new onset cases of maternal allergy and asthma during pregnancy (Croen et 

al., 2005). Data collected from the Study to Explore Development (SEED), which was a study of 

children born 2003-2006 in the US, reported that history of maternal asthma increased odds of 

both ASD and developmental disorders by 20%-40%, maternal asthma being associated with 

increased risk of ASD with intellectual disability and regression, in particular (Croen et al., 

2019). This finding of symptom severity is supported by a study done using data from the 

Western Australian Autism Biological Registry (WAABR), where asthma and allergies during 

pregnancy were found to be associated with a twofold elevated risk of ASD, and symptom 

severity found to be worse in these children (Patel et al., 2018). We recently published a study of 

363 ASD children from the Autism Phenome Project (APP) and Girls with Autism Imaging of 

Neurodevelopment (GAIN) study, that found that asthma was the most common immune 

condition linked to ASD cases (23.95%). Also, maternal asthma during pregnancy was twice as 

common among male children diagnosed with ASD than with female children diagnosed with 

ASD. However, the female children with ASD that were born to mothers with maternal asthma 

during pregnancy showed increased CBCL (Child Behavior Checklist) scores and more 

impairment (Patel et al., 2020). In addition, maternal asthma was found to increase risk of autism 

with gastrointestinal disturbances [OR]: 1.39 (CI: 1.17–1.67) relative to ASD with no 

gastrointestinal issues [OR]: 1.15 (CI: 0.98-1.34) (Carter et al., 2022).    
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As with asthma itself, there does not appear to be a single etiology associated with ASD, 

however, inflammation during gestation has been strongly linked with having a child that will go 

on to develop a neurodevelopmental disorder. Specifically, the elevation of several cytokines has 

been implicated IN WHAT, and many of these are directly linked to an allergic response. For 

instance, elevations of three cytokines associated with a human allergic asthma response, 

interferon-γ (IFN-γ), IL-4 and IL-5, during mid pregnancy were found to be associated with 

mothers bearing a child with ASD (Goines et al., 2011). In the large prospective study of Early 

Markers in Autism (EMA), several cytokines were reported to be elevated in mothers during 

mid-gestation whose children were later diagnosed with ASD and intellectual disability (ID), and 

these included granulocyte–macrophage colony-stimulating factor (GM-CSF), IFN, IL-1α, IL-6, 

IL-8 and monocyte chemoattractant protein-1 (MCP-1) (Jones et al., 2017). In the same study, 

Jones et al. also identified that higher levels of IL-4 were associated with an increased risk of 

ASD + ID when compared to ASD-noID (Jones et al., 2017).  

 

In the amniotic fluid of individuals with ASD, elevated levels of IL-4, IL-10, TNF and 

TNF has been noted (Abdallah et al., 2013). Also, in a study investigating chemokines, MCP-1 

was found to be significantly elevated in amniotic fluid of ASD cases compared to age and 

gender matched controls (Abdallah et al., 2012). Moreover, the Childhood Autism Risks from 

Genetics and the Environment (CHARGE) study found that IL-4 and IL-1 were found to be 

elevated in newborn blood spots of children later diagnosed with ASD, with IL-4 associated with 

increased odds of severe ASD [OR]: 1.40 (CI: 1.03-1.91) (Krakowiak et al., 2017).  Many of the 

cytokines implicated in ASD risk during pregnancy or early life/at birth, are innate immune 

cytokines that are upregulated in asthma and allergy. For instance, innate cytokines IL-6 and IL-
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8, along with adaptive cytokines IL-5, IL-13, and IL-17A were found to be elevated in serum of 

adult patients with moderate and severe bronchial asthma (Dimitrova et al., 2019). IL-6 is not 

only associated with airway remodeling but can also be found in other biological fluids of 

individuals with asthma (Lipworth et al., 2020). Of importance, IL-6 is one of the cytokines that 

is known to cross the placental barrier and may act directly on cells resident to the placenta. This 

direct passage of IL-6 through the fetal/placenta compartment is one likely mechanism 

hypothesized to link maternal inflammation to fetal development (Goines et al., 2011).  

 

IFN-γ upregulation is found in severe cases of asthma in mice and humans, which can be 

mediated by CD8 T cells (Magnan et al., 2000; Raundhal et al., 2015). T cells in asthma also 

upregulate IL-2 which can induce production of IL-13 (Hashimoto et al., 2006). In another 

asthma study, mononuclear cells isolated from asthma patients with varying severity of the 

disease showed increase baseline levels of MIP-1α (Rojas-Dotor et al., 2013). TNF is also 

suspected to contribute to asthma through increasing the inflammatory response, recruiting 

neutrophils and eosinophils, and increasing their cytotoxic effects (Berry et al., 2007). Taken 

together, these epidemiological studies illustrate the importance of further investigation into the 

links between maternal allergic inflammation and neuropsychiatric disorders in offspring. 

 

We recently developed a novel model of maternal allergic asthma that displays altered 

behaviors in offspring exposed to mothers whose immune system was challenged by maternal 

allergic asthma (MAA). The dams were sensitized to OVA and later challenged with maternal 

asthma during pregnancy display elevations in the cytokines associate with a typical allergic 
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response, such as IL-4, IL-5, and IL-13, but also those associated with severe chronic asthma 

such as IL-6 and IL-17 (Church et al., 2021; Tamayo et al., 2023). The offspring from these 

MAA mice display the two core characteristic behaviors associated with ASD, specifically a 

decrease in social interaction and increase in repetitive-like behaviors (Schwartzer et al., 2015; 

Schwartzer et al., 2017; Church et al., 2021). We have also begun to uncover neurobiological 

changes in the offspring that echo phenotypic changes associated with human ASD cases. For 

instances, Ciernia et al. found that adult microglia taken from offspring of MAA dams have 

DNA methylation differences compared to wild-type microglia, and some of these changes were 

in immune regulatory genes shared with ASD individuals (Ciernia et al., 2018). Lenz et al., using 

a model of allergic asthma in rats, showed that maternal allergic asthma resulted in altered mast 

cells and microglia in early development as well as differences in dendritic spine patterning on 

neurons in neonates. The authors suspect that these findings may be linked to the social 

impairments, hyperactivity, and cognitive inflexibility behaviors in their model (Lenz et al., 

2019; Breach et al., 2021). Our studies into MAA have also found changes in the neuroimmune 

environment in offspring fetal brains such as increased proinflammatory cytokines GM-CSF, 

IFN, IL-1, and IL-6 (Tamayo et al., 2023). Importantly, MAA also appeared to alter the brain 

neuroimmune environment into adulthood, as cytokine differences were also identified in the 

hypothalamus in adult offspring (Church et al., 2021). Together, these studies recapitulate 

findings in human postmortem ASD studies where neuroinflammation and functional differences 

in microglia have observed (Li et al., 2009; Koyama et al., 2015; Morgan et al., 2010; Morgan et 

al., 2014). 
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Asthma Exacerbations and Where to Look Next 

As mentioned previously in this review, worsening of asthma symptoms can often occur 

during pregnancy, and exacerbations can worsen associated comorbidities, including those that 

occur in offspring of mothers with asthma. As such, it is important to investigate the contributors 

to asthma and asthma exacerbations. Allergens, respiratory infections, fungus, air pollution, and 

particulate matter are well known triggers for asthma attacks (Zhuang et al., 2018; Del Giacco et 

al., 2017; Holgate et al., 2015). Common indoor allergens such as house dust mites, cat and dog 

dander, and cockroaches also pose a significant risk (Baxi & Phipatanakul 2010; Custovic et al., 

1998).  

 

Environmental exposure to air pollution poses a significant health concern for individuals 

with and without asthma alike. Air pollution can include traffic related air pollution (TRAP), 

gaseous compounds, and particulate matter (PM), and these pollutants are known to induce 

oxidative stress, airway hyper-responsiveness, and airway remodeling with or without allergic 

asthma (Guarnieri & Balmes 2014). Additionally, prenatal exposure to pollutants such as PM 

have been linked to postnatal allergic asthma manifestations, alerted expression of genes 

associated with oxidative stress response, and polycyclic aromatic hydrocarbon metabolism 

(Guarnieri et al., 2014). PM is itself highly heterogenous but is generally classified into coarse, 

fine, and ultrafine PM. Coarse PM ranges from PM2.5 to PM10 (2.5m – 10m) and can deposit 

in the bronchi (Wu et al., 2018). Fine PM ranges from 0.1m to 2.5m and can pass into the 

alveoli and terminal bronchioles (Wu et al., 2018). Ultrafine PM (UFP) is less than 0.1m and 
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can penetrate deep into tissues and cross through cellular membranes (Wilson et al., 1997; 

Becker et al., 2003). In addition to size variation, PM also varies in its constituents and can 

contain organic compounds, soot, metals and metal-oxides, nitrates, and other elements in 

varying quantities depending on its source (Steiner et al., 2016). Each of these types of PM can 

pose their own risks for asthmatic individuals, and researchers most often investigate individual 

components in isolation. As an example, one widely studied type of PM is diesel exhaust which 

has been strongly implicated in asthma exacerbations and appears to induce a stronger TH2 

inflammatory responses associated with elevations in systemic IL-4 and IL-8 (Chau-Etchepare et 

al., 2019). Another source of air pollution that poses a particularly increasing threat to parts of 

the Western USA is wildfire smoke due to its high concentration of PM2.5 (Chau-Etchepare et al., 

2019). Increased hospitalizations for both pulmonary and cardiac issues during wildfires have 

been identified, but even after wildfires become controlled, hospital asthma admissions and 

increased symptoms were reported (Hutchinson et al., 2018; Fann et al., 2018; Künzli et al., 

2006). Considering these myriad associations to asthma incidence and exacerbations, many 

researchers have explored the role of individual environmental contributors to exacerbation of 

allergic asthma using animal models.  

 

One of the main causes of hospitalization of asthmatic individuals is acute exacerbations 

(Bahadori et al., 2009; Rodrigo et al., 2004). As such, many investigators have turned to animal 

models to investigate the mechanisms associated with these exacerbations (Kumar et al., 2016). 

Animal models of asthma exacerbation most often use allergic asthma models of OVA or HDM 

sensitization, and most frequently investigate the contribution of viral infections and 

environmental pollutants to asthma exacerbations. Although exposure to sensitizing allergen can 
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trigger exacerbations, research suggests that these cases are relatively uncommon (Maltby et al., 

2017). Mouse models investigating the link between viral infection and asthma exacerbation are 

limited, however, due to the inability of HRV to infect mouse cells (Maltby et al., 2017).  Due to 

this limitation, investigators will often use viral analogs, such as double-stranded RNA, or the 

HRV minor group human rhinovirus 1B (HRV1B), as the major group HRV cannot readily 

infect mice cells (Maltby et al., 2017). There are far fewer studies investigating fungal related 

asthma exacerbations but among these, one investigation using Alternaria extract exposure to 

chronically challenged allergic mice identified increased airway hyperresponsiveness, immune 

cell infiltration of the lungs, as well as an increased TH2 response (Snelgrove et al., 2014).  

 

Perhaps more easily modeled in rodents are exposures to environmental pollutants and 

the impacts of these exposures on allergic asthma. It was demonstrated in a model of allergic 

asthma that concentrated ambient particle administration and ozone exposure increased AHR 

(airway hyperresponsiveness), with the latter also increasing allergy-associated cytokine release 

(North et al., 2011; Kierstein et al., 2008). In a model of chronic asthma via OVA sensitization, 

PM10 exposure following asthma challenge resulted in increased lung inflammation. In another 

model, diesel exhaust exposure resulted in increased airway inflammation, mucus secretion, and 

increased inflammatory cytokine production (Maltby et al., 2017). Together, these studies 

illustrate the utility of animal models in the investigation of mechanisms underlying asthma 

exacerbation. 
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An understudied question is how asthma exacerbation via these asthma exacerbating 

factors impacts pregnancy outcomes and what impacts this may have on offspring 

neurodevelopment. Research using animal models of prenatal PM exposure have also identified 

evidence of neurodevelopmental delays associated with prenatal PM exposure (Zheng et al., 

2019; Church et al., 2018). Indeed, animal models of asthma and PM exposure identify 

heightened allergic responses, such as upregulated IL-4, IL-5, IL-6, and IL-13 (Wu et al., 2018). 

When considering the link between IL-4, IL-5, and IL-6 in humans during mid gestation and the 

increased incidence in ASD in their offspring, this is indeed important. Furthermore, in our 

mouse model of MAA, we identify elevations in serum cytokines IL-4, IL-5, IL-6, and IL-13 in 

the pregnant dams, and offspring from these dams display characteristic ASD behavioral 

differences, as well as differences in pro-inflammatory brain cytokines (Schwartzer et al., 2015; 

Schwartzer et al., 2017; Church et al., 2021; Tamayo et al., 2023). The findings between the 

cytokine increases in dual exposure to PM and asthma, and the evidence that isolated exposure of 

these environmental factors during pregnancy can negatively impact neurodevelopment raise an 

important question: how might the dual exposure of PM and asthma during pregnancy impact 

neurodevelopment? Given the evidence from studies presented in this review, this remains and 

important, and highly under researched question.  
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Conclusion: 

Asthma represents a pervasive chronic these individuals, and potentially their offspring. 

The immune mechanisms underlying this heterogenous disease are not well understood, but 

various types of inflammation play an obvious role. This inflammation and the severity of the 

asthma response can vary dramatically depending on a number of factors including sensitized 

allergens, comorbidities, age, genetic susceptibility, infection, and environmental factors. 

Comorbid neuropsychiatric disorders appear to have a particular importance given their high 

prevalence among asthmatic individuals. Additionally, the risk factors for asthma exacerbation 

can confer increased risk for pregnant mothers and their offspring. Pregnancy outcomes can be 

worsened by asthma but there are also potential long-term impacts on offspring that can result in 

a significant risk of childhood asthma and neuropsychiatric disorders, such as ASD. Importantly, 

to our knowledge, there are no studies investigating the combined impact of maternal allergic 

asthma and PM exposure during pregnancy neurodevelopmental outcomes in the offspring. This 

is an important data gap, considering that it is rare that individuals are exposed to a single 

environmental insult. As such, it is necessary for researchers to explore these questions to 

uncover the impacts that PM exposure and asthma may have on offspring, and if this may be 

contributing to the rise in neurodevelopmental disorders such as ASD.  
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Figure 1. The airway responds to stimuli from allergens, pollutants, or infection. Dendritic cells 

(DCs) are recruited by chemokines secreted by the airway epithelial cells and migrate to the 

airways to take up and process antigen. DCs then present the antigen to naive T cells. Epithelial 

cell secretion of cytokines IL-33 and IL-25, along with antigen presentation via DCs, stimulate 

the development of a naive T cell to a TH2 cell. TH2 cells secrete cytokines IL-4, IL-5, IL-9, and 

IL-13. IL-4 stimulates airway epithelial cells to produce eotaxin and promote eosinophil 

recruitment. IL-4 also promotes IgE production by B cells, and IL-13 promotes IgE class 

switching. IL-5 is crucial for promoting eosinophil maturation, activation, and survival. IL-9 

promotes T cell and mast cell proliferation. Pro-inflammatory cytokines and eotaxins can cross 

the BBB, resulting in neuroinflammation.  Inflammation in the brain is noted in several 

neurological disorders comorbid with asthma. Inflammation during pregnancy is associated with 

neurodevelopmental disorders in the offspring, including ASD and ADHD. Pregnancy can also 

exacerbate asthma and cause increases in pro-inflammatory cytokines IL-4, IL-5, and IL-13. 
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Comorbidities of depression, anxiety, and ADHD are common in asthmatics. Maternal allergic 

asthma is associated with an increased risk of neurodevelopmental disorders in the offspring. 
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Chapter 2: Maternal Allergic Asthma Induces Prenatal Neuroinflammation 

Abstract: 

Autism spectrum disorder (ASD) is a class of neurodevelopmental disorders 

characterized by impaired social interactions and communication skills, and repetitive or 

stereotyped behaviors. Rates of ASD diagnosis continue to rise, with current estimates at 1 in 44 

children in the US (Maenner 2021). Epidemiological studies have suggested a link between 

maternal allergic asthma and an increased likelihood of having a child diagnosed with ASD. 

However, a lack of robust laboratory models prevents mechanistic research from being carried 

out. We developed a novel mouse model of maternal asthma-allergy (MAA) and previously 

reported that offspring from these mothers exhibit behavioral deficits compared to controls. In 

addition, it was shown that epigenetic regulation of gene expression in microglia was altered in 

these offspring, including several autism candidate genes. To further elucidate if there is 

neuroinflammation in the fetus following MAA, we investigated how allergic asthma impacts the 

maternal environment and inflammatory markers in the placenta and fetal brain during gestation. 

Female C57Bl/6 mice were primed with ovalbumin prior to allergic asthma induction during 

pregnancy by administering aerosolized ovalbumin, or PBS control, to pregnant dams at 

gestational days 9.5, 12.5, and 17.5. Four hours after the final induction, placenta and fetal brains 

were collected and measured for changes in cytokines using Luminex bead-based multiplex 

assay. Placental MAA tissue showed a decrease in interleukin (IL)-17 in male and female 

offspring. There was a sex-dependent decrease in female monocyte chemoattractant protein 1 

(MCP-1). In male placentas, IL-4, C–X–C motif chemokine 10 (CXCL10) also known as 

interferon γ-induced protein 10 kDa (IP-10), and chemokine (C-C motif) ligand 5 (RANTES) 

were decreased. In fetal brains, elevated inflammatory cytokines were found in MAA offspring 
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when compared to controls. Specifically, interferon-gamma (IFN-), granulocyte-macrophage 

colony-stimulating factor (GM-CSF), interleukin 1 (IL-1), IL-6, and tumor necrosis factor 𝛼 

(TNF) were elevated in both males and females. In contrast, a decrease in the cytokine IL-9 

was also observed. There were slight sex differences after OVA exposures. Male fetal brains 

showed elevated levels of macrophage inflammatory protein-2 (MIP-2), whereas female brains 

showed increased keratinocytes-derived chemokine (KC). In addition, IL-1𝛽 and IP-10 in male 

fetal brains were decreased. Together, these data indicate that repeated exposure to allergic 

asthma during pregnancy alters cytokine expression in the fetal environment, in a sex-dependent 

way, resulting in homeostatic and neuroinflammatory alterations in the fetal brain. 
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1.0 Introduction: 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

impaired social interactions and communications skills, and repetitive or stereotyped behaviors. 

Rates of ASD diagnosis continue to rise, with current estimates at 1 in 44 children in the US 

(Maenner 2021). ASD appears to impact males more frequently than females with a 4:1 ratio, 

respectively (Kim et al., 2011; Werling et al., 2016). While the etiology of ASD is unknown, 

research has identified both genetic and environmental contributing factors. Many of these 

suspected contributors are shared among other neuropsychiatric disorders, such as attention-

deficit/hyperactive disorder (ADHD) and schizophrenia. Some reports put the genetic risk for 

ASD at over 50%, although presence of specific genes associated with ASD does not guarantee 

that an individual will be later diagnosed with ASD. That is, many of the risk genes associated 

with ASD represent common genetic variants in the population that carry low risk (Gaugler et 

al., 2014). This moderate contribution of genetics to the development of ASD underscores the 

importance of various environmental factors, particularly during fetal development, that likely 

contribute to increased risk and severity of neurodevelopmental disorders. 

 

Epidemiology studies have begun to uncover some of the underlying environmental 

etiologies with a focus on the immune system. Environmental factors, such as maternal exposure 

to stress, obesity, pollution, infection, and allergy/asthma during pregnancy can increase the 

likelihood of having a child later diagnosed with ASD. Animal models of these environmental 

risk factors suggest behavioral and transcriptional changes as a result of cytokine signaling 

mediated by the placenta (as reviewed by Han et al., 2021). A common theme among these 

models is the activation of the maternal immune system. For example, one of the most widely 
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studied environmental factors contributing to an increased likelihood of neurodevelopmental 

disorders (NDD) in mice is the activation of the maternal immune system during pregnancy 

using bacterial or viral mimics (Han et al., 2021). Though infectious agents have been widely 

studied, recent meta-analyses of viral infections during pregnancy as a risk for humans with ASD 

was not supported (Jiang et al., 2016). Rates of asthma, however, are currently on the rise, and 

multiple studies have shown that mothers with asthma were more likely to have asthma 

exacerbations during pregnancy, and also a child with an ASD diagnosis (Ali and Ulrik 2013; 

Murphy et al., 2005, 2006; Croen, Grether, Yoshida, Odouli, & Van de Water, 2005; Croen et 

al., 2019; Gong et al., 2019; Hisle-Gorman et al., 2018; Lyall et al., 2014; Patel et al., 2020). 

Moreover, increased asthma severity was linked to increased ASD risk and independent of 

medication usage (Croen et al., 2019). In early reports, Croen et al., showed that childhood ASD 

was associated with mothers’ asthma diagnosis in the first and second trimester (Croen, Grether, 

Yoshida, Odouli, & Van de Water, 2005). In addition, maternal asthma has also been linked with 

other NDD such as ADHD (Fasmer, 2011; Instanes, 2017; Liu et al., 2019). Although these 

studies suggest a link between maternal asthma and later diagnosis of ASD, there are very few 

studies that have directly investigated the impact that asthma has on the developing fetal brain 

and its environment during gestation. 

 

  Recently, our laboratory developed a model of maternal allergic asthma (MAA) in which 

offspring mimic behavioral outcomes relevant to the core features of ASD including decreased 

social interaction and repetitive-like behaviors (Schwartzer et al., 2015, 2017; Church et al., 

2021). Within this model, MAA exposure results in changes in gene expression in microglia of 

adult offspring, highlighting the lasting epigenetic impact of MAA to the offspring’s neuro-
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immune environment (Ciernia et al., 2018). These behavioral and neuroimmune changes in 

offspring occur in response to allergic asthma-associated elevations in inflammatory cytokine in 

the dams, namely IL-4, IL-5, IL-6, and IL-17 (Schwartzer et al 2015), and closely mirror 

observations reported in clinical settings. Specifically, in a case control study by Goines et al., 

elevated levels of IL-4 and IL-5 during mid-pregnancy were shown to be associated with 

mothers who had children with autism (Goines et al., 2011). In further studies, high levels of IL-

4 were detected in the amniotic fluid and newborn blood spots of children who were later 

diagnosed with ASD (Abdallah et al., 2013; Krakowiak et al., 2017). These observations in 

humans demonstrate an important role for the maternal inflammatory environment in shaping 

risk for ASD in the offspring and support the validity of our mouse model of MAA in identifying 

potential mechanistic links.  

 

  Maternal systemic inflammation can alter the fetal environment and have both short and 

long-term consequences on the developing brain (Hughes et al., 2018). For example, Zaretsky et 

al. reported that IL-6 can cross the human placenta in both the maternal-fetal and fetal-maternal 

directions (Zaretsky et al., 2004). This phenomenon has also been demonstrated in rat models 

showing that IL-6 administration during mid or late pregnancy can transfer across the placental 

barrier to reach the fetus (Dahlgren et al., 2006). In addition, mouse fetal brain cytokine 

expression of IL-1b, IL-6, IL-17, IL-13, MCP-1, and monocyte inflammatory protein-1 alpha 

(MIP-1) are altered hours after an inflammatory viral insult to the dam (Fatemi et al., 2008; 

Meyer et al., 2006b; Meyer et al., 2008). While these studies show a link between viral/bacterial 

maternal infection and changes in the fetal brain, it has yet to be established in a model of MAA.   
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 Given the links in humans, and the observed behavioral and neuroimmunological impacts 

of MAA in mice, it can be reasoned that MAA-induced changes in the offspring brain may begin 

at the fetal stages of development in response to elevated allergic-asthma associated cytokines. In 

these studies, we hypothesized that MAA results in sex-dependent changes in fetal brain and 

placenta cytokine expression following allergic asthma episodes. To test this hypothesis, our 

laboratory collected placental and fetal brain tissue following MAA exposure to investigate 

whether the inflammatory environment in these tissue are altered in response to this maternal 

insult. 
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2.0 Methods: 

2.1 Animals 

         Male and female C57BL/6J mice generated from breeding pairs purchased from Jackson 

Laboratory (Bar Harbor, MA, USA) were bred and maintained at Mount Holyoke College, South 

Hadley, MA. Mice were raised on a 12 h light/dark cycle (lights on at 0800 h) and group housed 

in individually ventilated cages with same-sex littermates until breeding at 8-weeks of age. 

Cages were maintained in a temperature-controlled (23°C) vivarium with food and water 

provided ad libitum. All procedures were performed with approval by the Mount Holyoke 

College Institutional Animal Care and Use Committee and in accordance with the guidelines 

provided by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

 

2.2 Maternal allergic asthma induction  

 Allergic asthma inductions were carried out using procedures previously described 

(Schwartzer et al., 2015, 2017). Briefly, sexually naïve female mice were sensitized with 10µg 

ovalbumin (OVA, Sigma, St Louis, MO, USA) and 1mg (Al)OH3 (Invitrogen, San Diego, CA, 

USA) dissolved in 200µl of phosphate buffered saline (PBS) injected intraperitoneally at 6 and 7 

weeks of age. Beginning at 8 weeks of age, females were mated overnight, presence of seminal 

plug was checked daily, noted as gestational day (GD)0.5, and single-housed. Pregnant mice 

were randomly assigned to receive either an aerosolized solution of 1% (wt/vl) OVA in PBS 

(n=10) or PBS alone (n=8) for three 45-minute induction sessions throughout gestation. 

Specifically, these induction sessions occurred at gestational days 9.5, 12.5, and 17.5, to 
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correspond with early, middle, and late gestation as previously described (Schwartzer et al., 

2015).  

 

2.3 Serum, Placenta, and Fetal Brain Collection 

 Four hours after the final induction, mice were anesthetized with isoflurane (2-4% 

inhalation) and 500ul of whole blood was collected from dams via cardiac puncture. Blood was 

allowed to clot at room temperature for 30 min, centrifuged at 10000 x g for 10 min at 4°C, and 

then serum collected and stored at -80°C. In addition, each placenta and fetal brain was 

extracted, flash frozen in liquid nitrogen, and individually stored at -80°C until further 

processing. To determine sex of the specimens, placenta and brain were genotyped for the 

presence or absence of Sry using polymerase chain reaction (PCR). A total of 74 brains and 

placenta were extracted from the 18 experimental litters resulting in the following groups: PBS 

male (n=15), PBS female (n=18), MAA male (n=23), MAA female (n=18). 

 

2.4 Placenta and Fetal Brain Tissue Processing 

Placenta and brain tissue were lysed using cell lysis buffer (Cell Signaling Technologies, 

Danvers, MA) containing protease and phosphatase inhibitors. The tissue was incubated in lysis 

buffer with agitation for 20 min on ice followed by sonication for 30 seconds. Cell lysate was 

then vortexed at top speed for 30 seconds and centrifuged at 20,000 x g for 10 minutes at 4°C. 

Protein concentrations were measured using Bio-Rad Benchmark Plus Spectrophotometer 

system and all samples were standardized to 70mg/ml for subsequent immunoassays.   
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2.6 Multiplex Bead-based Cytokine Analysis 

 Analysis of serum cytokines was performed using multiplex mouse 25-plex bead 

immunoassay (Milliplex mouse cytokine/chemokine magnetic bead panel 

#MCYTMAG70PMX25BK). The following cytokines were quantified: G-CSF, GM-CSF, IFN-

g, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, 

IL-17,  IP-10, KC, MCP-1, MIP-1a, MIP-1b, MIP-2, RANTES, TNF-a.  Standards and reagents 

were all prepared according to manufacturer’s recommendations. Each serum, brain, and 

placenta samples were diluted to a standardized concentration and run in duplicate. Twenty-five 

microliters of sample, standards, and budder blanks were loaded to the 96-well plate with 

appropriate amounts of assay buffer and matrix solution. The plate was then incubated overnight 

with antibody-coupled magnetic beads. The following day, after a series of washes, the plate was 

incubated with a biotinylates detection antibody on a shaker for 1 h. Streptavidin-phycoerythrin 

was added and incubated while shaking continued for 30 min. Washes were done using Bio-Plex 

handheld magnet (Bio-Rad Laboratories, Hercules, CA, USA). After the final wash, the plate 

was analyzed using plate reader Bio-Rad Bio-Plex 200 (Bio-Rad Laboratories, Hercules, CA, 

USA) and analyzed using Bio-Plex Manager software (Bio-Rad Laboratories). The following 

were the minimal amounts of detectable cytokine concentrations: G-CSF: 1.7 pg/mL; GM-CSF: 

10.9 pg/mL; IFNγ: 1.1 pg/mL; IL-1α: 10.3 pg/mL; IL-1β: 5.4 pg/mL; IL-2: 1.0 pg/mL; IL-4: 0.4 

pg/mL; IL-5: 1.0 pg/mL; IL-6: 1.1 pg/mL; IL-7: 1.4 pg/mL; IL-9: 17.3 pg/mL; IL-10: 2.0 pg/mL; 

IL-12 (p40): 3.9 pg/mL; IL-12 (p70): 4.8 pg/mL; IL-13: 7.8 pg/mL; IL-15: 7.4 pg/mL; IL-17: 0.5 

pg/mL; IP-10: 0.8 pg/mL; KC: 2.3 pg/mL; MCP-1: 6.7 pg/mL; MIP-1α: 7.7 pg/mL; MIP-1β: 

11.9 pg/mL; MIP-2: 30.6 pg/mL; RANTES: 2.7 pg/ mL; TNF-α: 2.3 pg/mL. Sample 
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concentration that fell below minimal detection value were given a proxy value of half the limit 

of detection for statistical comparisons. 

 

2.7 Statistical Analysis 

  

Data were analyzed using GraphPad Prism Version 9.3.1 and RStudio version 1.4.1106 (2021) 

using the “nlme” package. Maternal serum cytokine concentrations between MAA and PBS 

dams were assessed using non-parametric Mann-Whitney U analyses. Similarly,  

placental cytokine measures were pooled to increase signal detection and concentrations were 

evaluated between MAA and PBS dams using Mann-Whitney U. To control for 

pseudoreplications and litter-to-litter variations, offspring brain cytokine measures were 

evaluated separately for male and female mice using multilevel modeling to control for type I 

error (Lazic and Essioux, 2013; Lazic et al., 2018) with offspring as the level 1 measure nested in 

dams as the level 2 two variable. Treatment (MAA or PBS) was set as the fixed effect and litter 

as the random effect. Model estimates with a p-value less than 0.05 were considered significant. 
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3.0 Results: 

3.1 Maternal Serum cytokines 

Following the final induction at E17.5, the maternal sera was collected from dams of both 

treatment groups. Maternal serum in the MAA dams showed elevated levels of the T-helper type 

2 allergic asthma-associated cytokines including IL-4 (p=0.019), IL-5 (p=0.0004), IL-13 

(p=0.003). Moreover, MAA dams had elevated levels of IL-6 (p=0.006), IL-12 (p=0.008), IL-17 

(p=0.030), and MIP-1a (p=0.045) compared to PBS-treated control dams (Figure 1). While there 

were also trends for increased levels of GM-CSF and IL-10, these increases did not reach 

statistical significance.  

 

3.2 Offspring Placenta Cytokines  

Placentas were collected following the final induction and cytokine analysis was performed on 

placenta homogenates. Placental levels of IL-17 levels were decreased in offspring from MAA 

offspring that were either female (p= 0.025) or male (p=0.016) (Figure 2 & 3, respectively), 

compared to PBS controls. In addition, in placentas from female offspring (Figure 2), we 

observed a decrease in MCP-1 (p=0.003), which was not found in male counterparts. 

Conversely, in male placentas only (Figure 3), there were significant decreases in IL-4 

(p=0.026), IP-10 (p=0.025) and RANTES (p=0.010). 

 

3.3 Whole Brain Fetal Cytokines 

Following the removal of the fetus from the placenta, whole fetal brains were collected, 

homogenized, and analyzed for cytokine concentration. Multilevel mixed-effects modeling 
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revealed elevated levels of several cytokines in both sexes of MAA offspring, most of which are 

generally considered inflammatory in nature, namely GM-CSF, IFN𝛾, IL-1𝛼, IL-6, and TNF𝛼. 

Specifically, MAA exposure resulted in an average of 21-22pg/ml increase in GM-CSF 

concentrations in both male (Figure 4) and female (Figure 5) offspring brains compared to sex-

matched offspring of PBS dams (Male, b= 22.32, CI: 6.66 – 37.98, t(16) = 2.94, p = 0.010; 

Female, b=21.36, CI: 2.88 – 39.84, t(16) = 2.38, p = 0.030). Similar increases were also observed 

in both male and female offspring for IFN𝛾 (Male, b = 7.07, CI: 2.35 - 11.79, t(16) = 3.09, p 

=0.007; Female, b = 6.48, CI: 1.24-11.72, t(16) = 2.55, p = 0.22), and IL-1 𝛼 (Male, b = 35.19, 

CI: 16.94 – 53.44, t(16) = 3.98, p = 0.001; Female, b = 28.89, CI: 6.49 – 51.29, t(16) = 2.66, p = 

0.017). Moreover, both male and female offspring from MAA dams expressed higher levels of 

IL-6 (Male, b=5.11, CI: 1.67 – 8.54, t(16) = 3.07, p = 0.007; Female, b = 4.03, CI: 1.05 – 7.00, 

t(16) = 2.79, p =0.013) and TNF𝛼 (Male, b = 3.41, CI: 0.35 – 6.46, t(16) = 2.30, p = 0.035; 

Female, b = 2.52, CI: 0.66 – 4.38, t(16) = 2.79, p = 0.013), compared to sex-matched PBS 

controls. A decrease in IL-9 was also associated with both male and female offspring from MAA 

dams compared to controls (Male, b = -887.35, CI: -1626.55 - -148.16, t(16) = -2.48, p = 0.025; 

Female, b = -784.03, CI: -1527.74- -40.31, t(16) = -2.17, p = 0.045).  

 

In addition to the broad increases in inflammatory cytokines in both sexes, there were additional 

sex-specific changes in several cytokines in response to MAA. In males (Figure 4) but not 

females, there was a significant increase in MIP-2, b= 21.28, Cl: 2.42 – 41.23, t(16)= 2.32, p= 

0.034, and a significant decrease in IL-1𝛽, b= -18.80, Cl: -36.50 - -1.11, t(16)= -2.19, p= 0.043, 

and IP-10, b= -215.76, Cl: -420.39 - -11.13, t(16)= -2.18, p= 0.045, compared to sex-matched 

PBS offspring. In addition, in MAA male offspring, an increase in G-CSF, b= 4.76, Cl: 0.04 – 
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9.49, t(16)= 2.08, p= 0.054, compared to PBS offspring was also observed, but it did not reach 

statistical significance p<0.05. Conversely in females (Figure 5), MAA-exposed offspring had an 

increase in KC levels compared to female offspring of PBS dams, b= 2.35, Cl: 0.90 – 3.79, 

t(16)= 3.35, p= 0.004. Similarly, increases in cytokines G-CSF, IL-2, MIP-2, IP-10, and MIP-1b 

were observed in female MAA offspring compared to PBS controls, but these did not reach 

statistical significance p<0.09 (Data not shown).  

 

4.0 Discussion: 

The fetal environment plays a vital role in offspring neurodevelopment and behavior, and 

the maternal response to allergies and asthma represents an increasingly common environmental 

factor that can impact fetal development. We hypothesized that allergic asthma exposure during 

pregnancy would result in sex-specific neuroinflammation in the brains of developing offspring 

in utero, based on previous studies on maternal asthma and ASD (Patel et al., 2020). As 

predicted, the analysis of the maternal serum following MAA challenge confirmed systemic 

inflammation consistent with the allergic-asthma immune phenotype. These elevations in 

maternal cytokines were met with concomitant elevations in neuroinflammatory signals in the 

fetal brain. There were common cytokines elevated in fetal brains in both males and females but 

also several cytokines were sex specific and may correspond to differences in behavior response 

seen in MAA models (Schwartzer et al., 2015; Schwartzer et al., 2017), and, also in humans 

(Patel et al., 2020). Interestingly, increases in fetal brain cytokines were paralleled by decreases 

in inflammatory cytokines in the placental tissue analysis. Together, our findings support the 

notion that maternal inflammation in response to MAA impacts the fetal neuroimmune 

environment during gestation. 
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  In humans, an allergic asthma response is often associated with a systemic increase of IL-

4 and IL-5, both of which have been linked to an increased likelihood of birthing a child later 

diagnosed with neurodevelopmental disorders when there are higher levels occurring during 

pregnancy (Goines et al., 2011; Jones et al., 2017). In case-control studies, Goines et al. also 

demonstrated that elevations in IL-5 and IL-4 together during gestation was associated with a 

50% increased risk of ASD (Goines et al., 2011). Here, we showed that our model of MAA 

recapitulates the exposure to cytokines that are hallmarks of the allergic asthma response 

including increased levels of IL-4, IL-6, IL-5 IL-13, and IL-17. This global response may 

translate more closely to the human exposure than single cytokine exposures in isolation. These 

combined cytokine signals may be the central mechanistic factors that link MAA to the 

behavioral deficits, and shape brain chemistry and neurocircuitry, observed in our previous 

studies of this model (Schwartzer et al., 2015; Church al., 2021; Vogel Ciernia et al., 2018). 

  The placenta plays the role of a multipurpose organ for the fetus, acting as the lungs, gut, 

kidneys, and liver (Burton et al., 2015). In addition, the placenta acts as a communicator between 

the fetus and mother, relaying important environmental signals to prime the fetus to adapt to 

future postpartum insults (Barker et al., 2004). For example, extravillous trophoblast cells can 

interact with the maternal immune system by migrating to the uterine wall from the placenta 

(Burton et al., 2015). Acting in the converse direction, from mother to fetus, some cytokines such 

as IL-6, which are elevated in our MAA model, can cross the placental barrier (Dahlgren et al., 

2006) and directly impact fetal development. A previous report by Hsiao et al. shows that IL-6 

levels remain elevated in the placentas of maternal immune activated dams compared to saline 

controls 24 hours following immune induction with poly(I:C) (Hsiao et al., 2001). Although we 

report here an elevated IL-6 response in maternal serum, the placental tissue did not mirror the 
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findings by Hsiao et al. In fact, of the cytokines measured in our study, we did not observe 

significant elevations in any of the inflammatory markers measured. It is unclear yet why our 

findings do not mirror common changes shown in other poly(I:C) models of maternal immune 

activation, though these differences may represent a distinct mechanistic pathway unique to 

allergic asthma inflammation compared to other viral/bacterial models of maternal inflammation. 

Moreover, our measures of placental and brain cytokine makers were taken 4-hours after the 

final MAA induction, representing a single cross-sectional timepoint during the inflammatory 

cascade. Given that the cellular and molecular responses to allergic asthma change dynamically 

across several hours of exposures, there are likely other placental changes occurring earlier 

and/or later in the inflammatory time-course that were not captured in this single cross-sectional 

window. Future longitudinal measures are needed to capture a more complete timeline of 

placental changes.   

Our model demonstrates that MAA induces a change in the inflammatory profile of 

offspring brains at E17.5. Among these changes, increases in GM-CSF, INFg, IL-1a, IL-6, and 

TNF𝛼 were found. These increases were seen in both male and female fetal brains. Postmortem 

tissue studies have found elevated TNF𝛼, IL-6, IFNg, and GM-CSF in brains from ASD 

individuals compared to their typically developing counterparts (Li et al., 2009). Although our 

fetal brain analyses also shows elevations in these cytokines, we have yet to perform this analysis 

on whole brains from adults. However, we recently showed elevated IFNg in the hypothalamus 

of adult animals when exposed to MAA in early fetal development (Church et al., 2021). Of 

note, IL-6, which is normally expressed at low levels in the brain, plays a role in neurogenesis, 

cell growth, and myelination or demyelination. Moreover, IL-6 have been linked to altered 

neuronal cell adhesion, migration, and synaptic formation (Smith et al., 2007; Gruol et al., 2015). 
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TNF𝛼 has also been shown to have an impact on neuronal survival. Studies have suggested that 

the release of astroglial and microglial TNF𝛼 may be neuroprotective in a model of ischemic 

stroke (Batlle et al., 2015; Lambertsen et al., 2009). Microglia and astrocytes are also known 

producers of IL-1a (Salmeron et al., 2016), which was also found to be elevated in the brains of 

offspring in this model and, similar to TNF𝛼, has been suggested to be neuroprotective in models 

of ischemic stroke (Salmeron et al., 2019). However, whether tissue damage leading to the 

release of TNFa or IL-1a in a neuroprotective role would need to be confirmed in the context of 

MAA.  Receptors of GM-CSF, another cytokine elevated here in fetal brains after MAA, have 

been found on microglia, astrocytes, oligodendrocytes, and neurons with GM-CSF having 

different dose dependent effects on each cell type (Dame et al., 1999).  

Ciernia et al. previously reported epigenetic alterations in microglia from adult offspring 

born to MAA dams. Given the early inflammatory changes observed in the fetal brains in the 

present study, initial cytokine signals could influence the epigenetic changes to microglia in 

MAA, as it is known that early life insults to microglia can impact their function (Bilbo and 

Schwarz 2009; Lenz and Nelson 2018). Of note, during neurodevelopment, microglia remove 

unneeded neuronal precursors (Cunningham et al., 2013), and when this function is disrupted, 

increases in neuronal connectivity activity may result (Liu et al., 2021). Expression data from 

microglia in our model suggests a deviation from normal functioning (Vogel Ciernia et al., 

2018). Over-connectivity is a phenomenon that has been observed in some cases of ASD and has 

been linked to changes in social interactions, as well as increased restricted and repetitive 

behaviors (Conti et al., 2017; Maximo et al., 2014; Mills et al., 2016), changes that our model 

demonstrates (Schwartzer et al., 2015). The cascade of inflammatory factors, specifically IL-6, 

IL-1𝛼, GM-CSF, and TNF𝛼 seen in the fetal brain after MAA, highlight an important set of 
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immune markers during fetal development that have neurodevelopmental impacts in shaping the 

brain architecture and function that may influence the behavioral, neuroinflammatory, and 

epigenetic alterations observed in adult offspring (Vogel Ciernia et al., 2018; Schwartzer et al., 

2015; Church et al., 2021).  

  In addition to sex-independent changes in cytokine levels in MAA offspring, we also 

observed sex-specific changes in placental and fetal brain cytokines as well. Sex differences are 

commonly noted in neurodevelopmental disorders (Polyak et al., 2015; Li et al., 2016). For 

instance, ASD reports a 4:1 ratio in boys to girls (Kim et al., 2011; Werling et al., 2016; Patel et 

al., 2020). In the placenta, we observed a decrease in the expression of IL-4, IP-10, and 

RANTES in male placentas, and lower levels of MCP-1 and IL-17 in female placentas. 

Additionally, the brain cytokine analysis in our model showed a decrease in IL-1b and an 

increase in MIP-2 in the fetal brains of male offspring taken at E17.5, but not female. While 

previous reports have shown an increase in brain IL-1b following MIA induction in both male 

and female mice (Meyer et al., 2006), the driving mechanisms behind the observed sex 

difference in our model are yet unclear. The similarities in our findings to clinical reports 

highlight the significance of our model, and the contrasts to other animal models of maternal 

immune activation highlight both the novelty of the MAA model and the need for further 

investigation into mechanistic pathways. 

Our fetal brain data reflect an analysis of whole brain homogenates, an important 

limitation that may be masking more region-specific shifts in brain neuroinflammation. For 

example, changes in IL-1b in response to maternal poly(I:C) exposure vary by region in the 

newly born offspring (Hsiao et al., 2014), and small elevations in one region, for example the 

frontal cortex, can become undetectable when pooled with other regions (e.g. hippocampus). As 
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a result, future studies will require analysis of region-specific changes in fetal brain tissue to get 

a better understand how MAA may be altering brain maturation and differentiation. It is also 

unclear yet how these changes in the maternal environment communicate changes through the 

maternal-fetal interface to influence fetal neurodevelopment. 

These limitations notwithstanding, our data demonstrate that exposures to allergic asthma 

inflammation during pregnancy impacts cytokine levels in fetal placenta and brain in a sex-

specific manner. Our findings underscore the importance of the maternal environment in shaping 

fetal brain development and further support behavioral and clinical findings linking MAA to 

offspring behavioral deficits and neurodevelopmental disorders. Our evidence of early life 

programming through maternal immune activation raises important questions surrounding the 

role of the placenta and immune signals of the brain in shaping offspring neurodevelopment and 

highlight the importance of understanding the maternal-fetal mechanisms that shape behavioral 

and mental health later in life.  
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Figure. 1. Cytokine concentrations in maternal serum of dams exposed to PBS and OVA taken 

at GD 17.5. Serum was collected prior to fetal offspring and placenta collections. Cytokine levels 

were assessed using multiplex bead-based immunoassay. (A) IL-4, (B) IL-5, (C) IL-13, (D) IL-6, 

(E) IL-12 (p40), (F) IL-17, (G) MIP-1a are represented as pg/mL after being normalized to total 

protein content. * P < 0.05 compared to sex and timing matched control as determined by t-test 

followed by Mann-Whitney. PBS dams n=8, OVA dams n=10.   
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Figure 2. Cytokine concentrations in female placentas taken from dams exposed to PBS and 

OVA at GD 17.5 after final allergic asthma challenge. Cytokine levels were assessed using 

multiplex bead-based immunoassay. The concentrations of (A) IL-17 and (B) MCP-1 are 

represented as pg/mL after being normalized to total protein content.  * p < 0.05 compared to sex 

and timing-matched control as determined by t-test followed by Mann-Whitney. 
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Figure 3. Cytokine concentrations in male placentas taken from dams exposed to PBS and OVA 

at GD 17.5 after final allergic asthma challenge. Cytokine levels were assessed using multiplex 

bead-based immunoassay. The concentrations of (A) IL-4, IL-17 (B), (C) IP-10, and (D) 

RANTES are represented as pg/mL after being normalized to total protein content.  * p < 0.05 

compared to sex and timing-matched control as determined by t-test followed by Mann-Whitney. 

  



 65 

 

Figure 4. Cytokine concentrations in the male fetal brain (whole brain homogenates) taken at 

E17.5 following final maternal asthma challenge. Concentrations of cytokines from male and 

female offspring of OVA and PBS-exposed dams were assessed using multiplex bead-based 

immunoassay. The concentrations of (A) GM-CSF, (B) IFN𝛾, (C) IL-1𝛼, (D) IL-1𝛽, (E) IL-6, 

(F) IL-9, (G) IP-10, (H) MIP-2, and (I) TNF𝛼 are represented as pg/mL after being normalized to 

total protein content. * p < 0.05 compared to sex and timing-matched control as determined by 

multilevel mixed-effects modeling. 
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Figure 5. Cytokine concentrations in the female fetal brain (whole brain homogenates) taken at 

E17.5 following final maternal asthma challenge. Concentrations of cytokines from male and 

female offspring of OVA and PBS-exposed dams were assessed using multiplex bead-based 

immunoassay. The concentrations of (A) GM-CSF, (B) IFN𝛾, (C) IL-1𝛼, (D) IL-2, (E) IL-6, (F) 

IL-9, (G) KC, (H) TNF𝛼 are represented as pg/mL after being normalized to total protein 

content. * p < 0.05 compared to sex and timing-matched control as determined by multilevel 

mixed-effects modeling.   
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Chapter 3: Characterizing the Neuroimmune Environment of Offspring in a Novel Model of 

Maternal Allergic Asthma and Particulate Matter Exposure 

Abstract: 

Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by the 

presence of decreased social interactions and an increase in stereotyped and repetitive behaviors. 

Epidemiology studies suggests that cases of ASD are on the rise, with 1 in 44 children born in 

the United States later being diagnosed with ASD (Maenner et al., 2021). Similar to the rising 

incidence of ASD, rates of asthma are currently on the rise and studies have identified that the 

presence of asthma increases likelihood of birthing a child that is later diagnosed with ASD. 

Particulate matter (PM), via air pollution, is another environmental factor that is suspected to be 

associated with risk of neuropsychiatric disorders, including ASD, and exposure to PM is also 

known to worsen symptoms of asthma. Despite the links between asthma and PM to 

neuropsychiatric disorders, and the link between PM and worsening asthma symptoms, there is a 

lack of laboratory models investigating combined prenatal exposure to asthma and PM on 

offspring neurodevelopment. To begin addressing this gap in the research, we developed a novel 

mouse model that combines exposure to maternal allergic asthma (MAA) and ultrafine iron-soot 

(UIS), a common component of PM. Our findings add to our previous data on MAA, but also 

demonstrate novel findings on prenatal exposure of UIS alone, and MAA in combination with 

UIS (MAA-UIS), on offspring neurodevelopment. In the current study, female BALB/c mice 

were primed for allergic asthma with ovalbumin (OVA) prior to pregnancy. Following mating, 

and beginning on gestational day 2 (G2), dams were exposed to either aerosolized OVA or 

phosphate buffered saline (PBS) for 1 hour, depending on treatment group. Following the 1-hour 

exposure, pregnant females were then exposed to an aerosol of ultrafine iron-soot, or clean air 
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for controls, for 4 hours. Offspring brains from these treated dams were collected at postnatal 

days (P)15 and (P)35. Cortices and hippocampal regions were then isolated and assessed for 

changes in cytokines using a Luminex bead-based multiplex assay. Analyses identified changes 

in many cytokines across treatment groups at both timepoints in the cortex, including IL-1, IL-

2, IL-13, and IL-17, which remained elevated from P15 to P35 in all conditions. In the 

hippocampus at P15, elevations in cytokines were also identified across the treatment groups, 

namely IFN and IL-7. However, unlike the cortical measurements, the elevations in cytokines 

found in the hippocampus were only identified at P15 and did not persist into early adulthood. 

We also show that the combination of MAA and UIS exposure (MAA-UIS) during pregnancy 

resulted in an increase in microglia density in the hippocampus of offspring, as identified by 

IBA-1 staining. Together, these data indicate that MAA and UIS exposure alone, and the 

combination of these environmental stimuli in the MAA-UIS exposure group, result in changes 

in the neuroimmune environment of offspring that persist from adolescence into adulthood.  
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1.0 Introduction: 

Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by the 

presence of decreased social interactions and an increase in stereotyped and repetitive behaviors. 

Epidemiology studies suggests that cases of ASD are on the rise, with 1 in 44 children born in 

the United States later being diagnosed with ASD (Maenner et al., 2021), and ASD appears to 

disproportionately impact boys over girls at a 1:4 ratio (Kim et al., 2011; Werling et al., 2016). 

There does not appear to be a single cause for ASD, but research has shown that the etiology of 

some cases can be connected to heritable susceptibility from both genetic and environment 

sources. Depending on the study, genetic heritability can account for more than 50% of cases. 

However, having the susceptibility genes does not guarantee that a child will be diagnosed with 

ASD. In other words, many of the associated risk genes for ASD are common genetic variants in 

the population and carry a low risk (Gaugler et al., 2014). Given that genetic risk factors have 

only a moderate contribution to the observed cases of ASD (Devlin et al., 2011; Klei et al., 

2012), it is important to identify environmental risk factors that can contribute to ASD incidence. 

Mounting clinical and epidemiological data underscore the notion that environmental factors 

play a large role in both the underlying development of ASD and their impact on the severity of 

individual behavioral characteristics (Hughes et al., 2018; Rossignol et al., 2014; Straughen et 

al., 2021; Raz et al., 2015; Volk et al., 2011; Volk et al., 2020; Patterson et al., 2009). Pregnancy, 

in particular, marks a critical period when environmental insults have long lasting effects on 

neurodevelopment. 

 

The maternal immune system represents a key biological mechanism that links 

environmental factors to specific neurodevelopmental changes and later ASD diagnosis. For 
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example, clinical studies have linked hospitalizations for bacterial and viral infections during 

pregnancy to an increased rate of birthing a child that will later be diagnosed with ASD 

(Modabbernia et al., 2017; Tioleco et al., 2021; Atladóttir et al., 2010; Brown et al., 2014). 

Moreover, laboratories have developed animal models that often use bacterial or viral mimics, 

such as LPS or Poly(I:C) respectively, to induce maternal inflammation during pregnancy and 

demonstrate a causal change in offspring brain and behavioral health (Han et al., 2021). Despite 

the efficacy of these models in demonstrating a link between maternal immune signaling and 

offspring neurodevelopment, they are limited in representing many of the common 

environmental sources of immune activation. With perhaps the exception of SARS COV-19 in 

the recent years, hospitalizations for viral infections are less frequent, and a recent meta-analysis 

of viral infections during pregnancy as a risk for children later being diagnosed with ASD was 

not supported (Jiang et al., 2016). Importantly, infections via bacterial and viral pathogens are 

only two of many ways in which the immune system can become activated, and researchers have 

begun to investigate other common environmental influences that can have a substantial impact 

on the immune system and offspring brain development, most notably asthma. 

 

Rates of asthma, like ASD, are currently on the rise and represent a highly prevalent 

chronic disease that more commonly impact ethnic/racial minority and socioeconomically 

disadvantaged groups in the US (Clougherty et al., 2007; Matsui et al., 2008). Importantly, 

chances of asthma exacerbations increase during pregnancy, and presence of asthma increases 

likelihood of birthing a child that is later diagnosed with ASD (Ali & Ulrik, 2013; Murphy, et al., 

2005; Murphy et al., 2006; Croen et al., 2005; Croen et al., 2019; Gong et al., 2019; Abdallah et 

al., 2011; Hisle-Gorman et al., 2018; Lyall et al., 2014; Patel et al., 2020; Fasmer et al., 2011). 



 71 

Asthma is an inflammatory disease of the lungs characterized by bronchial hyperresponsiveness, 

persistent inflammation, airflow obstruction and reduction of airflow (Gluck et al., 2006; Popa et 

al., 2021). The allergens associated with asthma can vary and include, but are not limited to 

rodent allergen, cockroach allergen, pollen, and house dust mite (Matsui et al., 2008; Jacquet 

2013). Given the incidence of allergies and asthma in the United States (Blackwell et al., 2014; 

Fazel et al., 2018), and the high prevalence of allergic triggers in urban environments, including 

cockroach and mouse allergens, pollutants, and psychosocial stress (Leaderer et al., 2002; Matsui 

et al., 2008; Salo et al., 2008; Claeson et al., 2016), there is pressing need to better understand 

the causal effects of asthma during pregnancy and the impact of specific allergic triggers on 

offspring mental health. 

 

Using our mouse model of maternal allergic asthma (MAA) to initiate an immune 

response in pregnant mice, we have previously reported systemic elevations in IL-4 and IL-5 in 

dams (Schwartzer et al., 2015; Tamayo et al., 2022) that parallel clinical reports associating 

increased IL-4 and IL-5 in mid-pregnancy maternal serum samples of mothers with children later 

diagnosed with ASD (Goines et al 2011). Not only do the dams in our MAA model produce the 

same allergic asthma cytokine profile observed in humans, but the offspring display 

characteristic ASD-like behaviors, such as decreased social interaction and increased repetitive-

like behaviors (Schwartzer et al., 2015; Schwartzer et al., 2017; Church et al., 2021). Moreover, 

MAA produces transcriptional differences in microglia gene expression and neuroinflammation 

in both prenatal offspring and brain regions of adult mice (Ciernia et al., 2018; Church et al., 

2021; Tamayo et al., 2022). These findings highlight the lasting changes that allergic asthma 

during pregnancy can have on offspring neurodevelopment. However, environmental insults 
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associated with ASD can vary, and exposure to these environmental factors do not necessarily 

occur in isolation for humans. In fact, individuals often encounter multiple inflammatory-

inducing environmental stimulants simultaneously, and less is known about the potential 

synergistic effects of these exposures on maternal immune response and subsequent offspring 

development (Leaderer et al., 2002; Salo et al., 2008; Claeson et al., 2016). 

 

Particulate matter (PM), via air pollution, is another environmental factor that is 

suspected to be associated with risk of neuropsychiatric disorders such as schizophrenia, 

attention deficit hyperactive disorder (ADHD), and ASD (Volk et al., 2011; Volk et al., 2013; 

Volk et al., 2020). Not only is PM linked to neurodevelopmental disruptions when exposures 

occur during pregnancy (Church et al 2018), it has also been tied to exacerbated asthma 

responses and could potentially cause new onset cases of asthma (Guarnieri & Balmes, 2014), 

and this is especially true for ultrafine PM (PM0.1; aerodynamic diameter < 0.1 m) (Chan et al., 

2011; Schraufnagel 2020; Chalupa et al., 2004). PM is a complex mixture of constituents that 

contains organic compounds, soot, metals and metal-oxides, nitrates, and other elements in 

varying quantities depending on its source (Steiner et al., 2016). As such, it is necessary to 

characterize individual components of PM in order to effectively regulate air quality for limiting 

environmental exposure to toxicants. Diesel is one common source of PM that has been 

identified as a risk factor for ASD (Kalkbrenner et al., 2015; Volk et al., 2011; Volk et al., 2013; 

Volk et al., 2020; von Ehrenstein et al., 2014; Roberts et al., 2013). Combustion-derived diesel 

exhaust includes soot particles containing elemental carbon as well as iron which is the most 

common transition metal found in PM (Zhou et al., 2003). Iron in PM can occur from fuel 

additives and as a product of normal engine wear (Mayer et al., 2010; Steiner et al., 2016), and 
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iron-soot (IS) exposure has previously been shown to cause oxidative lung injury, induce 

inflammation of the lungs, and can cross the blood brain barrier through nasal inhalation (Zhong 

et al., 2010; Zhou et al., 2003; Hopkins et al., 2018). These links to worsening of asthma 

symptoms and increased risk of neuropsychiatric disorders in offspring make PM exposure 

during pregnancy an important area that needs investigating.  

 

There are many human studies and animal models investigating the links between 

gestational exposure to PM and neurodevelopmental outcomes in offspring (Volk et al., 2011; 

Volk et al., 2013; Volk et al., 2020; Bolton et al., 2017; Ahadullah et al., 2021), and also many 

investigations into the impacts of asthma as a risk factor for ASD, including our own 

(Schwartzer et al., 2015; Schwartzer et al., 2017; Ciernia et al., 2018; Church et al., 2021; 

Tamayo et al., 2022; Ali & Ulrik, 2013; Murphy, et al., 2005; Murphy et al., 2006; Croen et al., 

2005; Croen et al., 2019; Gong et al., 2019; Abdallah et al., 2011; Hisle-Gorman et al., 2018; 

Lyall et al., 2013; Patel et al., 2020; Fasmer et al., 2011). However, these investigations consider 

asthma or PM only as independent risk factors for developing neuropsychiatric disorders. 

Despite the links between allergic asthma with ASD, and the link between PM and ASD, there 

are no studies investigating the neuroimmune outcome on offspring of these environmental 

factors in conjunction. This is an apparent oversight given that PM exposure can worsen 

symptoms of asthma (Guarnieri & Balmes, 2014), and the source of environmental factors 

contributing to ASD are likely multifaceted. In this study, we hypothesized that when mice are 

exposed to MAA and ultrafine iron-soot (UIS) particles during pregnancy (MAA-UIS), the 

neuroimmune outcomes will show heightened inflammation in offspring compared to that of 

MAA or UIS exposure alone. We also suspected that, because microglia can respond to changes 
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in the neuroimmune environment through proliferation and are suspected to be associated with 

ASD behaviors (Hughes et al., 2020; Davoli-Ferreira et al., 2021), we would see signs of 

functional differences in the frontal cortex and hippocampus. Two brain regions implicated as 

being impacted developmentally in neuropsychiatric disorders such as ASD (Ecker 2017; 

Hughes et al., 2020; Richards et al., 2020; Banker et al., 2021). Using our established mouse 

paradigm of maternal aerosol exposure to study offspring outcomes, we demonstrate that MAA 

and UIS alone, or MAA-UIS combined, alter the neuroimmune profile in the brains of offspring 

that is sustained from adolescence into early adulthood.  
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2.0 Methods: 

2.1 Animals 

BALB/c male and female mice were obtained from breeding pairs originally purchased from 

Envigo Laboratories (Livermore, CA, USA) and maintained at University of California, Davis at 

the Center for Health and Environment, Davis, CA. Mice were housed with same-sex littermates 

and kept at ambient room temperature (23C) on a 12 h light/dark cycle (lights on at 0800 h) 

within ventilated cages with water and food provided ad libitum. All procedures were performed 

with approval by University of California Davis Institutional Animal Care and Use Committee 

and according to guidelines established by National Institute of Health Guide for the Care and 

Use of Laboratory Animals.   

 

 

2.2 Maternal allergic asthma and ultra-fine soot particle exposure 

Female BALB/c (n= 8/group) mice were sensitized with 10ug of ovalbumin (OVA, Sigma, St. 

Louis, MO, USA) and 1 mg (Al) OH3 dissolved in 200ul of phosphate buffered saline (PBS) 

injected intraperitoneally at 7 and 8 weeks of age. Control dams were injected with PBS vehicle 

alone. Dams were then mated with age matched males and checked daily for the presence of a 

seminal plug which was noted as gestational day (GD) 0.5. Beginning on gestational day 2 (G2), 

dams were exposed to either aerosolized OVA or phosphate buffered saline (PBS) for 1 hour, 

depending on treatment group. Following the 1-hour exposure, mice were placed in a 20 cm x 43 

cm x 18cm polycarbonate whole-body chamber for exposure to an aerosol of ultrafine iron-soot 

(target concentration of 200 ug/m^3), including 40 ug/m^3 of iron-oxide nanoparticles, or sham 

control (AIR). The total iron-soot generated was cooled and diluted with filtered air to achieve 
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the desired concentration prior to reaching the exposure chambers. Mice were exposed for 4 

hours/day on G2, G4, G6, G9, G11, G13, G16, and G18 to PBS or OVA [MAA condition] and 

Air or ultrafine iron-soot [UIS condition], resulting in a total of four treatment groups: PBS/AIR 

(PBS-AIR), MAA/AIR (MAA), PBS/UIS (UIS), MAA/UIS (MAA-UIS). Following the last day 

of aerosol exposure (G18) pregnant mice were left undisturbed through parturition and offspring 

were either sacrificed at postnatal day (P)15 or weaned at P21, housed with same-sex littermates, 

and sacrificed at P35 for brain tissue analysis. 

 

2.3 Generation and characterization of particles 

Ultrafine iron-soot particles were generated as previously described by Hopkins et al. (Hopkins 

et al., 2018). Briefly, particle generation was obtained using a laminar diffusion flame system by 

mixing ethylene gas, the primary hydrocarbon fuel, and acetylene gas to compensate for the 

effect of iron-oxide to suppress soot formation. By reaching vapor phase of iron pentacarbonyl 

by warming to 20C with combusted argon carrier gas (all Sigma-Aldrich Chemical Co., St. 

Louis, MO) in the presence of an ethylene/acetylene vapor mix, the source of iron was generated. 

The result of these combusted reactants generated a hetero-disperse aerosol of ultrafine iron 

oxide particles (Fe2O3) and associated soot. Further details of the system and particle generation 

can be found (Jasinski et al., 2006, Pinkerton et al., 2008; Hopkins et al., 2018). In order to 

simulate unhealthy air quality conditions, an average particle concentration of 200 g/m3 was 

selected, as this reflects a concentration that is reminiscent of heavy pollution days seen with 

many poor air quality days in many parts of the world, including China (Pui et al., 2014, Connor, 

2015). 
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2.4 Cardiac perfusion and brain tissue collections 

At postnatal days 15 and 35, offspring were collected from their home cages, anesthetized using 

isoflurane (2-4% inhalation) and underwent transcardial perfusion. Briefly, a lateral incision was 

made in the abdominal wall below the rib cage. With curved scissors, an incision was made in 

the diaphragm and cuts were made along the ribs to the collarbone to allow the sternum to be 

lifted. Once exposed, the heart was inserted with a 15-gauge perfusion needle into the ascending 

aorta for entry of perfuse, and an incision was made into the right atrium to create an outlet for 

drainage. Using a perfusion pump, 20 mL of PBS was slowly pumped through the circulatory 

system to reach adequate clearing. Whole brains were removed and dissected into hemispheric 

halves and one half was further dissected into cortical and hippocampal regions, flash frozen 

with liquid nitrogen and stored at -80C for later use. The remaining half was placed in 4% PFA 

for fixation, 24 hours following this, the halves were then placed in 30% sucrose for 24 hours for 

cryoprotection. Cryoprotected tissues were then embedded in optimal cutting temperature 

(O.C.T.) media and frozen at -80C.  

 

2.5 Tissue sectioning and staining 

Frozen tissue embedded in O.C.T. was sectioned with a Leica Instruments cryostat at 20 µm. 

Free-floating tissue sections were stored in PBS containing 0.01% sodium azide. Sections were 

incubated in 1:1000 rabbit-anti IBA-1 (Wako, Neuss, Germany) with 10% normal goat serum 

(NGS) and 0.2% triton X-100 at 4°C for 24 hours, followed by 1 hour incubation with goat-anti 

rabbit biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) in 5% NGS for 1 

hour at room temperature. Tissue sections were then incubated with avidin-biotinylated HRP 

complex (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) at room temperature. 
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Visualization of labeling was conducted using 3,3’ -diaminobenzidine (DAB) solution in the 

presence of peroxidase (HRP) enzyme. All sections were thoroughly rinsed 3 times with 1xPBS 

between staining steps. Sections were mounted onto glass Superfrost Plus microscope slides and 

cover slipped with VectaMount Permanent Mounting Medium. Once dry, 20x images were taken 

on a brightfield microscope and stitched together using Photoshop version 22.3 (Adobe Inc., San 

Jose, CA, 2023). A macros script in ImageJ version 1.53 (U.S. National Institutes of Health, 

Bethesda Maryland, 2022) was used to quantify microglia in order to limit user bias.  

 

2.6 Stereology 

IBA-1 positive microglia were identified using stereological methods. IBA-1 cell counts were 

made on brightfield microscope (Nikon Eclipse Ci, Nikon, Tokyo) at 20x magnification and 

images were taken using NIS Elements v.4.0 (Nikon Instruments Inc. 1300 Walt Whitman Road 

Melville, NY 11747-3064, U.S.A.). Image analysis was performed using a macros script in 

ImageJ version 1.53 (U.S. National Institutes of Health, Bethesda Maryland, 2022) to quantify 

microglia. A total of 3-9 sections per brain region were collected. Microglia cell counts were 

taken from infralimbic, and anterior cingulate cortical areas of the frontal cortex, and the dentate 

gyrus, CA1, CA2, and CA3 of the hippocampus. Microglia were identified by IBA-1 positive 

cell body staining.  

 

2.7 Multiplex Bead-Based Cytokine Analysis 

Analysis of serum cytokines was performed using a multiplex mouse 25-plex bead immunoassay 

(Milliplex Mouse Cytokine/Chemokine Magnetic Bead Panel #MCYTMAG70PMX25BK). The 

following cytokines were quantified: G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, 
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IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, MCP-1, MIP-

1α, MIP-1β, MIP-2, RANTES, and TNF-α. Standards and reagents were all prepared according 

to the manufacturers’ recommendations. Each brain sample was diluted to a standardized 

concentration and run in duplicate. Twenty-five microliters of sample, standards, or blanks were 

loaded into a 96-well plate with appropriate amounts of assay buffer and matrix solution. The 

plate was then incubated overnight with antibody-coupled magnetic beads. The following day, 

after a series of washes, the plate was incubated with biotinylated detection antibody on a shaker 

for 30 min. Washes were performed using a Bio-Plex handheld magnet (Bio-Rad Laboratories, 

Hercules, CA, USA). After the final wash, the plate was analyzed using a Bio-Rad Bio-Plex 200 

plate reader (Bio-Rad Laboratories, Hercules, CA, USA). The following were the minimal 

amounts of detectable cytokine concentration: G-CSF: 1.7 pg/mL; GM-CSF: 10.9 pg/mL; IFNγ: 

1.1 pg/mL; IL-1α: 10.3 pg/mL; IL-1β: 5.4 pg/mL; IL-2: 1.0 pg/mL; IL-4: 0.4 pg/mL; IL-5: 1.0 

pg/mL; IL-6: 1.1 pg/mL; IL-7: 1.4 pg/mL; IL-9: 17.3 pg/mL; IL-10: 2.0 pg/mL; IL-12 (p40): 3.9 

pg/mL; IL-12 (p70): 4.8 pg/mL; IL-13: 7.8 pg/mL; IL-15: 7.4 pg/mL; IL-17: 0.5 pg/mL; IP-10: 

0.8 pg/mL; KC: 2.3 pg/mL; MCP-1: 6.7 pg/mL; MIP-1α: 7.7 pg/mL; MIP-1β: 11.9 pg/mL; MIP-

2: 30.6 pg/mL; RANTES: 2.7 pg/mL; TNF-α: 2.3 pg/mL. Sample concentrations that fell below 

minimal detection value were given a proxy value of half the limit of detection for statistical 

comparisons. 

 

2.8 Statistical analysis 

Brain cytokine data were analyzed using linear-mixed effects modeling to control for the 

unexplained residual variance that could be originating from litter-to-litter variations due to the 

hierarchical data structure in which statistical independence of observation is violated (Lazic and 
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Essioux, 2013; Lazic et al., 2018, Brauer and Curtin, 2018; Schielzeth and Nakagawa, 2013; 

Wainwright et al., 2007). Models were built with the lme package of R version 4.2.2 using 

forward a froward-stepwise approach. First a random-effects only model was constructed with 

litter set as the random effect. Then fixed effects for treatment (PBS or MAA; AIR or UI) and 

sex (male or female) were added followed by a full model containing both treatment, sex, and 

their interaction. Model fit was assessed using the likelihood ratios test and the best model was 

selected based on the Akaike Information Criterion (AIC). For models with significant 

interactions, fixed effects were further analyzed using pairwise comparisons of estimated 

marginal means. 
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3.0 Results: 

3.1 P15 offspring cortex cytokines 

Offspring brains were collected and micro-dissected into cortical and hippocampal 

sections at P15. Homogenates of each section were then analyzed for cytokine concentration. 

Multilevel mixed-effects modeling was used to control for within-litter variability and inclusions 

of fixed effects was determined using forward stepwise regression. For all cytokines measured, 

the inclusion of sex-difference did not significantly improve model fit (Supplementary Tables). 

In the cortex, several cytokines were elevated in both male and female offspring of MAA, UIS, 

and MAA-UIS dams, many of which are generally considered inflammatory and potentially 

neurotoxic with prolonged exposure. Among these, three cytokines (IL-1, IL-2, IL-17) were 

found to be significantly elevated in all treatment groups. For example, exposure to MAA, UIS, 

and the combination resulted in an average of two to three fold increase of IL-1 in the cortex, 

MAA (p = 0.004), UIS (p < 0.001), and MAA-UIS (p < 0.001), compared to age-matched PBS-

AIR controls (see supplementary tables for additional statistics information). Similarly, it was 

found that there were significant increases in IL-2 in the MAA (p = 0.002), UIS (p = 0.001), and 

MAA-UIS (P < 0.001) groups, along with increased IL-17 in MAA (p = 0.001), UIS (p < 0.001), 

and MAA-UIS (p < 0.001).  

 

For several inflammatory markers, only the presence of UIS, with or without the addition 

of MAA, significantly altered cytokine concentrations in the cortex. Specifically, the combined 

exposure of MAA-UIS increased concentration of IL-13 (p < 0.001), IP-10 (p = 0.049), and 

MIP-1 (p = 0.041), and UIS alone resulting in an approximately 70 pg/mL (p = 0.001), 13 

pg/mL (p = 0.017), and 65 pg/mL (p = 0.004) increase in IL-13 and IP-10, and MIP-1a 
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respectively. Conversely, MAA-UIS (p = 0.041) and UIS (p = 0.030) resulted in a decrease in 

IL-9 concentration by 425–456 pg/mL.  

 

For IL-1, a significant increase in cortical concentration was observed in MAA 

exposure alone (p = 0.025) and in combination with UIS (p = 0.006) compared to PBS-Air 

offspring, while no statistically significant differences were observed in the UIS-alone condition. 

Moreover, MAA (p = 0.001) and UIS (p = 0.005) both increased IL-10 concentration, but this 

increase was absent in the MAA-UIS group (p = 0.122). Of the cytokines investigated, IL-7 was 

the only immune marker elevated by MAA treatment (p = 0.030), but not UIS alone (p = 0.822), 

or MAA-UIS (p = 0.699).  No sex-by-treatment interactions were identified in P15 offspring.   

 

3.2 P35 offspring cortex cytokines 

Littermates from the P15 cytokine investigation were left undisturbed until P35, at which 

time brains were collected and micro-dissected into cortical and hippocampal sections. Mixed-

effects models that included sex were not significantly improved over treatment-alone models for 

all cytokines measured (Supplementary Tables). However, models that included treatment 

conditions revealed changes in several cytokines in the cortices of both sexes of MAA, UIS, and 

MAA-UIS offspring at P35 in a similar manner to what was identified in P15 offspring. Many of 

the cytokine changes observed at P15 remained altered in the P35 offspring cortex. For instance, 

it was revealed that there was an effect of MAA, UIS, and MAA-UIS combined on IL-2 and IL-

17 in P35 offspring compared to PBS-Air control mice (IL-2: MAA p = 0.006, UIS p = 0.043, 

MAA-UIS p = 0.001; IL-17: MAA p < 0.001, UIS p = 0.043, MAA-UIS p = 0.001) (see 

supplementary tables for additional statistical information).  Similar increases were also revealed 
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for IL-13 (MAA p = 0.002, UIS p = 0.005, MAA-UIS p = 0.002) and KC (MAA p = 0.004, UIS 

p = 0.037, MAA-UIS p < 0.001), and a trend for IL-1 (MAA p = 0.046, UIS p = 0.008, MAA-

UIS p = 0.063). 

 

For several cytokines, the individual contribution of UIS or MAA impacted specific 

inflammatory profiles. For example, UIS treatment alone (p = 0.026) and in combination MAA-

UIS (p = 0.002) significantly increased concentrations of IL-1, with a trend observed in 

offspring of the MAA alone condition (p = 0.064). Moreover, MAA treatment with UIS resulted 

in an increase in IL-9 (p = 0.018) and MIP-1 (p < 0.001) and these increases were also present 

in the MAA alone condition (p = 0.015 and p = 0.033, respectively) but not in the UIS only mice 

(p > 0.1). In addition to these MAA-induced elevations in IL-9, concomitant decreases in IL-4 

concentrations were observed in MAA (p = 0.028) and MAA-UIS (p = 0.015). IL-4 was the only 

cytokine investigated in P35 offspring that was revealed to be decreased due to treatment with 

MAA but not UIS (p = 0.088). Of all the cytokines investigated, IP-10 concentration was the 

only identified cytokine to be increased by one treatment only (MAA p = 0.010), with neither 

UIS (p = 0.435), or MAA-UIS (p = 0.694), reaching significance.  

 

3.3 P15 offspring hippocampus cytokines 

Along with cortical sections, hippocampal homogenates from the same offspring brains 

were analyzed at P15 for cytokine concentrations. For all cytokines measured, the inclusion of 

sex in multi-level models did not significantly improve model fit (Supplementary Tables). 

Similar to what was uncovered in the respective cortical sections, several inflammatory 

cytokines were elevated in male and female offspring of MAA, UIS, MAA-UIS dams.  
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Interestingly, none of the cytokines investigated reached statistical significance in all 

three treatment groups. However, we suspect that this may be a result of a lack of statistical 

power given the strong trends observed across analytes. For instance, IL-7 concentrations were 

significantly increased in the hippocampus of MAA (p = 0.009) and MAA-UIS (p < 0.001) 

offspring, while the UIS group was did not reach the statistical threshold for significance (p = 

0.051). In a similar manner, IFN was revealed to be elevated by UIS (p = 0.008) and MAA-UIS 

(p = 0.004), with similar elevations observed the MAA group (p = 0.056).  MAA-UIS exposure 

was also revealed to have a treatment effect on IL-12(p40) (p = 0.028), as did UIS alone (p = 

0.028), but these increases were not present in the hippocampus of offspring born from the MAA 

alone condition (p = 0.151). Concentrations of IL-17 in the offspring hippocampus were elevated 

at P15 in response to maternal UIS exposure alone (p = 0.002) and in combination MAA (p = 

0.051). However, these increase in IL-17 were not detected in MAA-only offspring hippocampus 

(p = 0.135).  

 

The chemokine CXCL1, referred to as KC, was only observed to be increased in the 

hippocampus of offspring who were exposed to the combination of MAA-UIS (p = 0.044), but 

not MAA alone (p = 0.480) or UIS alone (p = 0.254), suggesting a potential synergistic effect of 

the two environmental exposures.  In contrast, several cytokines were elevated by MAA and UIS 

alone compared to the PBS-AIR control offspring, but these elevations did not reach statistical 

significance in the combined MAA-UIS condition. These increases included IL-1  (MAA p = 

0.047, UIS p = 0.038), IL-2 (MAA p = 0.026, UIS p = 0.002), IL-13 (MAA p = 0.034, UIS p = 

0.011), and RANTES (MAA p = 0.041, UIS p 0.034). Additionally, two cytokines were found to 
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be impacted by MAA alone compared to control, and not the UIS or MAA-UIS treatment 

groups. Specifically, IL-15 (p = 0.009) and MIP-1b (p = 0.028) were found to be elevated by 

MAA, but not UIS or MAA-UIS.  

 

3.4 P35 offspring hippocampus cytokines 

Hippocampal homogenates from P35 offspring were also assessed for cytokine differences, 

however, multilevel mixed-effects modeling did not reveal any significant effects of treatment or 

sex in on the concentration of all cytokines measured (p > 0.05, see Supplementary Materials). 

 

3.5 Microglia density in the hippocampus and frontal cortex of MAA, UIS, and MAA-UIS of P15 

Offspring 

Microglia within a 554.7 µm by 1232.1 µm box spanning the anterior cingulate cortex, 

prelimbic area, and infralimbic area were counted using ImageJ by an investigator blinded to 

treatment condition. There were no significant changes in the microglia density between 

treatment groups in the frontal cortex of p15 mice. Analysis of microglia density in the dentate 

gyrus, CA1, CA2, and CA3 regions of the hippocampus in p15 mice showed significant 

differences between the PBS-air group and the MAA-UIS group (p = 0.0166). 
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4.0 Discussion: 

Among the many well established environmental factors that can impact fetal 

neurodevelopment, asthma and air pollution represent two major sources of immune stimulation 

that are on the rise, making them a significant concern for pregnant individuals. Based on 

previous studies of maternal immune activation, and PM exposure during pregnancy, we 

hypothesized that the combination of these two environmental stimuli would result in an 

exacerbated neuroimmune response in offspring. Although the appearance of a synergistic effect 

of MAA and UIS exposure combined was limited, we did identify increases in cytokine 

concentrations across all treatment groups in the cortex and hippocampus. Importantly, some of 

these elevations appear to be sustained across treatment groups from adolescence into early 

adulthood in the cortex, demonstrating lasting impacts of these gestational exposures on the 

neuroimmune environment later in life. Although we identified increases in cytokines in the 

hippocampus within all treatment groups at P15, these did not remain elevated into early 

adulthood. Overall, these data show that MAA and UIS environmental stimuli can result in an 

altered neuroimmune environment that persist from juvenile to adult timepoints.  

 

The allergic response in the lungs of individuals with asthma is characterized by an influx 

of immune cells, such as neutrophils, mast cells, macrophages, and T-helper (TH)2 cells. Our 

mouse model of MAA previously showed elevated IL-4, IL-5, IL-13, IL-17, and IFN in the lung 

and peripheral blood of mice exposed to aerosolized OVA during pregnancy (Schwartzer et al., 

2017; Church et al., 2021; Tamayo et al., 2022). These increases in maternal serum cytokines 

result in neuro-immune signaling changes in the fetal brain during in utero development 

(Tamayo et al., 2022). Our present data extend these findings by revealing evidence of increases 
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in cortical and hippocampal cytokines in juvenile mice of MAA dams. In the cortex, for 

example, MAA alone increased IL-1, IL-2, IL-17, IL-1, IL-10, and IL-17, and in the 

hippocampus, we identified IFN, IL-1, IL-2, IL-7, IL-13, IL-15, MIP-1, and RANTES as 

being elevated in P15 offspring of MAA-exposed dams. These observed increases in MAA-AIR 

compared to PBS-AIR controls demonstrates the independent neurodevelopmental impact of 

allergic inflammation during pregnancy on offspring neuroinflammation. In addition to these 

findings in the MAA alone treatment group, we also identified UIS treatment (in the absence of 

MAA) resulting in an increase of cytokine concentration in juvenile offspring, specifically, in IL-

1, IL-2, IL-13, IL-17, IP-10, MIP-1, and IL-10. Moreover, increases in cytokines as a result of 

UIS exposure alone were also identified in the hippocampus of juvenile offspring. Specifically, 

elevated IFN, IL-1, IL-2, IL-7, IL-12(p40), IL-13, IL-17, and RANTES. To the authors’ 

knowledge, investigations into these neurobiological outcomes in offspring under UIS exposure 

during gestation have not been previously reported, highlighting the novelty of our model and 

findings. 

 

In addition to the independent effects of MAA or UIS treatment on cytokine 

concentrations in the cortex and hippocampus of juvenile offspring, these elevations were most 

often coupled with elevations in the MAA-UIS combined treatment group. Most notably, we 

observed elevations in the cortex of IL-1, IL-2, IL-13, and IL-17 in dual-exposed MAA-UIS 

offspring. These cytokines were increased in the MAA and UIS single treatment groups as well 

as the MAA-UIS treatment group at P15, and they remained elevated into the P35 timepoint. 

Although IL-13 in the P15 MAA group alone, and IL-1 in the P35 MAA-UIS group, did not 

reach the criteria for statistical significance (p < 0.05), at p = 0.061 and p = 0.063 respectively 
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our data suggest the presence of a trend that is perhaps the result of limited statistical power in 

our model. Despite this, our results suggest a sustained elevation in these four cytokines from 

P15 to P35 as a result of both MAA and UIS that have the potential for long-lasting impacts on 

neurodevelopment in the cortex of these offspring. 

 

Consistent with the pleiotropic nature of cytokines in the CNS, IL-1, IL-2, IL-13, and 

IL-17 have all been identified as having neurotrophic properties. Indeed, high concentrations 

(500 ng/mL), of IL-1 can have neurotoxic effects on neurons when exposed for 3-5 days (Park 

et al., 2018), and IL-17 is detected at high levels in the CNS in multiple sclerosis and associated 

with the neuroinflammatory pathology of the disease (Lock et al., 2002; Kebir et al., 2007). 

Compared to these neurotoxic concentrations, our data represent moderate increases in cytokines 

with less than 2.5-fold increases in treatment groups compared to PBS-AIR controls, and may 

not represent overt inflammation per se. Instead, these smaller changes in brain cytokine levels 

during the juvenile period may be biologically significant given their alternative functions in 

promoting neuronal survival and neurodevelopment. For example, IL-1 acts as a chemokine 

that guides neurite outgrowth in cortical neurons (Ma et al., 2014), and IL-17 in initiating the 

release of brain-derived neurotrophic factor (BDNF), glia-derived neurotrophic factor (GDNF) 

and nerve growth factors (NGF) associated with neuronal cell survival and repair (Milovanovic 

et al., 2020). Taken from this view, these cytokines which are generally considered overtly 

inflammatory, may be having a more subtle impact on the neuroarchitecture of offspring brains 

than models finding dramatic increases in concentration of IL-1 and IL-17.  
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Further demonstrating the neuropoietic nature of these cytokines within the CNS and 

adding to the idea that the moderate increases observed in this model may be altering the 

neuropatterning of the offspring brains, IL-2 has been found to have neurotropic properties and is 

necessary for proper cytoarchitecture in development (Beck et al., 2004; Beck et al., 2007). In 

addition, IL-13 is often considered anti-inflammatory in the CNS, with some studies pointing to 

a neuroprotective impact in CNS diseases and injuries (Miao et al., 2020; Guglielmetti et al., 

2016; Le Blon et al., 2016; Pan et al., 2013). Both IL-2 and IL-13 are among several cytokines 

that are known to decrease in concentration at P14 under homeostatic conditions, and this 

developmental timepoint in mice is characterized by a high degree of synaptogenesis and 

pruning (Garay et al., 2013; Morato Torres et al., 2020). In contrast, our model which 

investigated cytokine concentrations at P15, still within this window of high synaptogenesis, 

showed increased IL-2 and IL-13, representing a shift in homeostatic load. Taken together, it 

may be that these sustained moderate increases in cytokines of the cortex are changing the 

trajectory of cortical development and promoting altered connectivity in the cortex linked to 

behavioral changes such as decreased social interaction and repetitive behaviors previously 

identified in our model (Schwartzer et al., 2015; Church et al., 2020). This phenomenon of 

altered connectivity has also been implicated in the core behaviors associated with ASD, 

specifically the social deficits and restrictive and repetitive behaviors (Conti et al., 2017; 

Maximo et al., 2014; Mills et al., 2016). 

 

Similar to our findings in the cortex, we also identified elevations in several cytokines, 

most notably IFN and IL-7, at P15 in the hippocampus of MAA alone, in UIS alone, and MAA-

UIS offspring compared to controls.  IFN receptors are present on both neurons and glia (Ottum 
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et al., 2015), and in the hippocampus, IFN appears to play a role in synaptogenesis (Lee et al., 

2006). Some investigators have found that overexpression resulted in increased neurogenesis in 

the dentate gyrus, and because of its neuromodulatory effects, it has been suggested that this may 

impact cognition and social behavior as a result (Flood et al., 2019; Filiano et al., 2016; Baron et 

al., 2008). Additionally, IL-7 promotes survival and neurite outgrowth in hippocampal neurons 

(Macia et al., 2010; Michaelson et al., 1996). Considering the effects of IL-7 and IFN, and that 

the hippocampus is a major neurogenic niche in the developing brain, future studies may benefit 

from investigating the potential for hippocampal overgrowth in offspring brain in response to 

UIS or allergic asthma inflammation during pregnancy. Indeed, this phenomenon of 

hippocampal overgrowth has been identified in cases of ASD (Groen et al., 2010; Murphy et al., 

2012, Rojas et al., 2006), and has been implicated in the deficits associated with emotion 

perception and sensory processing in ASD individuals (Groen et al., 2010, Banker et al., 2021). 

Curiously, our observed increases in hippocampal cytokine concentrations at P15 were not 

observed in any treatment group of P35 offspring compared to PBS-AIR controls. Although we 

can only speculate about these findings, it may be that these changes resolve during adolescence 

when additional brain maturation may be present to compensate for developmental overgrowth 

much in the same way that volumetric increases in the hippocampus of ASD individuals do not 

persist into adulthood (Groen et al., 2010; Rojas et al., 2006). Although IL-7 and IFN are only 

two examples of cytokines that we found elevated among the treatment groups, they illustrate the 

broader findings that treatment with MAA, UIS, or MAA-UIS can alter the hippocampal 

neuroimmune environment with potential consequences to behavioral outcomes.   

 



 91 

Prenatal insults have been shown to have lifelong impacts on microglia function and are 

suspected to play a prominent role in neurodevelopmental disorders (Ciernia et al., 2018; Eggen 

et al., 2013; Knuesel et al., 2014; Slusarczyk et al., 2015; Giovanoli et al., 2016). In ASD, some 

postmortem studies have identified differences in microglia density and morphology in brains of 

individuals (Koyama et al., 2015; Morgan et al., 2010; Morgan et al., 2014). In our previous 

study of MAA, we found DNA methylation differences in adult microglia, and several of these 

changes occurred in regulatory genes that are shared among some ASD individuals (Ciernia et 

al., 2017). Given these findings, we sought to examine the density of microglia in the P15 brains 

of our MAA and UIS exposure model. We observed a significant increase in microglia density 

within the hippocampus of offspring exposed to the combination of MAA and UIS, but these 

increases were not present in the frontal cortex. One plausible explanation for why these 

increases were only observed in the hippocampus may be due to the higher density of microglia 

known to be present in the hippocampus. This higher density of microglia is thought to make the 

hippocampus more vulnerable to inflammation (Réus et al., 2015; Choi et al., 2011), and 

disruptions in the dentate gyrus have been linked to neurodevelopmental disorders (Cai et al., 

2018; Yagishita et al., 2017). Our findings of increased microglia density in the hippocampus of 

MAA-UIS offspring mirror data from another maternal immune activation (MIA) model that 

utilizes the viral mimic poly(I:C). Specifically, Juckel et al. reported an increase in microglia 

density in the hippocampus but not the cortex of offspring born from immune-activated dams 

(Juckel et al., 2011). Similarly, another study of MIA using LPS stimulation that showed an 

increase in microglia density in the hippocampus (Diz-Chaves et al., 2013). While it is difficult 

to make conclusions about microglial function based on density data alone, our observed 

difference in the hippocampus in combination with similar report from other MIA models 
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(Juckel et al., 2011; Diz-Chaves et al., 2013) suggest that asthma allergy mediated immune 

activation during pregnancy can result in a deviation from homeostatic activity in the offspring 

hippocampus. 

 

Although we did not collect maternal data in this preliminary study, data from previous 

MAA studies demonstrates increased systemic inflammation characteristic of an allergic asthma 

response, specifically with increased IL-4, IL-5, and IL-13 (Schwartzer et al., 2017; Church et 

al., 2020; Tamayo et al., 2022), suggesting the potential for a similar response in dams of MAA 

in the current model. Speculation about the systemic impacts of UIS on maternal immune 

system, however, is difficult. Many studies of PM exposure suggest IL-6, IL-8, and TNF as the 

main cytokines upregulated in response to PM exposure (Mitschik et al., 2008; Silbajoris et al., 

2011; Musah et al., 2012; Gong et al., 2022; Longhin et al., 2018). This difference in cytokine 

response highlights the potential reason we see differences in the impact between MAA and UIS 

in our model. However, models of PM can vary widely in the size of PM and composition 

(Mitschik et al., 2008), making speculation about the maternal response in the UIS groups, and 

the potential role this plays in offspring neurodevelopment, difficult. This variation in PM 

studies underscores the need for future investigations to identify the maternal cytokine milieu in 

this model.  

 

While our findings do not necessarily demonstrate an additive effect of MAA and UIS 

with regard to the cytokines we investigated, we did see a synergistic impact of MAA-UIS on 

microglia density in the hippocampus. This finding demonstrates the potential for additive 

effects of maternal asthma exposure when coupled with PM exposure. Independently, studies 
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have shown in both humans and animal models that PM exposure during pregnancy can increase 

susceptibility to offspring developing asthma (Mortimer et al., 2008; Wang et al., 2013; Hua et 

al., 2023). This increased susceptibility of asthma in offspring is also seen in children of 

asthmatic mothers (Martel et al., 2009; Mattes et al., 2013; Murphy 2022), suggesting the 

potential for systemic immune disfunction when these two stimuli during pregnancy are 

combined. The findings in this unique model of MAA and UIS exposure highlight the 

importance of investigating the impact of these closely linked and prevalent environmental 

factors.  

 

Our data add to our previous studies on the impact of MAA on fetal brain development, 

showing here that this model impacts region-specific cytokine concentrations in both the juvenile 

and adolescent periods. In addition, to the investigators’ knowledge this was the first study to 

assess the impact of ultrafine iron-soot exposure during gestation on offspring neurobiology. 

Moreover, our identification of regional changes in cytokine concentrations implicate a potential 

driving force behind our previously identified behavioral changes in the MAA model. Taken 

together, these data highlight the importance of understanding the impact that common 

environmental stimuli can have on fetal development, and the potential for these stimuli to have 

long lasting changes in offspring. 
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Figure 1. Cortical cytokine concentrations in P15 offspring brains 
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Figure 2. Cortical cytokine concentrations in P35 offspring brains 
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Figure 3. Hippocampal cytokine concentrations in P15 offspring brains 
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Figure 1. Cortical cytokine concentrations in P15 offspring brains exposed to PBS-AIR, MAA, 

UIS, or MAA-UIS. Cytokines were assessed using multiplex bead-based immunoassay. (A) IL-

1, (B) IL-2, (C) IL-17, (D) IL-13, (E) IP-10, (F) MIP-1, (G) IL-19, (H) IL-1, (I) IL-10, and 

(J) IL-7 are represented as pg/mL after being normalized to total protein content. Statistical 

significance determined by multilevel mixed-effects modeling.  

 

Figure 2. Cortical cytokine concentrations in P35 offspring brains exposed to PBS-AIR, MAA, 

UIS, or MAA-UIS. Cytokines were assessed using multiplex bead-based immunoassay. (A) IL-

2, (B) IL-13, (C) IL-17, (D) KC, (E) IL-1, (F) IL-9, (G) MIP-1, (H) IL-1, (I) IL-1, and (J) 

IP-10 are represented as pg/mL after being normalized to total protein content. Statistical 

significance determined by multilevel mixed-effects modeling. 

 

Figure 3. Hippocampal cytokine concentrations in P15 offspring brains exposed to PBS-AIR, 

MAA, UIS, or MAA-UIS. Cytokines were assessed using multiplex bead-based immunoassay. 

(A) IL-7, (B) IFN, (C) IL-12(p40), (D) IL-17, (E) KC, (F) IL-1, (G) IL-2, (H) IL-13, (I) 

RANTES, (J) IL-15, (K) MIP-1 are represented as pg/mL after being normalized to total 

protein content. Statistical significance determined by multilevel mixed-effects modeling. 
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Figure 4. (a and c) Staining for IBA-1 with diaminobenzidine (DAB) was used to label 

microglia in coronal sections of p15 mice in the (a) frontal cortex and (b) hippocampus. (b and d) 

Quantification of microglial density in the (c) frontal cortex and (d) hippocampus. Statistical 

significance determined via one-way ANOVA. In the frontal cortex, n=6 (PBS-AIR), n=4 

(MAA), n=5 (UIS), n=3 (MAA-UIS). In the hippocampus, n=9 (PBS-AIR), n=7 (MAA), n=6 

(UIS), n=6 (MAA-UIS).  
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Chapter 3: Particulate Matter Exposure and Allergen Sensitization During Preconception: Is 

There a Synergistic Impact on Offspring Neurodevelopment? 

 

Abstract: 

Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by 

social impairments and communication deficits, along with repetitive and restricted behaviors. 

Epidemiology studies suggests that cases of ASD are on the rise, with 1 in 44 children born in 

the United States later being diagnosed with ASD (Maenner et al., 2021). Much like the rising 

incidence of ASD, rates of asthma diagnosis are on the rise, and studies have identified that the 

presence of asthma during pregnancy increases likelihood of birthing a child that is later 

diagnosed with ASD. Air pollution has been well studied for its ability to exacerbate existing 

asthma, but it has also been linked to worsening of asthma symptoms when exposure occurs at 

asthma onset or allergen sensitization. Previously, we showed that maternal allergic asthma 

(MAA) using ovalbumin can have lasting impacts on offspring behavior and neurobiology. 

However, it has yet to be demonstrated whether these changes can be mirrored using a human 

allergen, such as house dust mite allergen (HDM). Additionally, because asthma severity is 

linked to increased symptom severity of ASD in humans, we suspect that PM exposure during 

allergen sensitization will increase asthma symptom severity in dams, which will result in 

increased inflammation during pregnancy and altered cytokine responses in offspring. In the 

current study, female BALB/c mice were exposed to PM during allergen sensitization to HDM 

prior to pregnancy. Following mating, pregnant mice were challenged with HDM at gestational 

days (GD)12 and GD15. Offspring brains from these treated dams were collected at postnatal 

days (P)15. Cortical regions were then isolated and assessed for changes in cytokines using a 
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Luminex bead-based multiplex assay. Analyses identified a decrease in cortical IFN in the PM 

alone treatment group and PM with HDM sensitization group (HDM/PM). We also identified 

elevated MIP-2 in the cortex of HDM/PM offspring. Using this novel MAA paradigm, we 

demonstrate that PM exposure during asthma sensitization with HDM, in preconception, and 

subsequent HDM allergic challenge, may synergistically impact neurodevelopment of offspring.  
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1.0 Introduction: 

Autism spectrum disorders (ASD) are a group of heterogenous neurodevelopmental 

disorders that begin to manifest in early childhood and consist of social impairments and 

communication deficits, along with repetitive and restricted behaviors. The severity of these 

behaviors can vary widely among individuals, can have lifelong impacts on mental and physical 

wellbeing of ASD individuals (Simonoff et al., 2008; Zafeiriou et al., 2007), and is considered to 

have a male dominance (Kim et al., 2011; Werling et al., 2016). ASD represents a serious 

concern for society, with current estimates of 1 in 44 children born in the US later diagnosed 

with ASD (Maenner et al., 2021). Additionally, ASD can have a serious impact on the lives of 

the individuals, their families, and the healthcare system (Kogan et al., 2008). A single etiology 

for ASD remains elusive, however, a mix of common genetic variants and environmental 

exposures is most often postulated as the most likely cause (Hughes et al., 2023). While many 

studies have identified genetic variants and groups of variants that can be associated with ASD 

(Pugsley et al., 2022; Gaugler et al., 2014), these represent only a fraction of cases (Devlin et al., 

2011; Klei et al., 2012). In addition to the genetic contribution to cases of ASD, many clinical 

studies have identified environmental factors associated with ASD risk, and/or the impact 

severity of behavioral impairments (Hughes et al., 2018; Rossignol et al., 2014; Straughen et al., 

2021; Raz et al., 2015; Volk et al., 2011; Volk et al., 2020; Patterson et al., 2009). A common 

underlying theme among many of these environmental risk factors is the activation of the 

maternal immune system. Indeed, both clinical and animal models have found that maternal 

inflammation during pregnancy can increase incidence of neurodevelopmental disorders (NDD) 

in offspring, including ASD (Hughes et al., 2018; Rossignol et al., 2014; Straughen et al., 2021; 

Raz et al., 2015; Volk et al., 2011; Volk et al., 2020; Patterson et al., 2009). Maternal exposure to 
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toxicants and air pollution, as well as immune conditions such as autoimmunity and asthma have 

all been linked to NDD (Han et al., 2021). Although animal models of infection are widely used 

to investigate maternal inflammation and links to NDD in offspring, recent meta-analyses and 

clinical reports do not necessarily support infection as a causal factor for ASD incidence 

(Atladóttir et al., 2010; Brown et al., 2014; Jiang et al, 2016; Brynge et al., 2022).  

 

Interestingly, similar to rates of ASD, asthma rates are also on the rise (Clougherty et al., 

2007; Matsui et al., 2008). Compared to the T helper type 1 (TH1) inflammatory response 

initiated by infection, allergic asthma primarily represents a T helper type 2 (TH2) dominant 

immune mediated response. Recent epidemiological studies have identified a link between 

maternal asthma during pregnancy and later ASD diagnosis in offspring (Ali & Ulrik, 2013; 

Murphy, et al., 2005; Murphy et al., 2006; Croen et al., 2005; Croen et al., 2019; Gong et al., 

2019; Abdallah et al., 2011; Hisle-Gorman et al., 2018; Lyall et al., 2014; Patel et al., 2020; 

Fasmer et al., 2011). Importantly, asthma was found to be linked to increased risk for ASD even 

when treated (Croen et al., 2019). Asthma is a heterogenous airway disease most commonly 

characterized by bronchial hyperresponsiveness that leads to constriction, obstruction, and 

airway remodeling (Gans and Gavrilova, 2020; Popa et al., 2021; Mims 2015). Much like ASD, 

there does not appear to be a single cause of asthma, but genetic and environmental factors have 

both been associated (Harb et al., 2015; Mims 2015). Allergic asthma develops through 

sensitization, or initial immune recognition of a foreign body (allergen), and that leads to a 

hypersensitivity response to subsequent exposures, or challenges, to the same allergen. Allergens 

of allergic asthma can vary, but one of the most widely studied, and one of the most common 

airborne allergens in industrialized countries, is house dust mite (Dermatophagoides sp., HDM) 
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(Jacquet A. 2013; Erwin & Platts-Mills 2005). It has been estimated that over 50% of asthmatics 

are sensitized to HDM (de Vries et al., 2005). Currently, there are no studies investigating HDM 

associated allergic asthma during pregnancy on offspring neurodevelopment and given the link 

between maternal asthma and ASD incidence, this is an understudied area that needs further 

investigation.  

 

Using a mouse model of maternal allergic asthma (MAA), initiated by ovalbumin (OVA) 

sensitization and challenge, we demonstrated that MAA during pregnancy results in disrupted 

neurobiology in offspring, and altered behaviors (Schwartzer et al., 2015; Schwartzer et al., 

2017; Ciernia et al., 2018; Church et al., 2021; Tamayo et al., 2022). The offspring of MAA 

dams display two core behaviors associated with ASD, specifically a decrease in social 

interaction and increased repetitive-like behaviors (Schwartzer et al., 2015; Church et al., 2021). 

Additionally, MAA offspring show elevations in pro-inflammatory cytokines in fetal brains, and 

disrupted cytokine signaling was also reported in adult offspring (Tamayo et al., 2022; Church et 

al., 2021). Transcriptional changes in microglia regulatory genes, some of which are among the 

top SFARI risk genes for ASD, were also shown in adult offspring (Ciernia et al., 2018). Taken 

together, these data suggest that MAA results in neurobiological changes that begin in utero and 

can persist into adulthood. However, this has not been demonstrated in a model using a more 

common human related airborne allergen such as HDM.  

 

Air pollution has been well studied for its ability to exacerbate asthma symptoms (Wu et 

al., 2018).  Air pollution includes many components, such as traffic related air pollution (TRAP), 

gaseous compounds, and particulate matter (PM). Separately, each of these have been shown to 
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impact lung function, and have been linked to airway-hyperresponsiveness, induction of 

oxidative stress, and airway remodeling (Guarnieri & Balmes 2014). Not only have studies 

investigated its ability to exacerbate established asthma, but it has also been linked to worsening 

of asthma symptoms when exposure occurs at asthma onset or allergen sensitization (Mortimer 

et al., 2008; Bowatte et al., 2015; Fuertes & Heinrich 2015). This phenomenon has now been 

demonstrated in animal models. In a mouse model, it was shown that allergic asthma initiated 

through either OVA or HDM sensitization in combination with PM exposure was able to worsen 

asthma symptoms when subsequent challenge occurred with allergen only (Castaneda et al. 

2017; Castañeda et al., 2018). Previously, we showed that MAA using OVA results in 

neurobiological impacts on offspring that can last into adulthood (Schwartzer et al., 2015; 

Schwartzer et al., 2017; Ciernia et al., 2018; Church et al., 2021; Tamayo et al., 2022). However, 

it has yet to be shown whether these changes can be mirrored using a human allergen, such as 

HDM. Additionally, because asthma severity is linked to increased symptom severity of ASD in 

humans, we suspect that PM exposure during allergen sensitization will increase asthma 

symptom severity in dams, which will result in increased inflammation during pregnancy and 

altered cytokine responses in offspring. Using this novel MAA paradigm, we demonstrate that 

HDM alone can alter neurobiology of offspring, and that PM exposure during asthma 

sensitization with HDM can exacerbate this response.   
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2.0 Methods: 

2.1 Animals  

Male and female BALB/C mouse breeding pairs were purchased from Envigo Laboratories 

(Livermore, CA, USA) and maintained at University of California, Davis at the Center for 

Health and the Environment (Davis, CA, USA). Mice were housed with same-sex littermates in 

ventilated cages prior to breeding and kept on a 12-hour light/dark cycle at 23°C ambient room 

temperature and food and water provided ad libitum. Mice were bred at 8 weeks of age. All 

procedures were performed with approval by University of California Davis Institutional Animal 

Care and Use Committee and according to guidelines established by National Institute of Health 

Guide for the Care and Use of Laboratory Animals.   

 

2.2 Ambient PM collection and extraction 

Ambient PM collection was performed in summer of 2011 at a sampling site located in 

Downtown Sacramento, CA. The location is a two-story building on the northeast corner of T St. 

and 13th St. The location is surrounded by a mixture of residential, commercial, and industrial 

sources, and is roughly a quarter mile from a major freeway interchange. Inductively coupled ion 

mass spectrophotometry (IC-MS) was used to identify chemical composition, water soluble 

inorganic and organic ions identified by ion chromatography and atomic absorption 

spectrophotometry (AAS), thermal desorption gas chromatography-mass spectroscopy (GC-MS) 

used for molecular organic compound identification, and thermal optical reflectance for 

elemental and organic carbon identification.  
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2.3 Particulate matter and house dust mite exposure 

Female mice were randomly separated into 4 groups and allergen sensitization was performed 

with a) 33.3 g PM, b) 25 g house dust mite, c) 33.3 g PM and 25 g house dust mite, or d) 

25 L PBS control, intranasally three times, every other day, during the span of 1 week, 1 week 

prior to mating. At 10 weeks of age, mice were mated and checked for seminal plugs, and plug 

presence was noted as GD0. During pregnancy, dams were challenged with intranasal 

instillations of 25 L of HDM or 25 L of PBS control on gestational days 12 and 15. The 

sensitization/challenge groups were thus as follows: (1) PBS/PBS (2) PM/PBS, (3) HDM/HDM, 

or (4) HDM + PM/HDM 

 

2.4 Maternal serum, placenta, and fetal brain tissue collection 

Pregnant mice on GD15 (3-7 dams per group) were euthanized and cardiac puncture was 

performed immediately to collect 500 ml of whole blood collected, which was allowed to clot for 

30 minutes at room temperature. Blood was then centrifuged for 10 minutes at 10,000 x g at 4°C. 

Serum was harvested and stored at -80°C. In addition, each placenta and fetal brain was 

extracted, flash frozen in liquid nitrogen, and individually stored at -80C until further 

processing. Additional pregnant mice per conditions were left undisturbed and allowed to give 

birth normally.  

 

2.5 Cardiac perfusion and brain tissue collections of P15 offspring 

At postnatal days 15 and 35, offspring were collected from their home cages, anesthetized using 

isoflurane (2-4% inhalation) and underwent transcardial perfusion. Briefly, a lateral incision was 

made in the abdominal wall below the rib cage. With curved scissors, an incision was made in 
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the diaphragm and cuts were made along the ribs to the collarbone to allow the sternum to be 

lifted. Once exposed, the heart was inserted with a 15-gauge perfusion needle into the ascending 

aorta for entry of perfuse, and an incision was made into the right atrium to create an outlet for 

drainage. Using a perfusion pump, 20 mL of PBS was slowly pumped through the circulatory 

system to reach adequate clearing. Whole brains were removed and dissected into hemispheric 

halves and one half was further dissected into cortical, hippocampal, and cerebellar regions, flash 

frozen with liquid nitrogen and stored at -80C for later use. The remaining half was placed in 

4% PFA for fixation, 24 hours following this, the halves were then placed in 30% sucrose for 24 

hours for cryoprotection. Cryoprotected tissues were then embedded in optimal cutting 

temperature (O.C.T.) media and frozen at -80C.  

 

2.6 Multiplex bead-based cytokine analysis  

Maternal serum cytokines and cortical sections from P15 offspring were measured using a 

multiplex mouse 25-plex bead-based immunoassay. The concentrations of the following 

cytokine were assessed: G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-

9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, MCP-1, MIP-1α, MIP-1β, 

MIP-2, RANTES, and TNF-α. Standards and reagents were prepared following Milliplex Mouse 

cytokine/chemokine magnetic bead protocol. All serum samples were run in duplicate. 25 μl of 

serum or standard was added to each well containing assay buffer or matrix solution after 

washing and incubated overnight with antibody-coupled magnetic beads. The following day, the 

plate was washed according to the protocol using a handheld magnetic plate and incubated with a 

biotinylated detection antibody for 1 hour on a shaker. The plate was then incubated with 

streptavidin-phycoerythrin for 30 minutes on a shaker. The plate was washed following protocol 
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instructions and analyzed on a Bio-Rad Bio-Plex 200 plate reader (Bio-Rad Laboratories, 

Hercules, CA, USA). The following are the minimal amounts of detectable cytokine 

concentrations: G-CSF: 1.7 pg/mL; GM-CSF: 10.9 pg/mL; IFNγ: 1.1 pg/mL; IL-1α: 10.3 pg/mL; 

IL-1β: 5.4 pg/mL; IL-2: 1.0 pg/mL; IL-4: 0.4 pg/mL; IL-5: 1.0 pg/mL; IL-6: 1.1 pg/mL; IL-7: 

1.4 pg/mL; IL-9: 17.3 pg/mL; IL-10: 2.0 pg/mL; IL-12 (p40): 3.9 pg/mL; IL-12 (p70): 4.8 

pg/mL; IL-13: 7.8 pg/mL; IL-15: 7.4 pg/mL; IL-17: 0.5 pg/mL; IP-10: 0.8 pg/mL; KC: 2.3 

pg/mL; MCP-1: 6.7 pg/mL; MIP-1α: 7.7 pg/mL; MIP-1β: 11.9 pg/mL; MIP-2: 30.6 pg/mL; 

RANTES: 2.7 pg/mL; TNF-α: 2.3 pg/mL. Sample concentrations that fell below minimal 

detection value were given a proxy value of half the limit of detection for statistical comparisons. 

 

2.7 Statistical analyses 

Data are expressed as means  standard error of the mean (SEM). All comparisons  

were assessed by one-way ANOVA followed by Fisher’s LSD test using GraphPad 

PrismVersion 9.5.1 (GraphPad Software, San Diego, CA, USA). A value of 

P < 0.05 was considered statistically significant. 
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3.0 Results: 

3.1 Maternal serum cytokine concentrations 

Following the final allergen induction at GD15, the maternal sera was collected from dams of all 

treatment groups and analyzed for cytokine concertation. Maternal serum from dams exposed to 

house dust mite (HDM) and particulate matter (PM) showed increased levels of TH2 allergic 

asthma associated cytokine IL-5 (p = 0.0001) compared to PBS control group. IL-5 was also 

elevated in HDM group compared to PBS control (p = 0.0159), confirming allergic inflammation 

in response to HDM treatment.  Other cytokines with pro-inflammatory effects, MIP-1 and IP-

10, were also significantly increased in the HDM/PM dam serum compared to the control group 

(p = 0.0411; p = 0.0002; respectively). IP-10 was also elevated in the HDM group compared to 

PBS control (p = 0.0054). G-CSF, which has both pro and anti-inflammatory effects, was 

significantly elevated in the HDM/PM (p = 0.0041) group compared to the control group, and 

HDM group compared to control (p = 0.0165). (Fig. 1) 

 

3.2 P15 Offspring Cortical cytokines 

Offspring brains were collected, and cortical sections were removed at P15. Homogenates of 

each cortical section were then analyzed for cytokine concentration. One-way ANOVA was used 

to compare means of each treatment group. Two cytokines were found to be significantly altered 

compared to PBS control. IFN was decreased in both the HDM/PM treatment group (p = 

0.0120) and PM (p = 0.0055) treatment groups compared to PBS control. Conversely, MIP-2 

was found to be elevated in the HDM/PM treatment group when compared to PBS control (p = 

0.0077), but also compared to PM treatment alone (p = 0.0042), and HDM treatment alone (p = 

0.0155), suggesting a synergistic effect of the dual sensitization treatment. (Fig. 2) 
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4.0 Discussion: 

There is now substantial evidence that MAA during pregnancy can have lasting impacts 

on the neurodevelopment of offspring, with evidence from epidemiological studies identifying 

the potential for asthma severity worsening neurodevelopmental outcomes. Based on previous 

studies of MAA, and studies demonstrating that PM exposure during allergen sensitization can 

increase symptom severity, we hypothesized that combined PM exposure with HDM allergen 

sensitization, and MAA exposure during pregnancy, would result in worse neurobiological 

outcomes in offspring than MAA alone. We report here that this exposure paradigm may result 

in cytokine dysregulation in the cortex of P15 offspring, and these changes in cytokine 

concentration could be evidence for the presence of aberrant behaviors in offspring.  

 

Allergic asthma is commonly characterized by lung inflammation, airway 

hyperresponsiveness, and bronchoconstriction, along with local and systemic elevations in 

inflammatory cytokines (Gans and Gavrilova, 2020; Popa et al., 2021; Mims 2015). In this novel 

model of MAA using HDM sensitization and challenge, we identified systemic elevation in some 

cytokines associated with an allergic response. Specifically, we identified elevations in IL-5, 

which is a key cytokine involved in the inflammatory response in allergic asthma, and is crucial 

for the recruitment, development, activation, and survival of eosinophils (O’Byrne et al., 2001; 

Principe et al., 2021).  IL-5 appears to have a significant link to HDM mediated allergic asthma 

specifically, and elevated presence of IL-5 may be used as an early identifying marker of HDM 

allergic asthma in human children (Weber-Chrysochoou et al., 2014; Weber-Chrysochoou et al., 

2007). Elevations in IL-4 and IL-13, the other two cytokine mediators associated with human 

HDM allergic asthma, appears to occur over time with subsequent exposures (Weber-
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Chrysochoou et al., 2014; Weber-Chrysochoou et al., 2007). It may be that, because our 

paradigm used 2 HDM allergen challenges, compared to more chronic models of HDM allergic 

asthma that use 3 or more challenges, this was not enough to see elevations in IL-4 and IL-13 as 

has been previously described in other HDM asthma mouse models (Sun et al., 2020; Malaviya 

et al., 2021; Rothenberg et al., 2011). Additionally, HDM allergen can vary between lot numbers 

and different lots may produce differences in sensitization and immune response upon challenge 

(Cyphert-Daly et al., 2019). We also identified increases in MIP-1a, which has been seen 

elevated in the bronchoalveolar lavage fluid of asthma patients (Alam et al., 1996). In peripheral 

blood mononuclear cells (PBMC) isolated from intermittent and severe asthma patients, MIP-1a 

was found to be increased (Rojas-Dotor et al., 2013). IP-10 has also been identified as playing a 

role in asthma and is increased in persistent asthma patients and contributes to airway 

inflammation in mouse models of asthma (Rojas-Dotor et al., 2013; Medoff et al., 2002). Similar 

to our model, others have described IP-10 increases in response to HDM allergen exposure in 

mice (Mohamed et al., 2015; Bunting et al., 2013). G-CSF is more commonly associated with 

eosinophilic asthma but there is evidence of its elevation as an early response to HDM (Bunting 

et al., 2013; Kim et al., 2020). Taken together, our model shows moderate increases in asthma 

associated cytokines in response to HDM asthma challenge during pregnancy.  

 

These increases in maternal serum cytokines resulted in neuro-immune signaling changes 

in juvenile offspring brains. Specifically, we identified a decrease in IFN in the PM alone and 

HDM/PM groups, and an increase in MIP-2 in the HDM/PM group at P15. Generally, there is 

pleiotropy associated with cytokines of the CNS, and indeed, IFN has been identified in 

neurodegeneration and tissue destruction (Strickland et al., 2018; Wolf et al. 2002), but it has 
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also been identified with neuroprotection (Garg et al., 2009; Kipnis et al., 2002). Filiano et al. 

found that IFN deficient mice had social deficits, but not anxiety or motor deficits (Filiano et 

al., 2016). These IFN deficient mice also displayed aberrant hyperconnectivity in fronto-

cortical/insular regions, and it was shown that attenuating IFN in neurons of the prefrontal 

cortex decreased social preference in the 3-chamber social approach task (Filiano et al., 2016). 

Interestingly, social deficits are one of the core features of ASD, and hyperconnectivity has also 

been identified in some regions of the cortex in ASD individuals (Conti et al., 2017; Maximo et 

al., 2014; Mills et al., 2016). Given the previously described connections between decreased 

IFN concentrations in the cortex and resulting behavioral alterations, mice from our HDM 

MAA model will need to be assessed for ASD relevant behaviors in future studies.  

 

Although we demonstrate that both PM exposure alone and HDM/PM exposure resulted 

in decreased IFN concentration, the potential for the neurodevelopmental dysfunction in the 

HDM/PM group may be worse, as evidenced by the synergistic impact that HDM/PM exposure 

had on the concentration of MIP-2 in the cortex of P15 offspring. MIP-2 is released by astrocytes 

and microglia in the brain, has associations with demyelination, and could have cytotoxic effects 

on neurons (Sharafeldin et al., 2000; Kalehua et al., 2004; Zhao et al., 2021). It is most often 

associated with a neuroinflammatory response, which has been demonstrated in models of LPS-

induced neuroinflammation (Zhao et al., 2021; Astrup et al., 2019) and could promote blood-

brain barrier breakdown allowing peripheral immune cell recruitment into the brain (Kalehua et 

al., 2004). Taken together, the decrease in IFN and the increase in MIP-2 in the cortex of 

HDM/PM offspring suggest disruptions in offspring neurodevelopment as a result of 
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preconception PM exposure and asthma development, highlighting a need for further 

investigation.  

 

Together findings represent only a snapshot of the impact HDM/PM sensitization and 

MAA during pregnancy has on offspring neurodevelopment, additional studies are planned in the 

remaining tissues that were collected from this study. To expand on the current findings of 

cortical cytokine changes; we will also analyze hippocampal and cerebellar brain sections for 

cytokine analysis at P15. Our previous findings in MAA demonstrated elevated fetal brain 

cytokines taken at gestational day (GD)17.5, as well as changes in placental cytokines at the 

same timepoint (Tamayo et al., 2022). In this study, we collected fetal brains and placenta at 

GD15, and will extend our previous findings using this novel model of MAA. We also reported 

previously that MAA results in neurobiological changes that persist into adulthood (Church et 

al., 2021). Cortical, hippocampal, and cerebellar brain sections were also collected at P35, which 

will inform on whether our findings persist into adulthood in this HDM/PM MAA model. 

Because our findings on IFN suggest the potential for hyperconnectivity, histological studies 

into synaptic connectivity in P15 and P35 offspring brains will also be performed. Additionally, 

analysis on maternal bronchoalveolar lavage fluid and maternal serum will be done to identify 

local inflammation and antibody titers associated with the allergic inflammatory response during 

pregnancy. The limitations of this preliminary study notwithstanding, we demonstrate here that 

PM exposure during HDM allergen sensitization, and subsequent MAA challenge in pregnancy, 

may result in worse neurodevelopmental impacts on offspring than MAA alone.   
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Figure 1: Cytokine concentrations in maternal serum of dams exposed to PBS, PM, HDM, or 

HDM/PM collected on GD15. Serum was collected before placenta and fetal offspring. Cytokine 

concentrations were assessed using a multiplex bead-based immunoassay. A) G-CSF, B) IP-10, 

C) IL-5, and D) MIP-1α are represented as pg/mL. Statistical significance determined by one-

way ANOVA. PBS dams n=6, PM dams n=6, HDM dams n=3, HDM/PM dams n=7. 
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Figure 2: Cytokine concentrations in cortical sections from P15 offspring from dams treated 

with PBS, PM, HDM, or HDM/PM. Cytokine concentrations were assessed using a multiplex 

bead-based immunoassay. A) IFN, B) MIP-2. Statistical significance determined by one-way 

ANOVA. PBS n=9, PM n=12, HDM = 12, HDM/PM n=12. 
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