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Abstract 

Autism is one of the most common neurodevelopmental disorders and is 

characterized by deficits in social and communication behavior along with repetitive 

interests. Large scale genetic studies implicate synaptic dysfunction as a mechanism for 

disease pathogenesis, and increasingly is accompanied by immune dysfunction. 

Microglia are the primary immune cells in the CNS. They are important in immune host 

defense and are involved in normal brain development including refinement of 

synapses. Previous research has demonstrated that microglia are abnormal in several 

neurodevelopmental disorders including autism, and in rodent models, transgenic 

manipulation of microglia function results in brain dysfunction. However, it is unclear 

whether environmentally relevant immune activation, such as maternal immune 

activation during pregnancy produces a similar phenotype.  

Here I used a mouse model where pregnant females are exposed to a 

combination of two environmental toxins to investigate the cellular mechanisms by 

which these combined stressors alter the developing brain of offspring. In this model, 

pregnant mouse dams are intermittently exposed to diesel exhaust particles throughout 

gestation, as a model of air pollution exposure. This exposure is combined with nest 

material restriction during the last trimester of gestation to induce stress. I found that 
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combined prenatal exposure to air pollution and maternal stress induced maternal 

immune activation in pregnant dams primarily via TNF-.  

I found that offspring born to mothers prenatally exposed to environmental 

toxins had altered communication as neonates, and interestingly, only male offspring 

had alterations in social and communication behavior as adults. Developing offspring 

exhibited sexually dimorphic changes in the transcriptome of the prefrontal cortex, 

including a male specific downregulation of synaptic genes. In the ACC, a brain region 

critical for regulating social and communication behavior, male offspring displayed 

persistent abnormal thalamocortical connectivity.  When we performed in vivo 

functional recordings from brain networks important for social behavior, we found that 

only males engaging in a social preference task, had impaired activation of a social brain 

network. Furthermore, microglia development in the anterior cingulate cortex was also 

altered in a sex-specific manner and microglia-synapse interactions were impaired in 

male offspring. I also found a unique type of functional heterogeneity in microglia early 

in development and which could be modulated by prenatal exposure to environmental 

toxins. Finally, this heterogeneity was associated with a loss of normal pruning function, 

which was accompanied by enduring changes in brain wiring.  I found that elimination 

of microglia early in development could mimic some of the behavioral phenotypes 

observed in our combined stress males.  
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Collectively these data demonstrate a male-specific vulnerability to maternal 

immune activation during pregnancy and demonstrate that brain abnormalities 

converge onto synaptic and immune pathways which are implicated in autism. 

Furthermore, I found that a subset of microglia exhibited a loss of normal function and 

demonstrated that microglia loss of function during development has functional 

implications for behavioral outcomes.  While the prevailing hypothesis in the field has 

been that immune activation induces chronic inflammation via a toxic gain of function in 

microglia, my research demonstrates that a loss of normal microglia can also profoundly 

alter brain wiring and function.  
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1. Introduction  

Autism Spectrum Disorder (ASD) is a lifelong neurodevelopmental disorder 

which is characterized by deficits in social and communication behavior, and repetitive 

or restricted interests (American Psychiatric Association, 2013). The CDC currently 

estimates the prevalence rates to be 1 in 54 children in the U.S., with a higher prevalence 

in males compared to females  (Center for Disease Control, 2020). The alarming rates of 

autism have spurred expanding lines of research, but to date the biological mechanisms 

underlying the etiology remain elusive. Both genes and environment have been 

implicated in autism, and while both are estimated to equally contribute to the risk, no 

single genetic or environmental factor is highly predictive of autism (Hallmayer et al., 

2011). Further complicating its investigation, autism is heterogeneous in both severity 

and clinical presentation, the current diagnosis for autism is based on observable 

behavioral characteristics, but no specific biomarker has been identified. Although 

autism is traditionally considered a disorder of the brain, it often co-occurs with other 

systemic health problems, including gastrointestinal issues and immune dysfunction 

(Plummer et al., 2016). It is now recognized that autism may encompass distinct 

biological subtypes, among which a subset of individuals share an immune-mediated 

etiology (McDougle, 2018; McDougle et al., 2015). In this immune mediated subtype of 

autism, not only are there changes in immune function in the body, but there are 

changes in microglia, the primary immune cells of the brain.   
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Microglia are brain macrophages that dynamically survey the brain parenchyma 

and can rapidly respond to modifications or stimuli in the environment. They enter the 

brain early in development, at a time that precedes the differentiation of other cells in 

the brain and play instructive roles in embryonic forebrain wiring (Squarzoni et al., 

2014). Microglia are known to regulate neural circuit development; they can induce 

formation and maturation of synapses, as well as eliminate weak or inactive synapses 

(Miyamoto et al., 2016; Schafer et al., 2012). Microglia dysfunction can alter brain 

connectivity, a phenotype which is commonly observed in individuals with autism 

(Zhan et al., 2014). Synaptic pathologies are well described in autism and a growing 

number of transcriptome studies have identified a convergence of synaptic pathology 

and immune abnormalities in the autistic brain, suggesting a link between the two 

(Gandal et al., 2018; Velmeshev et al., 2019; Voineagu et al., 2011). There is increasing 

evidence that the prenatal environment, specifically that maternal immune activation 

during pregnancy can alter microglia cells (Bilbo et al., 2018). Importantly, factors which 

increase immune activation during pregnancy are also known risk factors for autism.  

The central hypothesis of my dissertation work is based on the hypothesis that 

prenatal environmental toxins alter the development/function of microglia cells, and 

that changes in microglia function alter the development of circuits important for proper 

social development. 
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1.1 The Role of Environment in Autism: A Focus on Air Pollution 

Environmental factors are increasingly recognized to be associated with 

increased incidence of autism, and include exposure to pesticides, endocrine disrupting 

chemicals and notably air pollution and maternal stress (Beversdorf et al., 2018).  A 

growing number of independent cohorts, have found that exposure to air pollution is 

associated with increased incidence of autism (Becerra et al., 2013; Raz et al., 2015; Volk 

et al., 2013).   

Air pollution is the third leading cause of mortality worldwide and a significant 

modifier of disease risk (Cohen et al., 2017). After decades long improvements in air 

quality in the United States, climate change, increased economic activity, and a 

reduction in environmental enforcements have led to worsening air quality in recent 

years (Karen Clay, 2019). This alarming rise in air pollution may be uniquely damaging 

to certain populations, including children and developing fetuses, which are more 

vulnerable to many toxicants (Bekkar et al., 2020; Costa et al., 2019; Sram et al., 2017). 

Indeed, air pollutant exposure during pregnancy or the first year of life is one of the 

most consistent environmental risk factors for autism spectrum disorder (ASD) (Becerra 

et al., 2013; Oudin et al., 2019; Raz et al., 2015; Roberts et al., 2013; Rossignol et al., 2014; 

Volk et al., 2013). (Raz et al., 2015) 

Exposure to air pollution during pregnancy is associated with a number of poor 

outcomes including low birth weight, preterm birth and risk for asthma, and 



 

 4 

interestingly has been found to overpower genetic heritability in determining disease 

susceptibly and risk (Ezziane, 2013; Fave et al., 2018; Fleischer et al., 2014; Hehua et al., 

2017) . Although air pollution is a global problem, the burden of air pollution within a 

society is disproportionally distributed in areas of increased poverty (Hajat et al., 2015; 

Woodruff et al., 2003). In humans, poverty during pregnancy is associated with higher 

levels of stress, increased rates of infection, increased complications, and results in poor 

fetal growth and abnormal neurodevelopment for the offspring (Larson, 2007).  Non-

chemical stressors, such as limited resources or social support of the mother, can 

increase vulnerability of the fetus to toxic exposures, which could explain why certain 

populations are disproportionately affected. For instance, a recent report demonstrates 

neighborhood quality is a significant modifier of air pollution impacts during the first 

year of life on ASD risk, independent of dose (McGuinn et al., 2019). However, the 

mechanisms by which environmental and social toxins contribute to disease 

pathogenesis in autism and other neurodevelopmental disorders are unknown.  

 

1.2 Environmental Exposure Increases Maternal Immune 
Activation 

Pregnancy requires changes in the maternal immune system that are 

developmentally regulated and necessary to support the growth of the fetus (Mor et al., 

2017). Exposure to pathogens or environmental toxins during pregnancy can disrupt the 

normal regulation of immune factors and increase the levels of circulating cytokines, a 
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condition referred to as maternal immune activation (MIA).  MIA has been found in 

mothers of children with autism and has been associated other neurodevelopmental 

disorders, such as schizophrenia (Goines et al., 2011; Jones et al., 2017). 

Although familial immune dysfunction has been reported in ASD, immune 

dysfunction in mothers, especially during pregnancy poses the greatest risk of abnormal 

development (Atladottir et al., 2009; Keil et al., 2010).  Dysregulation of the maternal 

immune system is directly linked to alterations in the fetal environment; mothers of ASD 

patients have increased levels of pro-inflammatory cytokines TNF-α and TNF-β, as well 

as increased anti-inflammatory cytokines IL-4 and IL-10 in circulating amniotic fluid 

(Goines et al., 2011; Jones et al., 2017).  This cytokine profile is distinct from control 

children and from children with other psychiatric disorders (Abdallah et al., 2012), and 

can serve as both a biomarker, or future therapeutic target, for pregnant women and 

their children. Abnormalities in peripheral immunity are also reported; mid-gestational 

serum from mothers bearing a child with autism have an increased concentration of 

IFN-γ, IL-4 and IL-5 (Goines et al., 2011). In a large cohort study, maternal 

hospitalization due to complications with the flu or fever were associated with an 

increased risk for ASD (Zerbo et al., 2013), a finding that is not all that surprising given 

the known association between influenza and schizophrenia (Brown, 2012).   
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The passage of maternal IgG antibodies to the fetus during pregnancy is well 

characterized and is necessary to provide the infant with sufficient passive immunity at 

birth and in early postnatal life (Malek et al., 1996); however, ASD mothers have 

increased fetal brain reactive IgG (Brimberg et al., 2013). When these IgG antibodies 

were intravenously administered to pregnant rhesus monkeys and rodents, their 

developing offspring exhibited abnormal brain growth and aberrant social behavior, 

both characteristic of ASD (Bauman et al., 2013; Singer et al., 2006).  So, while the 

passage of maternal IgG occurs in normal development, abnormalities in the maternal 

immune system can lead to the passage of potentially harmful IgG’s, specifically when 

targeted at the brain. Collectively, what these data suggest is that alterations in the 

maternal inflammatory profile are not restricted to maternal compartments and can 

have significant implications for fetal and postnatal brain development.  

 

1.3 Immune Abnormalities in Autism  

Unsurprisingly, individuals with autism present with pervasive immune 

abnormalities in both the central and peripheral nervous system. Postmortem and in 

vivo analyses have detected abnormalities in innate and adaptive immune reactivity. At 

birth, children who develop autism later in life have decreased levels of Th-1 and Th-2 

like cytokines, as well decreased levels GM-CSF and IL-β (Abdallah et al., 2012), in 

contrast, children with ASD ages 3-11 have increased Th-2 like cytokine expression in 
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mononuclear cells (Molloy et al., 2006). Individuals with ASD also exhibit basal changes 

in adaptive immunity and altered immune responses to stimulation of TLRs on blood 

monocytes, T-cells and natural killer cells (Ashwood et al., 2011; Enstrom et al., 2010). 

Remarkably, peripheral immune abnormalities are detectable at birth and reflect 

changes in the resting state of the immune system, as well as functional changes when 

responding to an activating agent. Similar to mothers, children with ASD have increased 

levels of anti-brain antibodies, however the anti-brain antibodies are most deleterious 

when present in the mother (Singer et al., 2006). ASD children also have increased levels 

of pro-inflammatory cytokines, chemokines and Th1 cytokines in brain tissue, which 

suggests that ASD children have a heighten immune response which may be associated 

with chronic neuroinflammation (Li et al., 2009).  

1.4 Maternal Immune Activation Alters Brain and Microglia 
Development 

The ability to explore neuroimmune cells and molecules has been primarily 

limited to post-mortem studies. While there is significant cross talk between the 

peripheral immune system and the neuroimmune system, we also know that peripheral 

immune status does not necessarily reflect that of the CNS. Cytokines produced in the 

periphery can communicate with the neuroimmune system via interactions with 

receptors on endothelial cells, which make up the blood brain barrier (BBB), 

circumventricular organs (CVOs), which allow the active transport of cytokines into the 

brain, or by activation of the vagus nerve (Quan & Banks, 2007). Therefore, while 
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peripheral immune measures are informative, there are many unanswered questions 

about immune activation in the brain, specifically, are microglia different in the ASD 

brain. Recently a positron emission tomography (PET) radioligand for activated 

microglia was developed and used to assess microglia pathology in ASD individuals.  

Researchers found elevated brain uptake of the radioactive ligand ([11C](R)-PK11195 ) in 

the cerebellum, brainstem, cingulate cortex, fusigorm gyrus and orbitofrontal cortex 

(Suzuki et al., 2013), suggesting microglia are more activated in ASD individuals. These 

brain regions have already been implicated in autism, so it is not surprising that 

microglia would be altered in these regions, however, given their instrumental role in 

development and homeostasis, perhaps altered microglial function underlies the 

reported neuropathology. In fact, postmortem studies have revealed the primary 

immune cells of the brain are also abnormal.  

Microglia in ASD individuals display increased amoeboid morphology and are 

positive for traditional activation markers. Additionally, there are increased numbers of 

microglia in the dorsal lateral PFC (dlPFC), as well as the cerebral cortex (Morgan et al., 

2010; Tetreault et al., 2012). In the dlPFC, there was an observed increase in microglia-

neuron spatial clustering, that was associated with an increased number of microglia 

processes encircling neurons (Morgan et al., 2010). This phenomenon has previously 

been described as a microglial protective response to abnormal neural activity, and may 

involve synaptic stripping or synapse remodeling (Chen et al., 2014).  This phenotype 
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was observed in both young and mature brains, suggesting that microglia can both 

functionally alter the development of the dlPFC, and abnormal function can continue to 

impact circuits across the lifespan.  

Despite evidence that MIA during pregnancy increases the risk for 

neurodevelopmental disorders, the study of the cellular and molecular agents which 

confer risk are limited in human populations. The most prominent animal model of MIA 

is maternal infection during pregnancy and is based on well-established epidemiological 

findings that maternal infection is a risk factor for schizophrenia and autism (Brown, 

2012). In this model, researchers have found that prenatal infection has lasting 

consequences for the developing brain, and include alterations in embryonic forebrain 

wiring, impaired neurogenesis and alterations in synaptic proteins (Bland et al., 2010; 

Coiro et al., 2015; Pont-Lezica et al., 2014; Squarzoni et al., 2014). Furthermore, these 

changes are often accompanied by behavioral abnormalities, as well as changes in 

microglia cells and expression of inflammatory cytokines in the brain (Choi et al., 2016; 

Cunningham et al., 2013; Mattei et al., 2017; Pont-Lezica et al., 2014; Pratt et al., 2013). In 

a novel model of MIA, our lab has established that combined exposure to air pollution 

and maternal stress during pregnancy alters expression of pro-inflammatory cytokines, 

impairs neuroimmune communication and results in sex-specific impairments in 

behavior, suggesting that diverse environmental factors can alter brain development 

(Bolton et al., 2013).  
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As the immunocompetent cells of the brain, microglia are the primary defense 

against pathogens and danger. They infiltrate the embryonic brain early to mid-

gestation already equipped with machinery required to respond to local and systemic 

signals (Thion et al., 2018). Microglia invasion coincides with many developmental 

processes, and in the embryonic brain they have well described roles in several 

developmental processes, including angiogenesis, axon guidance, programmed cell 

death and controlling the neural progenitor cell population (Fantin et al., 2010; Marin-

Teva et al., 2004; Pont-Lezica et al., 2014; Swinnen et al., 2013).  In the postnatal brain, 

microglia are necessary for proper circuit formation; they shape developing neural 

circuits through release of synaptogenic factors and in at least in a few brain regions, are 

key regulators of synapse elimination (Parkhurst et al., 2013a; Schafer et al., 2012). The 

developing brain is characterized by supernumerary synapses. Weak synapses are 

eliminated via activity dependent mechanisms by both microglia and astrocytes, which 

help refine and establish mature stable networks (Bolton & Eroglu, 2009; Schafer et al., 

2012; Zhan et al., 2014). Microglia impairments in synapse elimination (by genetic 

manipulation or elimination) results in inappropriate circuit refinement and can 

profoundly alter brain connectivity in ways which are similar to models of autism (Bey 

et al., 2018; Paolicelli et al., 2011; Parkhurst et al., 2013a; Wang et al., 2011; Zhan et al., 

2014).   
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1.5 Synaptic Pathology in Autism: Convergence Onto Synaptic 
Changes and Immune Changes 

Synaptic pathologies are well described in autism and include an imbalance in 

excitation and inhibition (E/I), alterations in functional and structural connectivity, 

changes in connections and maturation of brain circuits, and a convergence of genetic 

mutations onto pathways which affect synaptic function (Quesnel-Vallieres et al., 2019; 

Rubenstein & Merzenich, 2003; Tang et al., 2014; Walsh et al., 2008; Zikopoulos & 

Barbas, 2010, 2013). Environmental toxins implicated in autism, alter microglia function 

and are known to interfere with synaptic signaling (Pessah et al., 2008).  

Transcriptome studies have identified convergent molecular pathways in the 

autistic brain (Gandal et al., 2018; Velmeshev et al., 2019; Voineagu et al., 2011). 

Specifically, a now landmark study identified approximately 400 genes which were 

differentially expressed in the cortex of individuals with autism.  A weighted-gene co-

expression network analysis revealed that half of these genes were downregulated and 

related to synaptic function, while the other half were upregulated and enriched for 

gene ontology categories related to immune and inflammatory processes (Voineagu et 

al., 2011). These data demonstrate that immune dysfunction and synaptic pathology co-

exist in the autistic brain and suggest that ongoing immune dysfunction may contribute 

to synaptic dysfunction in autism. The same research group found that while there are 

similarities in the transcriptome of three neurodevelopmental disorders (autism, 

schizophrenia and bipolar disorder), there are unique signatures for each of these 
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disorders, for example, individuals with autism upregulation of a module that is 

enrichment for microglial-association genes, whereas this same module in 

downregulated in schizophrenia and bipolar disorder. These data suggest that the 

convergence of these two molecular signals may reflect a unique biological signature for 

ASD (Gandal et al., 2018).   

Advances in sequencing technology, have allowed for the cell type specific 

analysis of dysfunctional cells. A single cell analysis of cortical tissue from individuals 

with autism, found a similar convergence of synaptic pathology and immune 

abnormalities; however, changes in upper layer 2/3 neurons and microglia were most 

predictive of clinical severity (Velmeshev et al., 2019). Finally, due to the sex bias in 

neurodevelopmental disorders, few transcriptome studies evaluate sex as a biological 

variable, however studies which allowed included analyses of both sexes, have found 

that disruption to synaptogenesis underlies dysfunction in ASD, but females require 

much larger genetic perturbations (Gilman et al., 2011). 

1.6 Sex Differences in Disease Vulnerability 

Sex biases in disease prevalence are well described. Early onset disorders such as 

autism and attention deficit disorder are bias towards males, whereas late onset 

disorders, such as anxiety and depression are more common in females (Hanamsagar & 

Bilbo, 2016). Could the strong male-bias in neurodevelopmental disorders, be linked to 
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the differential immune response? In other words, are males more vulnerable to 

environmental toxins and inflammation?   

A recent analysis found that maternal immune activation was more common in 

male children with ASD compared to female children, suggesting that a sex difference in 

the response to maternal inflammation may be one mechanism which underlies 

increased male vulnerability (Patel et al., 2020). Furthermore, we and others have found 

strong sex differences in microglial development, maturation, and function, including an 

increased relative expression of microglial genes in male brains compared to females. 

This module of microglial genes which are enriched in male brains, have also been 

implicated in autism (Hanamsagar et al., 2017; Werling et al., 2016). Together these data 

point to a mechanism by which sexually dimorphic microglial responses to prenatal 

stressors could lead to aberrant brain development primarily in male. 

Surprisingly, very few animal models report sex as a biological variable. In 2016, 

the NIH mandated that studies involving vertebrate animals and humans would be 

required to include sex as a biological variable to receive federal funding.  This mandate 

will hopefully pave the way for a greater understanding of the mechanisms which 

underlie sex differences in disease vulnerability. Furthermore, generating models which 

capture this bias will create tools which will allow us to disentangle these phenomena.  
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1.7 Summary 

 While we know that environmental factors play critical roles in 

neurodevelopmental disorders such as autism, we know very little about the cellular 

and molecular which underlie disease pathogenesis. Synaptic pathologies are widely 

reported in ASD; however, it is unclear whether these pathologies which have a strong 

genetic component are due to heritability or whether they can be modulated by 

environmental factors such as prenatal exposure to toxins. Lastly, immune dysfunction 

is increasingly implicated in neurodevelopmental disorders, but how immune 

dysfunction alters the developing brain is unknown.  

For my dissertation, I used a mouse model combining two autism-linked 

environmental stressors, air pollution and maternal stress during pregnancy, to 

investigate how diverse environmental toxins alter brain development of the offspring. I 

begin in chapter 2, by introducing this previously established mouse model, as a model 

of maternal immune activation that induces behavioral abnormalities and sexually 

dimorphic changes in gene transcription in the brain of neonatal offspring. These gene 

transcription changes specifically implicate synapse dysfunction in male offspring. 

Chapter 3 is the product of a collaboration with the Dzirasa lab. In this chapter, we use 

multi-circuit electrode recording in adult control and combined stress offspring to 

investigate circuit changes in a previously identified mouse ‘social brain network’.  We 

find alterations in social behavior and ‘social brain network’ activation only in male 
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offspring that were prenatally exposed to environmental stressors.  In Chapters 4 and 5, 

I investigate the mechanism which underlie changes in brain connectivity. I focus on the 

anterior cingulate cortex, which is a brain region critical for regulating social and 

communication behavior and is a critical component of the identified social brain 

network. I first establish the normal developmental pattern of synapse formation and 

elimination in this brain region, and then demonstrate that prenatal exposure to 

environmental toxins induces male-specific changes in synaptic connectivity. Lastly, in 

Chapter 5, I investigate the microglia-synapse interactions and through this process 

identify and characterize a novel type of microglia heterogeneity with unique functional 

characteristics that can be modulated by early life experiences and induces a loss of 

normal function in a subset of microglia cells. Taken together this body of work, has 

important implications for both health and disease. Through this model, we can identify 

future therapeutic targets in immune-mediated subtypes of autism. And finally, 

understanding diverse microglia functions, is critical for our understanding of how 

microglia regulate health and disease.  
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2. Prenatal Exposure to Air Pollution and Maternal 
Stress Induces Maternal Immune Activation in Dams and 
Induces Sexually Dimorphic Transcriptomic Responses 
in Neonatal Pups  

2.1 Introduction 

Autism spectrum disorder (ASD) is a heterogeneous disorder that arises early in 

development and exhibits a strong male bias. The etiology of ASD is complex; with 

implications for both genetic and environmental factors. While many have attributed the 

dramatic increase in ASD to early intervention and changes in diagnostic criteria, these 

factors alone are not sufficient to account for the increase (Boyle et al., 2011; Hertz-

Picciotto & Delwiche, 2009), and suggests a role for environmental factors in the recent 

increases.  Because of rising rates, there is a pressing public need to identify prevention 

and targeted treatment options for individuals with ASD. Efforts to understand shared 

biological mechanisms have identified a convergence onto synaptic and immune 

abnormalities.  Interestingly, in at least a subset of individuals’ abnormalities in the 

immune system play a prominent role (McDougle et al., 2015).  

Immune abnormalities are not only reported in individuals with autism, but also 

in their relatives. Immune abnormalities in mothers, in particular during pregnancy are 

especially concerning, as tight regulation of the immune system is necessary for a 

successful and healthy pregnancy. Furthermore, dysregulation of the maternal immune 

system is directly linked to alterations in the fetal environment (Urakubo et al., 2001) 
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and has been linked to abnormal brain development in the offspring (Hsiao & Patterson, 

2012). A growing pre-clinical literature using a maternal viral infection model (poly I:C) 

links maternal immune activation induced cytokine expression in the pregnant dam to 

adverse outcomes in the offspring (Garay et al., 2013; Hsiao & Patterson, 2012; Smith et 

al., 2007). While maternal infection has been linked to increased risk of ASD (Zerbo et 

al., 2013) and has long been linked to schizophrenia (Brown, 2012), we know much less 

about how other more prominent environmental factors impact offspring development.  

One of the most relevant environmental concerns is air pollution. Chronic 

exposure to air pollution induces a systemic cytokine response, resulting in chronic 

neuroinflammation and increased levels of circulating IL-6 and IL-1 (Block & Calderon-

Garciduenas, 2009). Air pollution during pregnancy is a risk factor for ASD, even in the 

absence of postnatal exposure (Raz et al., 2015; Volk et al., 2013). A major component of 

air pollution is diesel exhaust which in urban areas can account for up to 90% of 

particulate matter in air (Hesterberg et al., 2010; Ma & Ma, 2002; Reis et al., 2018). While 

diesel exhaust, does not capture all air toxicants, it is commonly used a surrogate for air 

pollution and has been used in animals to investigate its effects on physiology and 

health, as well as the underlying mechanism which mediate toxicity (Block & Calderon-

Garciduenas, 2009)  

Air pollution can synergize with other environmental exposures such as stress. 

Stress during pregnancy induces a myriad of changes in the fetal environment, resulting 
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in worse outcomes for the fetus and adverse mental health outcomes for the offspring 

(Kinney et al., 2008; Wadhwa et al., 2011). Stress during pregnancy is also a risk factor 

for autism in particular, stress during the last trimester of pregnancy (Kinney et al., 

2008).  Importantly, maternal stress during pregnancy induces pro-inflammatory 

changes, furthermore, stress primes the innate immune system and in the presence of a 

secondary stimulus, such as air pollution, can potentiate the pro-inflammatory response 

(Frank et al., 2007; Wadhwa et al., 2011).  Non-chemical stressors, such as limited 

resources or social support of the mother, can increase the vulnerability of the fetus to 

toxic exposures which could explain why certain populations are disproportionately 

affected (Larson, 2007; Rice et al., 2007).  

Our lab has previously found that prenatal exposure to air pollution and 

maternal stress induces long lasting behavioral and neuroimmune changes in offspring. 

Importantly, prenatal exposure to air pollution or maternal stress in isolation are 

insufficient to induce enduring changes. These data are remarkably similar to recent 

epidemiological findings which demonstrate that poor neighborhood quality, (i.e. 

psychosocial stress) is a significant modifier of air pollution risk (McGuinn et al., 2019), 

suggesting environmental and social stressors synergize to increase vulnerability. But 

how these exposures alter the developing brain and affect behavior is largely unknown.   

In light of emerging literature that have found a synergism between 

environmental factors, we wondered whether air pollution and maternal stress could 
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model the behavioral and molecular phenotypes observed in individuals with autism. 

Furthermore, while autism is strongly sex biased, current genetic and environmental 

mouse models of autism fail to recapitulate this sex specificity, thus, the biological 

mechanisms underlying this vulnerability have been difficult to study.  

Our lab and others have found that the development of the neuroimmune 

system is sex specific, furthermore biological sex strongly regulates inflammatory 

responses (Hanamsagar et al., 2017; Klein & Flanagan, 2016; Schwarz et al., 2012). Thus, 

one possibility is that sex differences in neuroimmune responses underlie the observed 

sex bias in vulnerability to disease. Given our previous findings that this model induces 

male-specific deficits in learning and memory (Bolton et al., 2013), we wondered 

whether this proposed model of MIA would induce sex specific changes in behavior 

relevant to autism, furthermore, we wondered whether this model would induce 

distinct molecular patterns in the brains of male and female neonatal offspring.  

To test these hypotheses pregnant mice were intermittently exposed to diesel 

exhaust particles (DEP) or the control suspension (CON) throughout pregnancy. During 

the last third of gestation control dams remained in standard housing conditions, while 

DEP dams were placed into a nest restricted environment which induces stress (MS).  

Using this model, I generated three cohorts: 1. To assess maternal immune activation at 

E17.5, 2.  To determine maternal and neonatal outcomes in the offspring, 3. To assess 

gene expression changes in the prefrontal cortices of male and female neonatal offspring. 
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We hypothesized that this environmental combination would induce a proinflammatory 

response in the mothers and induce sex specific behavioral and molecular responses in 

the offspring.  

2.2 Materials and Methods 

2.2.1 Animals and Prenatal Exposures 

All experiments were performed in accordance with the guidelines of the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 

Institutional Animal Care and Use Committee. All experiments were performed in 

wildtype animals, we obtained adult male and female C57BL/6J mice from Jackson 

Laboratories (Bar Harbor, ME) and maintained an internal colony of breeding animals 

for all experiments 

2.2.1.1 Diesel Exhaust Particle Exposure 

Was performed as previously described in (Bolton et al., 2013), briefly, adult 

females were time-mated and checked twice daily for the presence of a vaginal plug, 

considered to be E0. Females were paired in individually ventilated cages with 

specialized bedding (AlphaDri; Shepherd Specialty Papers, Milford, NJ) and ad 

libitum access to food (PicoLab Mouse Diet 5058; Lab-Diet, Philadelphia, PA) and filtered 

water. Females were treated with diesel exhaust particles (DEP) delivered via 

oropharyngeal aspiration. These particles were a gift from Dr. Ian Gilmour at the 

Environmental Protection Agency and were collected from single-cylinder diesel 
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generator engine.  Beginning on E2, females were lightly anesthetized with 2% 

isoflurane and treated with either 50 μg of DEP suspended in 50 μL of PBS, 0.05% 

Tween-20, or vehicle alone (CON). Females received a total of six doses every 3 days 

from E2-E17.  

2.2.1.2 Maternal Stress/ Nest Restriction 

 To induce maternal stress, we utilized our adaptation of a previously described 

nest restriction model applied to the postnatal period (Bolton et al., 2013; Rice et al., 

2008). Beginning at 5pm on E13, control females receiving vehicle treatment were singly 

housed in a clean cage with full size nestlet (CON), and females exposed to DEP were 

housed in clean cages with a thin layer of bedding under an elevated fine-gauge 

aluminum mesh platform (mesh dimensions, 0.4 cm × 0.9 cm; McNichols Co., Tampa, 

FL) and provided with two-thirds of one square of felt-like nesting material (~1.9 g; MS 

group). This design results in two groups of dams: control dams (CON) and dams 

exposed to combined environmental stressors (DEP+MS). On E18.5 prior to the birth of 

pups, all dams were placed into a clean cage with a full size nestlet and were treated 

identically. All pups were born into standard caging environment and remained with 

the mother until tissue collection time point or weaning age ~P24, at which time mice 

were group housed with same-sex littermates at a maximum 5 animals per cage.  
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2.2.2 Maternal Immune Activation 

To determine the immune activation of pregnant dams (n=5-6 pregnant 

dams/condition), on E17.5, 2-3 hours post the last instillation, a 5.5 mm lancet was used 

to pierce the submandibular vein and cheek blood was collected into a sterile Eppendorf 

tube. To separate serum from red blood cells, blood was centrifuged twice at 16,000 ×g at 

4°C for 10 mins.  Separated serum was collected into a clean Eppendorf tube and stored 

at -80°C until analysis.  

2.2.2.1 Maternal Cytokine Analysis 

For serum analysis, a multiplex electrochemiluminescence immunoassay kit (U-

Plex Proinflammatory Panel, Mouse) custom ordered, was purchased from Meso Scale 

Discovery (Rockvillle, MD) and used according to manufacturer instructions to measure 

serum cytokine concentrations (pg/mL) of IFN‐γ, IL‐1β, IL-4, IL-5, IL‐6, IL‐10, IL‐17A, 

IL-12/IL-23p40 MCP-1, and TNF‐α. To prevent antibody cross-reactivity IL‐17A and IL-

12/IL-23p40 were coated in 1 plate, and the remaining antibodies were coated onto a 

separate plate. Analysis of blinded samples was conducted by Duke Molecular 

Physiology Institute Metabolomics laboratory. Samples were run in duplicates, plates 

were read with a Sector Imager 2400 (Meso Scale Discovery), and data were analyzed 

using the Discovery Workbench 4.0 software (Meso Scale Discovery). Any values below 

the LLOD were assigned 0 pg/mL, all samples were within the detection range for 

IFN‐γ, IL-5, IL‐6, IL‐10, IL‐17A, IL-12/IL-23p40, MCP-1 and TNF‐α. For IL‐1β and IL-4, 
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more than half of the samples fell below the LLOD and were excluded from further 

analyses.  

2.2.2.2 Maternal Corticosterone Analysis 

Maternal corticosterone serum levels were measured using a commercially 

available ELISA kit (K014-H; Arbor Assays, Ann Arbor, MI). To determine whether 

method of instillation induced additional stress, control serum was rapidly collected 

from a non-pregnant female and three WT pregnant females without prenatal treatment. 

The optical density measurements (Bio-Tek Instruments) from the microplate reader 

were uploaded to  https://www.myassays.com/arbor-assays-corticosterone-enzyme-

immunoassay-kit.assay to calculate corticosterone concentration for each sample. 

2.2.3 Neonatal Communication Behavior 

To determine ultrasonic vocalization (USV) developmental timeline in C57BL/6J 

animals, USVs were collected from P4-P9 (n=4-10 pups/age/sex). For experimental 

animals, USVs were collected on postnatal days 7-9 (n=14-17 pups/condition/sex; 4 

litters/condition). Pups were briefly separated from dams and placed into a sound 

attenuating chamber for 3 minutes, USVs were recorded using an externally polarized 

condenser microphone with a frequency range of 10-200 kHz attached to the Avisoft-

Ultrasound Gate recording software (Avisoft Bioacoustics, Berlin, Germany). Pup 

weight and toe clip identification was performed immediately after USV collection. 

WAV files for each pup were converted to spectrograms and analyzed with automated 
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whistle tracking parameters by the Avisoft SASLab Pro software (Avisoft Bioacoutics) 

and manually validated for accuracy. For call complexity analysis, WAV files were 

analyzed using Mouse Ultrasonic Profile ExTraction Tool (MUPET) in MATLAB, which 

is an unsupervised machine-learning-based algorithm that analyzes vocalization 

parameters, classifies syllables into distinct repertoires and compares vocalization 

pattern between test groups (Van Segbroeck et al., 2017). Repertoire units were sorted by 

length using a Python script. 

2.2.4 Neonatal Prefrontal Cortex Transcriptome Analysis 

2.2.4.1 Tissue Collection 

Tissue samples were harvested from a cohort of behaviorally naïve P8 pups. 

Animals were anesthetized with 200 mg/kg tribromoethanol (avertin) and perfused with 

Tris-Buffered Saline (TBS, 25 mM Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) 

supplemented with 7.5 mM heparin (n=4 animals/condition/sex). The brain was 

immediately extracted, and the prefrontal cortex was dissected before being flash frozen 

in liquid nitrogen and stored at -80C until RNA-extraction.  

2.2.4.2 RNA Extraction 

Frozen samples were homogenized in 1000μl TRIzol Reagent (15596026, Thermo 

Fisher Scientific, Waltham, MA) and vortexed at 2000 rpm for 5 min. 200μl of chloroform 

(Sigma-Aldrich, C2432, St. Louis, MO) was added to each tube and vortexed for 

additional 2 min, samples were allowed to phase separate before being centrifuged at 
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11,900 rpm for 15 min at 4°C, after which the top clear aqueous phase was separated into 

a fresh tube. 500μl of Isopropanol (Thermo Fisher Scientific, NY) was added and 

samples were vortex at 2000 rpm for 1 min and incubated at room temperature for an 

additional 10 minutes and then centrifuged for 10 mins. Supernatant was discarded and 

RNA pellet was washed two times with 1 ml of ice cold 75% ethanol, air dried and 

resuspended in 40μl of RNase-free water. 

2.2.4.3 Library Prep and Sequencing 

All RNA samples were coded numerically. Sequencing was performed blind to 

sample identity by Sequencing and Genomic Technologies Shared Resource Duke 

Center for Genomic and Computational Biology. Extracted total RNA quality and 

concentration was assessed on Fragment Analyzer (Agilent Technologies) and Qubit 2.0 

(ThermoFisher Scientific), respectively. RNA-seq libraries were prepared using the 

commercially available KAPA Stranded mRNA-Seq Kit (Roche). In brief, mRNA 

transcripts are first captured using magnetic oligo-dT beads, fragmented using heat and 

magnesium, and reverse transcribed using random priming. During the 2nd strand 

synthesis, the cDNA:RNA hybrid is converted into to double-stranded cDNA (dscDNA) 

and dUTP incorporated into the 2nd cDNA strand, effectively marking the second 

strand.  Illumina sequencing adapters are then ligated to the dscDNA fragments and 

amplified to produce the final RNA-seq library. The strand marked with dUTP is not 

amplified, allowing strand-specificity sequencing. Libraries were indexed using a dual 
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indexing approach allowing for all the libraries to be pooled and sequenced on the same 

sequencing run. Before pooling and sequencing, fragment length distribution for each 

library was first assessed on a Fragment Analyzer (Agilent Technologies). Libraries were 

also quantified using Qubit.  Molarity of each library was calculated based on qubit 

concentration and average library size.   All libraries were then pooled in equimolar 

ratio and sequenced.  Sequencing was done on an Illumina NovaSeq 6000 sequencer.  

The pooled libraries were sequenced on a S-Prime flow cell at 50bp paired-end. Once 

generated, sequence data was demultiplexed and Fastq files generated using bcl2fastq 

v2.20.0.422 file converter from Illumina. 

2.2.4.4 Transcriptome Data Analysis  

RNA-seq data was processed by the Genomic Analysis 

and Bioinformatics Shared Resource, Duke Center for Genomics and Computational 

Biology using the TrimGalore toolkit 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) which employs 

Cutadapt  (Martin, 2011) to trim low-quality bases and Illumina sequencing adapters 

from the 3’ end of the reads.  Only reads that were 20nt or longer after trimming were 

kept for further analysis.  Reads were mapped to the GRCm38v73 version of the mouse 

genome and transcriptome (Kersey et al., 2012) using the STAR RNA-seq alignment tool 

(Dobin et al., 2013). Reads were kept for subsequent analysis if they mapped to a single 

genomic location.   Gene counts were compiled using the HTSeq tool (http://www-
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huber.embl.de/users/anders/HTSeq/).  Only genes that had at least 10 reads in any given 

library were used in subsequent analysis.  Normalization and differential expression 

were carried out using the DESeq2 (Chung et al., 2013b) Bioconductor (Huber et al., 

2015; Love et al., 2014)  package with the R statistical programming environment 

(www.r-project.org).  We controlled for plate in each model that we ran. The false 

discovery rate was calculated to control for multiple hypothesis testing.  Gene set 

enrichment analysis (Mootha et al., 2003)was performed to identify pathways associated 

with altered gene expression for each of the comparisons, PANTHER 

(http://www.pantherdb.org/) was used to perform a statistical overrepresentation test 

(Mi et al., 2019).  

2.2.5 Data Analysis 

Data analyses were performed using GraphPad Prism version 8.0 (San Diego, 

CA), R statistical environment (Boston, MA) or Panther. Student’s t-test was used to 

analyze data sets with two groups. One-way ANOVAs were used to analyze data sets 

with more than two groups. Two-way ANOVAs were used to analyze data sets with 

two independent variables. For gene analyses Fisher's Exact with FDR <0.05 were used. 

All data are represented as mean +/- SEM.  
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2.3 Results 

2.3.1 Prenatal Exposure to DEP+MS Does Not Alter Maternal Weight 
Gain, Litter Size or Sex Composition 

 Prenatal DEP+MS exposure does not alter maternal weight gain during 

pregnancy (Fig. 1B) or the litter size or sex composition (Fig. 1C). Offspring born to 

mothers prenatally exposed to combined environmental stressors, have a small, but 

significant reduction in weight from P8-P15 (Fig. 1D). Furthermore, we have previously 

found that prenatal DEP+MS does not alter maternal care, suggesting that alterations in 

DEP+MS pups are driven by MIA and not by fractured maternal care (Bolton et al., 

2013). 

 

Figure 1: Maternal and neonatal outcomes.  

(A) Females were time-mated and group house in standard cages from E0-E12, CON 

females were singly housed in standard cages from E13-E18, while DEP+MS females 
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were singly housed in nest restricted environment, all females returned to standard 

caging environment before the birth of pups. (B) There were no significant differences in 

maternal pregnancy weight gain from E2.5 to E17.5 (n=5-6 mice/condition, unpaired t-

test, t(9)=0.2065, p=0.8410). (C) No differences in litter size or litter sex composition. (D) 

DEP+MS offspring weighed significantly less than CON pups (n=14-17 

mice/condition/sex, two-way ANOVA (condition x age), Condition: F (1, 64) = 14.84, 

p=0.0003; Age: F (4, 252) = 757.7, p<0.0001; Interaction: F (4, 252) = 2.798, p=0.0267. 

****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means ± SEM.  

 

2.3.2 Prenatal Exposure to DEP+MS Induces Maternal Immune 
Activation in Pregnant Dams 

The combined environmental stressors led to a strong induction of inflammatory 

cytokine tumor necrosis factor alpha (TNF-) in the serum of exposed pregnant dams 

compared to CON at gestational/embryonic day E17.5 (Fig. 2A). A growing pre-clinical 

literature links MIA-induced cytokine expression in the pregnant dam to adverse 

outcomes in offspring. One of the other widely-adopted models of MIA, the maternal 

viral infection model (poly I:C), also increases TNF- in dams (Choi et al., 2016; Hsiao & 

Patterson, 2011). In common with the poly I:C model, we also observed an increase in 

inflammatory cytokines IL-6 and IL-17a (Fig. 2C), but no change in anti-inflammatory 

IL-10 (Fig. 2B). Taken together, these results show that DEP+MS treatment leads to 

robust MIA in pregnant dams.  

2.3.3 Prenatal Exposure to DEP+MS Increases CORT in Pregnant 
Dams 

To further investigate and confirm the effects of maternal stress on DEP+MS 

dams, we measured the concentrations of maternal corticosterone (CORT), a stress 



 

 31 

hormone, in serum from gestational day E17.5 dams and found an increase in DEP+MS 

dams compared to CON dams (Fig. 2D), similar to that reported during postnatal nest 

deprivation (Rice et al., 2008). Importantly, CORT levels of CON dams were similar to 

baseline CORT levels of pregnant dams not receiving any treatment (Fig. 2E). These data 

show that our method of instillation alone is not sufficient to induce additional stress on 

pregnant dams. We did not observe any differences in pregnancy weight gain due to 

environmental stressors (Fig. 2B). Collectively, these findings show that DEP instillations 

which are combined with nest restriction during the last trimester of pregnancy leads to 

a combination of MIA and increased stress in these dams. 



 

 32 

 

Figure 2: Prenatal DEP+MS increases pro-inflammatory cytokines and corticosterone 

levels in pregnant dams.  

(A-C) Prenatal DEP+MS increases pro-inflammatory cytokine TNF (n= 5-6 

mice/condition, unpaired t-test, t(9)=3.404, p=0.0078), but not anti-inflammatory cytokine 

IL-10 (n= 5-6 mice/condition, unpaired t-test, t(9)=0.2781, p=0.7872), pro-inflammatory 
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tone is overall increased in DEP+MS dams at E17.5 (n= 5-6 mice/condition, two-way 

ANOVA,  Condition: F(1,49)=12.62, p=0.0009; Cytokine: F(5, 49)=2.624 cytokine, 

p=0.0352; Interaction: F(5, 49)=2.505, p=0.042; post hoc Holm-Sidak’s multiple comparison 

test). (D) Pregnant dams exposed to DEP+MS had a significant increase in stress 

hormone corticosterone (n= 5-6 mice/condition, serum collected 2 hours post last 

instillation, unpaired t-test, t(9)=6.211, p= 0.0002). (E) Corticosterone levels for CON 

dams did not differ significantly from untreated pregnant dams (n=4-6 dams/ condition, 

one-way ANOVA, F (3, 12) = 27.24, p<0.0001; Holm-Sidak's multiple comparisons post 

hoc test,  t(12)=1.361, p= 0.1987). **P<0.01, ***P<0.001; Means ± SEM.  

2.3.4 Prenatal DEP+MS Increases Number of Calls in Pups 

Neonatal mice, when briefly separated from the dam can emit ultrasonic 

vocalizations (USV). These USVs reflect an innate form of communication by the pups 

that elicits maternal care (D'Amato et al., 2005; Okabe et al., 2013). By recording the 

acoustic properties of USVs in neonatal offspring and analyzing the alterations in the 

pattern of calls (Fig. 3A), we tested whether DEP+MS alters neonatal communication. In 

wildtype C57BL/6J mice, peak USV production occurs at P8 (Fig. 3B), thus, to probe for 

developmental changes we recorded USVs from P7-P9. We found that pups from 

DEP+MS dams, emit more calls at P8 (Fig. 3C), mimicking phenotypes reported in other 

MIA models and a genetic mouse model of autism (Carlezon et al., 2019; Choi et al., 

2016; Wang et al., 2011). Due to an a priori hypothesis regarding a potential sex 

difference, we performed post hoc analyses between sexes. Both males and females had a 

significantly increased number of calls (Fig. 3C), which was also accompanied by an 

increase in the total time calling (Fig. 3E). This increased number of calls in DEP+MS 

offspring was also evident at P7 but was no longer significantly different by P9 (Fig. 3D). 

These data suggest that prenatal DEP+MS is not inducing a developmental shift/delay in 
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peak USV production, but instead leading to an abnormal calling behavior during the 

typical developmental window. 

 

Figure 3: Prenatal DEP+MS increase the number and time vocalizing in male and 

female offspring. 
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(A) Neonatal USVs were collected by briefly separating the pup from the dam. (B) 

Characterization of USV development in WT C57BL/6J mice (n=4-10 mice/group, Two-

way ANOVA, age x sex, Age: F (5, 80) = 2.808, p=0.0218; Sex: F (1, 80) = 0.1014, p=0.751;   

Interaction: F (5, 80) = 0.2454,p=0.9414), no differences in number of USV between males 

and females across development, number of calls peaks at P8. (C-F) DEP+MS offspring 

emit more USVs and spend more time calling than CON mice at P8 (n=14-19 

mice/condition/sex; C: Two-way ANOVA, condition x sex, Condition: F (1, 60) = 15.08; 

p=0.0003, Sex: F (1, 60) = 0.05782; Interaction: F (1, 60) = 0.2213, p=0.6398, with Holm-

Sidak’s post hoc tests; D: Mixed-effects model, condition x age, Condition: F (1, 34) = 

21.52, p<0.0001; age: F (2, 68) = 4.373, p=0.0164, Interaction: F (2, 53) = 1.931, p=0.155, E: 

Two-way ANOVA, condition x sex, Condition: F (1, 60) = 6.401, p=0.014; Sex: F (1, 60) = 

0.2461, p=0.6216; Interaction: F (1, 60) = 0.2694, p=0.6057; F: Two-way ANOVA, condition 

x age; F (1, 66) = 6.767, p=0.0114; Age: F (2, 123) = 3.205, p=0.044; Interaction: F (2, 123) = 

0.9532, p=0.3883) but does not differ in developmental patter (P7-P9). (G) There are no 

significant differences in frequency by condition across development (n=13-17 

animals/condition/sex, Two-way ANOVA condition x age, Condition: F (1, 63) = 0.1303; 

p=0.7194; Age: F (2, 122) = 14.43, p<0.0001; Interaction: F (2, 122) = 2.580, p=0.0799). 

***P<0.001, **P < 0.01; *P < 0.05; Means ± SEM. 

 

2.3.5 Prenatal DEP+MS Shifts Pattern of Vocalization in Neonatal 
Pups  

The properties and acoustic structure of USVs change across development and 

are context specific (Branchi et al., 1998; Scattoni et al., 2008). To further analyze these 

properties, we used Mouse Ultrasonic Profile ExTraction (MUPET) software, which 

applies machine learning to identify and cluster distinct repertoire/syllable units (Fig. 4 

A-B) (Van Segbroeck et al., 2017).  Using MUPET across the 10,310 calls collected at P8, 

we extracted 80 distinct repertoire units from neonatal USVs (Fig. 4C).  This analysis 

revealed that DEP+MS offspring emit more USVs across the whole repertoire of syllables 

with a preferential increase in shorter/less complex calls (Fig. 4D). Taken together, these 
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results show that prenatal exposure to combined stressors lead to communication 

abnormalities in neonatal pups.   

 

Figure 4: DEP+MS shifts vocalizations to less complex pattern.  

(A-B) Individual syllables were identified using MUPET software (B) P8 USV MUPET 

repertoire unit (RU) clustering, organized from shortest to longest, compiled from all 

CON and DEP+MS USV files. (D) MUPET repertoire units organized from shortest to 

longest, DEP+MS offspring emit more calls that are preferentially shorter.   
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2.3.6 Prenatal DEP+MS Induces Sexually Dimorphic Gene Expression 
Changes in the Prefrontal Cortex of Neonatal Pups 

To gain molecular insights into the observed behavioral changes, we analyzed 

gene expression in the prefrontal cortices of P8 DEP+MS and CON male and female 

pups. We selected the prefrontal cortex because it is a brain region that is dysfunctional 

in many neurodevelopmental disorders and plays a critical role in regulating social and 

emotional behaviors (Schubert et al., 2015; Trakoshis et al., 2020). Out of the 18,320 genes 

expressed, we identified 280 differentially express genes in DEP+MS males compared to 

CON males (Fig. 5A) (165 upregulated and 115 downregulated). In littermate females, 

only half as many genes (145) were differentially expressed compared to CON (Fig. 5A). 

Remarkably, there were only 2 differentially expressed genes that overlapped between 

males and females (Lcn2 and Dusp4, upregulated). Other than these two genes, the 

groups of differentially expressed genes were distinct in males and females (Fig. 5B). 

Thus, prenatal environmental insults result in distinct gene expression changes in male 

and female pup brains, suggesting sex-specific molecular effects of this manipulation on 

the offspring.  
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Figure 5: Gene expression changes in prefrontal cortex of neonates is sexually 

dimorphic and implicates synaptic changes only in males.  

(A) Number of DEG upregulated and downregulated in male and female PFC compared 

to CON (n=4 animals/condition/sex, male and female littermate pairs, DESeq2, threshold 

free differential gene expression). (B) Heat map of DEG relative to control of the 

matched sex and show remarkably different patterns between male and female response 

to DEP+MS. (C) Synaptic genes are downregulated in male offspring (n=4 

animals/condition, statistical over representation test, PANTHER, Fisher's Exact with 

FDR <0.05) 
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2.3.7 Immune Pathways Are Upregulated in Both Males and Females, 
But Only Male Have a Downregulation in Synaptic Gene Pathways  

Even though only one of the top 10 upregulated genes (Lcn2) overlapped 

between male and female offspring datasets, there were several microglial enriched 

genes in the top 10 differentially expressed genes for both sexes (Fig. 6A-B). 

Furthermore, when we performed gene set enrichment analysis (GSEA), hallmark 

immune pathways were significantly enriched in both sexes (Fig. 7A-B).  

On the other hand, there were no overlaps in hallmark downregulated pathways 

between sexes (Fig. 7C-D). The GSEA gene ontology for the cellular compartment 

revealed a male-specific downregulation of genes involved in synaptic structure and 

function in DEP+MS offspring (Fig. 5C). Taken together these RNA-Seq analyses show 

that, despite the fact that both male and female P8 mice display similar USV changes 

due to prenatal stressors, there are sexual dimorphisms in molecular and cellular 

responses. Here we captured changes in the expression of genes related to synapses 

(only males) and immune response (both sexes). Interestingly, brain gene expression 

studies from subjects with neurodevelopmental disorders show a similar down 

regulation in synaptic function genes and upregulation in immune response genes 

(Gandal et al., 2018; Velmeshev et al., 2019; Voineagu et al., 2011).  
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Figure 6: Microglia genes are enriched in differentially expressed genes.  

(A-B) The top 10 differentially expressed genes that are upregulated in males (left) vs 

females (right), pattern of expression is sexually dimorphic. Asterisk denotes gene 

enrichment in microglia cells compared to other cells in the brain (compared using: 

brainrnaseq.org). (C-D) The top 10 differentially expressed genes that are 

downregulated in males (left) vs females (right), downregulated genes are also sexually 

dimorphic.  
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Figure 7: Immune pathways are upregulated in male and female DEP+MS offspring.  

(A-B) Gene set enrichment analyses of upregulated hallmark pathways in males and 

females, males upregulated interferon gamma response, whereas females upregulated 

interferon alpha response. (C-D) Gene set enrichment analyses of downregulated 

hallmark pathways in males and females. Normalized enrichment scores of Molecular 

Signatures Database Hallmark from Gene Sets from Gene Set Enrichment Analysis (A-

D), FDR q-value < 0.05.  

 

2.4 Discussion 

Immune dysfunction in pregnant mothers is increasingly implicated in the 

pathogenesis of neurodevelopmental disorders and is strongly linked to male offspring-

specific behavioral outcomes (Patel et al., 2020). Here we show that prenatal co-exposure 
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to two highly prevalent environmental factors, air pollution and maternal stress, is 

sufficient to induce maternal immune activation and significantly increase stress 

hormones in pregnant mice. We found that both male and female offspring born to these 

dams had altered USVs as neonates. Surprisingly however, gene expression changes in 

the prefrontal cortices of neonatal mice were sexually dimorphic, implicating both 

immune and synaptic dysfunction only in males. Thus, despite similar behavioral 

endpoints as neonates, our previous findings of sustained deficits into adulthood in 

male offspring, likely arises from these early differences in gene transcription in the 

brain. These data indicate that prenatal environmental insults result in a distinct 

response in developing male brains compared to females.  

We found that mothers prenatally exposed to a major component of air pollution 

(diesel exhaust particles) and maternal stress, have an increase in pro-inflammatory 

tone. Specifically, this combination of environmental factors significantly increases 

circulating serum levels of TNF- and to a lesser degree IL-6, IL-17A and IFN- at E17.5. 

Tumor necrosis factor alpha is an inflammatory cytokine produced by innate immune 

cells such as macrophages.  TNF- is produced during acute inflammation and controls 

inflammatory responses which lead to cell proliferation or apoptosis (Parameswaran & 

Patial, 2010).  Pregnancy is a unique time that requires dynamic shifts in the expression 

of cytokines to both protect the mother and developing fetus from infection, but also 

require shifts to allow for maternal immune tolerance of the developing fetus. Cytokine 
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levels change dynamically throughout pregnancy; in human’s TNF- levels are highest 

during the first trimester but diminish to almost half by the third trimester (Denney et 

al., 2011). Sustained levels of TNF- due to maternal autoimmune dysfunction or 

response to infection, are associated with adverse pregnancy outcomes (Vitoratos et al., 

2010). Furthermore, increased TNF- during pregnancy has been linked to ASD and 

delayed neurocognitive development in offspring (Jones et al., 2017). While we find 

changes in several pro-inflammatory cytokines, we find the most robust increase in 

TNF-. Thus, in future studies, we can examine whether adverse offspring outcomes are 

TNF- dependent. TNF- inhibitors are available for human use, although studies 

evaluating the safety of their use in pregnancy are still limited,  (Carpentier et al., 2011), 

this pathway, and whether or not it is sufficient, could provide interesting therapeutic 

targets in pregnant mothers.  

In the current study we compared only two groups of dams CON versus 

DEP+MS. In serum from pregnant dams, we found increases in both pro-inflammatory 

cytokines as well as corticosterone. In previous studies we have found that a single 

environmental toxin in isolation (e.g. DEP or maternal stress) is insufficient to induce 

long lasting changes in behavior and neuroimmune function in the offspring. Whether 

the changes in TNF- and CORT would be similar for a single environmental agent is 

unclear. One possibility is that gross inflammatory changes are due to DEP exposure, 

while elevated CORT levels are largely driven by the maternal stressor (nest restriction); 
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however, studies in humans have found that prenatal stress activates similar 

proinflammatory pathways (increased IL-6, TNF-) (Coussons-Read et al., 2005). 

Human studies can be difficult to interpret due to a myriad of confounding factors, thus 

whether stress and DEP act independently on similar biological pathways or whether 

humans that are stressed are more likely to be exposed toxicants is unknown. Previous 

studies have found that corticosterone greatly enhance neuroinflammatory responses to 

environmental toxins (Frank et al., 2007; O'Callaghan et al., 2015), thus future studies 

examining the proinflammatory response to a single agent, versus combined stressors 

would help further elucidate how environmental toxins combine.  

In the current study we found that neonatal behavioral outcomes were similar 

between male and female offspring, but gene expression changes were sexually 

dimorphic. These data are interesting as the incidence of neurodevelopmental disorders 

is much higher in males than females, but the mechanisms underlying this male-specific 

vulnerability remain unknown (Hanamsagar & Bilbo, 2016). Both male and female 

offspring upregulated pathways involved in immune/inflammatory response, 

demonstrating that MIA leads to inflammatory changes in both sexes.  In a previous 

study using the same model, our lab found that only males had sustained behavioral 

changes in adulthood suggesting sex differences in vulnerability. We found that only 

male offspring had a downregulation of genes involved in synaptic function. 

Interestingly, brain gene expression studies from subjects with neurodevelopmental 
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disorders show a similar down regulation in synaptic function genes and upregulation 

in immune response genes (Gandal et al., 2018; Velmeshev et al., 2019; Voineagu et al., 

2011). Thus, while both males and females share heightened immune responses, the 

unique combination of both increased immune activation and decreased synaptic 

function, might make the male brain specifically more vulnerable to sustained wiring 

deficits.  

In the current study we performed bulk RNA-Seq of the prefrontal cortex. 

Sequencing performed on these tissues included all cells within the prefrontal cortex 

including neurons, astrocytes, oligodendrocytes and microglia. While we did find some 

differences in the specific immune pathways which were activated, in this mixture of 

cells, it can be difficult to make conclusions about the specific microglial contribution to 

these inflammatory responses. Using this same model, our lab previously found a male-

specific increase in proinflammatory cytokines in the adult brain.  Importantly, 

microglia were identified as the source of these inflammatory cytokines (Bolton et al., 

2013). While we have previously reported sex differences in microglia development and 

colonization of the rat brain (Schwarz et al., 2012), in wildtype mice sex differences in 

microglia gene expression largely emerge in adulthood (Hanamsagar et al., 2017). In this 

model, we have yet to sequence isolated microglia at neonatal timepoints, but it would 

be interesting to determine if sexually dimorphic gene expression changes are more 

robust in one cell type versus others. Given known differences in male and female 
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immune responses, sequencing isolated microglia, would also help determine whether 

the size of the immune responses can account for the sex differences.   

In closing, using a prenatal exposure model which combines air pollution and 

stress during pregnancy we found that diverse environmental factors induce maternal 

immune activation. We have found that while both male and female offspring exhibit 

communication deficits as neonatal pups, gene expression changes are sexually 

dimorphic, and in males mimic the convergence of synaptic and immune pathways 

observed in the autistic brain.  
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3. Male Offspring Exposed to Prenatal Air Pollution and 
Maternal Stress Have Deficient Activation of Social Brain 
Networks and Altered Behavior.  

3.1 Introduction 

 In mouse models of neurodevelopmental disorders, a battery of behavioral tasks 

is utilized to measure social and emotional deficits (Silverman et al., 2010). However, it 

is well known that many mouse models, including those with genetic construct validity, 

fail to exhibit measurable deficits in one or more of these commonly used assays 

(Copping et al., 2017; Gompers et al., 2017). Since altered brain network activity has been 

shown to be a sensitive measure of social deficits in ASD and preclinical models 

(Dawson et al., 2005; Jokisch et al., 2005; Kroger et al., 2014; Pavlova et al., 2004; Ulloa & 

Pineda, 2007; Wang et al., 2016), we wondered whether DEP+MS alters the network 

activity that underlies social behavior.  

Disruptions to the ratio of excitation/inhibition (E/I) have been identified as a key 

disruptor of neural communication and subsequent behavioral abnormalities in ASD 

(Rubenstein & Merzenich, 2003). Alterations in structural connectivity impacts neural 

communication between distal and local regions. During development the E/I ratio 

changes dramatically, and in the immature early postnatal stage, the E/I ratio is 

malleable and vulnerable to change. By contrast, mature neural systems maintain ratios 

with minimal variance, a process of homeostatic control that involves multiple levels of 

regulation (Gao & Penzes, 2015). Despite discrepant findings, due to methodology or 
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patient pool, humans studies consistently find alterations in brain connectivity in 

individuals with autism and studies agree that alterations in wiring have functional 

implications for the behavioral abnormalities in ASD  (Di Martino et al., 2013; Hull et al., 

2016; Just et al., 2012; Zikopoulos & Barbas, 2010).   

Changes in the number, or in the physiology of the connections between neurons 

(i.e. synapses), can alter the structural connectivity of the brain. Many genes associated 

with ASD are involved in synaptic function, and post mortem analyses have revealed 

alterations in both excitatory and inhibitory synapses in ASD (Tang et al., 2014; Walsh et 

al., 2008; Zikopoulos & Barbas, 2013). Mutations and common number variants (CNV) in 

genes encoding synaptic proteins have been reported in individuals with ASD, and 

while they only account for a small percentage of ASD, they reveal a common pathway 

for the pathogenesis of the disorder (Walsh et al., 2008).  

Although in the previous chapter in our investigation of neonates we found 

behavioral changes in both sexes, we also found sexually dimorphic changes in gene 

expression in the PFC. Furthermore, previously, using the same DEP+MS model, we 

found a male-specific cognitive deficit in adulthood in a fear-conditioning task (Bolton et 

al., 2013), thus we wondered whether the male-specific downregulation of synaptic 

genes, might induce sex-specific changes in brain connectivity and social behavior in 

adulthood.   
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To investigate whether DEP+MS induces changes in behavior and brain 

networks underlying this behavior, we implanted 54 total CON and DEP+MS mice of 

both sexes with electrodes targeting eight brain regions. We then recorded electrical 

oscillations concurrently from cortical and subcortical regions as mice performed a social 

exploration task widely used to quantify appetitive social behavior. In this behavioral 

assay, experimental mice freely explore an arena that is divided into two chambers and 

their preference to interact with a social stimulus versus object is tracked. This approach 

allowed us to collect 100 minutes of concurrent behavior and neural data to later 

investigate whether behavioral changes reflect alterations in brain networks which 

process social information.  

To address network connectivity questions, we utilized a model that was 

generated by Mague et al., 2020 (Mague et al., 2020) based on data collected from a 

untreated group of C57BL/6J WT mice performing the identical social preference task 

described above (hereafter referred to as EN-social).  This EN-social network was 

discovered using a machine-learning approach that utilizes a discriminative cross 

spectral factor analysis based in non-negative matrix factorization (dCSFA-NMF, (Talbot 

et al., 2020)). In brief, this method integrates local field potential (LFP) activity from 

multiple brain regions with concurrent behavior. The model features utilize LFP power, 

which is a neural correlate of cellular population activity and synaptic activity within 

brain regions, and LFP synchrony is a neural correlate of brain circuit function between 



 

 50 

brain regions, quantified by how two LFPs across frequencies correlate over a 

millisecond timescale. The model also uses spectral Granger causality (Geweke, 1982), 

which is used here as an estimate of information transfer within a circuit. Each of these 

features is resolved from 1-56 Hz. Critically, the activity of EN-Social predicts an 

animal’s investigation of the social stimulus and correlates with an individual animal’s 

social preference, reflecting the rewarding nature of social encounters on a mouse-by-

mouse basis (Mague et al., 2020) . Notably, the correlation of the EN-social network 

activity with social preference was found to be disrupted in a genetic mouse model of 

autism, despite a lack of change in social preference behavior (Mague et al., 2020). Thus, 

this approach allows us to detect aberrant brain function in the presence or absence of 

behavioral abnormalities.  

3.2 Materials and Methods 

3.2.1 Animals and Prenatal Exposures 

All experiments were performed in accordance with the guidelines of the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 

Institutional Animal Care and Use Committee. All experiments were performed in 

wildtype animals, original stock of adult male and female C57BL/6J mice were acquired 

from Jackson Laboratories (Bar Harbor, ME) and an internal colony was maintained to 

prevent artifacts from shipping.   
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3.2.1.1 Diesel Exhaust Particle Exposure 

Adult C57BL6/J females were time-mated and checked twice daily for the 

presence of a vaginal plug, considered to be E0. Females were paired in individually 

ventilated cages with specialized bedding (AlphaDri; Shepherd Specialty Papers, 

Milford, NJ) and ad libitum access to food (PicoLab Mouse Diet 5058; Lab-Diet, 

Philadelphia, PA) and filtered water. Females were treated with diesel exhaust particles 

(DEP) delivered via oropharyngeal aspiration, acquired from the EPA. Beginning on E2, 

females were lightly anesthetized with 2% isoflurane and treated with either 50 μg of 

DEP suspended in 50 μL of PBS, 0.05% Tween-20, or vehicle alone (CON). Females 

received a total of six doses every 3 days from E2-E17.  

3.2.1.2 Maternal Stress/ Nest Restriction 

 To induce maternal stress, we utilized a nest restriction model applied to the 

postnatal period (Bolton et al., 2013; Rice et al., 2008). Beginning at 5pm on E13, control 

females receiving vehicle treatment were singly housed in a clean cage with full size 

nestlet (CON), and females exposed to DEP were housed in clean cages with a thin layer 

of bedding under an elevated fine-gauge aluminum mesh platform (mesh dimensions, 

0.4 cm × 0.9 cm; McNichols Co., Tampa, FL) and provided with two-thirds of one square 

of felt-like nesting material (~1.9 g; MS group). This design results in two groups of 

dams: control dams (CON) and dams exposed to combined environmental stressors 

(DEP+MS). On E18.5 prior to the birth of pups, all dams were placed into a clean cage 
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with a full size nestlet and were treated identically. All pups were born into standard 

caging environment and remained with the mother until the time of weaning age ~P24, 

at which time mice were group housed with same-sex littermates at a maximum 5 

animals per cage.  

3.2.2 Multi-circuit Recordings in Freely Behaving Animals 

A total of 4 litters of CON and 4 litters of DEP+MS animals were generated in 

GSRB2 and at approximately ~P40 were shipped to our collaborator Dr. Kafui Dzirasa in 

the Bryan Building at Duke University. Animals subsequently underwent surgery and 

behavioral testing under the supervision of his lab.  A special thanks to Dr. Kafui 

Dzirasa and members of his team, including Stephen D. Mague, Cameron Blount, 

Nkemdilim Ndubuizu, Austin Talbot, Neil M. Gallagher, Dalton Hughes, Timothy 

Nyangacha  and David E. Carlson, for the many contributions to this section include 

building electrodes, performing surgery, conducted behavior and the validation and 

analysis of the acquired neurophysiological data.  

3.2.2.1 Electrode Implantation Surgery 

Mice > P60 were anesthetized with 1.5% isoflurane, placed in a stereotaxic device, 

and metal ground screws were secured above the cerebellum and anterior cranium. The 

recording bundles designed to target basolateral and central amygdala (AMY), medial 

dorsal thalamus (MD), nucleus accumbens core and shell (NAc), VTA, medial prefrontal 

cortex (mPFC), and VHip were centered based on stereotaxic coordinates measured 
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from bregma (Amy: -1.4mm AP, 2.9 mm ML, -3.85 mm DV from the dura; MD: -1.58mm 

AP, 0.3 mm ML, -2.88 mm DV from the dura; VTA: -3.5mm AP, ±0.25 mm ML, -4.25 mm 

DV from the dura; VHip: -3.3mm AP, 3.0mm ML, -3.75mm DV from the dura; mPFC: 

1.62mm AP, ±0.25mm ML, 2.25mm DV from the dura; NAc: 1.3mm AP, 2.25mm ML, -4.1 

mm DV from the dura, implanted at an angle of 22.1°). We targeted prelimbic cortex, 

infralimbic cortex using the PFC bundle by building a 0.5mm and 1.1mm DV stagger 

into our electrode bundle microwires, and animals were implanted bilaterally in mPFC 

and VTA; all other bundles were implanted on the left side. The NAc bundle included a 

0.6mm DV stagger such that wires were distributed across NAc core and shell. We 

targeted BLA and CeA by building a 0.5mm ML stagger and 0.3mm DV stagger into our 

AMY electrode bundle. In order to mitigate pain and inflammation related to the 

procedure, all animals received carprofen (5 mg/kg, s.c.) injections once prior to surgery 

and then once every 24 hours for three days following electrode implantation. Mice were 

allowed to recover for >2weeks prior to any behavioral testing or recordings.  

3.2.2.2 Neurophysiological Data Acquisition 

Mice were connected to a headstage (Blackrock Microsystems, UT, USA) without 

anesthesia, and placed in each behavioral arena. Neuronal activity was sampled at 

30kHz using the Cerebus acquisition system (Blackrock Microsystems Inc., UT). Local 

field potentials (LFPs) were bandpass filtered at 0.5–250Hz and stored at 1000Hz. 
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Neurophysiological recordings were referenced to a ground wire connected to both 

ground screws. 

3.2.2.3 Behavioral Testing Two-chamber Social Interaction Test 

Social preference was measured using a two-chamber assay in which animals 

explored a novel object or a novel mouse. The apparatus was a rectangular arena (61cm 

 42.5cm  22cm) constructed from clear plexiglass with a clear plexiglass wall dividing 

the arena into two equal chambers with an opening in the middle allowing free access 

between both chambers. The floor of the arena was constructed using a one-way mirror 

that allowed for video recording from beneath in order to avoid obstruction from 

electrophysiological recording equipment. Plastic, circular holding cages (8.3cm 

diameter and 12cm tall) were centered in each of the two chambers and were used to 

house either a novel object or sex- and age-matched C3H target mouse. The arena was 

evenly lit with indirect white light (~125 lux). Test mice were handled and habituated to 

the social preference chambers and empty holding cages for a least three days prior to 

testing. Subsequently, mice underwent ten separate social preference test sessions, with 

at least one day off in between sessions, in which the test mice were allowed to freely 

explore the arena for ten minutes; the holding cages contained either a novel object or 

novel C3H target mouse. The side of the chamber holding the object/mouse was 

determined pseudorandomly, such that the object/mouse would not be placed in the 

same chamber on more than two consecutive sessions in order to prevent side biases 
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and to distinguish target-specific effects from location-specific effects. Plastic toys and 

glass objects were used as novel objects with the object being between 3-5cm in all 

directions. Video data was tracked using Bonsai Visual Reactive Programming software 

and the time spent in the proximity (4.98cm) of either holding cage was used to 

determine social preference scores.  

 

The social preference for each session was defined as: 

 

where InteractionS is the total time spent proximal to the other mouse, and 

InteractionTimeO is the total time spent proximal to the object. 

3.2.2.4 Behavioral Testing in Serial Reward Task 

The serial reward task apparatus was run on a modified elevated plus maze base 

with closed walls surrounding all four arms (30.5cm length×5cm width and a 5cm×5cm 

central region). The furthest wall of each arm was fitted with a nose poke port 

containing an IR beam to detect a nose poke and a syringe to deliver a liquid 10% 

sucrose reward. One week prior to beginning the serial reward task, mice were weighed 

daily for three days and food restricted to 90% of their free-feeding body weight (FFBW) 

over the subsequent four days and maintained on 90% FFBW throughout the 

experiment. Mice were housed in groups of 2-5 and given water ad libitum. Mice were 
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weighed daily prior to starting the task and fed after the entire cage of animals had 

completed the task; mice who were below 88% FFBW were placed in a cage with free 

access to food pellets for 4-6 hours following the task to ensure no significant weight 

loss. During the serial reward task, a mouse would freely explore each of the four arms 

of the plus maze. A nose poke at any of the four available ports would trigger an 

immediate dispensation of 10 L sucrose. The chosen port would then deactivate until 

another reward port was triggered (i.e., following a response in one arm, the mouse 

could only receive a reward by responding in any of the other three arms). Each session 

lasted 20 min and each animal received seven daily sessions. The total number of 

rewards earned over the 20-min session was measured for each animal. All testing was 

performed under red light conditions during the light cycle.   

3.2.2.5 Behavioral Testing in Elevated Plus Maze  

Following training in the SRT task, adult offspring were tested for baseline 

anxiety in an elevated plus maze. The elevated plus maze (EPM) has been previously 

described. Briefly, the EPM consisted of four cross-shaped arms (30.5cm length × 5cm 

width × 91.4cm height from floor) and a 5cm×5cm central region. Two ‘closed’ arms 

were surrounded on three sides by walls of 16.5cm height and the other two ‘open’ arms 

were surrounded by a short piece of tape approximately 1 mm in height. Mice were 

habituated to the behavioral room for two hours, 24 hours before testing. Following a 

one-hr habituation period on the test day mice were placed in the center region of the 
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elevated plus maze facing a closed arm. Neural recordings were obtained for ten 

minutes, and the location of the mice was captured using video recordings. All EPM 

testing was performed at 50 lux.  

3.2.2.6 Histological Confirmation 

Histological analysis of implantation sites was performed at the conclusion of 

experiments to confirm recording sites used for neurophysiological analysis. Animals 

were perfused with 4% paraformaldehyde and brains were harvested and stored for 24 

hours in PFA. Brains were cryoprotected with sucrose and frozen in OCT compound 

and stored at -80C. Brains were sliced at 35µm and stained using NeuroTrace 

fluorescent Nissl Stain (N21480, ThermoFisher Scientific, Waltham, MA). Floating 

sections were washed 3 times in PBST (0.1%). Sections were incubated in PBS with Nissl 

antibody (1:300) for 10 mins at room temperature and washed once in PBST (0.1%) and 

twice in PBS with azide (0.01% NaN3), after which the entire brain was mounted. Images 

were obtained using a Nikon Eclipse fluorescence microscope at 4× and 10× 

magnifications. Only animals in which all eight implantation sites were confirmed were 

included in the analysis. Multiple animals were removed due to tissue destruction 

during histological analysis in which implantation could not be confirmed.  
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3.2.3 Data Processing 

3.2.3.1 LFP Preprocessing to Remove Signal Artifact 

Rather than manually screening data, we used an automated heuristic strategy to 

remove recording segments with non-physiological signals. First, we estimated the 

envelope of the signal in each channel using the magnitude of the Hilbert transform. For 

any 1-second window where the envelope exceeds above a pre-selected low threshold, 

the entire segment is removed if the envelope exceeds a second, high threshold at any 

point within that window. The two thresholds were determined independently for each 

brain region. The high threshold was selected to be 5 times the median absolute 

deviation of the envelope value for that region. Five median absolute deviations were 

chosen as the high threshold because it is roughly equivalent to 3 standard deviations 

from the mean for normally distributed data, but is robust to outliers in the data. The 

low threshold was empirically chosen to be 3.33% of the high threshold. If more than 

half the window was removed for a channel, we removed the rest of that window for 

that channel as well. In addition, any windows where the standard deviation of the 

channel is less than 0.01 were also removed. Using this approach, 13±3.5% of the data 

per mouse were excluded from this analysis. This conservative strategy optimized the 

potential of our learning model to discover a network that was uniquely related to 

appetitive social emotional brain states.  
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3.2.3.2 Feature Estimation 

The LFPs were averaged across electrodes within each brain-region to yield a 

more robust estimate of the LFP for each region. Each LFP recording was divided into 1 

second windows with a univariate time series associated with each region. Feature 

extraction was performed with MATLAB (The MathWorks, Inc., Natick, MA). The three 

features of interest were frequency-based power within each region, frequency-based 

coherence between each pair of regions, and frequency-based Granger causality between 

each region. 

For estimating power, we used the pwelch function in MATLAB, which averages 

multiple periodograms estimated using different segments of the window to obtain a 

denoised power spectrum. A sliding Fourier transform with a Hamming window was 

applied to the average LFPs (default pwelch settings) and the power was estimated at 

1Hz intervals. Estimating the frequency-based coherence was done using magnitude-

squared coherence, defined as  
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which normalizes the cross-spectral estimates by the power spectra in each region, 

yielding a value between 0 and 1. This was done in MATLAB using the function 

mscohere with default settings, also at a resolution of 1 Hz. 

The Granger causality is a measure of causal information flow between two 

signals (Geweke, 1982). While the original definition did not decompose this flow by 

frequency, work by (Barnett & Seth, 2014) developed the theory and toolbox to do this, 

known as the Multivariate Granger Causality (MVGC) MATLAB toolbox. We used 

standard procedure as defined in the method, the non-stationary data went through a 

highpass Butterworth filter with a stopband at 1Hz and a passband starting at 4Hz. 

Granger causality values for each window were calculated using a 20-order AR model 

via the GCCA_tsdata_to_smvgc function of the MVGC toolbox. Once again, these 

causality values were estimated at the same frequency intervals as the power and 

coherence. 

The Granger features themselves are not additive, a major drawback with most 

factor models. Rather than using the features directly, we used the exponential of all 

causality values, which can be interpreted as a ratio of total power to the unexplained 

power. That is, 
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where  represents Granger causality at frequency  from region Y to region X, 

 represent the spectral power in region X at frequency , and  

represents the component of that power that is predicted by region Y.  These values can 

be occasionally very large due to estimation error, and was capped at 10 to prevent 

undue influence from single observations. 

3.2.3.3 Discriminative Cross Spectral Factor Analysis Non-Negative Matrix 

Factorization (dCSFA-NMF) 

We used a non-negative matrix factorization to synthesize these estimated 

features into a network-based model of neural dynamics. This is termed Supervised 

Cross-Spectral Factor Analysis – Nonnegative Matrix Factorization (CSFA-NMF).  This 

model is fully described elsewhere (Talbot et al., 2020), and the code to implement these 

models is publicly available at https://github.com/carlson-lab/encodedSupervision. To 

provide a succinct description of the methodology, CSFA-NMF assumes each window 

of data to be an independent stationary observation. Relevant dynamics and behavior 

occur at the timescale of windows rather than individual LFP measurements. In this 

work we chose a 1 second window as a compromise between fast-changing dynamics in 

behavior and the extra stability in feature estimation provided by longer windows. Prior 

work has shown that shorter windows decrease predictive accuracy, and 5 second 

windows would not be fast enough to capture the rapidly changing behavioral 

dynamics needed for these experiments. 
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Each window of data consists of the estimated power, coherence and exponential 

granger features totaling P distinct observations per window. These observations were 

vectorized.  We use  to denote a window within the  total windows. We describe the 

preprocessed data as  (the -dimensional non-negative domain) and the 

observed behavioral label as , where the binary indicates a social or non-social 

behavioral label. The objective function learned by this model is 

 

where K is the number of different electomes. Each electome is described by a column in 

 (e.g., ) that describes the multi-region spectral power and 

coherence relationships. The electome factor scores are given by the multi-output 

function , and the relationship between the electome factor scores and 

the behavioral labels is given by .  balances the relative importance of prediction 

relative to reconstruction.  was defined to have a single non-zero element in order to 

limit the predictive capacity to a single latent network. This is a formulation of an NMF 

model that performs approximate inference using supervised autoencoders and requires 

the user to choose a parametrization for . In our method, this is simply set to an 
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affine function following by a non-linearity, , where the 

parameters of the function are  and the softplus means an element-wise 

operation of the operation , which maps a real number to 

the non-negative space. While other rectifying functions are possible (such as the 

popular Rectified Linear Unit (ReLU)), we chose the softplus to prevent vanishing 

gradients in the parameter estimation. 

This model is able to be learned through stochastic gradient descent and was 

implemented in TensorFlow 1.09 using the ADAM algorithm for learning. In addition to 

the benefits of increasing predictive ability, replacing explicit network score estimates 

with a predictive function allows for quicker inferences with stochastic rather than batch 

training. Furthermore, once a predictive function is learned we can calculate the 

electome scores on new data simply by calling the function . This contrasts with 

other methods which typically require a potentially difficult optimization problem to 

estimate each new electome score. This allows for future application requiring real-time 

estimation. 

3.2.3.4 Hyper-parameter Selection 

This analysis requires us to choose several parameters, notably the number of 

electomes K, the supervision strength , the relative importance of the features, and the 
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parameterization of the mapping function . For the mapping function we chose 

an affine transform with a softplus activation to avoid overfitting and to prevent 

vanishing gradients respectively. Our analysis has two goals, to predict behavior in new 

animals well and to describe the brain dynamics accurately. These two goals are 

measured by the reconstruction error of the features and the by the mean Area Under 

the Curve (mean AUC) on validation mice respectively. Choosing the supervision 

strength was chosen to be a value found to work well in previous analyses. The number 

of networks K was chosen using an elbow analysis using an unsupervised NMF model, 

where we chose K to be the number of networks where minimal gains in reconstructive 

loss were observed.  This model’s parameters were learned elsewhere (Talbot et al., 

2020).  The electome scores on the mice in this paper are estimated by putting the 

extracted features through the previously trained function Thus, since the mice 

in this paper were not used for hyperparameter selection or training, and thus represent 

a true estimate of the accuracy and reconstructive ability of the model when applied to 

the this novel population.   

3.3 Results 

To examine whether brain networks underlying social behavior were disrupted 

by prenatal exposure to DEP+MS. We implanted 54 CON and DEP+MS mice with 

electrodes targeting 8 cortical and subcortical brain regions. After recovery mice 
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underwent a battery of behavioral testing which tested social behavior, appetitive 

behavior and anxiety (Fig. 8A). Prior to neurophysiological data analysis histology was 

to validate electrode placement and animals with misplaced electrodes or electrodes that 

could not be verified were excluded (Fig. 9A).  

 

Figure 8: Experimental design for electrode recording. 

(A) Experimental animals were generated using our prenatal combined stress model. 

Male and Female CON and DEP+MS animals generated from this paradigm were raised 

into adulthood after which they underwent surgical implantation of electrodes, were 

given a 2-week recovery period and then were tested in social encounter task, followed 

by the serial reward task and concluding with an elevated maze test. Brains were 

collected for electrode validation at the conclusion of testing.  

 

3.3.1 DEP+MS Males Have an Increased Preference For the Social 
Stimulus 

Mice were first tested in an appetitive social encounter task. In this behavioral 

assay, experimental mice freely explore an arena that is divided into two chambers. One 

of these chambers contains a caged mouse (age- and sex-matched) of C3H background 

(highly social strain, non-aggressive), while the other chamber contains a caged 

inanimate object (Fig. 9A). During the test, the location of the experimental mice is 

tracked with video software, and the time spent in the proximity (4.98 cm) of either cage 
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is used to calculate a preference ratio (interaction timesocial- interaction timeobject/ total 

interaction time). A ratio above 0 indicates a preference for the social stimulus versus 

object. This assay was repeated for each mouse for 10 sessions with at least one day off 

between sessions. A novel social and object stimulus were presented each day of testing, 

pseudorandomized to each side of the arena. During testing mice were connected to a 

headstage and neuronal activity was sampled at 30kHz.  In total, for each mouse, we 

collected 100 minutes of concurrent behavioral and electrical recordings.  

Overall mice displayed a preference for the social stimulus (preference score 

above 0; Fig. 8B); however, surprisingly, prenatal DEP+MS exposure resulted in a 

significant increase in the social preference scores of adult male mice compared to CON 

males (Fig. 8B). No difference in social preference was observed in female mice. These 

data while surprising highlight the difficulty in interpreting alterations in animal 

behavior, as it fails to capture differences in the underlying motivation which drive 

behavioral differences.  
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Figure 9: Histological verification of electrode placement.  

(A) Left- Electrodes (black) were implanted into cortical and subcortical areas at the 

approximate locations denoted by red box. Right-NISSL staining and exhaustive 
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histology was performed to positively identified electrode tracks. Animals with 

misplaced electrodes or undetectable tracks were excluded from analysis of 

neurophysiological recordings.  

 

3.3.2 Social Electome Encodes a Social Brain State  

Thus, to investigate whether the activation of a social brain network known to 

regulate this behavior was altered, we overlaid the brain activity our implanted mice 

onto this EN-Social network (Fig. 11A). Overall, our experimental mice (both DEP+MS 

and CON) displayed higher EN-Social network activity when they were interacting with 

the social stimulus versus the object (Fig. 11B), providing further confirmation that this 

proposed network is encoding a social brain state.  Furthermore, there was a direct 

correlation between the social preference scores of mice and the extent to which EN-

Social activity encoded the social interaction (Fig. 11C), demonstrating that this network 

accurately reflected the rewarding component of social behavior across the new groups 

of mice.  
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Figure 10: DEP+MS male offspring have increased preference for the social stimulus.   

(A) After surgical implantation mice were attached to a recording device and were 

testing in 10 repeated sessions of an appetitive social encounter task, where mice were 

given the choice to interact with a novel social stimulus or novel object. Concurrent 

neural recordings were collected during these test (top).  Mice typically prefer to 

investigate the social stimulus over the object (bottom left), data plotted are 

investigation time for all animals in the study.  For each of the 54 implanted animals we 

collected 100 mins of concurrent behavior and neural data. (B) Male (left), but not female 

DEP+MS (right) offspring have an increase in social preference (mean of all 10 days) 

compared to CON (left, n= 13-14 animals/condition, rank-sum test U=227, p=0.03; right, 

n= 13-14 animals/condition, rank-sum test U=196, p=0.51). ****P<0.0001, ***P<0.001, **P < 

0.01, *P < 0.05. Means ± SEM. 

 

3.3.3 In DEP+MS Male the Relationship Between the Activity of EN-
Social and Pro-Social Behavior is Abolished 

When we performed within-sex comparisons between the DEP+MS and CON 

groups, we found that this brain activity-behavior relationship was disrupted in the 

male DEP+MS mice (Fig. 11D), but not female mice exposed to DEP+MS or the CON 

mice of both sexes (Fig. 11E). In other words, in CON males and females and DEP+MS 
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females, higher social preference directly correlated with increased activation of the EN-

social network in response to social encounters; however, this correlation was abolished 

in DEP+MS male mice. These findings are strikingly similar to those found in a genetic 

model of ASD (ANK2 knockout mice); in which the EN-social network activity-social 

preference relationship was also disrupted (Mague et al., 2020).  

 

Figure 11: DEP+MS disrupts relationship between socio-emotional brain network 

activity and social preference in male offspring.  

(A) LFP’s were projected into a previously identified electome which preferentially 

encodes social behavior (EN-Social). (B) EN-Social network activity is higher when mice 

are interacting with the social stimulus versus the object (n=31 mice, sign-rank test, 

p=1.210 x 10-6). (C) The decoding accuracy of EN-Social activity signaled social 
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preference across the population of mice (n=31 mice, Spearman correlation, p=0.005). (D-

E) Prenatal DEP+MS exposure disrupted the relationship between EN-Social activity and 

appetitive social behavior in male, but not female mice (males, n=6-11 animals/condition, 

analysis of covariance with Box-Cox transformation, F(1,14)= 6.92, p=0.02; CON males, 

spearman’s correlation, r(9) =0.85, p=0.002; DEP males , spearman’s correlation, r(4)=-

0.29, p=0.56; females (n=5-9 animals/condition, analysis of covariance with Box-Cox 

transformation, F(1,9)= 0.93, p=0.36; CON females, spearman’s correlation, r(3) =0.60, 

p=0.20; DEP females, spearman’s correlation, r(6)=0.81, p= 0.15). ). ****P<0.0001, 

***P<0.001, **P < 0.01, *P < 0.05. Means ± SEM. 

 

3.3.4 DEP+MS Does Not Induce Anxiety, but Increases Appetitive 
Reward Behavior in Males  

To investigate whether mice were disrupted in other measures of appetitive 

behavior, we performed a serial reward task, where mice were placed into a modified 

elevated plus maze with all arms enclosed.  Mice were trained to nose poke into one of 

four available ports to receive a sucrose reward, once dispensed, the port would 

inactivate, and a subsequent reward could only be dispensed by selecting a new 

port/arm (Fig. 12A). Consistent with findings in the appetitive social encounter task, 

DEP+MS males, but not females, received an increased number of sucrose rewards (Fig. 

12B). Suggesting that circuits which regulate social and appetitive behavior are altered.  
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Figure 12: DEP+MS Males have increased appetitive behavior in a serial reward task.  

(A) Mice were food restricted and trained to nose poke for a sucrose reward. A 1 on/ 1 

off reward schedule was used across 5 days of training. Mice received a final 20-minute 

test, where number of rewards received was recorded. (B) DEP+MS males, but not 

females received  significantly more rewards on the test day of the SRT (n= 13-14 

mice/condition/sex, Two-way ANOVA, condition x sex; condition: F(1, 66) = 0.2150, 

p=0.6444 , sex: F(1, 66) = 0.1915, p =0.6631, interaction: F(1, 66) = 4.824, p=0.0316) Males 

Wilcoxon rank-sum test p=0.028). ). ****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means 

± SEM. 

 

Furthermore, to investigate whether changes in anxiety, such as reduced anxiety, 

might underlie increased social preference and increased rewards seeking behavior, 

mice were tested in an elevated plus maze task.  In this task, mice are placed into an 

elevated plus maze with two open arms and two closed arms (Fig. 13A). Due to the 

elevation of the maze, mice typically prefer to spend more time in the closed arms, thus 

measuring the time a mouse will explore an open arm can provide an indication of 

anxiety levels. DEP+MS did not alter the percentage of time spent in the open arms in 
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either sex (Fig. 13B), suggesting behavioral disruptions are specific to appetitive and 

social tasks. These data suggest that circuits which encode and integrate appetitive 

information are dysregulated in DEP+MS exposed male offspring.  

 

Figure 13: DEP+MS does not alter anxiety behavior. 

(A) Mice were placed into an elevated plus maze with two open arms and two closed 

arms, the percentage of time in the open arms was recorded.  (B) DEP+MS did not alter 

anxiety behavior in the EPM in either sex, (n=13-14 animals/condition/sex, Two-way 

ANOVA condition x sex, condition: F (1,66) =0.6401, p=0.4266). ****P<0.0001, ***P<0.001, 

**P < 0.01, *P < 0.05. Means ± SEM. 

 

3.4 Discussion 

The vast majority of neurodevelopmental disorders are diagnosed based on 

observable behavioral abnormalities. For autism, core behavioral traits fall into two 

categories: 1. deficits in communication and social behavior and 2. repetitive and 

restrictive interests (American Psychiatric Association, 2013).  Autism is incredibly 

diverse and encompasses an entire spectrum of abnormal behavior within these 

domains. Thus, early preclinical models have relied heavily on genetic mouse models of 
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autism to establish validity, but even high confidence genetic models have sometimes 

failed to produce face validity in all task/traits. In humans, social behavior and 

communication are quite complex, distilling these traits to observable behaviors in mice 

has presented challenges in both reproducibility and interpretation. Thus, using an 

approach which couples a biological signature with behavior can provide a more 

sensitive measure of the pathophysiology underlying disease.  

Alterations in brain connectivity and reduced synchronization of brain regions 

involved in the ‘social brain network’ are thought to underlie social deficits in autism 

(Misra, 2014). In this study, we investigated whether prenatal exposure to DEP+MS 

altered the activation of a social brain network during an appetitive social preference 

task. Using our model of prenatal DEP+MS exposure, we found that only male offspring 

had lasting deficits in an appetitive social behavior task. We found that DEP+MS males 

had an increased preference for a novel social stimulus versus a novel object. Given the 

reported phenotypes in ASD, this increased preference seemed paradoxical; however, 

when we examined the relationship between an individual animal’s social preference 

and the activity of EN-Social, we found that the activity of EN-Social was no longer 

behaviorally relevant. These data highlight the challenge in interpreting behavioral in 

isolation, as one interpretation of these behavior, might be that DEP+MS males exhibit 

an increased social appetitive drive. However, we found instead that the EN-Social fails 

to encode socially appetitive brain states, a finding that is strikingly similar to a genetic 
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model of ASD. In these mice, despite no behavioral phenotype, EN-Social once again 

fails to encode socially appetitive brain states (Mague et al., 2020).  

We found that DEP+MS male had both an increase in appetitive social preference 

as well received an increased number of rewards in a serial reward task. While, we did 

not analyze neurophysiological data during the concurrent serial reward task, the 

original network found that EN-Social generalized to other task such as a sucrose 

consumption task and elevated plus maze (increase activation during sucrose vs water, 

decreases activation in open vs closed arms), suggesting that this network encodes 

information related to the valence state of the animal (Mague et al., 2020). These data 

suggest that in an appetitive task such as the SRT, we might find differences in the 

relationship between rewards seeking behavior and activation of the EN-Social. The 

current study examined the activity of the EN-Social; however, in a previous, several 

other electomes were identified (Vu et al. 2019), thus, whether prenatal DEP+MS 

exposure preferentially alters the organization of networks underlying social brain states 

or results in general reorganization of brain networks remains to be determined.  

In the previous set of experiments, I found that communication deficits were 

present in both male and female neonatal offspring, but gene expression profiles were 

sexually dimorphic and only in males were synaptic genes downregulated (Chapter 2). 

In the current study, both behavioral and neurophysiological abnormalities were male 

specific. These data suggest that the observed differences in neonatal gene expression 
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might alter the way in which the brain forms its networks early in development.  Taken 

together, these findings reveal that prenatal DEP+MS exposure causes MIA and leads to 

long lasting deficits in socioemotional encoding and altered behavior only in males. 

Importantly, the incidence of neurodevelopmental disorders is higher in males than 

females, and a recent study highlighted that a history of MIA is significantly higher in 

mothers of male children diagnosed with ASD compared to females (Patel et al., 2020). 

Our DEP+MS model captures this male-specific vulnerability to MIA, thus providing an 

important model to study the cellular and molecular mechanisms.  
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4. Prenatal Exposure to Air Pollution and Maternal 
Stress Impairs Thalamocortical Synapse Development 
and Microglial Pruning During a Critical Window of 
Refinement in the Anterior Cingulate Cortex   

4.1 Introduction 

The anterior cingulate cortex (ACC) is a critical node of the EN-Social (Mague et 

al., 2020), and is functionally linked to communication outcomes (Bennett et al., 2019; 

Heilbronner & Hayden, 2016). Isolated genetic manipulation of synaptic function in the 

ACC is sufficient to drive social deficits in behavior (Guo et al., 2019). Therefore, since 

adult DEP+MS mice exhibited altered EN-Social function and social behavioral changes, 

I hypothesized that prenatal DEP+MS exposure alters circuit formation with the ACC 

during a critical window of synaptic development. In particular, I focused on the early 

postnatal period when USVs are produced (P6-P10) because DEP+MS exposure disrupts 

behavior during this window.  

The ACC receives excitatory synaptic inputs from several cortical and subcortical 

areas including the thalamus. Thalamocortical synapses (TC), which are formed from 

thalamic axonal inputs onto the cortical dendrites, can be identified by the juxtaposition 

of vesicular glutamate transporter-2 (VGlut2) positive presynaptic terminals and PSD-95 

positive postsynaptic densities (Nakamura et al., 2005).  Importantly, thalamocortical 

pathways are critical for relaying subcortical sensory information to the cortex, and 

hypoconnectivity of these pathways has been reported in ASD and is thought to 
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underlie sensory processing issues in patients (Iidaka et al., 2019; Nair et al., 2013; Ouhaz 

et al., 2018).  Moreover, in my transcriptome analyses, I found a DEP+MS male-specific 

downregulation of excitatory synapse genes at P8, a time point corresponding to 

heightened TC synaptogenesis. Therefore, I wondered whether TC synapse 

development is affected in these animals.  

In early postnatal brain development, an exuberant period of synaptogenesis is 

closely followed by and overlaps with a period of synaptic pruning, where weak or 

unnecessary synapses are eliminated (Schafer et al., 2012). Disruption of either of these 

processes can profoundly affect both circuit formation and function. One mechanism of 

synaptic pruning and circuit refinement occurs via the activity-dependent engulfment of 

synaptic material by microglia (Paolicelli et al., 2011; Schafer et al., 2012). Microglia 

selectively phagocytose (or trogocytose) presynaptic structures, which are degraded 

through trafficking to lysosomal compartments  (Weinhard et al., 2018).  Increased 

microglial reactivity has been reported in several brain regions in ASD patients, 

although causality has been difficult to determine (Pardo et al., 2005; Vargas et al., 2005). 

In my analyses of the transcriptome of the PFC, I identified an enrichment of microglial 

genes and an upregulation of pathways involved in immune function, alongside a 

downregulation of synaptic genes in males (Chapter 2), suggesting a link between the 

two.  
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Although synapse formation and elimination have been described in other brain 

regions including the visual thalamus and barrel cortex (Gunner et al., 2019; Schafer et 

al., 2012), the exact timing of TC synapse formation and elimination in the ACC are 

unknown. Brain circuits have enhanced plasticity early in development and can be 

shaped by neuronal activity, experience and the environment. In sensory cortices such as 

visual and barrel cortex, this period of heightened plasticity is much more easily defined 

since it corresponds to discrete windows when new sensory information is being 

received (e.g. eye opening). The anterior cingulate cortex is considered a later 

developing cortical area, but sensitive periods of development, are much less defined, 

and specifically the peak period of synapse remodeling by microglia, is unknown.  

To first characterize the normal pattern of synaptic development in the ACC, I 

quantified synapse density and microglial engulfment during postnatal ages (P6-P15) in 

a naïve group of WT mice. Then to investigate whether prenatal DEP+MS exposures 

alters either synapse formation or elimination, I quantified thalamocortical synapses at 

P8, P15 and in Adulthood in male and female offspring. Furthermore, to investigate 

whether circuit refinement by microglia was altered I quantified microglial synapse 

engulfment during a critical window which was identified in wildtype animals.  
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4.2 Materials and Methods 

4.2.1 Animals and Prenatal Exposures 

All experiments were performed in accordance with the guidelines of the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 

Institutional Animal Care and Use Committee. For experiments in wildtype animals, we 

obtained adult male and female C57BL/6J mice from Jackson Laboratories (Bar Harbor, 

ME) and maintained an internal colony of breeding animals for all experiments 

4.2.1.1 Diesel Exhaust Particle Exposure 

Performed as previously described (30), briefly, adult females were time-mated 

and checked twice daily for the presence of a vaginal plug, considered to be E0. Females 

were paired in individually ventilated cages with specialized bedding (AlphaDri; 

Shepherd Specialty Papers, Milford, NJ) and ad libitum access to food (PicoLab Mouse 

Diet 5058; Lab-Diet, Philadelphia, PA) and filtered water. Females were treated with 

diesel exhaust particles (DEP) delivered via oropharyngeal aspiration. Beginning on E2, 

females were lightly anesthetized with 2% isoflurane and treated with either 50 μg of 

DEP suspended in 50 μL of PBS, 0.05% Tween-20, or vehicle alone (CON). Females 

received a total of six doses every 3 days from E2-E17.  

4.2.1.2 Maternal Stress/ Nest Restriction 

 To induce maternal stress, we utilized our adaptation of a previously described 

nest restriction model applied to the postnatal period (30, 31). Beginning at 5pm on E13, 
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control females receiving vehicle treatment were singly housed in a clean cage with full 

size nestlet (CON), and females exposed to DEP were housed in clean cages with a thin 

layer of bedding under an elevated fine-gauge aluminum mesh platform (mesh 

dimensions, 0.4 cm × 0.9 cm; McNichols Co., Tampa, FL) and provided with two-thirds 

of one square of felt-like nesting material (~1.9 g; MS group). This design results in two 

groups of dams: control dams (CON) and dams exposed to combined environmental 

stressors (DEP+MS). On E18.5 prior to the birth of pups, all dams were placed into a 

clean cage with a full size nestlet and were treated identically. All pups were born into 

standard caging environment and remained with the mother until tissue collection time 

point or weaning age ~P24, at which time mice were group housed with same-sex 

littermates at a maximum 5 animals per cage.  

 

4.2.2 Characterization of Normal Brain Development in the Anterior 
Cingulate Cortex 

To first establish the normal developmental timeline of thalamocortical synapse 

formation and elimination in the anterior cingulate cortex, we collected C57BL6/J mice at 

P6, P8, P10, P13 and P15. Two male and female littermate pairs were collected for each 

time point and TC synapse number and microglia phagocytic capacity and engulfment 

of synapses was assessed in only male offspring.  
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4.2.2.1 Immunohistochemistry 

For immunohistochemical (IHC) studies mice were anesthetized with 200 mg/kg 

tribromoethanol (avertin) and perfused with Tris-Buffered Saline (TBS, 25 mM Tris-base, 

135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 mM heparin, followed by 4% 

PFA in TBS. Brains were extracted and post-fixed in 4% PFA in TBS overnight at 4C. 

After fixation, brains were washed 3 times with TBS and transferred to a 30% 

sucrose/TBS solution for cryoprotection. Brains were frozen and embedded into a 

solution containing 2 parts 30% sucrose and 1 part OCT (Tissue Tek, Sakura, Torrance, 

CA), and stored at -80C. For synaptic staining brains were sections at 20 m thickness 

and stored floating in a 1:1 mixture of TBS/glycerol at -20C.  

For synaptic staining free-floating sections were washed 3 times for 10 minutes 

with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% Normal 

Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% Triton X-100 

in TBS for 1 hour at room temperature. Sections were incubated overnight at 4C with 

primary antibodies VGlut2 (Synaptic Systems, 1:2000) and PSD95 (Life Technologies, 

1:350) diluted in 5% NGS in TBS with 0.2% Triton X-100.  The following day sections 

were washed three times for 10 minutes with TBST. Secondary Alexa-fluorophore 

conjugated antibodies (Invitrogen, Carlsbad, CA) were diluted (1:200) in 5% NGS in TBS 

with 0.2% Triton X-100, and sections were incubated with secondary antibodies for 2 

hours at room temperature, protected from light. During the last five minutes of 
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secondary incubation DAPI was added to achieve a dilution of 1:40,000 (ThermoFisher 

D1306). After incubation, sections were washed three times for 15 minutes in TBS and 

mounted with an in-house mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-

propyl gallate).  

For microglia engulfment staining free-floating sections were washed 3 times for 

10 minutes with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% 

Normal Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% Triton 

X-100 in TBS for 1 hour at room temperature. Sections were incubated overnight at room 

temperature with primary antibodies Iba1 (Synaptic Systems, 1:1000), P2ry12 (Anaspec, 

1:2000), CD68 (Biolegend 1:500), VGlut2 (Synaptic Systems, 1:2000) diluted in 5% NGS in 

TBS with 0.2% Triton X-100.  The following day sections were washed three times for 10 

minutes with TBST. Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, 

Carlsbad, CA) were diluted (1:200) in 5% NGS in TBS with 0.2% Triton X-100, and 

sections were incubated with secondary antibodies for 2 hours at room temperature, 

protected from light. Importantly, due to the limitations of channels,  secondaries for 

Iba1 and P2ry12 were on the same fluorophores. During the last five minutes of 

secondary incubation DAPI was added to achieve a dilution of 1:40,000 (ThermoFisher 

D1306). After incubation, sections were washed three times for 15 minutes in TBS and 

mounted with an in-house mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-

propyl gallate).  
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Image acquisition of synapses and microglia was performed in layer 1 (L1) of the 

ACC. We chose to conduct our analyses in L1, because this layer contains sparse 

neuronal cell bodies, and receives dense axonal inputs from both thalamic and 

neighboring regions. For synapse quantification 5.1 mm-thick confocal images (optical 

section depth 0.33 μm, 15 sections/scan) were acquired at 60× magnification plus 1.4× 

optical zoom using the Zeiss 880. For microglia analyses confocal images (optical section 

depth 0.33 μm, 50-100 sections/scan) were acquired at 60× magnification plus 2.0× zoom 

using the Zeiss 880.  

4.2.2.2 Quantification of Synapse Number 

Maximum projections of 3 consecutive optical sections were generated using 

ImageJ. The Puncta Analyzer Plugin (available at: https://github.com/physion/puncta-

analyzer) for ImageJ was used to count the number of colocalized synaptic puncta. The 

individual analyzing the images was always blinded to the experimental conditions. At 

least 5 maximum projections per brain, from 3 brain sections per animal, were analyzed 

using a nested t-test. 

4.2.2.3 Quantification of Microglial Engulfment 

An entire microglia cell was captured with 0.33 um step size. Huygens 

Professional 19.10.0p3 64b was used to deconvolve images. Imaris 9.5.1 was used to 

create surface renderings of individual microglia cells using the combined Iba1+P2ry12 
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channel, the microglia surface was used to mask objects within this surface. Surfaces of 

CD68 and VGlut2 within the microglia surface were generated, furthermore CD68 was 

used to generate a mask of objects within CD68 surface inside microglia, and a 3-D 

rendering of VGlut2 within this surface was also generated.  Volume of phagocytes 

(CD68) and engulfed thalamocortical inputs (VGlut2) is normalized to cell volume.   

4.2.3 Anterior Cingulate Cortex Development in Combined Stress 
Offspring 

To investigate whether prenatal DEP+MS alters TC synapse development 

synaptic staining was performed at P8, P15 and P100 in male and female offspring for 

CON and DEP+MS conditions. Furthermore to investigate whether microglial 

elimination of TC is altered in DEP+MS male microglia, TC synapse engulfment of 

microglia was quantified at P10 in CON and DEP+MS male offspring.  

4.2.3.1 Immunohistochemistry 

For immunohistochemical (IHC) studies mice were anesthetized with 200 mg/kg 

tribromoethanol (avertin) and perfused with Tris-Buffered Saline (TBS, 25 mM Tris-base, 

135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 mM heparin, followed by 4% 

PFA in TBS. Brains were extracted and post-fixed in 4% PFA in TBS overnight at 4C. 

After fixation, brains were washed 3 times with TBS and transferred to a 30% 

sucrose/TBS solution for cryoprotection. Brains were frozen and embedded into a 

solution containing 2 parts 30% sucrose and 1 part OCT (Tissue Tek, Sakura, Torrance, 

CA), and stored at -80C. For synaptic staining brains were sections at 20 m thickness, 



 

 86 

for cell counting and microglia reconstructions brains were sectioned at 40 m, tissue 

sections were stored floating in a 1:1 mixture of TBS/glycerol at -20C.  

For synaptic staining free-floating sections were washed 3 times for 10 minutes 

with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% Normal 

Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% Triton X-100 

in TBS for 1 hour at room temperature. Sections were incubated overnight at 4C with 

primary antibodies VGlut2 (Synaptic Systems, 1:2000) and PSD95 (Life Technologies, 

1:350) diluted in 5% NGS in TBS with 0.2% Triton X-100.  The following day sections 

were washed three times for 10 minutes with TBST. Secondary Alexa-fluorophore 

conjugated antibodies (Invitrogen, Carlsbad, CA) were diluted (1:200) in 5% NGS in TBS 

with 0.2% Triton X-100, and sections were incubated with secondary antibodies for 2 

hours at room temperature, protected from light. During the last five minutes of 

secondary incubation DAPI was added to achieve a dilution of 1:40,000 (ThermoFisher 

D1306). After incubation, sections were washed three times for 15 minutes in TBS and 

mounted with an in-house mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-

propyl gallate).  

For microglia engulfment staining free-floating sections were washed 3 times for 

10 minutes with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% 

Normal Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% Triton 

X-100 in TBS for 1 hour at room temperature. Sections were incubated overnight at room 
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temperature with primary antibodies Iba1 (Synaptic Systems, 1:1000), P2ry12 (Anaspec, 

1:2000), CD68 (Biolegend 1:500), VGlut2 (Synaptic Systems, 1:2000) diluted in 5% NGS in 

TBS with 0.2% Triton X-100.  The following day sections were washed three times for 10 

minutes with TBST. Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, 

Carlsbad, CA) were diluted (1:200) in 5% NGS in TBS with 0.2% Triton X-100, and 

sections were incubated with secondary antibodies for 2 hours at room temperature, 

protected from light. Importantly, due to the limitations of channels, secondaries for 

Iba1 and P2ry12 were on the same fluorophores. During the last five minutes of 

secondary incubation DAPI was added to achieve a dilution of 1:40,000 (ThermoFisher 

D1306). After incubation, sections were washed three times for 15 minutes in TBS and 

mounted with an in-house mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-

propyl gallate).  

For cell density staining free-floating sections were washed 3 times for 10 

minutes with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% 

Normal Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% Triton 

X-100 in TBS for 1 hour at room temperature. Sections were incubated overnight at 4C  

with primary antibodies NeuN (Millipore, 1:250), Sox9 (Millipore, 1:2000), Olig2 

(Millipore 1:2000) diluted in 5% NGS in TBS with 0.2% Triton X-100.  The following day 

sections were washed three times for 10 minutes with TBST. Secondary Alexa-

fluorophore conjugated antibodies (Invitrogen, Carlsbad, CA) were diluted (1:200) in 5% 
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NGS in TBS with 0.2% Triton X-100, and sections were incubated with secondary 

antibodies for 2 hours at room temperature, protected from light. During the last five 

minutes of secondary incubation DAPI was added to achieve a dilution of 1:40,000 

(ThermoFisher D1306). After incubation, sections were washed three times for 15 

minutes in TBS and mounted with an in-house mounting media (20mM Tris pH8.0, 90% 

Glycerol, 0.5% N-propyl gallate).  

Image acquisition of synapses and microglia was performed in layer 1 (L1) of the 

ACC. We chose to conduct our analyses in L1, because this layer contains sparse 

neuronal cell bodies, and receives dense axonal inputs from both thalamic and 

neighboring regions. For synapse quantification 5.1 mm-thick confocal images (optical 

section depth 0.33 μm, 15 sections/scan) were acquired at 60× magnification plus 1.4× 

optical zoom. For microglia analyses confocal images (optical section depth 0.33 μm, 50-

100 sections/scan) were acquired at 60× magnification plus 2.0× zoom. For cell counts 

confocal images (optical section depth 1.0 μm, 10 sections/scan) were acquired at 30× 

magnification with no zoom. All images were acquired using an Olympus FluoView 

3000 confocal.  

4.2.3.2 Thalamacortical Synapse Number 

Maximum projections of 3 consecutive optical sections were generated using 

ImageJ. The Puncta Analyzer Plugin (available at: https://github.com/physion/puncta-

analyzer) for ImageJ was used to count the number of colocalized synaptic puncta. The 
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individual analyzing the images was always blinded to the experimental conditions. At 

least 5 maximum projections per brain, from 3 brain sections per animal, were analyzed 

using a nested t-test. 

4.2.3.3 Microglial Engulfment of Synapses 

An entire microglia cell was captured with 0.33 um step size. Huygens 

Professional 19.10.0p3 64b was used to deconvolve images. Imaris 9.5.1 was used to 

create surface renderings of individual microglia cells using the combined Iba1+P2ry12 

channel, the microglia surface was used to mask objects within this surface. Surfaces of 

CD68 and VGlut2 within the microglia surface were generated, furthermore CD68 was 

used to generate a mask of objects within CD68 surface inside microglia, and a 3-D 

rendering of VGlut2 within this surface was also generated.  Volume of phagocytes 

(CD68) and engulfed thalamocortical inputs (VGlut2) is normalized to cell volume.  

4.2.3.4 Cell Counts 

 Cell counts for NeuN, Olig2 and Sox9 were performed in male and female CON 

and DEP+MS offspring at P8. Coronal brain sections (40 m) containing the ACC triple 

labeled with NeuN, Olig2 and Sox9. Confocal z-stacks of the ACC were acquired using 

the 30× objective on an Olympus FluoView 3000 microscope. Tile scans of 10 μm z-stacks 

were acquired for the entire ACC using a 1.0 μm step size. To expedite imaging, a neural 

network was trained to denoise images from the resonant scanner (102). Briefly, high-

resolution images were acquired using the galvanometer scanner. Gaussian noise was 
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added to reduce the signal-to-noise ratio to levels expected from the resonant scanner. 

These degraded images were used to train a neural network. This neural network model 

was applied to images acquired using a resonant scanner with the same objective and 

confocal. Restored images were stitched using the grid/collection stitching feature in Fiji 

(1.52p). Images were max-projected, and an ROI of the ACC was applied, the ROI was 

pseudo-layered into bins of 160-micron lengths from the midline to layer 6 of the ACC. 

Incomplete layers were not counted. Automated cell counting was performed using the 

U-Net deep neural network (103). Separate models were trained for each individual 

marker (NeuN, Olig2 and Sox9) and were manually verified for accuracy. 

4.2.4 Data Analysis 

All data analyses were performed using GraphPad Prism version 8.0 (San Diego, 

CA). Student’s t-test was used to analyze data sets with two groups. One-way ANOVAs 

were used to analyze data sets with more than two groups. Two-way ANOVAs were 

used to analyze data sets with two independent variables. Nested analyses were 

performed for sets of data using biological replicates. All data are represented as mean 

+/- SEM.  

4.3 Results 

4.3.1 The First and Second Postnatal Week Reflect a Critical Period 
for Synapse Formation and Elimination 

During this time frame, we found a five-fold increase in TC synapse density (Fig. 

14E). Furthermore, we found that the ACC becomes increasingly more organized and 
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pseudo-laminated (Fig. 14C-D). These data reveal that, between P6 and P15, concurrent 

synapse formation and elimination are taking place in the ACC, leading to an increase in 

structural organization.  

 

Figure 14: Thalamocortical synapses increase during the first two weeks of postnatal 

life.  
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(A) Thalamic inputs into the anterior cingulate cortex are pseudo layered and can be 

identified by VGlut2. (B) Thalamocortical synapses can be quantified by using the 

apparent co-localization of pre- and post-synaptic makers VGlut2 and PSD95 quantified 

by yellow signal. (C) Representative z-stack tile-scan images of thalamic inputs in the 

ACC, thalamic inputs increase in density and organization from P6-P15 in the ACC. (D-

E) Representative images of synapse density in layer 1 of the ACC, VGlut2 synapse 

density increases fivefold from P6 to P15 (n=4 animals/age; 3 biological 

replicates/animal, one-way ANOVA,  F (4, 48) = 7.153, p= 0.0001, post hoc Holm-Sidak's 

multiple comparisons test). ). ****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means ± SEM. 

 

In our assessment of normal development in WT mice, we found that microglia 

undergo a period of rapid development, dramatically increasing in density and coverage 

between P8 and P10 (Fig. 15A). To assess whether this period coincides with peak 

alterations in synapse elimination, we performed IHC using a cocktail of two pan 

microglia markers (Iba1, Ionized calcium-binding adaptor protein-1; P2yr12, purinergic 

receptor), and antibodies for microglia lysosomes (CD68) and TC inputs (VGlut2).  

Synaptic engulfment can be quantified by 3-D reconstructions of microglia to visualize 

internalized VGlut2 and lysosomal compartments within the cell (Fig. 15B-C). We found 

that lysosomal content/phagocytic activity (CD68 in microglia) was highest at P8 and 

was significantly diminished beginning at P10 (Fig. 15D). Furthermore, quantification of 

VGlut2+ inputs within microglia which were also co-localized with CD68+ lysosomes, 

revealed that TC synapse engulfment also peaks at P8 and is largely completed by P10 

(Fig. 15E).  These data show that the period between P8 and P10 represents a critical 

window of microglia engulfment of TC synapses.  Therefore, microglial dysfunction at 

this timepoint in development can have lasting consequences for brain connectivity.    
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Figure 15: Microglia synapse refinement diminishes after P8. 

(A) Representative images of synapses (VGlut2) and microglia (P2ry12 in the ACC 

across development. Microglia density and coverage change dramatically between P8 

and P10. (B) Synapse engulfment by microglia can be quantified by measuring synaptic 

material inside microglia. (C) Representative Imaris reconstruction of microglia with 

phagosomes and internalized synaptic material at P8 and P10 in WT untreated male 

mice. (D) Quantification of CD68 within microglia normalized to cell volume and 

normalized to P6 values (n= 2 animals/age; 5-10 cells/animal; one-way ANOVA, F (4, 63) 

= 7.128, p= 0.0001, post hoc Holm-Sidak's multiple comparisons test). (E) Quantification of 

VGlut2 internalized within phagosomes (CD68 (n= 2 animals/age; 5-10 cells/animal; one-

way ANOVA, F (4, 63) = 4.749, p= 0.0021, post hoc Holm-Sidak's multiple comparisons 

test). ****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means ± SEM. 
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4.3.2 Prenatal DEP+MS Alters Synapse Density in Male, but Not 
Female Offspring 

Next, to determine whether  TC synaptic structures were altered in the ACC of 

DEP+MS mice, we quantified the number of TC synapses in male and female offspring 

at P8, during the period of synaptogenesis when communication behavior is highly 

disrupted, at P15 when TC synapses reach their peak density, and in adulthood (>P60) 

when synapse density is relatively stable (Fig. 16A). At P8, we found a significant 

increase in the number of TC synapses in DEP+MS males, but not females (Fig. 16B). At 

P15, the timepoint of peak synapse abundance in WT mice, both male and female 

DEP+MS offspring had a significant reduction in TC synapse number compared to 

CON. However, this decrease in TC synapse number only persisted into adulthood in 

male offspring (Fig.16B). Importantly, the density and distribution of neurons (NeuN+), 

astrocytes (Sox9+Olig2-) and oligodendrocytes(Sox9-Olig2+) were unchanged in 

DEP+MS offspring (Fig. 18A-C). Taken together, these data show that DEP+MS males 

have an overgrowth of TC synapses at P8; however, this initial overgrowth is rapidly 

lost by P15 and results in a reduction in TC connections in the ACC, a phenotype that 

persists into adulthood only in males. Interestingly, in individuals with ASD, TC 

pathways are found to be hypo-connected, which may underlie sensory processing 

issues (Nair et al., 2013).  
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Figure 16: Thalamacortical synapse density is altered in DEP+MS males, but only 

transiently decreased in female DEP+MS offspring. 

(A) Representative images of thalamocortical synapses in CON male and DEP+MS 

across development. (B) Quantification of thalamocortical synapses at P8, P15 and P100 

in male and female CON and DEP+MS offspring (n=3 animals/condition/sex; 3 biological 

replicates/animal; nested t-test for all stats; P8 Males: t(28)=5.350, p<0.0001; P15 males: 

t(28)=2.655, p=0.0198; P100 Males: t(28)=2.695, p=0.0174; P8 Females: t(28)=1.696, 

p=0.0925; P15 Females: t(28)=2.210, p=0.0297; P100 Females: t(28)=0.9387, p=0.3823). ). 

****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means ± SEM. 
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Figure 17: U-net image restoration and segmentation. 

(A) To maximize acquisition speed, content-aware image restoration (CARE) u-net was 

used to restore lower resolution images acquired with resonant scanner. IHC was used 



 

 97 

to label neurons (NeuN), oligodendrocytes (Olig2) and astrocytes (Sox9). (B) Tile scan z-

stack images of ACC were acquired, restored and a standard ROI was placed for cell 

quantification. (C) Segmentation models were trained for each marker, (left) original 

image of max projected restored tile scans, (right) segmentation model performance, 

yellow outlines generated by u-net models, model accuracy was verified for each image, 

and any errors were manually corrected. 

 

 

Figure 18: Density of neurons, astrocytes and oligodendrocytes remains unchanged in 

DEP+MS offspring.  

(A) Quantification of neurons (NeuN+), oligodendrocytes (Olig2+), astrocytes (Sox9+) 

and cells double positive for Olig2 and Sox9 using u-net (n=3 mice/condition/sex, n=3 

biological replicates/mice, two-way ANOVA, condition x sex, stats for condition, NeuN: 
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F (1, 41) = 0.2346, p=0.6307 ; Olig2: F (1, 41) = 1.519, p=0.2248 ; Sox9: F (1, 41) = 2.730, 

p=0.1061; Sox9Olig2: F (1, 41) = 3.122, p=0.0847), no significant differences in density of 

neurons, oligodendrocytes or astrocytes at P8. (B) Representative images of the ACC, a 

standard bin size of 160 microns was applied across image to determine differences in 

distribution. ROI’s correspond roughly to cortical layers labeled below. (C) No 

significant differences in the distribution of cells across binned ROIs. Two-way ANOVA, 

condition x sex (A), ANCOVA (C). ****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. Means ± 

SEM. 

 

4.3.3 Microglia From DEP+MS Males Are Less Phagocytic and Engulf 
Fewer Synapses  

To determine whether rapid atrophy of TC synapses in males can be attributed to 

enhanced and prolonged microglial engulfment during this period (P8-P15), we next 

investigated whether DEP+MS male microglia had alterations in TC synapse engulfment 

at P10, when peak engulfment is completed in normal development (Fig. 19A). 

Surprisingly, we found that DEP+MS microglia were engulfing significantly less 

synapses (Fig. 19A-B). In line with these data, phagocytic activity was also significantly 

diminished in microglia from DEP+MS males (Fig. 19C). Intriguingly this change was 

not due to a significant reduction in volume of CD68 (Fig. 19D); but instead we found 

that there was a significant difference in the distribution of CD68 volume, with subsets 

of high and low CD68 expressing cells (Fig. 19E-F), suggesting that there may be 

additional functional changes in male DEP+MS microglia. In sum, microglia from male 

DEP+MS offspring engulf fewer TC synapses at P10, are less phagocytic and have 

alterations in the distribution of CD68.  Taken together, our results indicate two 

unexpected phenomena. First, contrary to our initial hypothesis, microglia from 



 

 99 

DEP+MS males have diminished phagocytic function overall and secondly, this 

diminished function is only strongly affecting a subset of microglia.  

 

Figure 19: Microglia from DEP+MS male offspring are less phagocytic and engulf 

fewer synapses.  

(A) Representative surface rendered microglia from the ACC of P10 CON and DEP+MS 

male offspring labeled with P2ry12+Iba1, VGlut2 and CD68. (B-C) DEP+MS male 

microglia engulf fewer VGlut2 inputs and have significantly less lysosomal content 

(phagocytic index), (n = 3–4 replicates/mouse, 3 mice/condition, 110 total images 

analyzed, nested t-test, B: t(73)=2.285, p=0.0262; C: t(73)=3.357, p=0.0013). (D) No 

significant difference in mean CD68 volume, but CD68 volume distribution is altered in 

DEP+MS male microglia, red boxes. (n = 3–4 replicates/mouse, 3 mice/condition, 110 

total images analyzed, nested t-test, t(73)=1.008, p=0.3166). (E) histogram of CD68 

content within P10 microglia from CON males. (F) Histogram of CD68 content within 

P10 microglia from DEP+MS males. Levene’s test for homogeneity of variances (CON vs 
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DEP+MS, F(1, 73)=6.6787, p=0.0117). ). ****P<0.0001, ***P<0.001, **P < 0.01, *P < 0.05. 

Means ± SEM. 

 

4.4 Discussion 

In mammals, the period shortly after birth is characterized by rapid synapse 

formation. Across the brain an exuberant number of synapses are formed, and this 

period is followed and overlaps with a period of refinement known as synapse 

elimination (Chung et al., 2015). Both the appropriate formation and refined of these 

connections is critical for proper brain wiring.  

Because thalamocortical synapse development is poorly defined in the anterior 

cingulate cortex, I began this study by investigating the normal pattern of this 

development in wildtype animals.  In this investigation, I found that thalamocortical 

synapse density rapidly increases from P6 to P15, furthermore the lamination of this 

brain regions becomes increasingly organized during this same period. To determine 

whether microglia selectively eliminate synapses more highly during a specific period, I 

quantified CD68 within microglia, which is a proxy of lysosomal activity and quantified 

the internalization of thalamocortical inputs within microglia.  I found that microglia 

were highly phagocytic at P8, which unsurprisingly also coincided with the period of 

maximal engulfment of thalamic inputs.  

Once I established this developmental pattern, I investigated whether prenatal 

exposure to DEP+MS altered the number of thalamocortical synapses in male and female 

offspring. I found that at P8, when I see striking behavioral differences in both males 
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and females, only males have a significant increase in TC density. Specifically, prenatal 

DEP+MS induces a more than two-fold increase in thalamocortical synapse density in 

male offspring. This increase cannot be explained by a change in cell number, as the 

number of neurons, astrocytes and oligodendrocytes remained unchanged. 

Interestingly, this pattern was not observed in female offspring. Collectively, these 

findings once again support my hypothesis that male offspring are more vulnerable to 

changes in brain wiring.  

In my previous transcriptome analysis of the neonatal prefrontal cortex, I found 

a male specific downregulation of synaptic genes at P8. While, here I find an increase in 

TC synapse density at the same age, these sex-specific findings are in agreement with 

the transcriptome findings which also demonstrated sex-specificity. Although 

directionality between these two data sets seems discrepant, my transcriptome analyses 

were from dissected prefrontal cortices which would include several other cortical 

regions and parts of the striatum. By comparison, the analysis of TC synapse density 

was performed in the ACC using a marker for a specific type of glutamatergic synapse. 

Thus, differences in brain region and synapse specificity may make it difficult to do a 

direct comparison between these two data sets.  However, while I found that TC 

synapse density is increased in the ACC of DEP+MS males, it’s possible that synapse 

number is grossly altered across many different cortical areas. Collectively both of these 

data sets implicate synapse dysfunction only in male offspring.   
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But what could explain the increase in TC synapse density? While microglia are 

known to secrete factors which promote synapse formation (e.g. IL-10 and BDNF) (Lim 

et al., 2013; Parkhurst et al., 2013b), microglia density at this age is quite low density and 

would be unable to account for the size of this increase.  These data suggest that are 

other cells, potentially astrocytes, which mediate synapse formation, functional 

maturation, and elimination, (Allen & Eroglu, 2017) might be responsible for this 

observed increase. A single astrocyte in the mouse cortex can contact up to 100,000 

synapses (Bushong et al., 2002). Astrocytes secrete proteins, such as Hevin and 

thrombospondins, which induce the formation of synapses (Christopherson et al., 2005; 

Singh et al., 2016; Stogsdill et al., 2017).  Given the territory that a single astrocyte 

contacts and given the size of the increase in synapse density, the observed increase in 

TC synapse density in DEP+MS males is likely mediated via alterations astrocytes.   

To investigate whether these changes persist across development, I quantified 

TC synapses at P15, when synapse density reaches its peak, and in adulthood when 

synapses are relatively stable. I found that both male and female offspring had a 

significant decrease in the density of TC synapses at P15. Thus, the initial overgrowth in 

DEP+MS males was followed by a rapid atrophy of synapses. Furthermore, while 

females did not have significant difference in synapse density at P8, at P15 they showed 

a similar reduction to males. This phenotype persisted into adulthood in males, but not 

DEP+MS females. These data suggest that brain circuitry in females is also being altered, 
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but perhaps the female brain is able to compensate, or alternatively, the mechanisms of 

compensation are overactive in DEP+MS males.   

My initial hypothesis was that prenatal MIA, would induce microglial activation 

and result in excessive elimination of TC synapses by microglia.  However, when I 

quantified synaptic engulfment, I instead found that microglia were engulfing fewer 

synapses, suggesting that this rapid atrophy of inputs cannot be explained by over 

engulfment by microglia.  Synapses can also be removed via other mechanisms 

including astrocyte-mediated elimination (Chung et al., 2013a). Importantly, a number 

of studies revealed important roles for astrocytes in controlling TC synapse formation 

and maturation (Risher et al., 2014; Singh et al., 2016; Stogsdill et al., 2017), thus 

inadequate astrocyte support might result in weak synapses, which are eliminated either 

by astrocytes or cell autonomous mechanisms. Furthermore, neuroimmune insults are 

known to trigger different reactive profiles in astrocytes which may also be happening 

in DEP+MS male brains, potentially underlying synapse loss and circuit dysfunction 

(Liddelow et al., 2017). 

Lastly, when analyzing microglial elimination of synapses, I found that microglia 

were less phagocytic and engulfed fewer synapses. Intriguingly this change in 

phagocytic activity was not due to a significant overall reduction in volume of CD68, but 

instead I found that there was a significant difference in the distribution of CD68 

volume, with subsets of high and low CD68 expressing cells, suggesting that DEP+MS 
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might be inducing additional functional changes in male microglia, but perhaps only in 

a subset of cells.  

 Taken together these findings reveal that environmental factors such as prenatal 

exposure to environmental toxins can modify brain connectivity and synaptic 

architecture. While the genetic basis for synaptic dysfunction in ASD is well established, 

how environmental factors alter synapse development is not well understood. ASD has 

been associated with genetic mutations affecting both glutamatergic and GABAergic 

synaptic proteins including Neurexins/Neuroligins, the SHANK family, MeCP2 and 

CNTNAP2 (Gao & Penzes, 2015). Due to the limited number of postmortem ASD brain 

samples, only a few studies have directly examined synaptic alterations. In these limited 

studies, researchers have found increased dendritic spine density, as well as immature 

spine morphology (Hutsler & Casanova, 2016; Tang et al., 2014). These alterations, 

reported by two separate groups, have been observed in layer II cortical neurons in the 

dlPFC (Hutsler & Casanova, 2016), as well as layer V pyramidal neurons of Broadman 

Area 21 ((Tang et al., 2014); both cortical regions important for social behavior and 

communication. Although Tang et al. (2014) found increased spine density across both 

age groups examined (2-9 yrs, 13-19 yrs), the largest effect was in the adolescent group. 

In control populations there was a 45% reduction in dendritic spines from childhood to 

adolescence, which is characteristic of synaptic pruning. By contrast, the same process in 
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ASD individuals resulted in only a 16% reduction, indicating that excessive dendritic 

spines may be due to defective spine pruning.  

In my findings, synapse density in the ACC was increased early in development, 

and later excessively reduced. The current studies in humans are limited in number and 

have not described this rapid atrophy observed in DEP+MS males. Differences in 

markers, age, brain region could explain these differences, but more importantly the 

described studies have not yet been performed in an immune-mediate subtype of autism 

and very limited in number.  

In conclusion, in DEP+MS male mice I found an early overabundance of TC 

synapses by the end of the first postnatal week; however, by P15, this phenotype was 

reversed and sustained into adulthood, suggesting that altered synaptic development 

leads to persistent brain miswiring in social circuits.  Although synapses can be lost due 

to excessive synapse elimination by microglia cells, which were also implicated in our 

sequencing analysis, investigation of microglial engulfment revealed that the loss of TC 

synapses could not be readily explained by excess synapse elimination by microglia. 

Instead, microglia from DEP+MS males were less phagocytic and engulfed fewer 

synapses.   
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5. Microglia Are Functionally Heterogenous Early in 
Development, and Prenatal Exposure to Toxins Induces 
a Loss of Function in a Subset of Microglia  

5.1 Introduction 

In the previous chapter, I found that male DEP+MS microglia have diminished 

TC input engulfment by microglia at P10. These data suggest that prenatal DEP+MS 

alters microglia function. A number of postmortem studies have revealed that microglia 

are dysfunctional in individuals with autism. Microglia in ASD individuals display 

increased amoeboid morphology and are positive for traditional activation markers. 

Additionally, there are increased numbers of microglia in the dorsal lateral PFC (dlPFC), 

as well as the cerebral cortex and microglia-neuron interactions are altered (Morgan et 

al., 2010; Tetreault et al., 2012). Furthermore, transcriptome studies have identified a 

module which is enriched for microglial and immune genes in the autistic brain 

(Voineagu et al., 2011), intriguingly, these same modules are found to be expressed at 

higher levels in the cortex of male fetuses (Werling et al., 2016), suggesting male 

immune/microglia response might underlie the sex bias in disease susceptibility.  

The aim of this chapter is to 1. Investigate whether changes in microglia density 

could explain alterations in microglia synapse interactions, 2. Investigate whether 

prenatal DEP+MS alters the expression of microglial proteins known to be altered in 

inflammatory conditions. 3. To investigate functional changes in microglia due to 

protein expression and prenatal treatment. 4. Finally, given evidence of microglia loss of 
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function in aims 2-3, I wanted to determine whether microglia loss of function could 

underlie observed DEP+MS behavioral phenotypes.   

To investigate changes in microglia density I used antibodies, P2ry12 and Iba1 

which are commonly used to quantify microglia density but have been occasionally 

described to change in inflammatory conditions. P2ry12 and Iba1 each have important 

roles in microglia function and are known to be expressed at varying levels within 

microglia reflecting different cellular states. For example, P2ry12, which is a G protein-

coupled purinergic receptor, is necessary for ADP/ATP-mediated chemotaxis and 

microglial process extension to sites of brain injury (Haynes et al., 2006; Ohsawa et al., 

2010). Furthermore, pharmacological block or deletion of P2ry12 during development 

leads to reduced critical period plasticity (Sipe et al., 2016).  Moreover, immune 

activation severely diminishes P2ry12 expression in microglia (Eyo et al., 2014; 

Swiatkowski et al., 2016). On the other hand, Iba1, an ionized calcium-binding adaptor 

protein, is known to modulate actin reorganization and facilitate cell migration as well 

as phagocytosis by microglia (Ito et al., 1998). Iba1 has also been known to increase with 

some inflammatory insults (Ito et al., 1998; Ito et al., 2001; Ohsawa et al., 2000). Thus, 

changes in the expression of either one of these markers could reflect state changes 

reflecting different pathology. To investigate whether changes in the expression of these 

proteins could alter critical functions in development, I quantified microglial phagocytic 
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activity and microglial TC synapse engulfment as a function of the expression of these 

markers.  

5.2 Materials and Methods 

5.2.1 Animals, Prenatal Exposures and Microglia Elimination 

All experiments were performed in accordance with the guidelines of the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 

Institutional Animal Care and Use Committee. For experiments in wildtype animals, we 

used C57BL/6J mice from an internal colony maintained in our lab. Original colony was 

established by purchasing adult male and female C57BL/6J mice from Jackson 

Laboratories (Bar Harbor, ME).  

5.2.1.1 Diesel Exhaust Particle Exposure 

Adult females were time-mated and checked twice daily for the presence of a 

vaginal plug, considered to be E0. Females were paired in individually ventilated cages 

with specialized bedding (AlphaDri; Shepherd Specialty Papers, Milford, NJ) and ad 

libitum access to food (PicoLab Mouse Diet 5058; Lab-Diet, Philadelphia, PA) and filtered 

water. Females were treated with diesel exhaust particles (DEP) delivered via 

oropharyngeal aspiration. Beginning on E2, females were lightly anesthetized with 2% 

isoflurane and treated with either 50 μg of DEP suspended in 50 μL of PBS, 0.05% 

Tween-20, or vehicle alone (CON). Females received a total of six doses every 3 days 

from E2-E17.  
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5.2.1.2 Maternal Stress/ Nest Restriction 

  To induce maternal stress, we utilized a prenatal nest restriction model (30, 31). 

Beginning at 5pm on E13, control females receiving vehicle treatment were singly 

housed in a clean cage with full size nestlet (CON), and females exposed to DEP were 

housed in clean cages with a thin layer of bedding under an elevated fine-gauge 

aluminum mesh platform (mesh dimensions, 0.4 cm × 0.9 cm; McNichols Co., Tampa, 

FL) and provided with two-thirds of one square of felt-like nesting material (~1.9 g; MS 

group). This design results in two groups of dams: control dams (CON) and dams 

exposed to combined environmental stressors (DEP+MS). On E18.5 prior to the birth of 

pups, all dams were placed into a clean cage with a full size nestlet and were treated 

identically. All pups were born into standard caging environment and remained with 

the mother until weaning age ~P24, at which time mice were group housed with same-

sex littermates at a maximum 5 animals per cage.  

5.2.1.3 Microglial Ablation 

For microglia ablation studies, we used a Cx3cr1-CreBT BAC transgenic mice 

generated by the GENSAT project which targets cells that express Cx3cr1, such as brain 

macrophages (microglia).  Due to mixed lineage, Cx3cr1-CreBTtg/0 were backcrossed to 

C57BL6/J mice for six generations. Cx3cr1-CreBT were crossed to iDTR mice which in 

the presence of Cre induces the expression of a diphtheria toxin receptor. These mice 

(C57BL/6-Gt(ROSA) 26Sortm1(HBEGF)Awai/J) were obtained from Jackson Laboratories 
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(Bar Harbor, ME) and an internal colony was generated for future use. To eliminate 

microglia, a Cx3cr1-CreBTtg/0  females were mated to iDTR tg/tg males to generate 

offspring that either carry 1 or 0 copies of the cre transgene, and all carried 1 copy of the 

iDTR transgene ( Cx3cr1-CreBTtg/0, iDTR tg/0 ; Cx3cr1-CreBT0/0, iDTR tg/0). Cells expressing 

cre, expressed a diphtheria toxin receptor, thus allowing us to use DT to eliminate 

microglia.  

After birth, all offspring received 80 ng i.p. injection of diphtheria toxin 

(Diphtheria Toxin, Unnicked, Corynebacterium diphtheriae – Calbiochem, EMD 

Millipore, Burlington, MA) at P5 and P7, effectively eliminating >95% of microglia in the 

ACC. Pups were raised into adulthood and USVs were collected from males ~P60.   

5.2.2 Microglial Heterogeneity 

5.2.2.1 Microglia Density and Heterogeneity Cell Counts 

For immunohistochemical (IHC) studies mice were anesthetized with 200 mg/kg 

tribromoethanol (avertin) and perfused with Tris-Buffered Saline (TBS, 25 mM Tris-base, 

135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 mM heparin, followed by 4% 

PFA in TBS. Brains were extracted and post-fixed in 4% PFA in TBS overnight at 4C. 

After fixation, brains were washed 3 times with TBS and transferred to a 30% 

sucrose/TBS solution for cryoprotection. Brains were frozen and embedded into a 

solution containing 2 parts 30% sucrose and 1 part OCT (Tissue Tek, Sakura, Torrance, 
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CA), and stored at -80C. Brains were sectioned at 20-30 m thickness and tissue sections 

were stored floating in a 1:1 mixture of TBS/glycerol at -20C.  

To label microglia, free-floating sections were washed 3 times for 10 minutes 

with TBS with 0.5% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% Normal 

Donkey Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.5% Triton X-

100  in TBS for 1 hour at room temperature. Primary antibodies (Goat-Iba 1:500, Novus 

Biologicals, Littleton Colorado; Rabbit-P2y12, Anaspec, Fremont, CA; Rat-CD68 1:500, 

Biolegend, San Diego, CA) were diluted in blocking buffer (5% Normal Donkey Serum 

with 0.5% Triton X-100s in TBS). Sections were incubated overnight at room temperature 

with primary antibodies and washed three times for 10 minutes with TBS the following 

day. Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, Carlsbad, CA, 

Donkey anti-goat 488, Donkey anti-rat 594, Donkey anti-rabbit 647) were diluted (1:500) 

in blocking buffer (5% Normal Donkey Serum with 0.5% Triton X-100s in TBS), and 

sections were incubated with secondary antibodies for 2 hours at room temperature, 

protected from light. During the last five minutes of secondary incubation DAPI was 

added to achieve a dilution of 1:40,000 (ThermoFisher D1306). After incubation, sections 

were washed three times for 15 minutes in TBS and mounted with an in-house 

mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-propyl gallate).  

Image acquisition of microglia was performed in the ACC in tissue from CON and 

DEP+MS offspring at P8, P15 and P100. Confocal z-stacks of the ACC were acquired 
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using the 30× objective on an Olympus FluoView 3000 microscope. Tile scans of 10 μm z-

stacks were acquired for the entire ACC using a 1.0 μm step size. Images were stitched 

using the Olympus confocal software (various versions). Stitched images were imported 

into Fiji and max projected. Images were rotated such that a standard ROI beginning at 

the midline could be applied to acquired images. The ROI was pseudo-layered into bins 

of 160-micron lengths from the midline to layer 6 of the ACC. Cells were counted 

manually by layer using the Fiji cell counter feature. Incomplete layers were not counted 

Cells positive for either Iba1 or P2ry12 and DAPI were counted. Total microglia density 

was the total number of cells that were positive for either Iba1 or P2ry12. Heterogenous 

microglia cells are considered cells expressing only high levels of one microglia marker 

(Iba1hiP2ry12lo, Iba1loP2ry12hi). Percent heterogeneity was quantified as number of singly 

high labeled microglia over total number of all microglia cells.   

5.2.2.2 Microglial Heterogeneity CD68 Content 

P8 CON and DEP+MS male mice were anesthetized with 200 mg/kg 

tribromoethanol (avertin) and perfused with Tris-Buffered Saline (TBS, 25 mM Tris-base, 

135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 mM heparin, followed by 4% 

PFA in TBS. Brains were extracted and post-fixed in 4% PFA in TBS overnight at 4C. 

After fixation, brains were washed 3 times with TBS and transferred to a 30% 

sucrose/TBS solution for cryoprotection. Brains were frozen and embedded into a 

solution containing 2 parts 30% sucrose and 1 part OCT (Tissue Tek, Sakura, Torrance, 
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CA), and stored at -80C. Brains were sectioned at 40 m thickness and tissue sections 

were stored floating in a 1:1 mixture of TBS/glycerol at -20C.  

To label microglia, free-floating sections were washed 3 times for 10 minutes 

with TBS with 0.5% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% Normal 

Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.5% Triton X-100  

in TBS for 1 hour at room temperature. Primary antibodies (Chicken-Iba1:500, Synaptic 

Systems, Göttingen, Germany; Rabbit-P2y12, Anaspec, Fremont, CA; Rat-CD68 1:500, 

Biolegend, San Diego, CA) were diluted in blocking buffer (5% Normal Goat Serum with 

0.5% Triton X-100s in TBS). Sections were incubated overnight at room temperature with 

primary antibodies and washed three times for 10 minutes with TBS the following day. 

Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, Carlsbad, CA, Goat 

anti-chicken 488, Goat anti-rat 594, Goat anti-rabbit 647) were diluted (1:500) in blocking 

buffer (5% Normal Donkey Serum with 0.5% Triton X-100s in TBS), and sections were 

incubated with secondary antibodies for 2 hours at room temperature, protected from 

light. During the last five minutes of secondary incubation DAPI was added to achieve a 

dilution of 1:40,000 (ThermoFisher D1306). After incubation, sections were washed three 

times for 15 minutes in TBS and mounted with an in-house mounting media (20mM Tris 

pH8.0, 90% Glycerol, 0.5% N-propyl gallate).  

 Confocal z-stacks of the ACC were acquired using the 30× objective on an 

Olympus FluoView 3000 microscope. Using the resonant scanner tile scans of 20 μm z-
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stacks were acquired for the entire ACC using a 0.35 μm step size. Images were stitched 

using the grid/collection stitching feature of Fiji (1.52p). To enable the expedited 

acquisition of large tile scanned images, a deep neural network (U-Net) was utilized to 

denoise images (Weigert et al., 2018). Briefly, high-resolution images were acquired 

using the galvanometer scanner. Gaussian noise was added to reduce the signal-to-noise 

ratio to levels expected from the resonant scanner. These degraded images were used to 

train a neural network. This neural network model was applied to images acquired 

using a resonant scanner with the same objective and confocal.  Imaris software 9.5.1 

was used to create surface renderings of individual markers for the entire ACC, which 

allowed the same threshold application across the entire image. Cells were identified as 

being as single or double positive for microglial markers and CD68 content within each 

cell was rendered. For cells positive for both markers, CD68 was rendered within Iba1 

and P2ry12 surface. Microglia volume of Iba1 and/or P2ry12 was acquired and volume 

of Cd68 microglia surface makers was quantified. For cells double positive, the mean 

volume of Iba1 and P2ry12 was used for the volume of the cell and the mean volume of 

CD68 within each marker was used to determine the phagocytic index. Phagocytic index 

was calculated by dividing CD68 volume by the cell volume.  
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Figure 20: Quantification of CD68 within heterogenous microglia 

(A) 30X tile scanned z-stack images were acquired on a confocal. (B) Surface renderings 

were generated for heterogenous microglia subtypes (Gray, Iba1hiP2ry12hi; Green, 

Iba1hiP2ry12lo; Magenta, Iba1loP2ry12hi). (C) Microglia cell surface was used to mask 
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CD68 content within microglia, volume of microglia and CD68 was used to calculate 

phagocytic index.  

 

5.2.2.3 Microglial Heterogeneity Engulfment of Thalamocortical Synapses 

Mice were anesthetized with 200 mg/kg tribromoethanol (avertin) and perfused 

with Tris-Buffered Saline (TBS, 25 mM Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) 

supplemented with 7.5 mM heparin, followed by 4% PFA in TBS. Brains were extracted 

and post-fixed in 4% PFA in TBS overnight at 4C. After fixation, brains were washed 3 

times with TBS and transferred to a 30% sucrose/TBS solution for cryoprotection. Brains 

were frozen and embedded into a solution containing 2 parts 30% sucrose and 1 part 

OCT (Tissue Tek, Sakura, Torrance, CA), and stored at -80C. Brains were sectioned at 

20-30 m thickness and tissue sections were stored floating in a 1:1 mixture of 

TBS/glycerol at -20C.  

To label microglia and synapses, free-floating sections were washed 3 times for 

10 minutes with TBS with 0.2% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% 

Normal Donkey Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.2% 

Triton X-100  in TBS for 1 hour at room temperature. Primary antibodies (Chicken-

Iba1:500, Synaptic Systems, Göttingen, Germany; Rabbit-P2y12, Anaspec, Fremont, CA; 

Guinea Pig-VGlut2 1:2000, Synaptic Systems, Göttingen, Germany) were diluted in 

blocking buffer (5% Normal Donkey Serum with 0.2% Triton X-100s in TBS). Sections 

were incubated in primary antibody for 1 overnight at room temperature and another 
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overnight at 4C. The following day sections were washed three times for 10 minutes 

with TBST. Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, Carlsbad, 

CA, Goat anti-chicken 488, Goat anti-guinea pig 594, Goat anti-rabbit 647) were diluted 

(1:200) in blocking buffer (5% Normal Goat Serum with 0.2% Triton X-100 in TBS), and 

sections were incubated with secondary antibodies for 2 hours at room temperature, 

protected from light. During the last five minutes of secondary incubation DAPI was 

added to achieve a dilution of 1:40,000 (ThermoFisher D1306). After incubation, sections 

were washed three times for 15 minutes in TBS and mounted with an in-house 

mounting media (20mM Tris pH8.0, 90% Glycerol, 0.5% N-propyl gallate).  

Confocal z-stacks of microglia in the ACC were acquired using the 60× oil 

objective on an Olympus FluoView 3000 microscope with 2.0× zoom 1024 x 1024. An 

entire microglia cell was capture with 0.33 m step size. Huygens Professional 19.10.0p3 

64b was used to deconvolve each individual channel and images were recombined in 

Fiji. Imaris 9.5.1 was used to create a surface rendering of individual microglia cells 

labeled with either Iba1, P2ry12 or both.  The microglia cell volume was used to mask 

VGlut2 within the microglia cell and both the volume of the cell and VGlut2 were used 

to calculate synaptic engulfment.   
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5.2.3 Microglial Elimination 

5.2.3.1 Adult USVs in WT 

Prior to behavioral testing in adulthood, all animals were handled five times. 

Because males are the primary source of USVs in male-female encounters, adult USVs 

were only collected from male offspring using an estrous-induced courtship paradigm 

(Chabout et al., 2017; Chabout et al., 2015). In this paradigm, male mice, after gaining 

sexual experience, are exposed to sexually receptive WT stimulus animals for 5 minutes 

for 3 days. To identify sexually receptive females, stimulus females were vaginally 

swabbed, and cell morphology was assessed to identify females in estrous or proestrous 

(Byers et al., 2012). Females identified to be in estrous or proestrus were utilized as 

stimulus animals. USVs were recorded for 5 minutes using an externally polarized 

condenser microphone with a frequency range of 10-200 kHz attached to the Avisoft-

Ultrasound Gate recording software (Avisoft Bioacoustics, Berlin, Germany). WAV files 

were analyzed using MUPET. To filter noise, calls below 35 kHz were excluded, a noise-

reduction value of 8.8 was utilized with a minimum syllable duration of 2.0 msec.  

5.2.3.2 IHC Characterization of Microglia Elimination 

To establish the timeline for elimination and return of microglia IHC was used to 

label microglia. After DT injections at P5 and P7, animals with intact and ablated 

microglia were collected at P8, P11, P13 and P13. Mice were anesthetized with 200 

mg/kg tribromoethanol (avertin) and perfused with Tris-Buffered Saline (TBS, 25 mM 
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Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 mM heparin, 

followed by 4% PFA in TBS. Brains were extracted and post-fixed in 4% PFA in TBS 

overnight at 4C. After fixation, brains were washed 3 times with TBS and transferred to 

a 30% sucrose/TBS solution for cryoprotection. Brains were frozen and embedded into a 

solution containing 2 parts 30% sucrose and 1 part OCT (Tissue Tek, Sakura, Torrance, 

CA), and stored at -80C. Brains were sectioned at 40 m thickness and tissue sections 

were stored floating in a 1:1 mixture of TBS/glycerol at -20C.  

To label microglia, free-floating sections were washed 3 times for 10 minutes 

with TBS with 0.5% Triton X-100 (Roche, Indianapolis, IN) and blocked in 5% Normal 

Goat Serum (NGS; Jackson ImmunoResearch, West Grove, PA) with 0.5% Triton X-100  

in TBS for 1 hour at room temperature. Primary antibodies (Chicken-Iba1:500, Synaptic 

Systems, Göttingen, Germany; Rabbit-P2y12, Anaspec, Fremont, CA; Rat-CD68 1:500, 

Biolegend, San Diego, CA) were diluted in blocking buffer (5% Normal Goat Serum with 

0.5% Triton X-100s in TBS). Sections were incubated overnight at room temperature with 

primary antibodies and washed three times for 10 minutes with TBS the following day. 

Secondary Alexa-fluorophore conjugated antibodies (Invitrogen, Carlsbad, CA, Goat 

anti-chicken 488, Goat anti-rat 594, Goat anti-rabbit 647) were diluted (1:500) in blocking 

buffer (5% Normal Donkey Serum with 0.5% Triton X-100s in TBS), and sections were 

incubated with secondary antibodies for 2 hours at room temperature, protected from 

light. During the last five minutes of secondary incubation DAPI was added to achieve a 
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dilution of 1:40,000 (ThermoFisher D1306). After incubation, sections were washed three 

times for 15 minutes in TBS and mounted with an in-house mounting media (20mM Tris 

pH8.0, 90% Glycerol, 0.5% N-propyl gallate).  

 Confocal z-stacks of the hemi-coronal brain sections were taken in bregmas that 

contain the ACC. Images were acquired using the 20× objective on an Olympus 

FluoView 3000 microscope. Using the resonant scanner tile scans of 15 μm z-stacks were 

acquired for the entire ACC using a 1.0 μm step size. Images were stitched using 

Olympus software.  Images were max projected in Fiji and gross analysis of microglia 

elimination and return was determined.  

5.2.3.3 Adult USVs in Microglia Ablated Animals 

Prior to behavioral testing in adulthood, all animals were handled five times. 

Male mice were given two-overnight sexual experience with a sexually receptive female. 

Males were then singly housed for 2 overnights before being re-introduced to a sexually 

receptive WT female mice in a recording environment.  Mice that underwent neonatal 

microglia ablation were introduced to novel sexually receptive females for 5 minutes for 

3 days. To identify sexually receptive females, stimulus animals were vaginally 

swabbed, and cell morphology was assessed to identify females in estrous or proestrous 

(Byers et al., 2012). Females identified to be in estrous or proestrus were utilized as 

stimulus animals. USVs were recorded for 5 minutes using an externally polarized 

condenser microphone with a frequency range of 10-200 kHz attached to the Avisoft-
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Ultrasound Gate recording software (Avisoft Bioacoustics, Berlin, Germany). WAV files 

were analyzed using MUPET. To filter noise, calls below 35 kHz were excluded, a noise-

reduction value of 8.8 was utilized with a minimum syllable duration of 2.0 msec.  

5.2.4 Data Analysis 

All data analyses were performed using GraphPad Prism version 8.0 (San Diego, 

CA). Student’s t-test was used to analyze data sets with two groups. One-way ANOVAs 

were used to analyze data sets with more than two groups. Two-way ANOVAs were 

used to analyze data sets with two independent variables. Nested analyses were 

performed for sets of data using biological replicates. All data are represented as mean 

+/- SEM. See tables below for detailed statistical measures for all analyses.  

5.3 Results 

5.3.1 Microglia Are Heterogenous Early in Development 

In both CON and DEP+MS male offspring, we observed three types of microglia 

with respect to their differential expression of Iba1 and P2ry12. The majority of microglia 

highly expressed both Iba1 and P2ry12 (Fig. 21A, Iba1hiP2ry12hi, Fig. 21C, bottom left). 

On the other hand, some microglia expressed high levels of Iba1, but low levels of 

P2ry12 (Iba1hiP2ry12lo). These cells were often found in layers 2/3 and had a strikingly 

different morphology compared to Iba1hiP2ry12hi (Fig. 21A and C, middle). We also 

found cells which were expressing high levels of P2ry12 and low levels of Iba1. These 

Iba1loP2ry12hi cells were often found in deeper layers, and their morphology was 
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indistinguishable from the Iba1hiP2ry12hi microglia (Fig. 21A and C, bottom right). 

Although these different types of microglia were more common in specific layers, they 

were often neighbored by the predominant microglia subtype; Iba1hiP2ry12hi. 

 

Figure 21: Prenatal stressors do not alter microglia density but increases microglia 

heterogeneity. 

(A) Representative images of microglia labeled with P2ry12 and Iba1 in the ACC of P15 

male offspring, arrows highlight microglia differentially labeled by P2ry12 and Iba1 

(white- both high, green-Iba1 high, magenta-P2ry12 high). (B) Quantification of 

microglial density across development in male offspring in the ACC (n=3 

replicates/mouse, 3-4 mice/condition/age, >6,000 cells counted, Two-way ANOVA, 

condition x age, condition: F (1, 66) = 0.2121, p=0.6466; age: F (2, 66) = 57.30, p<0.0001; 

interaction: F (2, 66) = 0.4212, p=0.6580). (C) Representative images of microglia with 
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heterogeneous levels of expression of Iba1 and P2ry12 in the developing cortex. (D) 

Quantification of microglial heterogeneity across development in male offspring in the 

ACC, (n=3 replicates/mouse, 3-4 mice/condition/age, >6,000 cells counted, Two-way 

ANOVA condition x age with Holm-Sidak’s multiple comparisons post hoc tests; 

condition: F (1, 50) = 14.87, p=0.0003; age: F (2, 50) = 30.13, p<0.0001; interaction: F (2, 50) 

= 4.296, p=0.019; post hoc CON vs DEP+MS tests: P8 t(50)=3.378, p=0.0043; P15 

t(50)=3.1243, p=0.0056; P25 t(50)=0.0802, p=0.9364).  

5.3.2 Prenatal Stressors Modify the Relative Abundance of 
Heterogenous Microglia 

To determine if prenatal DEP+MS exposure modifies the relative abundance of 

these microglial subtypes, we quantified the percentage Iba1hiP2ry12lo or Iba1loP2ry12hi 

microglia, which we termed here as microglial heterogeneity. Early in development (P8-

15) microglial heterogeneity was higher in both CON and DEP+MS offspring compared 

to a later developmental time point, P25 (Fig. 21D). This observation suggests that the 

presence of these microglia subtypes does not reflect a pathological brain state, but 

rather part of a normal developmental process. However, microglial heterogeneity was 

strikingly enhanced in DEP+MS male offspring ACCs compared to CON, both at P8 and 

P15 (Fig. 21D). Recent single-cell analyses of microglia across development have 

revealed that these cells are molecularly highly heterogenous during very early 

postnatal ages (Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019; Matcovitch-

Natan et al., 2016).  Our data indicate that subtypes of microglia with varied expression 

of two important microglial proteins P2ry12 and Iba1 are present during early ACC 

development and that prenatal DEP+MS insult increases the relative abundance of 

heterogeneity.  
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Figure 22: Microglia expressing low levels of Iba1 have reduced phagocytic capacity.  

(A) Representative Imaris reconstructions of microglia at P8 with lysosomal content 

(CD68) in microglial subtypes, images acquired at 30x. (B) P2ry12hi microglia are less 

phagocytic than Iba1hiP2ry12himicroglia cells (n=5-10 cells/mouse/cell subtype, n=3 

animals/condition, total of 120 cells analyzed, RM One-way ANOVA, F(2, 19)=14.35, 

p=0.0002,  with Holm-Sidak's post hoc test; P2ry12 high vs. Both high t(19)=5.054, 

p=0.0001).  

 

5.3.3. A Subset of Microglia Are Less Phagocytic  

At P8 when microglial heterogeneity is high, microglia are also actively pruning 

VGlut2 synapses (Fig. 15E).  Therefore, we next tested if the three subtypes of microglia 

we identified (Fig. 21C) differ in their phagocytic function and their ability to engulf 

VGlut2 synapses. To do so, we labelled the ACC with antibodies against Iba1, P2ry12 

and CD68 and, using Imaris, we reconstructed a total of 120 Iba1hiP2ry12hi , Iba1hiP2ry12lo  

and Iba1loP2ry12hi  microglia (Fig. 20, Fig. 22A). Next, we quantified the lysosomal 

content (CD68 volume/microglia volume) within these distinct microglial subtypes as a 

proxy for the phagocytic activity of these cells. There were no significant differences in 
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the phagocytic activity of Iba1hiP2ry12lo cells compared to the Iba1hiP2ry12lo. However, 

Iba1loP2ry12hi cells had significantly lower (~50% less) CD68 content compared to the 

prevalent Iba1hiP2ry12hi microglia type (Fig. 22B). This pattern of reduced CD68 content 

was present in both CON and DEP+MS microglia (Fig. 23A-B) but did not differ 

significantly between groups (Fig. 23 C-D). These results indicate that Iba1loP2ry12hi cells 

have severely diminished phagocytic activity compared to the other two subtypes. 

These data suggest that diminished phagocytic activity could alter microglia’s ability to 

eliminate synaptic inputs.  
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Figure 23: Functional differences in microglia phagocytic capacity present in both 

CON and DEP+MS microglia.  

(A) Decreased phagocytic capacity of Iba1loP2ry12hi cells present in both CON microglia 

at P8 (n=20 cells/subtype, RM one-way ANOVA with Holm-Sidak’s post hoc test, F(2, 

56)=9.357, p= 0.0003). (B) Decreased phagocytic capacity of Iba1loP2ry12hi cells present in 

DEP+MS microglia at P8 (n=18-21 cells/subtype/condition, n=3 animals/condition, RM 

one-way ANOVA with Holm-Sidak’s post hoc test, F(2,19)=7.078, p= 0.005). (C) CD68 

volume within each microglial subtype does not differ by condition (n=20 cells/subtype, 
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nested t-test; Left: t(4)=0.6075, p=0.5548, Middle: t(4)=0.08630, p=0.9936, Right: t(4)=1.043, 

p=0.3174). (D) Phagocytic index by microglial subtype is not significant different by 

condition, although there is a trend towards reduced phagocytic index in DEP+MS 

microglia from the Iba1hi group (n=18-21cells/subtype/condition, nested t-test, left: 

t(4)=0.5811, p=0.5719; Middle: t(4)=1.801, right: t(4)=0.5888, p=0.4577).  

 

5.3.4 Less Phagocytic Microglial Subtype Engulfs Fewer Synapses 

To investigate whether the reduction in CD68 was linked to interactions with TC 

synapses, we labelled the ACC with antibodies that recognize Iba1, P2ry12 and VGlut2 

and using Imaris, reconstructed a total of 168 Iba1hiP2ry12hi , Iba1hiP2ry12lo  and 

Iba1loP2ry12hi  microglia (Fig. 24A). Next, we quantified volume of VGlut2+ TC inputs 

within these distinct microglial subtypes (VGlut2 volume/ cell volume). Compared to 

the Iba1hiP2ry12hi microglia, Iba1hiP2ry12lo cells had a small (~20%) but trending decrease 

in engulfed TC inputs. On the other hand, Iba1loP2ry12hi microglia engulfed significantly 

fewer (~50%) TC inputs compared to Iba1hiP2ry12hi cells (Fig. 24A-B). Collectively, these 

results show that Iba1loP2ry12hi cells have diminished lysosomal content and engulf 

fewer TC synapses. Importantly, these functional differences between the three 

microglial subtypes are present in both CON and DEP+MS male offspring brains (Fig. 25 

A-B), showing that prenatal insults do not affect the per cell functional responses. 

Instead the specific subsets of cells (Iba1loP2ry12hi) are more abundant in DEP+MS 

offspring. Intriguingly, when we compared engulfment of microglia subsets, we found 

no group differences in synaptic engulfment between CON and DEP+MS male microglia 

at precisely P8 (Fig. 25 C-D).  
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Figure 24: Microglial heterogeneity alters microglial capacity for synapse elimination.  

(A) Representative Imaris reconstructions of microglia at P8 with internalized VGlut2 in 

microglial subtypes, images acquired at 60x. (B) P2ry12hi microglia engulf fewer 

synapses compared to Iba1hiP2ry12hi cells (n= 5-12 cells/mouse/cell subtype, n=3 

mice/condition, total of 168 reconstructed cells, Nested One-way ANOVA with Holm-

Sidak's post hoc test, F(2, 163)=13.49, p<0.0001). ***P<0.001, **P < 0.01; *P < 0.05. Means ± 

SEM.  
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Figure 25: Prenatal stressors alter volume of Iba1, but synaptic engulfment does not 

differ by condition.  

(A-B) Iba1loP2ry12hi cells have significantly reduced VGlut2 engulfment in CON P8 

microglia (n=20-40 cells/subtype, n=3 animals/group, RM one-way ANOVA with Holm-

Sidak’s post hoc test, CON: F (2, 40) = 8.344, p=0.0009; DEP+MS: F (2, 73) = 5.563, 

p=0.0056).  (C) Microglia volume of Iba1hi cells is significantly increased in DEP+MS 

male microglia, no significant volume changes in Iba1hiP2ry12hi or P2ry12hi cells by 
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condition (n=20-40 cells/subtype/condition, n=3 animals/group, nested t-test, Left: 

t(4)=1.420, p=0.2285; Middle: t(4)=8.422, p=0.0011; right: t(4)=1.405, p=0.2328). (D) 

Synapse engulfment capacity by microglial subtype is not significant different by 

condition (n=18-21cells/subtype/condition, nested t-test, Left: t(4)=0.8274, p=0.4545; 

Middle: t(4)=1.581, p=0.189; Left: t(4)=1.872, p=0.1345 ). ***P<0.001, **P < 0.01; *P < 0.05; # 

P<0.10. Means ± SEM. 

 

Thus, the net impairment in synapse elimination that was observed at P10 (Fig. 

5D) is driven by the cumulative increase in less phagocytic microglia types. In summary, 

these results indicate that the atrophy of TC synapses in DEP+MS male brains is not due 

to an exuberant pruning function of microglia. Instead we found evidence of a loss of 

normal microglial function in DEP+MS male ACCs, reflected by increased heterogeneity 

and a net reduction in the ability of these cells to phagocytose synapses.   

5.3.5 DEP+MS Males Have Shorter and Less Complex Courtship 
Songs  

In males, prenatal DEP+MS insult leads to a transient diminishment of microglia 

function during an early postnatal period (Fig. 21, 22 and 24), and also results in 

enduring behavioral alterations (Bolton et al., 2013) (Chapter 3). Could the transient loss-

of-microglia-function during early development (P8) contribute to the enduring 

behavioral effects we observe in DEP+MS males? To ask this question, we first studied 

an adult male-specific communication behavior in CON and DEP+MS offspring. In this 

assay, males with sexual experience emit USVs when introduced to sexually receptive 

females (i.e. female in estrus or proestrus). These USVs, also known as the “courtship 

songs”, are distinct from neonatal USVs, in that they are more complex and critical for 
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proper mating behavior and drive female mate choices (Chabout et al., 2015; 

Hammerschmidt et al., 2009; White et al., 1998). We performed our prenatal treatment 

on dams and raised offspring into adulthood. Mating songs from adult CON and 

DEP+MS males were recorded in this courtship assay. Female mice rarely vocalize 

during direct male-female interactions; thus USVs collected in this paradigm can be 

attributed to experimental male animals (White et al., 1998) (Fig. 26A).We found that 

male DEP+MS offspring exposed to a female in estrus are able to respond to a socially-

relevant stimulus and similar to CON males emit a courtship song. We found no 

significant differences in the number of calls emitted between groups, but when we 

analyzed the acoustic properties of the calls, the individual calls were significantly 

shorter, thus resulting in a significant reduction in the time spent vocalizing (Fig. 26B-E). 

We found no significant differences in the frequency (kHz) of the emitted calls (Fig. 26F). 

Importantly, female mice, when presented with a choice, prefer courtship songs that are 

longer and more complex (Chabout et al., 2015), suggesting DEP+MS males produce less 

competitive songs.  
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Figure 26: Neonatal microglial ablation mimics adult communication deficits in male 

offspring prenatally exposed to combined stressors.  

(A)USVs were collected from adult male mice by introducing a sexually receptive female 

(estrus or proestrus). (B) Representative spectrograms of USVs from CON vs DEP+MS 

adult males. (C-D) No significant difference in number of calls, but adult male offspring 

spend less time calling than CON and emit USVs that are shorter in length (n=15-17 

mice/condition, unpaired t-tests, C: t(30)=0.9903, p=0.8473, D: t(30)=2.058, p=0.0416). (E) 

Length of USV syllable is significantly decreased in adult DEP+MS mice (n=15-17 

mice/condition, unpaired t-test, t(30)=2.753, p=0.0101). (F) No significant differences in 

the frequency of USV emitted by adult males (n=15-17 mice/condition, unpaired t-test, 

t(30)=0.5150, p=0.6102). 

To further investigate song complexity and to identify distinct repertoire units, we 

performed MUPET analyses on the ~33,000 calls collected and identified 120 distinct 

repertoire units in both CON and DEP+MS males (Fig. 27A). These analyses revealed 

that DEP+MS male offspring have a preferential increase in calls that are short and less 

complex and a reduction in longer and more complex call types (Fig. 27B), once again 

suggesting DEP+MS male courtship songs are less competitive. Furthermore, this 
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observed reduction in call complexity in adult DEP+MS males is similar to changes in 

call complexity observed in neonatal DEP+MS offspring that also preferentially emit 

calls that are shorter and less complex (Chapter 2). Collectively these data reveal that 

changes in vocalization persist into adulthood in DEP+MS offspring, allowing us to test 

the hypothesis that a loss-of-function in microglia during the critical window of TC 

synapse development will produce a similar behavioral outcome.  
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Figure 27: Adult USVs in males prenatally exposed to CON or DEP+MS.  

(A) Adult USV MUPET repertoire unit (RU) clustering, organized from shortest to 

longest, compiled from all CON and DEP+MS USV files. (B) MUPET repertoire units 

organized from shortest to longest, pattern of calls is shifted towards less complex in 

adult DEP+MS male offspring. 
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5.3.6 Elimination of Microglia Mimics Loss of Normal Function 

To investigate whether microglia loss-of-function plays a causative role in the 

observed behavioral and brain dysfunction, we targeted and eliminated microglia 

during the early postnatal period of synapse development in the ACC. To do so, we 

used a genetic depletion strategy, which enables Cre-mediated expression of the 

diphtheria toxin receptor (DTR) specifically in CX3CR1+ cells by crossing commercially 

available iDTR mice to Cx3cr1-CreBT mice (Fig. 28A) (Rivera et al., 2019; Smith et al., 

2020). Because mice do not express the DTR, they are naturally resistant to diphtheria 

toxin (DT); however, upon the Cre-induced expression of DTR, cells will undergo 

apoptotic cell death when DT binds to the receptor (Buch et al., 2005). Furthermore, DT 

crosses the blood-brain-barrier, thus allowing for the ablation of CNS cells, such as 

CX3CR1+ microglia (Buch et al., 2005).  
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Figure 28: Genetic strategy to deplete microglia.  

(A) Genetic strategy to render microglia cells susceptible to diphtheria toxin (DT). 

Crossing the iDTR strain to Cx3cr1-BTCretg/0 removes STOP cassette inducing expression 
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of diphtheria toxin receptor (DTR, right). Microglia cells not expressing DTR remain 

intact when exposed to DT (left), whereas microglia expressing DTR undergo apoptosis 

when exposed to DT (right). (B) Coronal brain sections from mice with either intact or 

ablated microglia at P8, P11, P13 and P30 (ablation occurred at P5-P7). At P8 microglia 

are completely eliminated by P11 and P13, Iba1hi microglia repopulate the brain. By P30, 

microglia repopulation is largely complete; however, cortical microglia still do not 

express high levels of homeostatic marker P2ry12 (bottom right).  

 

While pharmacological depletion strategies, such as CSF1R inhibitor molecules, 

are commonly used for depleting microglia, depletion via CSF1R inhibitor can take up to 

two weeks and requires daily oral administration which is disruptive for neonatal 

animals and their mothers (Elmore et al., 2014). Our transgenic elimination strategy 

allows for a rapid depletion with minimal disruptions to pups; furthermore previous 

studies have demonstrated that genetic elimination results in microglial repopulation 

from a CNS-resident internal pool without contribution from peripheral or infiltrating 

cells  (Bruttger et al., 2015). In our previous analyses we found that only a subset of 

microglia have a normal loss of function. While we recognize that elimination of all 

microglia is far harsher, this manipulation enables us to casually link microglia loss of 

function to the behavioral outcomes we have observed.  

Thus, to investigate whether microglia loss-of-function early in development 

could modify adult communication behavior, we depleted microglia at early postnatal 

ages during the period we identified where rapid TC synapse formation and elimination 

are occurring (~P8). To do so we crossed Cx3cr1-CreBTtg/0 dams with iDTRtg/tg   males to 
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generate offspring negative and positive for Cre, all carrying a single copy of the iDTR 

transgene. All neonatal offspring (negative and positive) for Cre (Cre 0/0, iDTRtg/0, 

microglia intact; Cre tg/0, iDTRtg/0, microglia ablated) received DT injections at P5 and P7, 

which eliminated ~98% of microglia cells by P8 in mice expressing the Cre transgene 

(Fig. 28A-B). By P30 microglia have fully repopulated the brain; however, expression of 

homeostatic marker P2ry12 remained low in the cortex, thus driving a type of 

heterogeneity not typically observed at this age (Fig. 28B, bottom right).  
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Figure 29: Microglial elimination mimics deficits in DEP+MS mice.  

(A-B) Cx3cr1-CreBT-inducible DTR expression, renders microglia sensitive to diphtheria 

toxin, for elimination. 80 ng of diphtheria toxin was administered to iDTRtg/0; Cx3cr1-

CreBT0/0 and iDTRtg/0; Cx3cr1-CreBTtg/0 mice at P5 and P7, eliminating 98% of microglia at 

P8 in mice expressing cre. (C) USVs were collected in adulthood. Representative 

spectrograms from males with neonatal ablation of microglia or microglia intact. (D-E) 

Neonatal ablation of microglia does not alter call number, but there is a trend towards 

an increase in total time calling (n=8-11 mice/genotype, unpaired t-test, D: t(13)=0.9602, 

p=0.3545, E: t(13)=1.913, p=0.0799). (F) MUPET repertoire units organized from shortest 
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to longest, microglia elimination shifts pattern of vocalization towards less complex 

calls. *P < 0.05. Means ± SEM.  

Male offspring underwent microglia ablation (or intact control) during the early 

postnatal period and were raised into adulthood where they were tested in an estrus-

induced courtship assay (Fig. 29A-C). Similar to our findings in DEP+MS males, we 

found no significant differences in the number of USVs emitted in our intact vs ablated 

condition (Fig. 29D). However, when we performed MUPET analyses of song 

complexity, we found a preferential increase in calls that are shorter and less complex 

(Fig. 29F). While not identical, these findings largely mimic the observed differences in 

CON vs DEP+MS male songs. Thus, microglia depletion during the critical window of 

synapse elimination (around P8) has lasting effects on behavior that are similar to 

prenatal DEP+MS treatment.  These data reveal that microglia loss of function either due 

to MIA during pregnancy or depletion during early postnatal development, profoundly 

alters communication behavior in male offspring.   

5.4 Conclusions 

In the current study I found a specific type of microglial heterogeneity which 

occurs early in development. Specifically, while the vast majority of microglia express 

microglial markers P2ry12 and Iba1 early in development, there are subsets of microglia 

which differentially express these two markers. Although heterogeneity is increased 

early in development in both CON and DEP+MS offspring, at P8 and P15, DEP+MS 

males have significantly more heterogenous microglia, demonstrating that prenatal 
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stressors can modulate the developmental regulation of this heterogeneity.  When I 

investigated microglial phagocytic capacity and engulfment of synapses, I found that 

microglia cells which express high levels of P2ry12 and low levels of Iba1 have less 

CD68 and engulf fewer synapses. Given the increase in heterogeneity, these findings 

indicate that the net decrease in synapse engulfment which I found at P10 is likely due 

to the increase in these heterogenous populations. Although the subtype specific 

functional differences are present in both CON and DEP+MS microglia, individual 

subtypes do not vary by condition.  In other words, phagocytic activity and synapse 

engulfment did not differ by condition in Iba1hiP2ry12hi, P2ry12loIba1hi or P2ry12hiIba1lo 

cells. These data suggest that DEP+MS is inducing a net change in microglia function by 

shifting cell heterogeneity in the developing cortex and inducing functional differences 

in only a subset of cells.   

While single cell sequencing studies have described increased microglial 

heterogeneity early in development (Hammond et al., 2019; Li et al., 2019), these studies 

sequenced cells from the whole brain and across large developmental windows 

(embryonic ages to aged mice).  Thus, while clusters of diverse microglia have been 

identified early in development, their unique functions are poorly described since their 

spatial locations are often unknown. Hammond et al. (Hammond et al., 2019) did find a 

unique cluster of microglia at P4, these cells expressed high levels of the gene secreted 

phosphoprotein 1 (Spp1) and were largely associated with axonal tracts. Interestingly, 
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the Spp1+ microglia found within these tracts were also neighbored by microglia with 

low levels of Spp1 transcripts. These data are strikingly similar to my findings, which 

show that early in development, within a specified region, there is cell-to-cell diversity 

in the expression of proteins, or in the case of this study, transcripts. While the authors 

hypothesized that these unique microglia were likely engulfing material along these 

tracts, what Spp1+ microglia engulf is not yet known.  On the other, in the populations of 

microglia cells that I described, I have only investigated two microglial functions, these 

cells are likely functionally distinct across diverse roles, but the tools to further 

investigate this are still limited.  Understanding other functional differences, will help 

elucidate ways in which neuronal networks can be modified by diverse microglial states. 

 While Iba1loP2ry12hi cells are morphologically indistinguishable from the 

predominant microglial subtype, Iba1hiP2ry12lo cells have a distinct stout morphology 

(Schwarz et al., 2012), and resemble a peripheral monocyte which under unique 

conditions can engraft the brain (Cronk et al., 2018). When microglia cell renewal is 

impaired, either by irradiation or pharmacological depletion, circulating monocytes can 

enter and assume a microglia-like engraftment into the brain. These cells have a unique 

morphology and are transcriptionally distinct from brain derived microglia cells. When 

compared to microglia, brain-engrafted macrophages are enriched for processes 

involving wound healing, extracellular uptake, ECM interaction and a number of 

immunological processes (Cronk et al., 2018). This study was performed in adult mice 
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and the presence of these peripheral cells was only described under pathological 

conditions; however, single cell studies are finding that clusters of cells which appear to 

occur under pathological conditions, may also have functional roles early in 

development (Hammond et al., 2019; Li et al., 2019).  For example, a cluster of highly 

phagocytic microglia which are transiently found in proliferative regions of the brain 

during the first week of life (Li et al., 2019), are molecularly very similar to a danger 

associated microglia which are also found in neurodegenerative conditions (Keren-Shaul 

et al., 2017). The aforementioned transient cluster of Spp1+ microglia which are also only 

found early in development, were similar, but not identical to a cluster of microglia 

identified in a demyelinating lesion (Hammond et al., 2019). Thus, microglia subtypes or 

pathways which are expressed early in development can be re-expressed in pathological 

conditions.  Since Iba1hi P2ry12lo and Iba1loP2ry12hi cells are found in both CON and 

DEP+MS mice, it’s clear they have a unique developmental role; however, determining 

how and why these cells are significantly increased in DEP+MS offspring will be critical 

to understanding their role in developing neural circuits.   

Intriguingly, while inflammatory conditions are often associated with a toxic 

gain of function, my findings suggest that we are observing a loss of normal function in 

a subset of microglia. To further investigate this, I took an approach which would 

complement the communication abnormalities I found in neonatal offspring, and I 

examined a male-specific communication behavior in CON and DEP+MS adult males. I 
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found that DEP+MS males when presented with a sexually receptive female emitted a 

courtship song that was shorter in length, had shorter syllables and was overall less 

complex. These findings demonstrate that prenatal DEP+MS induces enduring 

communication deficits which persist into adulthood for male offspring. Furthermore, 

this courtship song is highly relevant for naturalist social behavior, as female mice prefer 

songs which are more complex, suggesting DEP+MS males are less competitive.  

To investigate whether loss of microglia function during a critical period of 

synapse development induces similar communication defects to prenatal DEP+MS 

exposure, I used a transgenic approach to deplete microglia during an early postnatal 

window. Specifically, I depleted Cx3Cr1+ cells at P5 and P7, resulting in the elimination 

of the vast majority (>99%) of microglia cells by P8. Using this model, microglia were 

eliminated when concurrent synaptogenesis and synapse elimination are taking place.  

While I previously found striking behavioral differences at P8, I instead elected to 

examine USV behavior in adulthood as this depletion paradigm also eliminates 

peripheral Cx3cr1+ cells, therefore, USV collection at P8 would be confounded by the 

loss of both cells.  I collected USVs in adulthood, when both macrophage and microglia 

populations are restored. I found that males which underwent neonatal microglia 

depletion produced courtship songs which were less complex. The reduced song 

complexity, although not identical, was similar to the observed phenotype in DEP+MS 

males. Prenatal DEP+MS treatment resulted in less time calling (i.e. shorter courtship 
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song), which was driven by both an increase in shorter calls, and a loss of longer more 

complex calls. On the other hand, neonatal microglia depletion, resulted in a trend 

towards an increase in the total time calling. While this did not quite reach significance, 

this pattern is opposite of what I observed in DEP+MS males. However, this increase in 

call time is largely driven by an increase in shorter syllables, mimicking the gain of less 

desirable short calls observed in DEP+MS males. The complete elimination of microglia 

is far harsher than a loss of function in a subset of cells, so it is not surprising I did not 

find an exact phenocopy, and less surprising that the phenotype would more severe.  

Here we show that depleting microglia during a critical developmental window 

of development induces alterations in communication behavior in adulthood.   Microglia 

repopulation in this model is quite slow, and even after repopulation (by ~P30) these 

microglia lack homeostatic expression of P2ry12, specifically in the cortex. The 

prolonged absence of microglia and the aberrant heterogeneity likely impairs many 

developmental processes beyond synapse development but demonstrates that microglia 

are critical for healthy brain development. Although some studies have found that 

depletion of microglia in adulthood does not impair behavior (citation), others have 

reported that early depletion of microglia induces cognitive and social deficits in both at 

young ages and in adulthood (VanRyzin et al., 2016). On the hand, using a poly (I:C) 

MIA model, others have found that depleting microglia shortly after weaning can 

eliminate dysfunctional microglia populations and restore normal social behavior (Ikezu 
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et al., 2020).  The microglia which repopulate the brain in disease models (e.g. poly 

(I:C)), return with a transcriptome which mimics microglia in the healthy brain, thus, 

replenishing the brain, with a homeostatic population of microglia, is thought to 

underlie the amelioration of behavioral deficits (Ikezu et al., 2020). Whether synaptic 

and behavioral deficits in DEP+MS males could be resolved using a microglia depletion 

paradigm at a later time point remains to be seen. Interestingly, Ikezu et al. (Ikezu et al., 

2020) depleted microglia at P21 a time period when circuit plasticity is still high, 

whether depletion of microglia in the mature brain, after the window of plasticity has 

closed (e.g. > P60), would provide the same therapeutic effects is unknown. Collectively, 

these data highlight that there may be a narrow and perhaps optimal window for 

targeting microglia that can restore normal function without impairing critical 

developmental processes. On the other, our data and data from others show that 

microglia are necessary early in development to properly establish developing neural 

circuits.   

Taken together, I discovered that ACC microglia have a developmentally 

regulated antigenic and functional heterogeneity. This heterogeneity was strongly 

enhanced in males prenatally exposed to DEP+MS, leading to the overabundance of one 

specific subtype of microglia with severely diminished phagocytic activity that 

eliminated fewer TC synapses. These findings indicate that over-pruning of TC synapses 

by microglia does not underlie the structural and functional changes observed in 



 

 147 

DEP+MS male ACCs and instead suggests a microglia loss of function. These findings 

are consistent with previous findings that if microglial phagocytosis levels are not finely 

tuned to clearance requirements within a given brain region, this can result in aberrant 

brain development and altered behavior (Ayata et al., 2018). Future studies investigating 

the origins and etiology of the different microglial subtypes in developing brains may 

provide important information about how microglial dysfunction may impact the 

pathogenesis of neurodevelopmental disorders. 
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Chapter 6: Conclusions 

6.1 Summary of Findings and Future Directions  

 Human epidemiology studies have consistently found that prenatal exposure to 

air pollution is linked to neurodevelopmental disorders such as autism. However, this 

single environmental association remains only weakly predictive, thus mechanistic 

studies have been limited in their scope. Recent epidemiological findings have 

highlighted that multiple environmental factors synergize to increase disease risk. Thus, 

our combined stress model has allowed us to rigorously investigate the mechanisms 

underlying abnormal brain development. Chronic exposure to air pollution is a major 

health risk for all but is especially toxic during critical windows of brain development 

including the pre- and peri-natal period. Recent reversal of environmental protections 

threatens to undo decades of improvement in air quality in the U.S., but the burden of 

this decline will be shoulder by the most vulnerable in our population. I believe my 

thesis work highlights this vulnerability, and that this knowledge will be critical for 

informing public policy as well as prevention and treatment.  

 My dissertation work was based on the hypothesis that prenatal exposure to 

environmental toxins alters the development and function of microglia cells, and that 

changes in microglia function alter the development of circuits important for 

communication and social behavior. Using a model of combined environmental 

stressors, I found that prenatal exposure to diesel exhaust particles and maternal stress 
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induced maternal immune activation in dams primarily via increased TNF- and 

increased corticosterone. I found that other inflammatory pathways were also 

upregulated (e.g IL-6, IL17, IFN-), and are similar to those upregulated in a prenatal 

infection model. Interestingly, these same pathways are similar to those reported in 

mothers with pregnancy complication and mother whose children are later diagnosed 

with autism (Choi et al., 2016; Goines et al., 2011; Hsiao & Patterson, 2011; Vitoratos et 

al., 2010).  These data suggest that diverse environmental toxins likely target similar 

inflammatory pathways, but whether these pathways can be safely targeted during 

pregnancy is an important future direction.  

 Although neurodevelopmental disorders are strongly sex-biased few animal 

models have been developed which recapitulate this phenotype. I found that neonatal 

communication was altered in both male and female offspring, but only males showed 

alterations in social preference and a serial reward task in adulthood. Using the same 

model, our lab previously found that only males displayed cognitive deficits in 

adulthood, furthermore in unpublished work by Dr. Caroline Smith, we also find male-

specific deficits in a sociability task during adolescence. While I also found 

communication deficit in DEP+MS adult males, this specific assay does not have 

complementary female task, thus we have not yet determined whether communication 

deficit only persist in males.  Collectively these data demonstrate that male offspring are 
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more vulnerable to long lasting behavioral deficits. Furthermore, this model provides an 

opportunity to investigate how biological sex induces differential outcomes.   

To study the molecular mechanisms underlying behavioral changes in neonatal 

animals, I performed RNA-Sequencing of the prefrontal cortex. I found that gene 

expression changes were sexually dimorphic and the number of genes which were 

differentially expressed was much higher in males. These data were very surprising 

because at P8 both male and female offspring displayed abnormal USV behavior. Thus, 

despite similarities in behavior, the molecular changes in the brain were almost 

completely non-overlapping and could potentially explain the observed divergences in 

adult behavior. I found immune activation in both males and females, but only males 

downregulated synaptic genes. I further investigated this phenotype in subsequent 

studies, which supported these findings. Sequencing studies produce rich data sets 

which can be continually mined. Gene set enrichment analyses were performed for 

several curated gene sets, amongst the hundreds of upregulated and downregulated 

pathways, probably lie the mechanisms by which females are protected. Future studies 

investigating these female-specific pathways could help identify therapeutic targets 

which could be protective in males.  

Synapse dysfunction and synaptic pathologies are known to underlie several 

neurological disorders including autism (Gilman et al., 2011). In my gene expression 

analyses, I found a male-specific downregulation of synaptic genes. We performed 



 

 151 

several experiments to further investigate how these gene expression changes might 

translate to alterations in brain connectivity and specifically to investigate whether this 

sex specificity would be preserved across different levels of analyses. To investigate 

activation of a brain network which underlies social behavior, I collaborated with Dr. 

Dzirasa’s lab to perform multi-circuit recording during a concurrent social behavior 

task. We found that a ‘social brain network’ identified to predict an individual animal’s 

investigation of a social stimulus vs an object could not identify social coding in the 

DEP+MS male brain. In this social preference task, male DEP+MS offspring showed an 

abnormally high preference for the social stimulus. Although these behavioral data were 

initially surprising, the network analyses revealed that the relationship between social 

investigation and activation of this circuit was no longer behaviorally relevant. These 

data were very similar to findings in a genetic mouse model of autism (Mague et al., 

2020) and suggest that synaptic circuits that encode social interactions form differently 

in male mice.  

To investigate whether synaptic circuits form differently, I quantified 

thalamocortical synapses in the ACC. I found that DEP+MS males form an excessive 

number of thalamocortical synapses early in development; however, these synapses are 

rapidly lost and remain aberrantly low into adulthood. The precocious increase in 

thalamocortical synapse density suggest that mechanisms which support synapse 

formation are modified. One likely cellular candidate is astrocytes. Astrocytes are a 
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highly abundant glial cell which provide trophic support to neurons and secrete factors 

which regulate synapse formation and maturation (Baldwin & Eroglu, 2017).  Through 

their complex morphology, astrocytes can associate with thousands of synapses, 

therefore impairments in their function are known to mediate synaptic pathology 

(Stogsdill et al., 2017). While I did not find an increase in the density of astrocytes, in 

preliminary data, I found that hevin, an astrocyte secreted protein which induces the 

formation of thalamocortical synapses by bridging incompatible trans-synaptic proteins 

(Singh et al., 2016) was increased in DEP+MS males.  While exciting, the upstream 

pathways which mediated this accelerated expression of hevin are unknown, but an 

interesting future direction would be to investigate whether antagonizing hevin (i.e. via 

SPARC) could prevent the overabundance of thalamocortical synapses and thereby 

prevent the excessive thalamocortical synapse loss. But whether the same mechanisms 

are regulating synapse formation and synapse loss is unclear.   

Given the rapid loss of synapses, my initial hypothesis was that prenatal 

DEP+MS would induce excessive synapse elimination by microglia. Contrary to this 

hypothesis, I found that microglia from DEP+MS males were less phagocytic and 

engulfed fewer synapses, therefore the rapid loss of thalamocortical synapses could not 

be explained via increased pruning by microglia. However, I found that in the ACC 

there are a subset of microglia which differentially express P2ry12 and Iba1, two 

proteins which are considered to be highly expressed in all microglia. These findings 
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demonstrate a previously undescribed microglial heterogeneity that occurs early in 

development. Although this heterogeneity occurs normally in development, it was 

enhanced in males prenatally exposed to DEP+MS. This led to an abundance of one 

specific subtype of microglia with reduced phagocytic activity that eliminated fewer 

thalamocortical synapses. Collectively, these data indicate that thalamocortical synapse 

loss cannot be attributed to enhanced microglial pruning and instead are in line with a 

loss of microglia function.   In support of this hypothesis, elimination of microglia 

during an early postnatal window induced alterations in communication behavior 

which were similar to those found in DEP+MS males.  

Given our unique findings, little is known about the extrinsic cues which 

modulate the expression of these two proteins. P2ry12 is a purinergic receptor known to 

mediate chemotaxis and process motility, furthermore elimination of P2ry12 leads to 

reduced critical period plasticity (Sipe et al., 2016). More recently microglial P2ry12-ATP 

signaling has been described as a critical regulator of neuronal activity, specifically, 

neuronal ATP signals via microglial P2ry12, which initiates a signaling cascade that 

suppresses neuronal activity, impairment in this negative feedback control results in 

synchronized brain activity and seizures (Badimon et al., 2020). Most studies have been 

performed using genetic or pharmacological tools which induce large scale changes; 

however, the heterogeneity which we have observed occurs on a cell-by-cell basis, 
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suggesting microglial expression of this proteins is likely modulated by local neuronal 

activity.  

On the other hand, Iba1, an ionized calcium-binding adaptor protein, is so 

synonymous with microglia that despite decades of use its actual function is limited to a 

few studies. Iba1 is known to modulate actin reorganization and facilitates cell 

migration as well as phagocytosis by microglia, it also known to increase in 

inflammatory conditions (Ito et al., 1998; Ito et al., 2001; Ohsawa et al., 2000). I found that 

DEP+MS microglia from the Iba1hiP2ry12lo subtype were significantly larger at P8 

compared to CON. The increase in microglia volume was not observed in the 

Iba1hiP2ry12hi microglia where the volume was captured by both microglial markers. 

These data suggest that microglia are not necessarily changing in size, but that Iba1 

expression is increased in subset of cells. Future studies investigating the cell signals 

which regulate expression of P2ry12 and Iba1 can provide important information about 

how the expression of these proteins regulates microglia function and brain 

development. While other cells in the brain can be genetically targeted using viruses, it 

is well known that viral manipulations of microglia are highly inefficient and often not 

successful at all. Using diphtheria toxin to deplete microglia resulted in an abnormal 

heterogeneity, specifically the microglia which repopulate the brain expressed high 

levels of Iba1 and low levels of P2ry12. In future studies this artificial heterogeneity can 

be used to further investigate how these two proteins regulate function. However, 
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downregulating Iba1, while maintaining P2ry12 expression has not yet been described, 

but will be important to fully understanding microglia function.   

My initial hypothesis was that prenatal DEP+MS would exert its effects via 

altering microglia function. While I did not find the expected increase in synapse 

engulfment, I did find a different alteration in microglia function. Although microglia 

interact directly with synapses, my findings support an indirect pathway for modulating 

synapse development.  Microglia can trigger reactive profiles in astrocytes which are 

neurotoxic (Liddelow et al., 2017). In a neurodegenerative model, blocking microglial 

reactivity prevented the conversion of astrocytes to reactive phenotypes, and blocking 

this conversion was found to prevent behavioral defects and neuronal loss  (Liddelow et 

al., 2017; Yun et al., 2018). Thus, future investigations will be needed to determine 

whether microglia-astrocyte signaling underlies the changes in synapse development.  

In conclusion, using our model of DEP+MS exposure I was able to recapitulate 

the male-specific vulnerability to early immune activation. Furthermore, I was able to 

demonstrate that environmental factors converge onto similar cellular and molecular 

pathways which have been identified in the human literature. Future studies will be 

necessary to determine how the female response is protective. Furthermore, 

understanding the spectrum of normal microglia function, will help disentangle the 

ways in which inflammation can alter the developing brain.   
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6.2 Future Directions- Inflammation and Sex 

Inflammation and immune dysfunction are increasingly implicated in autism 

(McDougle et al., 2015). Immune modulatory treatments such as  steroids, 

cyclooxygenase-2 (COX-2) inhibitors, and human immunoglobulin have been proposed 

as therapeutic treatment options in individuals with autism (Thom et al., 2019). 

Importantly, immune dysfunction in autism seems strongly linked to biological sex and 

suggest that the male response to inflammatory events such a maternal immune 

activation may create a tipping point for pathology (Patel et al., 2020; Werling et al., 

2016).  In support of these findings, I found that the male response to prenatal DEP+MS 

was larger and more robust; whether this is driven solely by the inflammatory response, 

and whether this response can be dampened without a normal loss of function is an 

important next step.  While inflammation is a likely therapeutic target, I also found that 

normal loss of microglia function is harmful in the developing brain. Thus, while 

‘microglial activation’ is thought to induce pathological brain development through a 

toxic gain of function, an alternative hypothesis is that ‘microglial activation’ impacts 

brain developing through normal loss of function. Understanding the spectrum of 

nomal microglia function will be critical to balance inflammation and normal function.   

 In closing, my findings provide an important first step towards revealing the 

non-genetic causes for neurodevelopmental disorders such as autism. While therapies 

which target inflammation are in the early stages of development for treatment, public 
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policies which target prevention are also critically important. Specifically, policies which 

reduce environmental toxins, improve equity and increase access to quality health care 

are important preventative measures which can profoundly alter the disease burden of 

our population.  
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