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Exposure to maternal immune activation (MIA) during pregnancy is associated 

with an increased risk for offspring to be diagnosed with neurodevelopmental 

disorders (NDDs). The maternal and fetal immune response to infection is thought to 

disrupt important developmental processes in offspring that can have long-lasting 

effects on their neuroimmune function and behavior. NDDs – such as autism, 

schizophrenia, and general learning disabilities – are more common in males than 

females. This suggests there are sex differences in neurodevelopment that may be 

differently affected by MIA to contribute to the symptoms of such disorders. The goal 

of this dissertation is to investigate how MIA affects rat offspring by evaluating their 

reflex development as neonates (Aim 1), their adult anxiety, learning, and memory 

behaviors (Aim 2), and their neuroimmune state both at basal levels across the lifespan 

(Aims 1 and 3) and in response to a secondary immune challenge in adulthood (Aim 

3). We hypothesized that MIA would produce a neuroinflammatory state in offspring 

that would negatively impact these behavioral processes, and that males would be 

more affected by MIA than females. 

The experiments of this dissertation utilized a model of MIA that exposed 

female Sprague-Dawley rats to lipopolysaccharide during gestation to mimic an 

immune response to bacterial infection. We found that MIA enhanced the 

development of neonatal reflexes in both male and female offspring and did not affect 

maternal arched-back nursing nor licking and grooming toward pups (Aim 1). In 

adulthood, MIA offspring displayed reduced anxiety in the elevated-plus maze and 
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improved performance of novel object location memory (Aim 2). Additionally, MIA 

induced latent inhibition in female offspring that were pre-exposed to the innocuous 

tone during conditioned fear training and prevented latent inhibition of tone memory 

in male offspring (Aim 2). Finally, in the offspring medial prefrontal cortex, MIA 

upregulated IL-1β at P7 and downregulated IL-6 at P21 in both sexes, and decreased 

BDNF in the dorsal hippocampus of males at P21 (Aim 1). In adulthood (Aim 3), 

MIA did not affect the inflammatory immune response to adult LPS exposure but did 

downregulate basal gene expression in the dorsal hippocampus (IL-6, CD11b, BDNF) 

and amygdala (IL-1β) of male and female offspring.  

These findings suggest that the relationship between MIA and the etiology and 

manifestation of NDD-related symptoms in offspring is more complex than the 

literature suggests. Our data revealed that MIA elevated IL-1β expression at P7, 

reduced BDNF expression at P21 (in males) and in adulthood, and impacted latent 

inhibition learning in adult offspring, which are outcomes characteristic of human 

NDDs. On the other hand, MIA also downregulated neuroinflammatory gene 

expression in the brains of juvenile and adult offspring, reduced adult anxiety 

behaviors, and improved neonatal reflex development and adult novelty learning, 

which are phenotypes not typically associated with NDDs. Nonetheless, the results of 

this dissertation support that MIA can produce profound and long-lasting effects on 

offspring neuroimmune and behavioral processes.
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INTRODUCTION 

The prevalence of neurodevelopmental disorders (NDDs) in the United States 

amongst children aged 3-17 is approximately 17%, and yet the etiology of these 

disorders is not well understood (CDC, 2024). This rate has increased in the last 

decade (Zablotsky et al., 2019) likely because our understanding of and ability to 

effectively diagnose various NDDs has improved over time. NDDs are similarly 

prevalent across most countries in the world, although rates may vary slightly due to 

socioeconomic factors, awareness, and diagnostic methods within each country 

(Chiarotti & Venerosi, 2020). Epidemiological trends that are commonly associated 

with NDDs include: the general age of onset and symptom manifestation within each 

disorder, sex bias in the prevalence of certain NDDs, as well as possible risk factors 

associated with many NDDs. 

One such risk factor is prenatal infection associated with maternal immune 

activation, which slightly but significantly increases the risk of various NDDs. 

Maternal immune activation (MIA) is a term used in epidemiological studies that 

typically refers to maternal exposure to, or infection with, various immunogens (i.e., 

viral, bacterial, parasitic) during pregnancy. Some human studies have also considered 

increased levels of immune-related molecules (i.e., cytokines, chemokines) to serve as 

indicators of MIA. Animal studies are also commonly used to model MIA either via 

direct infection (i.e., of a virus, bacteria, or parasite) or via stimulation of the immune 

system (in the absence of infection) by utilizing a viral or bacterial mimetic, immune-
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related molecules, or other environmental stressors that are known to activate the 

immune system. Rodent models of MIA have been used extensively to model and 

better understand how activation of the immune system during gestation may affect 

the development of neurobiological systems underlying NDDs.  

The goal of this dissertation is to investigate how MIA in rats affects 

neuroimmune and behavioral outcomes across male and female offspring 

development. The results of this project will contribute to our growing knowledge of 

the relationship between MIA and the neurobehavioral underpinnings of NDD-related 

symptoms that are common across multiple disorders. Moreover, these findings will 

aid in our understanding of how developing neural circuits or systems are disrupted by 

events such as immune activation that, in turn, increase the risk of NDDs or explain 

the underlying etiology of their symptoms. 

1.1 Neurodevelopmental Disorders 

The term “neurodevelopmental disorders” (NDDs) was first introduced as a 

diagnostic category in the DSM-5. These disorders affect one or several areas of 

development, including language, motor, social, and learning skills. More specifically, 

NDDs are a group of conditions that produce impairments of functioning during 

development and can be associated with a known early-life medical, environmental, or 

genetic risk factor (Morris-Rosendahl & Crocq, 2020). 

Examples of NDDs defined in the DSM-5 include, but are not limited to, 

autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), 

intellectual disability (ID), and communication disorders. Early-onset schizophrenia is 

also considered by many researchers and clinicians to fall under the category of NDDs 

even though it is not defined as such in the DSM-5. Schizophrenia may be associated 
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with NDDs because, even though the positive symptoms (hallucinations, disorganized 

speech, etc.) typically manifest first during late adolescence, the etiology of its 

symptoms likely result from events that occur during perinatal or early postnatal 

development (Brašić & Holland, 2007; Fatemi & Folsom, 2009; Heyer & Meredith, 

2017; Rapoport et al., 2012). Notably, a higher prevalence of early-onset 

schizophrenia (1.4:1; Abel et al., 2010), ADHD (1.9:1), ASD (3.1:1), ID (1.6:1), and 

learning disabilities (1.5:1) have all been observed in boys relative to girls aged 3–17 

(Y. Yang et al., 2022). 

Overlapping symptoms are often experienced across different NDD diagnoses. 

These symptoms include cognitive and learning disabilities (Banker et al., 2021; 

Cicero et al., 2014; Gold et al., 2008; Pope & Kern, 2006; Y. Wang et al., 2017), 

decreased social behaviors (Cotter et al., 2018; Hooley, 2010; Nijmeijer et al., 2008; 

Perepa, 2014; Porcelli et al., 2019; Savla et al., 2013; Staikova et al., 2013; Supekar et 

al., 2013; Uekermann et al., 2010), altered sleep patterns or disrupted circadian 

rhythms (Cohrs, 2008; Hvolby, 2014; Kaskie et al., 2017; Konofal et al., 2010; Myles 

et al., 2016; Shelton & Malow, 2021; Stein et al., 2012; Williams et al., 2004), as well 

as metabolic or gastrointestinal disturbances (Oyarzábal et al., 2021; Richardson & 

Ross, 2000; Singh et al., 2020). It is important to note that symptoms that are common 

across multiple NDDs can manifest differently based on the specific disorder and the 

individual person. For example, particular modes of learning are differentially affected 

across NDDs. Schizophrenia is associated with difficulties in verbal learning, learning 

that requires self-correction, learning that happens on a rapid timescale, and reward or 

reinforcement learning (Cicero et al., 2014; Gold et al., 2008; Pope & Kern, 2006), 

whereas ASD is associated with impairments in spatial working memory, spatial 
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navigation and reasoning, and memory retrieval tasks (Banker et al., 2021; Y. Wang et 

al., 2017). Thus, the phenotype of a “shared” NDD symptom may manifest differently 

depending on the distinct NDD of that individual. 

It is currently unknown whether the neurobiology contributing to “shared” 

NDD symptoms is similarly impacted in humans across different disorders (see De 

Lacy & King, 2013 for review of neurobiological studies underlying ASD and 

schizophrenia). On one hand, it is possible that across different NDDs, a shared 

symptom may be caused by a disturbance in a shared neurobiological process. On the 

other hand, it is possible that for different NDDs, a shared symptom could be caused 

by a disturbance in distinct neurobiological processes. In this case, a similar 

mechanism of dysfunction could still be similar across disorders, but the specific 

characteristics (and likely the etiology) of the disruption may be distinct for each 

disorder or even amongst individuals with the same NDD. Thus, dysregulation of the 

immune system following MIA may contribute to the etiology of many NDDs, but the 

specific mechanisms of such are still not well understood. 

1.2 Maternal Immune Activation is a Risk Factor for Neurodevelopmental 
Disorders 

Epidemiological data support that MIA increases the risk for NDDs in 

offspring. It is important to note that in both human and animal studies, MIA typically 

refers to any immune challenge that occurs during pregnancy. However, animal 

studies modeling gestational development can also encompass the perinatal period 

more broadly – occurring during gestation or around the time of birth – because the 

first 2 weeks of neonatal development in rodent pups is roughly equivalent to the third 

trimester of fetal development in humans (Guma et al., 2019). More specifically, third 
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trimester neurodevelopmental processes such as immunogenesis, apoptosis, and 

synaptogenesis, occur during gestation in humans but continue post-birth in rodents 

(Estes & McAllister, 2016). 

In humans, cohort (either prospective or retrospective) and case–control 

(retrospective) studies are common experimental designs used to examine the 

relationship between MIA and NDD diagnosis (Song & Chung, 2010). One drawback 

to human studies is the necessity of an observational design, which prevents us from 

fully understanding the causal relationship between MIA and symptoms of NDDs. 

This limitation highlights the importance of basic biomedical research and animal 

models to decipher the specific link between MIA and the ontogeny of NDDs, with the 

additional goal of identifying the underlying molecular, cellular, or neural circuit 

mechanisms or disruptions. Nevertheless, epidemiological studies of maternal 

exposure to various pathogens and environmental triggers – particularly viral and 

bacterial infections – during gestation provide some of the strongest data linking MIA 

and the risk of NDDs (see V. X. Han et al., 2021 for a more comprehensive review). 

 The Epidemiological Evidence 

General infections during pregnancy have been associated with increased risk 

for ASD and schizophrenia in offspring (H. Jiang et al., 2016; Nielsen et al., 2013; Y. 

Zhou et al., 2021). More specifically, various viral and bacterial infections during 

gestation are well-associated with later NDD diagnosis of ASD or schizophrenia in 

offspring (see review articles: Boksa, 2008; Brown, 2012; Cheslack-Postava & Brown, 

2022; Massarali et al., 2022; Ornoy et al., 2015; Shuid et al., 2021). 

Viral infections – e.g., rubella, influenza, congenital cytomegalovirus – are 

associated with increased ASD risk if they occurred during the first/second trimesters 
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(Atladóttir et al., 2012; Chess et al., 1979; Holingue et al., 2020; Mawson & Croft, 

2019) and with increased schizophrenia risk if they occurred during the second/third 

trimesters (Barr et al., 1990; Brown, Cohen, et al., 2000; Brown et al., 2001; Brown, 

Schaefer, et al., 2000; Khandaker et al., 2013; Limosin et al., 2003; Mednick et al., 

1994; Mednick et al., 1988; Sham et al., 1992; Takei et al., 1996). Furthermore, 

bacterial infections – e.g., urinary tract infection, genital infections – during the 

second/third trimesters (Atladóttir et al., 2010; Fang et al., 2015; H. Jiang et al., 2016; 

Zerbo et al., 2015) and maternal fever during pregnancy (Croen et al., 2019; Hornig et 

al., 2018; Magnus et al., 2006; Stoltenberg et al., 2010; Tioleco et al., 2021; Zerbo et 

al., 2013) are associated with increased ASD risk. Schizophrenia risk is also associated 

with bacterial infections – e.g., respiratory infections, pyelonephritis, and 

genital/reproductive infections – during the first trimester (Babulas et al., 2006; 

Blomström et al., 2016; Clarke et al., 2009; Sørensen et al., 2009). It is imperative to 

note that many epidemiological studies are unable to account for the trimester of 

infection in their findings, either due to limitations of the data collected or not having 

enough statistical power. Therefore, one cannot exclude the possibility that infections 

or febrile episodes during other phases of gestation are also risk factors for these 

NDDs and their behavioral symptoms. 

The above epidemiological evidence links exposure to infection with a general 

diagnosis of ASD or schizophrenia. Other studies have instead examined the link 

between MIA and specific symptoms of NDDs. In an Australian cohort study of 

children with ASD, symptoms of severe social impairment were associated with 

reports of the mother having a history of chronic immune activation such as asthma or 

allergies (Patel et al., 2018). Similarly, a Finnish cohort study found significant 
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associations between maternal fever during the second trimester and several 

behavioral outcomes in children that are characteristic of NDDs, including distress to 

novel situations, difficulties with task persistence and orientation, and increased social 

inhibition (Dombrowski et al., 2003). These reports demonstrate that MIA can also be 

associated with the manifestation or severity of NDD-related behavioral symptoms in 

offspring. Researchers should consider tailoring future human studies and animal 

models of MIA to examine specific behaviors that are implicated in many NDDs. 

In all, human epidemiological studies are unable to show strong causal 

associations between any one particular infection type and specific NDD outcome. 

Furthermore, the epidemiological data do not always provide the most consistent 

results regarding the relationship between MIA and NDDs, as there are studies that 

report no significant associations between infection during pregnancy and NDD 

diagnosis in offspring (Brown et al., 2004; Ellman et al., 2009; Jones et al., 1998; 

Mahic et al., 2017; Zerbo et al., 2013, 2017). Some of these human studies have small 

sample sizes and may therefore be underpowered to detect such an association. It is 

also possible that the relationship between prenatal infection and NDDs in studies with 

null findings may be clouded by other factors related to the infection or sickness 

response – such as fever, severity of infection, gestational timing, medication or 

treatment, genetic predisposition, individual immune response, fetal sex, lifestyle, etc. 

– that aren’t always measured or accounted for in epidemiological studies. These 

factors may have a significant moderating effect in whether overt MIA results in the 

onset of NDDs later in life (Flinkkilä et al., 2016). That said, the majority of 

epidemiological evidence does support the hypothesis that MIA during gestation, in 
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and of itself, is a risk factor for various NDDs, rather than being due to the unique 

biological characteristics of any one pathogen or immunogen. 

 Immune Dysregulation and the Etiology of Neurodevelopmental Disorders 

One mechanism by which MIA increases the risk of NDDs in offspring may 

be via the maternal immune response and its associated circulating cytokines, rather 

than via a direct infection of the fetus itself (Mahic et al., 2017; Shi et al., 2005). In the 

past few decades, human epidemiological studies have provided further evidence 

supporting this idea. A Californian case–control study in the United States found that 

elevated levels of interferon (IFN)-γ, interleukin (IL)-4, and IL-5 in maternal serum 

mid-pregnancy were associated with increased ASD risk in offspring relative to the 

general population (Goines et al., 2011). Similarly, a Danish case–control study found 

increased levels of tumor necrosis factor (TNF)-α and TNF-β in amniotic fluid 

(collected during amniocentesis procedures) of individuals later diagnosed with ASD 

(Abdallah et al., 2013). The researchers also found an association between ASD and 

elevated levels of IL-4, IL-10, and monocyte chemoattractant protein (MCP)-1 in the 

amniotic fluid of individuals born after 1993, which is when an updated diagnostic 

code for autism was introduced (Abdallah et al., 2012, 2013). 

Moreover, a Philadelphia case–control study in the United States analyzed 

maternal serum samples that were collected during various prenatal visits or at birth 

and found that elevated levels of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 

were associated with the diagnosis of a psychiatric disorder (i.e., schizophrenia, 

schizoaffective disorder, and major depression or bipolar disorder with psychosis) 

decades later in adult offspring (Allswede et al., 2020). This association was 

particularly true for samples collected during the first half of pregnancy, but it was not 
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significant for those collected during the second half of pregnancy. Similarly, a Rhode 

Island study in the United States found increased levels of TNF-α and IL-8 in serum 

collected at parturition that were linked with reports of maternal infection during the 

third trimester (Buka et al., 2001). The elevation in TNF-α was specifically associated 

with increased risk for psychosis in offspring. 

Overall, these studies support the notion that activation of the immune system 

(via infection) induces a concert of cytokines and chemokines that circulate 

throughout the body to fight the invading pathogen. In doing so, these pleiotropic 

immune molecules have powerful effects on the body; they can pass through the 

placental barrier and enter the fetal compartment, or they can trigger cytokine 

production in the placenta itself, which can produce similarly powerful effects on the 

developing fetus (Hsiao & Patterson, 2012). This inflammatory response can thus 

drive alterations in the fetal brain by disrupting processes important for typical neural 

development, which may underlie later vulnerability to NDDs and their symptoms. 

The developing brain is uniquely vulnerable to environmental insults and 

infections that can adversely impact the neurodevelopmental trajectory and the 

ontogeny of various behaviors later in life (Bale, 2009; Deverman & Patterson, 2009; 

Schwarz & Bilbo, 2011b). Interestingly, the immune system itself is highly involved 

in regulating numerous processes important for neural development (Schwarz & 

Bilbo, 2011b; Tanabe & Yamashita, 2018; Zengeler & Lukens, 2021). Microglia, the 

innate immune cells of the brain, are involved in the pruning and maturation of 

appropriate synapses during development via phagocytosis of axonal terminals and 

dendritic spines (Schafer et al., 2012). Exposure to early-life immune activation (e.g., 

MIA) compromises these functions, and can subsequently affect the number and 
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function of microglia, disrupt synaptic maturation and pruning, and result in neural 

circuit remodeling and deficits in neural function and behavior (Paolicelli et al., 2011; 

Tay et al., 2017; Zhan et al., 2014). The consequences of this dysregulation may also 

extend beyond fetal development to affect neurodevelopmental processes during the 

postnatal period (Fernández de Cossío et al., 2017; Matcovitch-Natan et al., 2016), 

such as disrupting synapse/neural circuit formation important for the ontogeny of 

specific behavioral phenotypes (e.g., language acquisition, social behaviors, learning, 

etc.). For a more detailed review of neurobiological processes associated with NDDs 

that can become disrupted by MIA, see: Bergdolt & Dunaevsky (2019), Estes & 

McAllister (2016), and Knuesel et al. (2014). Thus, rodent models of MIA and NDDs 

are especially important to help elucidate the neural and molecular processes that can 

become disrupted by immune activation during sensitive periods of development. 

1.3 Rodent Models of Maternal Immune Activation 

As mentioned above, human studies are limited in their ability to establish a 

causal relationship between risk factors and NDD outcomes. Furthermore, it is 

difficult for researchers to determine the underlying neurobiology that may contribute 

to the disorder, as postmortem studies are limited by number of donations and our 

current neuroimaging technology does not allow us to examine structural and 

functional neural changes at the cellular or molecular level. Therefore, animal models 

are necessary to understand the role of the immune system and MIA in the 

perturbation of neurodevelopment and in NDD-associated outcomes in offspring. 

A range of different immunogens (any pathogen or molecules that can activate 

the immune system) are used in rat and mouse models to explore the underlying 

neurobiology implicated in the association between MIA and psychiatric phenotypes. 
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For example, prenatal exposure to influenza in rodents produces altered expression of 

serotonergic and glutamatergic receptors, reduced exploration of the open arm of an 

elevated-plus maze (i.e., anxiety-like behavior), and deficits in pre-pulse inhibition 

(i.e., reduced sensorimotor gating; Moreno et al., 2011; Shi et al., 2003; Spini et al., 

2021). Furthermore, exposure to Toxoplasmosis gondii antigens during gestation in 

mice causes increased anxiety behaviors later in life (Spini et al., 2021; Webster et al., 

2013). Exposure to diesel exhaust particles, which can also activate the immune 

system, during gestation and neonatal development produces learning and memory 

deficits in an elevated-plus and a Morris water maze, reduced social interactions, and 

alterations in ultrasonic vocalizations (i.e., communication deficits; Bolton et al., 

2013; Chang et al., 2018; Ehsanifar et al., 2019). Further, prenatal infection with E. 

coli in rats impacts neonatal sensorimotor learning and adult spatial learning (Wallace 

et al., 2010). Perhaps some of the most commonly used rodent models of MIA include 

administration of polyinosinic:polycytidylic acid (Poly I:C) or lipopolysaccharides 

(LPS). LPS and Poly I:C are mimetics for viral and bacterial infections, respectively, 

and are used to stimulate an innate immune response in the absence of direct infection. 

This current experiment utilizes LPS as the immunogen to precipitate MIA. 

LPS is a cell-wall component of gram-negative bacteria (like Escherichia coli) that can 

be used to stimulate an innate immune response via the TLR4 pathway (Reisinger et 

al., 2015). With the help of cluster of differentiation 14 (CD14), LPS binds to proteins 

on TLR4 which, similarly to Poly I:C, causes downstream gene expression and 

production of inflammatory cytokines and type 1 interferons (IFN) (Bae et al., 2010; 

Bao et al., 2022). Although interferons (particularly IFN-ɣ) are vital for the immune 

response to viruses, the activity of IFN-α and INF-β can also help the immune system 
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fight off other pathogens such as bacteria (Bae et al., 2010). Interestingly, neonatal 

administration of LPS produces a broader and more robust neuroimmune response in 

rat hippocampus than E. coli (Schwarz & Bilbo, 2011a). 

Rather than employing a direct infection, LPS is typically administered either 

intraperitoneally or subcutaneously in models of MIA, thereby stimulating the innate 

immune system in a similar manner to a peripheral infection in humans but without 

the full infection (Ashdown et al., 2005). This is particularly relevant given the 

epidemiological data summarized above, which suggest that the maternal immune 

response (including fever, cytokine production, altered fetal microglia function, etc.) 

may precipitate NDDs in offspring rather than the direct infection itself. The timing of 

LPS administration used in MIA models can vary across gestational age in rodents, 

from embryonic day (E)9 to E19, with administration most commonly reported around 

E15 and E18 (Boksa, 2010; Solek et al., 2018). In rats, E15-E18 occurs during the 

equivalent of the second trimester in humans; the third trimester equivalent occurs 

postnatally in rodents (Guma et al., 2019). As discussed above, MIA with bacterial 

infection during the second/third trimesters is associated with ASD and during the first 

trimester is associated with schizophrenia. Some rodent models of MIA also employ 

multiple hits of LPS, such as successive injections on E15 and E16 or on E18 and E19. 

The utility of multiple hits of LPS is lessened by evidence that the peripheral cytokine 

response is attenuated after one previous LPS exposure (Wendeln et al., 2018).  

Researchers report using dosages of LPS ranging from 25µg/kg to over 

1mg/kg, with 100µg/kg being more commonly used (Boksa, 2010; Solek et al., 2018). 

MIA with lower doses of LPS (100-500µg/kg) or with Poly I:C can cause subtle 

neural consequences such as long-term alterations in cytokine expression, changes in 
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neurotransmission, reduced proliferation of new neurons, and changes in microglia 

activation measured in adolescent and/or adult offspring (see Boksa, 2010; Hameete et 

al., 2021; Kentner et al., 2019; Solek et al., 2018 for more detailed information). On 

the other hand, larger doses of LPS (more than 1mg/kg) administered during gestation 

can produce severe damage to white matter, axons, and dendrites (Fan et al., 2005). 

These MIA-driven neural changes may occur during fetal development but are often 

prolonged and measurable throughout offspring postnatal development and into 

adulthood. Many of these neural changes are thought to be driven by the maternal 

response to immune activation during gestation, which can interact with the fetal 

compartment and disrupt immune molecules and immune cells like microglia from 

performing their essential functions during neural development (i.e., synaptic pruning, 

neural circuit formation, etc.). 

Additionally, several review articles have compiled data from rat and mouse 

MIA models that examine behavioral and neural outcomes following exposure to 

prenatal Poly I:C and LPS (see Bauman & Van de Water, 2020; Boksa, 2010; Kentner 

et al., 2019; Meyer et al., 2009; Solek et al., 2018). Some of the behavioral outcomes 

of rodent MIA studies that are summarized in these reviews include: deficits of latent 

inhibition and pre-pulse inhibition, reduced open-field exploration and novel object 

recognition, decreased social interactions, impaired spatial memory in the Morris 

water maze task, and increased repetitive behaviors such as grooming or stereotyped 

behaviors in an open field. These rodent behavioral phenotypes are relevant to humans 

in that they align with the common overlapping symptoms of NDDs, such as deficits 

in sensorimotor gating, learning disabilities, and altered social behaviors, as described 

above. Further, these data highlight how maternal inflammation during pregnancy, 
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even in the absence of overt infection, can produce NDD-associated behavioral 

changes in offspring, likely through the disruption of neural processes necessary for 

brain development. 

Taken together, rodent studies using LPS, which mimics bacterial infection, 

seem to be effective in modeling the behavioral phenotypes of NDDs, particularly 

ASD, schizophrenia, and generalized learning deficits. One major limitation in our 

ability to interpret various rodent models of MIA is the variability in experimental 

design across labs, including: gestational timing and frequency of the immune 

challenge, serotype/strain/dose of the immune challenge, age at which behavioral 

measures are tested in offspring, the types of behaviors and neural outcomes measured 

within a lab, and mouse versus rat models (whose immune systems are quite distinct). 

Nonetheless, both mouse and rat models of MIA seem to yield similar patterns of 

behavioral and neural findings related to NDD risk and symptomatology, even with 

varying rodent strains, offspring age at the time of measured outcomes, and 

dosages/gestational timing of the immune challenge. This provides further support that 

rodent models can provide insight into the neurobiological mechanisms underlying 

MIA-driven disruptions in offspring neural and behavioral development. 

1.4 Sex Differences in Offspring Exposed to Maternal Immune Activation 

Furthermore, sex is a critical factor that must be considered when examining 

the etiology of NDDs and their symptoms. Males are, on average, twice as likely as 

females to be diagnosed with developmental disorders, including ADHD, ASD, early-

onset schizophrenia, and general learning disabilities (Pinares-Garcia et al., 2018; 

Polyak et al., 2015). Despite the known sex-bias, there are limited epidemiological 

data investigating how sex may impact the role of MIA as a risk factor for NDDs. 
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Although there are a few studies reviewed by Ardalan and colleagues (2019) that 

describe sex differences in cytokine expression of individuals diagnosed with ASD, 

their findings are not specifically related to MIA. For instance, males had a 

significantly higher risk for ASD in a Lebanese case–control study (Guisso et al., 

2018) and for schizophrenia in a Finnish cohort study (Jones et al., 1998), independent 

of prenatal exposure to infection. There is one Boston case–control study in the United 

States that examined the association between cytokine levels in maternal serum 

collected throughout pregnancy and risk for schizophrenia in offspring (Goldstein et 

al., 2014). The researchers found that females with schizophrenia were more likely to 

have decreased levels of maternal TNF-α as compared to males with schizophrenia 

and females in the control group. Moreover, sex differences have been explored in 

rodent models of MIA and are detailed in review articles (Ardalan et al., 2019; 

Bauman & Van de Water, 2020; Breach & Lenz, 2022), with the takeaway being that 

MIA differently affects the behavioral and neural phenotypes of each sex; males 

offspring are often reported to be more affected by MIA than female offspring. 

One mechanism by which sex of the offspring may interact with MIA may be 

through estradiol receptors (ERα and ERβ). Estradiol regulates the activation of innate 

immune signaling pathways and can influence the synthesis of pro- and anti-

inflammatory cytokines by the NF-κB pathway (Kovats, 2015; Liu et al., 2017). For 

example, estradiol (E2) can inhibit this pathway via increased production of IκBα 

mRNA (Xing et al., 2012). The expression and activation of ERs vary between males 

and females, which causes differences in the magnitude and duration of the innate 

inflammatory response between sexes (Arnold & Saijo, 2021; Kovats, 2015). For 

instance, females have a higher basal expression of ERα and ERβ than males in human 
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blood monocytes-derived macrophages (MDMs), and when incubated with 100ng/ml 

of LPS for 24h, both expression and phosphorylation of ERα were upregulated to a 

larger degree in males than females (Campesi et al., 2017). Thus, females may have a 

lesser need to express or phosphorylate ERs in response to an immunogenic insult. 

Sex differences in the density, maturation, or activation of microglia may also 

contribute to variability in immune response between males and females (Ardalan et 

al., 2019; Hanamsagar et al., 2017; Klein & Flanagan, 2016; Schwarz et al., 2012). As 

discussed above, microglia have an active role in the developmental pruning and 

maturation of synapses, and compromising these functions can lead to alterations in 

neural circuit development and deficits in learning (Paolicelli et al., 2011; Schafer et 

al., 2012; Tay et al., 2017; Zhan et al., 2014). MIA may potentially alter the number or 

surveillance state of microglia differently in males and females, which may contribute 

to sex differences in the ontogeny and manifestation of various NDDs. Indeed, 

microglia with a stout and ameboid morphology – which commonly occur when 

microglia are responsive during an immune response or insult – are more prevalent in 

females than males from P0–P4 and from P30–P60 (Hui et al., 2020; Schwarz et al., 

2012). Differences in microglial surveillance state may potentiate differences in the 

neuroimmune response between males and females (Osborne et al., 2018), which may, 

in turn, affect neuronal processes underlying behavior. 

In all, sex-biases in the diagnoses of NDDs may be observed because: (1) the 

manifestation of symptoms in females is different than in males, and the current 

diagnostic criteria is more aligned with symptoms commonly presented in males, 

and/or (2) the disruption of neurobiological processes that cause NDDs are more likely 

to occur in males than in females. It is also possible that certain neural and behavioral 
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processes mature at different rates between males and females, and therefore exposure 

to immunogens may differentially affect each sex depending on the developmental 

timing of the exposure. When properly designed to account for potential sex 

differences, rodent models can help us identify how MIA may differently impact the 

neurodevelopment of males and females and contribute to a variety of phenotypes 

relevant for NDDs. 

1.5 Conclusions and Experimental Questions 

Environmental stressors and infections that occur during early periods of 

development can have profound effects on the brain and behavior later in life. 

Epidemiological evidence suggests that one’s risk of developing a NDD increases 

significantly if their mother had a viral or bacterial infection during pregnancy (Brown 

& Conway, 2019; Meyer, 2021). Moreover, there are often overlapping symptoms 

across different NDDs, including cognitive/learning disabilities (Banker et al., 2021; 

Cicero et al., 2014), altered immune signaling (Garay & McAllister, 2010; Mead & 

Ashwood, 2015), and anxiety and depression (Hansen et al., 2018; Sparks et al., 

2024). Prenatal exposure to MIA may compromise important developmental functions 

during early life – i.e., disrupt the role of microglia in synaptic pruning and maturation 

(Schafer et al., 2012) – that may underlie vulnerability to later-life stressors and 

behavioral dysfunction (Paolicelli et al., 2011; Zhan et al., 2014). Animal models can 

be used to investigate the effects of MIA on such physiological outcomes related to 

NDDs in offspring and to elucidate their potential neural underpinnings.  

The experiments in this dissertation utilized a rat model to examine how MIA – 

a known risk factor for NDDs – contributes to behavioral deficits and immune 

dysregulation in male and female offspring across development. To model MIA, 
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female rats were injected with LPS on E15 to mimic a bacterial immune challenge 

during the human equivalent of the second trimester of gestation. 

Epidemiological studies support that both MIA and diagnoses of NDDs are 

associated with delayed onset of behavioral milestones during development (Jain et 

al., 2021; Meredith, 2015) and with elevated peripheral and neural inflammation 

(Breach & Lenz, 2022; V. X. Han et al., 2021). Therefore, Aim 1 investigated the 

effects of MIA on neonatal offspring development by examining acquisition of various 

reflex behaviors and basal gene expression in the brain (see Chapter 3). Maternal 

care behaviors toward pups were also measured to account for potential differences in 

dam-pup interactions across E15 conditions. 

After examining the effects of MIA on offspring during early periods of 

development, we explored whether any symptoms characteristic of NDDs might 

persist into adulthood. As discussed above, humans with NDDs often have decreased 

learning abilities (particularly males) and may experience anxiety (particularly 

females; see Pinares-Garcia et al., 2018). Similarly, rodent offspring exposed to MIA 

with LPS display increased anxiety (Quagliato et al., 2021), decreased spatial memory 

(Coyle et al., 2009) and show male-biased deficits in conditioned fear learning 

(Waterhouse et al., 2016a). As such, Aim 2 evaluated how MIA impacts various 

behavioral phenotypes of adult offspring in the elevated plus maze, in novel object 

location and recognition paradigms, and in a latent inhibition fear conditioning task 

(see Chapter 4). 

Finally, whereas MIA has been found to reduce neuron proliferation and 

promote microglia activation across the postnatal period (S. M. Clark et al., 2019), 

little is known about how exposure to MIA impacts a subsequent immune challenge 
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later in life. Research suggests that MIA with Poly I:C can blunt (S. M. Clark et al., 

2019) or that MIA with LPS can potentiate (Chamera et al., 2020) the brain’s immune 

response to an LPS immune challenge in adult offspring. Thus, Aim 3 sought to 

determine whether MIA influences the offspring brain’s response to LPS immune 

activation in adulthood (see Chapter 5). Gene expression was analyzed in brain 

regions that are implicated in the behavioral tasks examined in Aim 2, to additionally 

identify potential neural-immune dysregulation that may underlie the behavioral 

outcomes. 

 Significance 

The prevalence of NDDs in the United States is approximately 17% (Zablotsky 

et al., 2019), and males are more likely than females to be diagnosed with these 

disorders (Pinares-Garcia et al., 2018). Thus, sex is a critical factor that must be 

considered when examining the etiology of these disorders and their symptoms. 

Moreover, little is known about how developing neural systems are perturbed by 

events, such as MIA, that are known to increase the risk for NDDs. The proposed 

research will help us better understand how early-life environmental factors may 

disrupt neural processes important for immune function and behavior later in life, and 

how these processes may become differently dysregulated in males and females. In 

turn, these findings may help to inform the development of treatment and/or 

intervention options to alleviate symptoms of NDDs, such as developmental delays, 

learning disabilities, and altered immune signaling. 
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GENERAL METHODS 

This chapter reports the general methods that were used in the experiments 

outlined in Chapters 3, 4, and 5 below. Specific details related to each experiment are 

described further in each respective chapter. 

2.1 Experimental Subjects 

Sixty-four (32 males and 32 females) Sprague Dawley rats (Rattus norvegicus) 

were derived from 19 litters bred at the University of Delaware for neonatal reflex 

behavior testing and maternal care observations (Chapter 3). Two-hundred seven 

(106 males and 101 females) Sprague Dawley rats (Rattus norvegicus) were derived 

from 27 litters bred at the University of Delaware for developmental cytokine 

expression (Chapter 3), adult behavior (Chapter 4), and adult immune activation 

testing (Chapter 5); see Figure 1 for breakdown of animal experiments and cohorts. 

Adult male and female rats were ordered from Charles River Laboratories 

(Wilmington, MA) and allowed at least one week of acclimation before for breeding at 

the University of Delaware. Male and female pairs were housed together for no more 

than five days. Each morning cages were checked for the presence of a sperm plug, 

which was designated as embryonic day (E)1. 

Chapter 2 
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(see Figure 2 below) and other sickness behaviors until they gave birth, which was 

designated as postnatal day (P)0. Dams with substantial vaginal bleeding or that lost 

more than 20% of their body weight were euthanized. 

Even with this reduced dose of LPS (50µg/ml/kg) on E15, we were able to 

achieve robust mRNA expression of pro- and anti-inflammatory cytokines in the 

maternal hypothalamus, maternal spleen, and fetal whole brain; see Appendix C. 

Interestingly, we also saw an upregulation of NGF in fetal brain, which confirms that 

MIA can affect the expression of important neurotrophic factors in fetal offspring. 

Additionally, this low dose of LPS (50µg/kg) elicited differences between LPS and 

saline dams and litters; see Figure 2 for statistics. E15 LPS caused 3 maternal deaths 

(5.56%; that occurred by E16) and caused 62.2% of dams to have vaginal bleeding 

post-injection (between E16-E18). LPS injection on E15 also caused 44.0% of dams to 

resorb the litter (no pups were born to these dams). The LPS dams that did go on to 

give birth had significantly smaller litter sizes than saline dams. These findings are in 

line with previous MIA research that report Poly I:C and LPS (administered across 

various gestational ages) to cause increased litter resorption and reduced size of litters 

born (Bao et al., 2022; Fortier et al., 2007; French et al., 2013; Haida et al., 2019). The 

implications of these MIA effects on the dam and pups are discussed in Chapter 3 

below. Finally, we found no differences across E15 conditions in the number of 

postnatal pup deaths from P0-P2 nor in the male-to-female ratio of the litters. 

Offspring postnatal weights were also not significantly different across E15 

conditions; see Chapters 3 and 4. 
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3.2 Methods 

 Maternal Immune Activation 

Dams were injected with LPS (50µg/ml/kg; i.p.) or saline on E15, as described 

in Chapter 2. 

 Maternal Care Observations 

Following birth, litters were recorded (using UniFi® Video software) with 

cameras (UniFi® UVC G3) positioned perpendicular to the cages to capture their 

length. Recordings occurred for 30min at 7:00am and 30min at 3:00pm daily from P1-

P5. These times were chosen for observations because nursing behaviors in rats have 

been found to occur more frequently during the light phase of the light-dark cycle 

(Champagne et al., 2003). Cage changes did not occur from P1-P5 in order to 

minimize exogenous effects on the dam’s interactions with the litter. Maternal 

behaviors were scored from the recordings (playback speed = recording speed) at each 

minute (totaling 62 observations) by researchers blinded to E15 condition. In cases 

where the dam’s behavior was ambiguous, the observers watched ±10s of the video 

(relative to each minute mark) in order to contextualize and identify the behavior. 

Videos were scored to determine instances of licking/grooming (LG) of pups and 

arched-back nursing. These actions are the most common maternal behaviors 

displayed after birth (Champagne et al., 2003; Orso et al., 2019), often occur 

concurrently, and are important for offspring development and survival (Chen et al., 

2012; J. W. Smith et al., 2004). 
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[F(1,34) = 2.59, p = .117], nor their interaction [F(1,34) = 0.182, p = .672]; see Figure 

9C. 

However, repeated measures ANOVA revealed a significant effect of postnatal 

day [F(2.99,108) = 182, p < .001, ηp
2 = .835], E15 condition [F(1,36) = 5.80, p = .021, 

ηp
2 = .139], and their interaction [F(10,360) = 4.29, p < .001, ηp

2 = .106] on walking 

posture. Pairwise comparisons revealed that E15 LPS offspring walked performed 

better at walking with a correct posture on P18 (p < .001) and P19 (p < .001) than did 

E15 saline offspring; see Figure 9D. 

Figure 9. Acquisition of Gait and Walking Posture. (A,C) There were no 
differences in the acquisition of gait nor walking posture across E15 
condition. (B) There were no differences in scores of gait quality across 
E15 condition. (D) Offspring exposed to E15 LPS performed better at 
walking with a correct posture than did E15 saline offspring from P18-
P19. #pairwise comparison; significantly different than saline (p < .05). N 
= 8-10 rats per sex/group. Error bars represent SEM. 
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Maternal Care 

T-tests revealed no significant differences in frequency of arched-back nursing

behaviors across E15 conditions [P1: t(13) = -0.762, p = .460; P2: t(14) = 0.537, p = 

.599; P3: t(16) = 0.313, p = .758; P4: t(16) = -1.07, p = .302; P5: t(15) = -0.201, p = 

.844]; see Figure 10A. There were also no significant differences in frequency of LG 

behaviors toward pups across E15 conditions [P1: t(13) = -0.356, p = .728; P2: t(14) = 

-0.562, p = .583; P3: t(16) = 1.42, p = .174; P4: t(16) = 1.50, p = .153; P5: t(15) = -

0.399, p = .695]; see Figure 10B.

Figure 10: Maternal Care Behaviors. There were no differences in (A) arched-
back nursing nor (B) licking/grooming behaviors toward pups across E15 
conditions. N = 6-10 dams per group. Error bars represent SEM. 
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P7 Basal Gene Expression 

3.3.4.1 Dorsal Hippocampus 

Relative gene expression of immune molecules and neurotrophic factors in the 

offspring dHP at P7 can be found in Figure 11(A-F). IL-1β. There were no significant 

differences in IL-1β expression as a function of offspring sex [F(1,30) = 0.070, p = 

.793], E15 condition [F(1,30) = 2.64, p = .115], nor their interaction [F(1,30) = 0.001, 

p = .974]. IL-6. There were no significant differences in IL-6 expression as a function 

of offspring sex [F(1,28) = 0.068, p = .797], E15 condition [F(1,28) = 0.113, p = 

.739], nor their interaction [F(1,28) = 0.684, p = .415]. IL-10. There were no 

significant differences in IL-10 expression as a function of offspring sex [F(1,28) = 

0.147, p = .705], E15 condition [F(1,28) = 0.334, p = .568], nor their interaction 

[F(1,28) = 0.165, p = .688]. CD11b. There were no significant differences in CD11b 

expression as a function of offspring sex [F(1,30) = 1.55, p = .223], E15 condition 

[F(1,30) = 1.71, p = .201], nor their interaction [F(1,30) = 0.059, p = .809]. BDNF. 

There were no significant differences in BDNF expression as a function of offspring 

sex [F(1,28) = 3.55, p = .070], E15 condition [F(1,28) = 3.96, p = .057], nor their 

interaction [F(1,28) = 2.62, p = .117]. GDNF. There were no significant differences in 

GDNF expression as a function of offspring sex [F(1,28) = 0.035, p = .854], E15 

condition [F(1,28) = 1.77, p = .194], nor their interaction [F(1,28) = 0.593, p = .448]. 
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Figure 13: P21 Basal Gene Expression in dHP. (E) Male E15 LPS offspring had 
decreased BDNF expression in dHP at P21 than did E15 saline males. 
There were no differences in the expression of (A) IL-1β, (B) IL-6, (C), 
IL-10, (D), CD11b, nor (F) GDNF across E15 condition nor sex. *main 
effect of E15 condition (p < .05). #pairwise comparison; significantly 
different than E15 LPS males (p < .05). N = 7-9 rats per sex/group. Error 
bars represent SEM. 
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3.3.5.2 Medial Prefrontal Cortex 

Relative gene expression of immune molecules and neurotrophic factors in the 

offspring mPFC at P21 can be found in Figure 14(A-F). IL-6. There were no 

significant differences in IL-6 expression as a function of offspring sex [F(1,28) = 

0.231, p = .635] nor in the interaction between sex and E15 condition [F(1,28) = 1.21, 

p = .281]. There was a significant effect of E15 condition [F(1,28) = 6.66, p = .015, 

ηp
2 = .192] such that offspring exposed to LPS on E15 had decreased expression of IL-

6 at P21 as compared to those exposed to E15 saline; see Figure 14B. 

IL-1β. There were no significant differences in IL-1β expression as a function 

of offspring sex [F(1,28) = 0.494, p = .488], E15 condition [F(1,28) = 3.13, p = .088], 

nor their interaction [F(1,28) = 0.516, p = .478]. IL-10. There were no significant 

differences in IL-10 expression as a function of offspring sex [F(1,27) = 0.022, p = 

.883], E15 condition [F(1,27) = 0.886, p = .355], nor their interaction [F(1,27) = 

0.157, p = .695]. CD11b. There were no significant differences in CD11b expression 

as a function of offspring sex [F(1,28) = 0.004, p = .949], E15 condition [F(1,28) = 

0.035, p = .853], nor their interaction [F(1,28) = 2.13, p = .156]. BDNF. There were 

no significant differences in BDNF expression as a function of offspring sex [F(1,28) 

= 0.128, p = .723], E15 condition [F(1,28) = 2.02, p = .167], nor their interaction 

[F(1,28) = 4.04, p = .054]. GDNF. There were no significant differences in GDNF 

expression as a function of offspring sex [F(1,28) = 0.297, p = .590], E15 condition 

[F(1,28) = 0.007, p = .932], nor their interaction [F(1,28) = 2.58, p = .120]. 
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Figure 14: P21 Basal Gene Expression in mPFC. (B) E15 LPS offspring had 
decreased IL-6 expression in mPFC at P21 than did E15 saline offspring. 
There were no differences in the expression of (A) IL-1β, (C), IL-10, 
(D), CD11b, (E) BDNF, nor (F) GDNF across E15 condition nor sex. 
*main effect of E15 condition (p < .05). N = 7-9 rats per sex/group. Error
bars represent SEM.
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3.4 Discussion 

The results of these experiments show that MIA with LPS accelerates the 

acquisition and enhances the performance of numerous developmental reflexes as 

compared to offspring exposed to prenatal saline. Moreover, we found that MIA 

produced subtle changes in basal gene expression across postnatal development, with 

upregulation of IL-1β in mPFC at P7 and downregulation of BDNF in dHP (only in 

males) and IL-6 in mPFC at P21. These findings are unlikely to be attributed to 

differences in maternal care, as we found no differences in frequency of arched-back 

nursing nor LG by dams toward pups from P1-P5. 

MIA Accelerates Acquisition and Improves Performance of 
Developmental Reflexes in Neonatal Offspring 

There is strong epidemiological evidence to support that individuals with 

NDDs experience delays in reaching behavioral milestones across development 

(Filatova et al., 2017; Harris, 2017; Keskinen et al., 2015; Lim et al., 2021; Ming et 

al., 2007; Provost et al., 2007; Sørensen et al., 2010; Teitelbaum et al., 1998). We 

therefore predicted that MIA would produce delayed acquisition of neonatal 

developmental reflexes in rat offspring. However, contrary to our hypothesis, we 

found that MIA with LPS on E15 caused rats to have an earlier acquisition and better 

performance of various developmental reflexes as compared to saline-exposed 

offspring. More specifically, we found that E15 LPS offspring were able to forelimb 

grasp, cliff avoid, and right with a correct posture at an earlier postnatal age than E15 

saline offspring. Furthermore, E15 LPS rats performed better at forelimb grasping 

(from P3-P5), hindlimb grasping (from P3-P8), righting with correct posture (from 

P16-P18), and walking with correct posture (from P18-P19) than did E15 saline rats.  
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Animal models of MIA with LPS and Poly I:C have been reported to both 

cause delays in developmental reflexes such as righting, forelimb grasping, cliff 

avoidance, and eye opening (Arsenault et al., 2014; Foley et al., 2014; Haida et al., 

2019) and to produce no differences in these behaviors between groups (Harvey & 

Boksa, 2014; Malkova et al., 2012; Straley et al., 2017). On the other hand, in line 

with our current findings, Harvey and Boksa (2014) found that MIA with LPS 

(50µg/kg) on E15 and E16 caused better performance of grip strength (i.e., suspension 

time while hanging from a rod) and geotaxis (i.e., turning around to move up an 

inclined plane) abilities. Our model of MIA also enhanced neonatal reflex behaviors 

across development, even without utilizing these more challenging motor tasks 

(inclined plane and forelimb suspension) to reveal such an effect. In all, the 

relationship between MIA and neonatal reflex acquisition seems to vary greatly across 

animal models, which may be due to differences in the timing, type, and dose of the 

immune challenge, or in the specific reflexes being measured. 

One theory as to why our model of MIA may induce an earlier acquisition of 

neonatal reflexes is the stress acceleration hypothesis, whereby early-life adversity – 

prenatal immune activation being just one example – may shift development to occur 

on a faster timeline. In conditions of high stress, evolutionary theory suggests that 

faster development can allow for earlier transition into reproductive stages (Callaghan 

& Tottenham, 2016; Ellis et al., 2022). This could explain the quicker acquisition of 

motor reflexes across early development seen in the current study. In support of this 

hypothesis, MIA with Poly I:C has been shown to initiate early onset of puberty in 

both male and female offspring (Zhao et al., 2022). Although beneficial for 

reproduction, such accelerated development can result in other adverse outcomes such 



59 

as poor school performance, worse health outcomes, and increased risk for psychiatric 

disorders later in life (Callaghan & Tottenham, 2016; Ellis et al., 2022), which are 

symptoms commonly associated with NDDs (Hansen et al., 2018; King-Dowling et 

al., 2019; Sparks et al., 2024). Thus, even though our current findings do not support 

that MIA causes behavioral delays associated with NDDs, the data still provide insight 

into how MIA with LPS impacts reflex development in offspring. 

Moreover, our results could be indicative of individual susceptibility or 

resilience of the dams and/or fetuses to MIA. It is possible that rats in the LPS group 

represent those that survived, or were more resilient to, the adverse outcomes associated 

with E15 MIA exposure (i.e., smaller litter sizes, dams with no pups by P0, etc.). Such 

resilience to MIA could perhaps impact developmental processes in the surviving 

offspring and contribute to our observed acceleration in neonatal reflex development. 

Previous research that found MIA to enhance (Harvey & Boksa, 2014) or delay 

(Arsenault et al., 2014; Foley et al., 2014) neonatal reflex development, reported no 

group differences in litter sizes nor offspring weights; however, they did not mention if 

other outcomes associated with MIA (e.g., resorption) were examined. One study 

reported that Poly I:C at E12.5 in mice caused smaller litters and 45.5% of dams to not 

give birth by P0 (Haida et al., 2019). Even though these findings are similar to those in 

our current model of MIA (E15 LPS reduced litter sizes and caused 44% of dams to not 

give birth), the researchers showed Poly I:C to cause delays in offspring eye opening 

and righting reflexes (Haida et al., 2019). In all, while individual variability in the 

maternal and fetal consequences of MIA may possibly underlie changes in offspring 

neurobiological development, its relationship with neonatal reflex behaviors is still 
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unclear. The idea of individual differences in the response to MIA and its effects on 

offspring is further discussed in Chapter 6. 

Additionally, this current study found that MIA did not affect the acquisition of 

hindlimb grasping, righting, eye opening, gait, and walking posture (nor the quality of 

righting, cliff avoidance, eye opening, and gait behaviors), which is in line with some 

previous MIA research described above (Harvey & Boksa, 2014; Malkova et al., 2012; 

Straley et al., 2017). These results likely indicate that our current model of MIA with 

LPS on E15 simply does not affect offspring performance of these specific behaviors. 

It is also possible that we were unable to detect differences in these reflexes across 

E15 conditions due to how the behaviors were measured in our experiment. Thus, 

future studies should consider additional methods of assessing acquisition and 

performance of behavioral reflexes. Timing of how long it takes a pup to complete a 

reflex, or more specific measures of the quality of the reflex performed, can provide 

more nuanced data that may better reveal developmental differences caused by MIA.  

Behaviors other than motor reflexes could also be examined, as individuals 

with NDDs often experience deficits in communication (Bowie & Harvey, 2008; 

Mody et al., 2017) and disruptions in sensory processing (Cascio, 2010; Javitt, 2009; 

Suarez, 2012). Therefore, models of MIA should consider utilizing other measures, 

such as odor preference or recognition learning (Guma et al., 2021; Moriceau & 

Sullivan, 2004; Tosta et al., 2023), tactile stimulation (DeRosa et al., 2022; Zhao et al., 

2022) and ultrasonic vocalizations (Guma et al., 2021; Malkova et al., 2012; Pendyala 

et al., 2017), that may reveal additional effects of MIA on early offspring 

development. Future research should also consider exploring whether reduced 

maternal weight following MIA is indicative of “maternal toxicity” and if decreased 
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food intake by the dam itself affects neonatal reflexes separately from the immune 

response to MIA. Finally, we found no differences in neonatal reflex acquisition nor 

performance between male and female offspring, which suggests our model of MIA 

does not precipitate sex differences in neonatal behavioral development. 

MIA Alters Basal Gene Expression in Offspring Brain on P7 and P21 

Both NDDs and MIA are associated with an increased inflammatory profile in 

offspring (Breach & Lenz, 2022; Clarke et al., 2009; Solek et al., 2018; X. Y. Zhang et 

al., 2016; H. Zhou, 2015) that is thought to impact neuronal and synaptic processes 

important for typical development. Accordingly, and in line with our prediction, we 

found that MIA with LPS increased mRNA expression of IL-1β in mPFC at P7 in both 

male and female offspring. On the other hand, we also found that at P21, MIA 

decreased IL-6 expression in mPFC of offspring and reduced BDNF expression in 

dHP of male, but not female, offspring. 

There are a few MIA studies that have examined cytokine expression across 

early postnatal development in offspring prior to weaning. MIA with a higher dose of 

LPS (500µg/kg; E18-E19) increased levels of IL-1β, IL-6, and TNF-α in rat whole 

brain at P7 (Kumral et al., 2007; Yesilirmak et al., 2007) and of IL-1β and IL-6 in rat 

hippocampus and PFC at P21 (H. Zhou, 2015; although not statistically significant). 

These findings are in line with our observed increased IL-1β at P7 in mPFC and 

support the hypothesis that MIA can induce an inflammatory cytokine profile in the 

offspring brain, characteristic of individuals with NDDs. Since IL-1β has been 

implicated in driving synaptic plasticity and neuronal excitability (Levin & Godukhin, 

2017; Zipp et al., 2023), and P7 is a period of heightened gliogenesis and brain growth 
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in rats (Semple et al., 2013), dysregulation of this glial-released cytokine could indeed 

affect neuronal processes important for typical development. 

On the other hand, contrary to our hypothesis, at P21 we found a reduction of 

IL-6 in mPFC as a result of MIA exposure. Previous studies have reported similar 

reductions in cytokine expression at early neonatal ages. MIA with Poly I:C has been 

shown to lower levels of various cytokines at P7, P14, and P30 in the mouse frontal 

cortex (Garay et al., 2013). Decreased TNF-α expression at P7 has also been reported 

in rat whole brain (300µg/kg LPS on E19-E20; Rousset et al., 2006) and frontal cortex 

(100µg/kg LPS on E14-E16; Gilmore et al., 2005). IL-6 is generally expressed at low 

levels in the brain under homeostatic conditions but is important for synaptic plasticity 

and has also been implicated in inhibiting basal neural activity (Levin & Godukhin, 

2017; Zipp et al., 2023). Therefore, it is possible that a reduction in already low levels 

of IL-6, especially at P21 which is a time important for synaptogenesis (Garay et al., 

2013; Semple et al., 2013), could disrupt basal neuroimmune processes and impact 

glial-neuron communication important for typical development. 

Our MIA-driven decrease in BNDF expression in P21 male offspring provides 

some support for the idea that altered cytokine expression can impact neural processes, 

even though this effect was observed in dHP and not mPFC. Reduction of 

neurotrophic factors, including BDNF and NGF, has generally been associated with 

both MIA and NDDs (Giovanoli et al., 2015, 2016; Ricci et al., 2013; X. Y. Zhang et 

al., 2016). For instance, Golan and colleagues (2005) found that MIA (120µg/kg LPS 

on E17) reduced BDNF protein levels at P21 in mouse cortex and hippocampus, 

although the researchers did not report the sex of offspring examined. BDNF is 

implicated in neuron growth, survival, and plasticity and is important for learning and 
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memory (Airaksinen & Saarma, 2002; Bathina & Das, 2015; Glaser et al., 2015). 

BDNF expression is known to be affected by inflammatory cytokines (Jin et al., 2019) 

and sex steroids (C. B. Chan & Ye, 2017; Wei et al., 2017). In rats, mRNA levels of 

BDNF increase after birth between P0-P20 (Dincheva et al., 2016), making it 

vulnerable to homeostatic perturbations in the brain, such as MIA. It is unlikely that 

the low levels of mPFC IL-6 in this current study caused the MIA-induced reduction 

in dHP BDNF of males at P21, since an inverse relationship exists between these 

factors (Jin et al., 2019). However, it is possible that other inflammatory molecules not 

measured in this current study, such as TNF-α, may contribute to the decrease in 

BDNF expression. Thus, additional genes should be examined in the future. 

One reason as to why male, but not female, BDNF was affected could be that 

baseline sex differences in microglial surveillance status, cytokine expression, and sex 

steroid signaling make male offspring more susceptible than females to dysregulation 

of BDNF as a consequence of MIA (Arnold & Saijo, 2021; C. B. Chan & Ye, 2017; 

Klein & Flanagan, 2016; Kovats, 2015; Schwarz et al., 2012). Our observed sex 

difference in hippocampal BDNF expression does provide support for the theory that 

males are more vulnerable to the neurobehavioral consequences of MIA, as it is a risk 

factor for NDDs (of which males are more commonly diagnosed). It is important to 

note, however, that we did not observe any sex differences in neonatal reflex 

behaviors that were measured around the same neonatal age of development (P21; 

weaning). Therefore, future studies should consider examining additional behaviors 

(social, learning, sleep, etc.) at this age in offspring to elucidate potential sex 

differences in other NDD-related phenotypes. Moreover, researchers could selectively 

reduce BDNF in the dHP of non-MIA-exposed offspring in order to further investigate 
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whether downregulation of BDNF at earlier postnatal ages is sufficient to cause 

acceleration of neonatal reflex behaviors. 

Other than the effects described above, the current study found no differences 

between E15 conditions in the expression of most inflammatory (IL-1β, IL-6, IL-10, 

CD11b) and neurotrophic (BDNF, GDNF) genes measured at P7 and P21 in offspring 

dHP and mPFC. One explanation for this result could be that these molecules are 

expressed at low levels during early postnatal development, therefore making it 

difficult to detect any changes in basal mRNA levels following MIA. It is also 

possible that our model of MIA does not induce a widespread neuroinflammatory 

profile at basal levels in neonatal offspring or may simply not alter the expression of 

the specific genes in the specific brain regions examined in this experiment. Thus, 

researchers should examine whether E15 LPS affects additional molecules and genes 

(e.g., TNF, IL-4, IL-8, etc.) that are associated with MIA and/or NDDs. 

Further studies should be also conducted to investigate neuroinflammatory 

signaling in other brain regions, such as the nucleus accumbens, amygdala, and 

cerebellum, that have exhibited altered neural signaling following MIA (Boksa, 2010). 

The cerebellum is involved in motor coordination and is functionally connected with 

the PFC (Diamond, 2000); it is therefore highly important for ontogeny of neonatal 

reflexes across early development. Pendyala and colleagues (2017) found that MIA in 

mice (Poly I:C on E12.5) increased inflammatory gene expression in the cerebellum at 

P1 and P14. Additionally, amygdala dysregulation has been linked with NDDs and 

MIA (Y. Li et al., 2018; Schumann et al., 2011). One mouse study of MIA (50μg LPS) 

showed increased IL-1β expression at P7 and P40 in the amygdala (O’Loughlin et al., 

2017). Our lab has additionally found that E15 LPS (50μg/kg) increases GDNF 



65 

expression at P7 in the amygdala, without affecting mRNA levels of cytokines nor 

BDNF (data not shown). As GDNF is important for neurogenesis and neural plasticity, 

it is possible that this could impact behavioral development via altered amygdala input 

to the PFC, basal ganglia, hippocampus, etc. (Herschkowitz, 2000). The spinal cord 

and nonprimary motor cortices are also highly implicated in the etiology of neonatal 

grasping reflexes (Futagi et al., 2012) and are therefore relevant targets for researchers 

to examine for dysregulation following MIA. Finally, since the current study only 

measured mRNA expression, it is important for future studies to confirm whether any 

observed changes are converted into translational differences in protein levels. 

Overall, given the findings of the research summarized above and those of our 

current study, there does not appear to be a clear relationship between MIA and 

cytokine and neurotrophic factor expression at early postnatal ages. Our current 

findings (increased IL-1β at P7 and decreased IL-6 at P21 in mPFC, and decreased 

BDNF in male dHP at P21) add additional complexity to this association even in the 

absence of pervasive neuroinflammation.  

Maternal Care Toward Pups was Not Affected by MIA 

As predicted, we did not detect any significant differences between E15 

conditions in maternal care behaviors (i.e., arched-back nursing and LG) toward 

offspring. These findings are in line with previous literature showing that MIA does 

not affect these maternal care behaviors (Bernardi et al., 2010; Kirsten et al., 2011; 

Malkova et al., 2012; Penteado et al., 2013; Straley et al., 2017). Since our MIA model 

produces litters of smaller sizes, it could be possible that litter size influenced maternal 

care behaviors. However, we did not find any significant correlations between litters 

size and LG nor arched-back nursing behaviors from P1-P5 (data not shown), which is 
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supported by literature suggesting that litter size does not affect the frequency of such 

behaviors (Champagne et al., 2003).  

Even though we did not find any differences between E15 conditions in 

arched-back nursing or LG – which occur at high levels after birth (Champagne et al., 

2003; Orso et al., 2019) – future studies should examine other forms of maternal 

behavior toward the litter such as time spent away from the nest, self-grooming, and 

non-arched-back nursing positions. Pup retrieval is another important task that should 

be considered, as previous research has shown differences in pup retrieval timing as a 

function of MIA exposure (Bernardi et al., 2010; Kirsten et al., 2011; Penteado et al., 

2013). The measure (number of observations) of care behaviors used in this study may 

also have affected our outcomes; quantifying the time spent performing each behavior 

may possibly reveal more subtle differences in maternal care across conditions. 

The maternal care observations in this current study were performed in dams 

whose pups underwent neonatal developmental reflex testing. It is therefore possible 

that maternal care behaviors were influenced by the daily separation/handling (Alves 

et al., 2020; Reis et al., 2014) of the dam from pups that underwent testing. If this is 

true for our current study, it seems that dams were equally affected across E15 

conditions in their arched-back nursing and LG behaviors. Still, future MIA studies 

should continue to observe and measure maternal care for all experimental cohorts, as 

additional factors independent of the study design (e.g., construction, ambient noise, 

room temperature, etc.) may also differently affect dams across conditions. 

Lastly, individual variations in maternal care levels can have profound, long-

lasting, and differential effects on male and female offspring neurobiology and 

behavior (Barha et al., 2007; Meaney, 2001; Pan et al., 2014) and could contribute to 
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individual variability seen within a group (see Chapter 6 for discussion about 

individual differences in biological and behavioral outcomes of animal models). We 

did notice that dams that displayed higher levels of LG on P4 also showed high levels 

of LG from P1-P3, but this relationship was no longer true on P5 (data not shown). 

This could suggest that some dams displayed higher levels of maternal LG than others, 

regardless of E15 condition. On the other hand, only P1 and P3 levels of arched-back 

nursing showed a significant positive correlation. Champagne and colleagues (2003) 

report that individual differences in maternal behavior at P8 can reliably be predicted 

after six consecutive days of observation. Thus, data from additional postnatal days 

may be needed for us to determine if there are indeed individual variations in level of 

maternal care across dams. Future studies should account for and examine how natural 

variations in maternal care might interact with MIA and contribute to any within-

group variability in experimental outcome. 

Conclusions 

Overall, the results of these experiments confirm that MIA with LPS on E15 

affects gene expression and behavioral reflexes in offspring across neonatal 

development. We predicted that MIA-induced neuroinflammation may underlie 

developmental delays in the acquisition of neonatal reflexes, and that these effects 

would be more pronounced in male offspring. Contrary to this hypothesis, we found 

that MIA-exposed offspring performed reflex behaviors earlier and better than saline-

exposed offspring, regardless of sex. This finding could perhaps be attributed to the 

stress acceleration hypothesis, whereby MIA (as an early-life stressor) causes faster 

development as an evolutionary defense to promote reproduction and survival. In this 

case, it is thought that MIA may produce such early-life stress via fetal immune 
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dysregulation that persists postnatally. Disruptions in homeostatic immune signaling 

can interfere with typical neural development, as microglia are in constant 

communication with neurons and can influence the formation and maintenance of 

synapses important for reflex behaviors. Future studies should investigate the role of 

the fetal immune system – perhaps by preventing the fetal cytokine response following 

MIA or inducing a fetal-specific immune response via intrauterine injection – on 

postnatal outcomes in offspring. 

In the current study, we found that MIA caused only subtle differences in 

postnatal inflammatory gene expression as compared to controls, with elevated IL-1β 

(at P7) and reduced IL-6 (at P21) expression in mPFC accompanied by lower BDNF 

expression in male dHP (at P21). These effects indicate dysregulation in the brain that 

could potentially contribute to neurobiological changes underlying earlier reflex 

development. However, an increase in IL-1β at P7 is unlikely to have a role in better 

forelimb and hindlimb grasping performance in MIA offspring beginning at P3. 

Although, it could be a contributing factor in accelerated acquisition of the cliff 

avoidance reflex around P8.5 in MIA offspring (vs. ~P10.5 in saline offspring). 

Moreover, changes in IL-6 and BDNF expression at P21 occurred at conclusion of 

neonatal reflex testing, and so we cannot determine their influence on the acquisition 

or performance of any reflex behaviors measured. Accordingly, additional ages (e.g., 

P0-P3, P14/15, etc.) should be examined to better investigate the neural and immune 

correlates of accelerated reflex development following MIA. 

Although MIA is a known risk factor for NDDs and their symptoms, the 

neurobiological underpinnings of this relationship are still relatively unknown. Our 

current findings provide important insight into the effects of prenatal MIA on the 
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ontogeny of behavioral reflex milestones and the expression of neural and glial factors 

across neonatal development in male and female offspring. The next chapter of this 

dissertation will explore whether MIA causes long-lasting effects in offspring by 

examining various behavioral phenotypes in adulthood. 
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MIA AFFECTS ANXIETY, LEARNING, AND MEMORY BEHAVIORS IN 
ADULT OFFSPRING 

4.1 Introduction 

Several review articles have summarized the effects of MIA on behavioral 

outcomes in rodent offspring (see Bauman & Van de Water, 2020; Boksa, 2010; 

Kentner et al., 2019; Meyer et al., 2009; Solek et al., 2018). Some of these findings 

include reduced open field exploration, increased anxiety, decreased novel object 

learning, and deficits of latent inhibition learning. These rodent behavioral phenotypes 

are relevant to humans in that they align with the common overlapping symptoms of 

NDDs, such as cognitive disabilities (Banker et al., 2021; Cicero et al., 2014), spatial 

learning deficits (Banker et al., 2021; Y. Wang et al., 2017), and increased anxiety and 

depression (Hansen et al., 2018; Sparks et al., 2024). Moreover, latent inhibition 

(described below) is often impaired in people who are diagnosed with schizophrenia, 

ADHD, and anxiety disorder (D. B. Miller et al., 2022; Schauz & Koch, 2000). Given 

this relationship between MIA and NDD-associated behavioral outcomes in offspring, 

the current experiment investigated how MIA with LPS influences anxiety-like 

behavior, spatial learning and memory, and latent inhibition of fear conditioning. 

Elevated Plus Maze 

NDDs are often comorbid with anxiety disorders, and animal models of MIA 

have reported anxiety-like behavior in the elevated plus maze (EPM) task. The EPM 

Chapter 4 
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assesses relative levels of stress and anxiety in rats by utilizing the innate fear rodents 

have of open areas versus their desire to explore novel environments (Walf & Frye, 

2007). Therefore, less time spent in the open arms (or more time spent in the closed 

arms) of the maze is characteristic of increased anxiety in rodents. Brain regions that 

are reactive to stress or anxiety, such as the amygdala and hippocampus, are reported 

to show increased activity following exposure to an EPM task (Linden et al., 2004; 

Silveira et al., 1993). Although there are a few studies that report no differences in 

anxiety behaviors following MIA (Foley et al., 2014; Schwendener et al., 2009; Yin et 

al., 2015), there is still substantial evidence that MIA produces anxiety-like behavior 

in the EPM (see Quagliato et al., 2021 for meta-analysis). Indeed, MIA with varying 

doses of LPS (25-500µg/kg in mice; 66-200 µg/kg in rats) administered at various 

gestational ages (E9-E17) causes animals to spend less time in the open arms of the 

EPM (Babri et al., 2014; Depino, 2015; Hsueh et al., 2018; Lin et al., 2012; Quagliato 

et al., 2021; Yin et al., 2013). Thus, this current study sought to confirm if our model 

of MIA (50µg/kg LPS on E15 in rats) produces an anxiety-like phenotype in male and 

female offspring as measured in the EPM. 

Novel Object Location and Recognition 

Individuals with NDDs often experience symptoms of cognitive and learning 

disabilities (Banker et al., 2021). In order to understand the neurobiological 

underpinnings of such behavioral symptoms, and their relationship to prenatal MIA, 

novel object recognition (NOR) and novel object location (NOL) learning and 

memory paradigms have been employed in animal models of MIA (Young et al., 

2009). These measures are particularly relevant for declarative and visual domain 

memory impairments associated with schizophrenia (Doniger et al., 2001; Rajagopal 
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et al., 2014; Young et al., 2009) and spatial learning deficits associated with ASD 

(Haratizadeh et al., 2021; Zatkova et al., 2016).  

NOR and NOL measure a rat’s memory for a familiar object vs. a novel object, 

either in the object itself or in its location, respectively. Rats typically spend more time 

exploring novel stimuli, so a deficit in recognition of a novel object is defined as when 

a rat does not explore the novel object more than a familiar object (Antunes & Biala, 

2012). The hippocampus and perirhinal cortex are highly implicated in NOL and 

NOR, respectively, and are involved in the consolidation of spatial and contextual 

characteristics of the objects in the task (Antunes & Biala, 2012; Ito et al., 2010). 

Moreover, the PFC is important for working memory related to the storage of object 

information in its context and for novel object memory (Bekinschtein & Weisstaub, 

2014; Chao et al., 2020; Krüger et al., 2012). The amygdala may also be involved in 

mediating responses and memory to novel cues and objects (Moses et al., 2002; 

Roosendaal et al., 2008). Rodent models of MIA with Poly I:C have found decreased 

performance of NOR in juvenile (M. Han et al., 2016) and adult offspring (M. Han et 

al., 2017; K. Ozawa et al., 2006; Wolff et al., 2011), though only a few studies have 

examined NOL learning (Lipina et al., 2013; deficits in NOL memory). MIA with LPS 

(300µg/kg on E8) has also been shown to reduce novel object exploration in adult 

mouse offspring (Coyle et al., 2009). Therefore, the current study employed a 

combined NOL-NOR task to further identify the role of MIA in learning and memory 

deficits in adult offspring. 

Latent Inhibition 

Latent inhibition (LI) is a phenomenon where learning is reduced if one is 

repeatedly exposed to a stimulus, e.g. a non-aversive tone or context, before it is 
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paired with an aversive unconditioned stimulus, like a shock (Radulovic et al., 1998; 

Zuckerman et al., 2003). This construct is often considered dependent on attentional 

processes whereby one learns to ignore stimuli that were previously introduced 

without any consequence (Meyer et al., 2005), which results in LI, or reduced 

learning. A deficit in LI occurs when one still displays a learned conditioned stimulus 

association (i.e., freezing behavior) despite pre-exposure to the non-aversive stimulus. 

LI deficits thus reflect one’s inability to “tune out” the non-aversive stimulus during 

learning, and is noted in individuals with schizophrenia, anxiety, and ADHD (D. B. 

Miller et al., 2022; Schauz & Koch, 2000). 

Disruptions in latent inhibition can be examined in auditory and/or context fear-

conditioning paradigms, of which the amygdala and hippocampus are implicated 

(Radulovic et al., 1998), as well as the prefrontal cortex when learning occurs across 

multiple days (Runyan et al., 2004). Indeed, evidence from metabolic, inactivation, 

Fos, and lesion studies suggest that these brain regions are involved in the neural 

mechanisms of latent inhibition (Piantadosi & Floresco, 2014; Puga et al., 2007; 

Radulovic et al., 1998; Schauz & Koch, 2000; Weiner & Feldon, 1997). Deficits in LI 

of both male and female offspring have been reported in animal models of MIA. MIA 

with Poly I:C on E15 and E17 in rats produces deficits in latent inhibition – in a lick 

suppression paradigm – during adulthood but not adolescence (Piontkewitz et al., 

2011; Zuckerman et al., 2003; Zuckerman & Weiner, 2003, 2005). Additionally, 

prenatal exposure to varying doses of Poly I:C in mice induced deficits in latent 

inhibition in a conditioned freezing paradigm (Meyer et al., 2005). Similarly, MIA 

with IL-6 on E12.5 in mice caused deficits in latent inhibition of conditioned fear in 

adult offspring (S. E. P. Smith et al., 2007).  
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To our knowledge, very few studies have examined the effects of MIA with LPS 

on offspring LI behavior. One study found that LPS (500µg/kg) on E11-E12 in rats 

caused deficits in LI, but on E15-E16 caused no differences in LI behavior in a 

conditioned taste aversion task (Waterhouse et al., 2016). Altogether, given these 

findings, this current study sought to clarify the relationship between MIA with E15 

LPS and deficits in LI learning and memory of adult offspring in an auditory and 

contextual fear conditioning task. 

Predictions 

In accordance with the literature described above, we predicted that MIA would 

increase anxiety behaviors (EPM), produce deficits in spatial/novelty learning 

(NOL/NOR), and reduce latent inhibition (LI) learning in a fear conditioning paradigm 

in adulthood. Additionally, we hypothesized that female offspring would show more 

anxiety in the EPM and that males would show larger deficits in NOL/NOR and LI. 

The directions of these predicted sex differences are in line with clinical and 

preclinical research, which has consistently shown that males are more likely to 

exhibit learning deficits and be diagnosed with NDDs and that females are more likely 

to have anxiety and be diagnosed with mood and anxiety disorders that occur after 

adolescence or puberty (Pinares-Garcia et al., 2018). 

4.2 Methods 

Maternal Immune Activation 

Dams were injected with LPS (50µg/ml/kg; i.p.) or saline on E15, as described 

in Chapter 2. 
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Weaning and Animal Handling 

After birth, male and female offspring were weighed across early postnatal 

development on P2, P7, P15, and P21. On P21, offspring were weaned into pairs with 

a same-sex littermate and left undisturbed – except for being weighed on P35 and P50 

– until P85. From P85-P89, offspring were handled daily for 3-5min each. On P90,

offspring were weighed and underwent behavioral testing (either EPM-NOL-NOR

testing or Latent Inhibition testing) as described below.

Elevated Plus Maze 

Apparatus. The EPM apparatus consisted of two runways (positioned 50cm 

off the ground) that intersect in the center (10 x 10cm). One runway had two closed 

arms enclosed by opaque black walls (50 x 10 x 40cm) and the other runway had two 

open arms not enclosed by walls (50 x 10cm). The rats’ movements in the EPM were 

recorded using a camera (Logitech C920) mounted above the apparatus. All surfaces 

of the maze were cleaned with a Quatricide solution followed by water before and 

after each test.  

Procedure. On P90, rats were placed in the center of the EPM facing one of 

the open arms. Each rat was allowed to freely explore the maze for 5min. Rats 

performed this task first in our EPM-NOL-NOR test battery, as prior novelty exposure 

and stress have been found to affect open arm measures in the EPM (Carobrez & 

Bertoglio, 2005; Rodgers & Cole, 1993). The following behaviors were measured 

using ANY-maze (Stoelting Co.) software [entry criteria = 60% body entered the 

zone; exit criteria = 50% body exited the zone]: distance traveled (m), latency to enter 

(s) open and closed arms, and the number of entries (#) and total time spent (s) in open

arms, closed arms, and center of the maze.
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Novel Object Location and Recognition 

After EPM testing, the same rats underwent a combined NOL-NOR task 

(adapted from Vogel-Ciernia & Wood, 2014). Apparatus. The Novel Object 

apparatus consisted of four identical chambers (Stoelting Co., 45 x 45cm) with black, 

Plexiglas walls and grey plastic floors. The back wall of each chamber displayed a 

cross made from white painter’s tape and the left wall of each chamber displayed a 

circle made from yellow construction paper colored with green stripes. For a given 

session, 1-3 rats performed the task concurrently with each rat in an individual 

chamber; chamber assignments were counterbalanced across animal conditions and 

sex. The rats’ movements were recorded using a camera (DMK 22AUC03) mounted 

above the apparatus. For the 30min retention task, the objects used were a white 

plastic over-the-door-hook with black tip and a red plastic apple. For the 24hr 

retention task, the objects used were a small blue sippycup and yellow rubber duck. 

Objects were always oriented to face the left wall of the chamber. Within each 

retention interval, the objects used for the NOL vs. NOR task (and thus designated as 

familiar vs. novel for NOR) were counterbalanced across animal conditions and sex. 

Before and after each session for a given animal, all surfaces of the chambers and 

objects were cleaned with Quatricide followed by water. 

Procedure. Following EPM testing, rats were run in a combined NOL-NOR 

paradigm with a 30min retention period from P91-P92. On P91, rats explored the 

empty test chamber for 10min (Habituation 1). This procedure was repeated 3hr 

(Habituation 2) and 24hr (Habituation 3) later. On P92, 3hr after Habituation 3, rats 

were placed into the same chamber for 10min and explored two identical objects 

(Sample); see Figure 15A (black boxes). Rats were then returned to their home-cage 

and colony room. 30min later, rats were placed back in the chamber for 5min and 
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explored the same objects, with one now in a novel location (NOL Test); see Figure 

15A (red boxes). Rats were then returned to their home-cage and the familiar object 

that did not move locations was replaced with a novel object; see Figure 15B (blue 

boxes). 30min later, rats were placed back in the chamber and explored the familiar 

and novel object for 5min (NOR Test). At the end of testing, rats were placed into a 

clean cage. 

Figure 15. Novel Object Location & Recognition Paradigm. (A) Object locations 
for sample session (black boxes) in each chamber. Object 2 was moved 
to a novel location (red boxes) for the NOL test, either 30min or 24hr 
after the sample session. (B) Object 2 was replaced with a novel object 
for the NOR test, either 30min or 24hr after the NOL test. 

From P95-P97, the same rats were tested again in the NOL-NOR paradigm 

with a new set of objects (see above), but this time with a 24hr retention period. On 

P95, rats underwent a 10min Habituation session, and 3hr later a 10min Sample 
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session. On P96, 24hr later, rats were placed back in the chamber for a NOL Test. The 

next day on P97, rats were returned to the same chamber for a NOR Test. 

Videos of the NOL Test, and NOR Test sessions (playback speed = recording 

speed) were scored by an observer blinded to animal condition to determine each rat’s 

investigation ratio. The investigation ratio was calculated by dividing the time spent 

exploring the novel location/object by the total time spent exploring both objects 

(Akkerman, Blokland, et al., 2012). Therefore, an investigation ratio = 0.5 indicates 

that rats explored the novel object at chance levels, a ratio > 0.5 indicate a novelty 

preference, and a ratio < 0.5 indicate a familiarity preference. Rats were considered 

exploring the object if they were actively sniffing or touching the object and were 

within 2cm distance from the object (Blaser & Heyser, 2015; Ennaceur, 2010). 

Latent Inhibition 

A separate group of offspring – derived from the same litters as those tested in 

the EPM, NOL, and NOR paradigms – underwent latent inhibition testing from P90-

P93. Apparatus. The fear conditioning apparatus consisted of two chambers (TSE 

Systems) that each contain a customizable conditioning box. Pre-Exposure, Training, 

and Context Memory Test Apparatus. The conditioning boxes (20 x 20 x 40cm) 

consisted of three walls of black acrylic and one wall of clear polycarbonate. One of 

the black walls displayed a triangle made of white painter’s tape and the opposite wall 

displayed a square made of white painter’s tape. The clear wall and opposite black 

wall displayed vertical stripes made of white painter’s tape. The floor consisted of a 

shock grid made of stainless-steel rods (0.4cm diameter) spaced 1cm apart (center-

center). Tone Memory Test Apparatus. The conditioning boxes (45.8 x 45.8 x 40.3cm) 
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that were used for Tone Memory Testing consisted of four walls of black acrylic. The 

floor consisted of a gray PVC plate that covered the shock grid. 

Animal movements were recorded with a camera (TSE Systems) mounted 

above each conditioning box. Tone and foot-shock parameters were programmed and 

executed by the Fear Conditioning Module software (TSE Systems). Animals were 

transported between their home-cage and conditioning box in a blue ice bucket (4L) 

covered with a lid. Before and after each test session for a given rat, all surfaces of the 

conditioning boxes and transport buckets and lids were cleaned with Quatricide 

followed by water. The shock grid was cleaned with only water between tests and 

animals, to prevent degradation of the stainless-steel finish. 

Procedure. Our paradigm was adapted from a combination of multiple LI 

protocols (Rudy, 1994; Westbrook et al., 2000; W. N. Zhang et al., 2004; Zuckerman 

et al., 2003; Zuckerman & Weiner, 2003). Rats were randomly assigned to either 

receive pre-exposure to a tone stimulus and context (Pre-Tone group) or pre-exposure 

to the context only (Pre-Cnxt group). Pre-Exposure. On P90, rats in the Pre-Tone 

group explored the conditioning box for 3min and then were presented with 20 tones 

(10s each, 80dB, 2.8kHz with 30±10s ITI). Rats in the Pre-Cnxt group explored the 

same context for the same amount of time (~14min), without tone presentation. 

Training. On P91, all rats were placed into the same conditioning box and trained to 

associate the tone with a foot-shock. Rats explored the context for 3min, and then 

received 3 trials (with 40s ITI) of a 10s tone (80dB, 2.8kHz) immediately followed by 

a 2s, 1.0mA shock. Following the third trial, rats remained in the context for an 

additional 3min. Context Memory Test. On P93, context memory testing occurred 24hr 

after training. All rats were placed back into the same conditioning box for 3min of 
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exploration. Tone Memory Test. Then, 2hr later on P93, a tone memory test was 

performed by placing the same rats in a novel context as described above. Rats 

explored the novel context for 3min, followed by 4 trials of a 10s tone (80dB, 2.8kHz), 

with 3min after each trial. 

Videos of each session (playback speed = recording speed) were scored by an 

observer blinded to animal condition. Freezing behavior was scored every 5s as a 

measure of the fear response to the context-shock and/or tone-shock association. 

Freezing was defined as the lack of movement except for respiration. 

Figure 16: Latent Inhibition Paradigm. On Day 1, rats were pre-exposed to either 
an innocuous tone (20, 10s tones, 80dB, 2.8kHz with 30±10s ITI) + 
context (Pre-Tone) or context only (Pre-Cnxt). On Day 2, rats were 
returned to the context and presented with 3 tone (10s, 2.8kHz) + foot-
shock (2s, 1.0mA) trials with 40s ITI. The next day, rats were tested for 
context memory (Day 3a) in the same training context and tone memory 
(Day 3b) in a novel context. 

Statistical Analyses 

Data were analyzed using the statistical software program SPSS (IBM), Excel 

(Microsoft), and GraphPad (Dotmatics).  
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Offspring Weights. Repeated-measure ANOVA with sex (male vs. female) 

and E15 condition (saline vs. LPS) as between-subjects factors and postnatal day (P) 

as the within-subjects factor was performed to analyze differences in offspring 

weights. Pairwise comparisons with Bonferroni corrections were performed to further 

examine any significant interactions. 

Elevated Plus Maze. Two-way multivariate ANOVA was performed to 

examine number of zone entries and time spent in each zone of the EPM (open, 

closed, center), with sex (male vs. female) and E15 condition (saline vs. LPS) as 

factors. Given the a priori hypothesis that MIA may impact time spent or entries 

differently within each individual zone, univariate effects for each zone were 

examined even if the multivariate effect of E15 condition was not significant. Two-

way ANOVA was performed to analyze the latency to enter the open and closed arms 

of the EPM and the total distance traveled in the EPM, with sex (male vs. female) and 

E15 condition (saline vs. LPS) as factors. Pairwise comparisons with Bonferroni 

corrections were performed to further examine any significant interactions. Grubb’s 

outlier test was performed to identify outliers in each group, and no more than one 

outlier per sex/E15 condition was removed. 

Novel Object Location & Recognition. One-sample t-tests compared to 

chance (investigation ratio = 0.5) were performed for each group to determine whether 

animals were successfully able to discriminate between the novel location or the novel 

object at each minute and overall. Additionally, two-way ANOVA was performed for 

each NOL & NOR paradigm (30min and 24hr retentions) to compare the investigation 

ratios overall (total) and at each minute (1, 2, 3, 4, and 5) of the tests, with sex (male 

vs. female) and E15 condition (saline vs. LPS) as factors. Grubb’s outlier test was 
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performed to identify outliers in each group, and no more than one outlier per sex/E15 

condition was removed. 

Latent Inhibition. Due to the design of the behavioral paradigm, the statistics 

for LI freezing were run separately for each sex (male and female). On all days, 

repeated-measures ANOVA was performed for each sex to examine percent freezing 

across time, with E15 condition (saline vs. LPS) and LI condition (Pre-Cnxt vs. Pre-

Tone) as between-subjects factors. On Day 2, the within-subjects factors were: time 

prior to training (0:05-3:00, 1min bins), time across training trials (3:20-5:25, 30s 

bins), and time after all trials were complete (5:00-7:55, 30s bins). On Days 1 and 3a, 

the within-subjects factor was time (3:00-5:55 and 0:05-3:00, 1min bins, respectively). 

On Day 3b, the within-subjects factors were: time prior to tone presentations (0:05-

3:00, 1min bins) and time after tone 1 (3:15-6:10, 1min bins), tone 2 (6:25-9:20, 1min 

bins), tone 3 (9:35-12:30, 1min bins), and tone 4 (12:45-15:40, 1min bins). Repeated-

measures ANOVA for each sex was also performed to analyze the percent change in 

pre-tone to post-tone freezing (Post-Pre Tone % Freezing) across training trials on 

Day 2 (trials 1, 2, and 3) and tone presentations on Day 3b (tones 1, 2, 3, and 4), with 

E15 condition (saline vs. LPS) and LI condition (Pre-Cnxt vs. Pre-Tone) as factors. 

Given the a priori hypothesis that MIA may impact freezing differently across trials or 

time in the LI paradigm, univariate effects were examined even if the multivariate 

effects were not significant. When Mauchly’s test of sphericity was violated, 

Greenhouse-Geisser correction was used. Pairwise comparisons with Bonferroni 

corrections were performed to further examine any significant interactions. 

On Day 2 (Training), some rats jumped out of the conditioning chamber in 

response to the tone + foot-shock training trials. Animals that jumped out of the box 5 
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or more times (~16% of instances scored or greater) during and following the training 

trials were considered “jumpers” and were excluded from all LI analyses on all days. 

Jumpers had significantly less freezing overall on Day 2 than non-jumpers (data not 

shown). Additionally, we found that females were significantly more likely to be 

jumpers than were males, regardless of E15 nor LI condition (data not shown), which 

could explain underlying differences in typical LI learning of male and female rats in 

our paradigm. Jumpers also weighed significantly less than non-jumpers, regardless of 

sex (data not shown). Importantly, we found no differences between E15 condition nor 

LI condition in the likelihood to be a jumper (data not shown). Taken together, it is 

likely that jumpers may employ a different fight-or-flight strategy in response to 

training (Blanchard et al., 2001; J. W. Clark et al., 2019; Lang et al., 2000). This 

observation does not inherently mean that jumpers are unable to learn the tone-shock 

association or display LI learning in our behavioral paradigm. However, we are unable 

to assess their learning and memory by using freezing as the dependent measure and 

therefore jumpers were excluded from our analyses. 

4.3 Results 

Offspring Weights 

Offspring were weighed across postnatal development (on P2, P7, P15, P21, 

P35, P50, and P90) to assess differences between E15 conditions. There was a 

significant multivariate effect of postnatal day [F(6,38) = 1236, p < .001, Wilk’s Λ = 

.005, ηp
2 = .995] on offspring weight. Univariate analyses showed a significant effect 

of age [F(6,258) = 3730, p < .001, ηp
2 = .989], such that weight increased across 

postnatal day regardless of sex and E15 condition. There was also a significant effect 
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of sex [F(1,43) = 289, p < .001, ηp
2 = .870], such that males weighed more than 

females regardless of E15 condition and postnatal day.  

Moreover, there was a significant multivariate interaction of sex and postnatal 

day [F(6,38) = 64.5, p < .001, Wilk’s Λ = .089, ηp
2 = .911] on offspring weight. 

Univariate analyses showed a significant interaction of sex and postnatal day 

[F(6,258) = 327, p < .001, ηp
2 = .884] on offspring weight. Pairwise comparisons 

revealed significant differences in weight between male and female offspring on P35, 

P50, and P90 (all ps < .001) regardless of E15 condition; see Figure 17. 

There were no significant multivariate interactions between postnatal day and 

E15 condition [F(6,38) = 0.886, p = .515, Wilk’s Λ = .877] nor their interaction with 

sex [F(6,38) = 0.369, p = .894, Wilk’s Λ = .945] on offspring weight gain. There was 

no significant effect of E15 condition [F(1,43) = 0.419, p = .521] nor its interaction 

with sex [F(1,43) = 0.140, p = .710]. 



85 

Figure 17: Offspring Weights from P2-P90. In litters that underwent adult 
behavioral testing and tissue collection, male offspring weighed more 
than female offspring from P35-P90, regardless of E15 condition. N = 
12-14 litters per sex/group. Error bars represent SEM.

Elevated Plus Maze 

Number of Zone Entries. There were no significant multivariate effects of 

sex [F(3,38) = 1.10, p = .360, Wilk’s Λ = .920], E15 condition [F(3,38) = 1.98, p = 

.134, Wilk’s Λ = .865], nor their interaction [F(3,38) = 0.076, p = .973, Wilk’s Λ = 

.994]. However, univariate analyses showed a significant effect of E15 condition on 

open arm entries [F(1,40) = 6.06, p = .018, ηp
2 = .131], such that E15 LPS offspring 

had more entries into the open arms than did E15 saline rats; see Figure 18A.  

There were no differences in closed arm [F(1,40) = 0.028, p = .867; Figure 

18B] nor center [F(1,40) = 2.35, p = .133; Figure 18C] entries as a function of E15 

condition. There were no significant differences in zone entries as a function of sex 

[Open Arms: F(1,40) = 1.25, p = .270; Closed Arms: F(1,40) = 2.93, p = .095; Center: 

F(1,40) = 3.23, p = .080]. There was no significant interaction between sex and E15 

P2 P7 P15 P21 P35 P50 P90
0

100

200

300

500

600

W
ei

gh
t (

g)

Saline
Male

Saline
Female

LPS
Male

LPS
Female

#

#

#



86 

condition [Open Arms: F(1,40) < 0.001, p = .986; Closed Arms: F(1,40) = 0.218, p = 

.643; Center: F(1,40) = 0.099, p = .755]. 

Figure 18. Number of Zone Entries in the Elevated Plus Maze. (A) E15 LPS 
offspring spent more time in the open arms than did E15 saline offspring. 
There were no differences in time spent in the (B) closed arms nor (C) 
center zone across E15 condition nor sex. *main effect of E15 condition 
(p < .05). N = 9-13 rats per sex/group. Error bars represent SEM. 

Total Time Spent in Each Zone. There were no significant multivariate 

effects of sex [F(3,38) = 0.411, p = .746, Wilk’s Λ = .969], E15 condition [F(3,38) = 

2.41, p = .082, Wilk’s Λ = .840], nor their interaction [F(3,38) = 1.78, p = .167, 

Wilk’s Λ = .877]. However, univariate analyses showed a significant effect of E15 

condition on time spent in the open arms [F(1,40) = 6.51, p = .015, ηp
2 = .140], such 
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that E15 LPS offspring spent more time the open arms than did E15 saline rats; see 

Figure 19A. 

There were no differences in the total time spent in the closed arms [F(1,40) = 

3.63, p = .064; Figure 19B] nor center [F(1,40) < 0.001, p = .998; Figure 19C] as a 

function of E15 condition. There were no significant differences in time spent in each 

zone as a function of sex [Open Arms: F(1,40) = 0.095, p = .760; Closed Arms: 

F(1,40) < 0.001, p = .986; Center: F(1,40) = 0.219, p = .643]. There was no significant 

interaction between sex and E15 condition [Open Arms: F(1,40) = 1.20, p = .279; 

Closed Arms: F(1,40) = 1.09, p = .302; Center: F(1,40) = 0.190, p = .665]. 

Figure 19. Total Time Spent in Each Zone of the Elevated Plus Maze. (A) E15 
LPS offspring spent more time in open arms than E15 saline offspring. 
There were no differences in time spent in the (B) closed arms and (C) 
center across E15 condition nor sex. *main effect of E15 condition (p < 
.05). N = 9-13 rats per sex/group. Error bars represent SEM. 
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Latency to Enter Each Zone. There were no significant differences in the 

latency to enter the open arms as a function of sex [F(1,36) < 0.001, p = .988], E15 

condition [F(1,36) = 2.98, p = .093] nor their interaction [F(1,36) = 0.117, p = .735]; 

see Figure 20A.  

Furthermore, there was no significant difference in the latency to enter the 

closed arms as a function of sex [F(1,40) = 3.18, p = .082]. However, there was a 

significant effect of E15 condition [F(1,40) = 4.90, p = .033, ηp
2 = .109] and a 

significant interaction between sex and E15 condition [F(1,40) = 7.96, p = .007, ηp
2 = 

.166] on latency to enter the closed arms. Pairwise comparisons revealed that E15 LPS 

males took longer to first enter the closed arms than did E15 saline males (p < .001) 

and E15 LPS females (p = .004); see Figure 20B. Females showed no differences in 

latency to enter the closed arms across E15 condition. 

Total Distance Traveled. There were no significant differences in total 

distance traveled in the EPM as a function of E15 condition [F(1,39) = 3.21, p = .081] 

nor the interaction between sex and E15 condition [F(1,39) = 1.13, p = .294]. 

However, there was a significant effect of sex [F(1,39) = 9.86, p = .003, ηp
2 = .202] on 

distance traveled, such that females traveled more distance during the EPM test than 

did males, regardless of E15 condition; see Figure 20C. 
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Figure 20. Latency to Enter Arms & Total Distance Traveled in the Elevated 
Plus Maze. (A) There was no difference in the latency to enter the open 
arms across E15 condition nor sex. (B) E15 LPS males were slower to 
enter the closed arms than were E15 saline males and E15 LPS females. 
(C) Females traveled more in the EPM than did males, regardless of E15
condition. amain effect of sex (p < .05). *main effect of E15 condition (p
< .05). #pairwise comparison; significantly different than E15 LPS males
(p < .05). N = 9-13 rats per sex/group. Error bars represent SEM.

Novel Object Location 

The next day, after completion of the EPM task, adult offspring underwent 

NOL learning with a 30min retention (performed across P91-P92) and a 24hr retention 

(performed across P95-P97) interval between sample and test sessions. 

4.3.3.1 NOL 30min Retention 

T-tests revealed that that the following groups performed above chance at NOL

discrimination: the LPS group collapsed across sex at minute 1 (p = .006) and LPS 
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males at minute 1 (p = .006) and minute 2 (p = .030). All other groups performed at 

chance (ps > .05). ANOVA revealed a significant effect of E15 condition at minute 1, 

such that E15 LPS offspring performed better at NOL discrimination than E15 saline 

offspring [F(1,38) = 5.48, p = .025, ηp
2 = .126]; see Figure 21. There were no 

differences in NOL performance between sex [F(1,38) = 0.639, p = .410] nor in the 

interaction between sex and E15 condition [F(1,38) = 0.716, p = .403] at minute 1. 

At minute 2, there were no differences in NOL performance between sexes 

[F(1,39) = 1.42, p = .241], E15 conditions [F(1,39) = 0.361, p = .552], nor their 

interaction [F(1,39) = 0.686, p = .412]. At minute 3, there were no differences in NOL 

performance between sexes [F(1,39) = 0.123, p = .728], E15 conditions [F(1,39) = 

0.066, p = .799], nor their interaction [F(1,39) = 0.405, p = .528]. At minute 4, there 

were no differences in NOL performance between sexes [F(1,39) = 2.25, p = .142], 

E15 conditions [F(1,39) = 0.739, p = .395], nor their interaction [F(1,39) = 2.49, p = 

.123]. At minute 5, there were no differences in NOL performance between sexes 

[F(1,39) = 1.78, p = .190], E15 conditions [F(1,39) = 0.102, p = .751], nor their 

interaction [F(1,39) = 0.317, p = .577]. There were no differences in overall NOL 

performance between sexes [F(1,39) = 0.360, p = .552], E15 conditions [F(1,39) = 

0.266, p = .609], nor their interaction [F(1,39) = 0.466, p = .499]. 
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Figure 21. NOL with 30min Retention. Regardless of sex, E15 LPS offspring 
performed better at NOL discrimination than E15 saline rats during 
minute 1 of the NOL Test. During this minute, E15 saline rats performed 
at chance and E15 LPS rats performed above chance levels. *main effect 
of E15 condition (p < .05). N = 9-13 rats per sex/group. Error bars 
represent SEM. 

4.3.3.2 NOL 24hr Retention 

T-tests revealed that all groups performed at chance (all ps > .05) for NOL

discrimination except for the following groups that performed below chance: saline 

males overall (p = .024), saline males at minute 2 (p = .030), and LPS females at 

minute 4 (p = .030). ANOVA revealed a significant effect of sex at minute 2, such that 

females performed better at NOL discrimination than males [F(1,40) = 4.14, p = .049, 

ηp
2 = .094]; see Figure 22. There were no differences in NOL performance between 

E15 conditions [F(1,40) = 1.94, p = .172] nor in the interaction between sex and E15 

condition [F(1,40) = 3.29, p = .077] at minute 2. 



92 

At minute 1, there were no differences in NOL performance between sexes 

[F(1,40) = 2.35, p = .133], E15 conditions [F(1,40) = 0.257, p = .615], nor their 

interaction [F(1,40) = 0.385, p = .539]. At minute 3, there were no differences in NOL 

performance between sexes [F(1,40) = 0.736, p = .396], E15 conditions [F(1,40) = 

0.451, p = .506], nor their interaction [F(1,40) = 1.14, p = .293]. At minute 4, there 

were no differences in NOL performance between sexes [F(1,40) = 0.030, p = .864], 

E15 conditions [F(1,40) = 1.23, p = .273], nor their interaction [F(1,40) = 0.629, p = 

.432]. At minute 5, there were no differences in NOL performance between sexes 

[F(1,40) = 2.11, p = .154], E15 conditions [F(1,40) = 0.001, p = .977], nor their 

interaction [F(1,40) = 0.003, p = .958]. There were no differences in overall NOL 

performance between sexes [F(1,40) = 1.63, p = .209], E15 conditions [F(1,40) = 

0.090, p = .766], nor their interaction [F(1,40) = 1.20, p = .279]. 
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Figure 22. NOL with 24hr Retention. Regardless of E15 condition, female 
offspring performed better at NOL discrimination than male offspring 
during minute 2 of the NOL Test. During this minute, E15 saline males 
performed below chance whereas all other groups performed at chance 
levels. amain effect of sex (p < .05). N = 9-13 rats per sex/group. Error 
bars represent SEM. N = 9-13 rats per sex/group. Error bars represent 
SEM. 

Novel Object Recognition 

Each NOL test session became the sample phase for a subsequent NOR test 

session, with either a 30min retention or 24hr retention between these phases. 

4.3.4.1 NOR 30min Retention 

T-tests revealed that all groups performed above chance (all ps < .05) except

the following groups that performed at chance (ps > .05): the saline males at minutes 

2, 4, and 5, the LPS males at minutes 3 and 5, and the saline and LPS females at 

minute 5. ANOVA revealed a significant effect of sex at minute 2, such that females 
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performed better at NOR discrimination than males [F(1,37) = 5.79, p = .021, ηp
2 = 

.135]; see Figure 23. There were no differences in NOR performance between E15 

conditions [F(1,37) = 0.553, p = .462] nor in the interaction between sex and E15 

condition [F(1,37) = 0.028, p = .867] at minute 2. 

At minute 1, there were no differences in NOR performance between sexes 

[F(1,39) = 0.384, p = .539], E15 conditions [F(1,39) = 0.714, p = .403], nor their 

interaction [F(1,39) = 1.79, p = .189]. At minute 3, there were no differences in NOR 

performance between sexes [F(1,39) = 0.026, p = .872], E15 conditions [F(1,39) = 

0.052, p = .821], nor their interaction [F(1,39) < .001, p = .994]. At minute 4, there 

were no differences in NOR performance between sexes [F(1,39) = 1.87, p = .180], 

E15 conditions [F(1,39) = 0.611, p = .439], nor their interaction [F(1,39) = 0.601, p = 

.443]. At minute 5, there were no differences in NOR performance between sexes 

[F(1,39) = 0.064, p = .802], E15 conditions [F(1,39) = 0.092, p = .763], nor their 

interaction [F(1,39) = 0.271, p = .606]. There were no differences in overall NOR 

performance between sexes [F(1,38) = 1.59, p = .216], E15 conditions [F(1,38) = 

0.206, p = .652], nor their interaction [F(1,38) = 0.106, p = .747]. 
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Figure 23. NOR with 30min Retention. Regardless of E15 condition, female 
offspring performed better at NOR discrimination than male offspring 
during minute 2 of the NOR Test. During this minute, E15 saline males 
performed at chance whereas all other groups performed above chance 
levels. amain effect of sex (p < .05). N = 8-13 rats per sex/group. Error 
bars represent SEM. 

4.3.4.2 NOR 24hr Retention 

T-tests revealed that that the following groups, collapsed across sex, performed

above chance (all ps < .05): the saline and LPS groups overall, the saline and LPS 

groups at minutes 1 and 2, and the saline group at minute 4. Additionally, t-tests 

revealed that the following groups, separated by sex, performed above chance (all ps < 

.05): the saline and LPS males and females overall, the saline and LPS males and 

females at minute 1, the LPS males at minute 2 and the LPS females at minute 5. All 

other groups performed at chance (ps > .05); see Figure 24. 

At minute 1, there were no differences in NOR performance between sexes 

[F(1,39) = 0.041, p = .841], E15 conditions [F(1,39) = 0.177, p = .677], nor their 
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interaction [F(1,39) = 0.472, p = .496]. At minute 2, there were no differences in NOR 

performance between sexes [F(1,38) = 2.64, p = .112], E15 conditions [F(1,38) = 

1.12, p = .296], nor their interaction [F(1,38) = 1.92, p = .174]. At minute 3, there 

were no differences in NOR performance between sexes [F(1,39) = 0.547, p = .464], 

E15 conditions [F(1,39) = 0.870, p = .357], nor their interaction [F(1,39) = 0.818, p = 

.371]. At minute 4, there were no differences in NOR performance between sexes 

[F(1,39) = 0.719, p = .402], E15 conditions [F(1,39) = 0.010, p = .920], nor their 

interaction [F(1,39) = 1.37, p = .249]. At minute 5, there were no differences in NOR 

performance between sexes [F(1,39) = 2.88, p = .098], E15 conditions [F(1,39) = 

0.131, p = .719], nor their interaction [F(1,39) = 0.879, p = .354]. There were no 

differences in overall NOR performance between sexes [F(1,39) = 0.361, p = .552], 

E15 conditions [F(1,39) = 0.002, p = .963], nor their interaction [F(1,39) = 3.65, p = 

.063]. 
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Figure 24. NOR with 24hr Retention. There were no differences in NOR 
discrimination between groups overall nor during any of the minutes of 
the NOR Test. N = 9-13 rats per sex/group. Error bars represent SEM. 

Latent Inhibition 

A separate group of rats, derived from the same litters as those that underwent 

EPM-NOL-NOR testing, performed LI learning from P91-P93 in a fear conditioning 

task (with both auditory and context memory testing).  

4.3.5.1 Day 1 Pre-Exposure 

After a 3min habituation, rats were either presented with the innocuous tone 

(Pre-Tone group) or allowed to explore the context without tone presentations (Pre-

Cnxt group). Freezing for the first 3mins after tone presentations began (or from 

minute 3-6 for the Pre-Cnxt group) was measured to determine if there were any 

baseline differences in freezing behavior between groups. 
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Males. There was no significant multivariate effect of time [F(2,42) = 0.348, p 

= .708, Wilk’s Λ = .984] nor its interactions with E15 condition [F(2,42) = 1.66, p = 

.202, Wilk’s Λ = .927] nor LI condition [F(2,42) = 1.57, p = .219, Wilk’s Λ = .930]. 

There was no significant multivariate effect of the interaction between time, E15 

condition, and LI condition [F(2,42) = 0.852, p = .434, Wilk’s Λ = .961]. There were 

no significant univariate effects for the above analyses (all ps > .05). Moreover, there 

was no significant effects of E15 condition [F(1,43) = 0.534, p = .469], LI condition 

[F(1,43) = 2.67, p = .110], nor their interaction [F(1,43) = 1.94, p = .171]. Average 

percent freezing (± SEM) for males, collapsed across E15 and LI conditions, during 

minute 3 was 2.48 ± 1.39%, during minute 4 was 1.42 ± 0.58%, and during minute 5 

was 2.13 ± 0.96%. 

Females. There was no significant multivariate effect of time [F(2,29) = 1.02, 

p = .373, Wilk’s Λ = .934] nor its interactions with E15 condition [F(2,29) = 0.183, p 

= .834, Wilk’s Λ = .988] nor LI condition [F(2,29) = 1.96, p = .159, Wilk’s Λ = .881]. 

There was no significant multivariate effect of the interaction between time, E15 

condition, and LI condition [F(2,29) = 0.808, p = .455, Wilk’s Λ = .947]. There were 

no significant univariate effects for the above analyses (all ps > .05). Moreover, there 

was no significant effects of E15 condition [F(1,30) = 0.012, p = .913], LI condition 

[F(1,30) = 1.83, p = .186], nor their interaction [F(1,30) = 0.002, p = .962]. Average 

percent freezing (± SEM) for females, collapsed across E15 and LI conditions, during 

minute 3 was 1.23 ± 0.62%, during minute 4 was 0.25 ± 0.25%, and during minute 5 

was 1.47 ± 0.82%. 
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4.3.5.2 Day 2 Training 

After a 3min habituation period, rats were trained to associate the tone with an 

aversive foot-shock across three trials. Rats remained in the context for an additional 

3min after training to assess freezing as a measure of the learned tone + shock 

association.  

4.3.5.2.1 Baseline Freezing During First 3 Minutes. 

Freezing during the first three minutes of Day 2, prior to training trial 

presentations, was measured to determine if there were any baseline differences in 

freezing behavior between groups following pre-exposure on Day 1. 

Males. There was no significant multivariate effect of time [F(2,41) = 1.11, p 

= .340, Wilk’s Λ = .949] nor its interactions with E15 condition [F(2,41) = 0.879, p = 

.423, Wilk’s Λ = .959] nor LI condition [F(2,41) = 0.497, p = .612, Wilk’s Λ = .976]. 

There was no significant multivariate effect of the interaction between time, E15 

condition, and LI condition [F(2,41) = 0.498, p = .612, Wilk’s Λ = .976]. There were 

no significant univariate effects for the above analyses (all ps > .05). Moreover, there 

was no significant effect of E15 condition [F(1,42) = 1.81, p = .186], LI condition 

[F(1,42) = 0.860, p = .359], nor their interaction [F(1,42) = 0.053, p = .819]; see 

Figure 25A. 

Females. There was no significant multivariate effect of time [F(2,26) = 3.32, 

p = .052, Wilk’s Λ = .796], but there was a significant univariate effect of time 

[F(1.43,38.5) = 5.53, p = .015, ηp
2 = .170]. Pairwise comparisons revealed that percent 

freezing increased in females from minute 1 to 3 (p = .049) but not from minutes 1 to 

2 nor 2 to 3. This change in freezing level is unlikely to account for any overall 

differences in freezing between groups. There were no significant multivariate 
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interactions of time and E15 condition [F(2,26) = 1.68, p = .206, Wilk’s Λ = .886] nor 

LI condition [F(2,26) = 1.11, p = .345, Wilk’s Λ = .921]. There was no significant 

multivariate effect of the interaction between time, E15 condition, and LI condition 

[F(2,26) = 1.11, p = .346, Wilk’s Λ = .922]. There were no other significant univariate 

effects for the above analyses (all ps > .05). Moreover, there was no significant effect 

of E15 condition [F(1,27) = 0.483, p = .493], LI condition [F(1,27) = 0.031, p = .862], 

nor their interaction [F(1,27) = 0.821, p = .373]; see Figure 25D. 

Figure 25: LI Day 2 Freezing Across Trials and After Training. Percent freezing 
on Day 2 training in (A) male and (D) female offspring. Panels B,C are 
subfigures of panel A for males and panels E,F are subfigures of panel D 
for females. (B) Males in the Pre-Tone group had lower levels of freezing 
across training trials than males in the Pre-Cnxt group. (E) There were no 
differences in across-trial freezing between groups for females. (F) In the 
first minute after the last training trial, E15 LPS Pre-Tone females had 
lower levels of freezing than E15 saline Pre-Tone and E15 LPS Pre-Cnxt 
females. (C) There were no differences in post-trial freezing between 
groups for males. *main effect of LI condition (p < .05). **pairwise 
comparison; significantly different than E15 saline Pre-Tone and E15 
LPS Pre-Cnxt females (p < .05). N = 7-13 rats per sex/group. Error bars 
represent SEM. 
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4.3.5.2.2 Freezing Across Training Trials. 

Percent freezing was analyzed as a function of time after each training trial to 

determine if there were differences in learning of the tone-shock association between 

E15 and LI conditions. 

Males. There was a significant multivariate effect [F(2,41) = 16.8, p = .001, 

Wilk’s Λ = .549, ηp
2 = .451] and univariate effect [F(2,84) = 16.7, p < .001, ηp

2 = 

.284] of time. Pairwise comparisons revealed that percent freezing following each trial 

increased from trials 1 and 2 (p = .002) and trials 1 and 3 (p < .001), but not from trials 

2 to 3. There was a significant effect of LI condition [F(1,42) = 9.70, p = .003, ηp
2 = 

.188] such that Pre-Tone rats froze less than Pre-Cnxt rats, regardless of E15 condition 

and trial; see Figure 25B. There were no significant multivariate interactions between 

time and E15 condition [F(2,41) = 0.193, p = .825, Wilk’s Λ = .991] nor time and LI 

condition [F(2,41) = 1.77, p = .184, Wilk’s Λ = .921]. There was no significant 

multivariate effect of the interaction between time, E15 condition, and LI condition 

[F(2,41) = 0.198, p = .821, Wilk’s Λ = .990]. There were no other significant 

univariate effects for the above analyses (all ps > .05). Moreover, there was no 

significant effect of E15 condition [F(1,42) = 1.86, p = .180] nor the interaction 

between E15 condition and LI condition [F(1,42) < .001, p = .988]. 

Females. There was a significant multivariate effect [F(2,26) = 8.55, p = .001, 

Wilk’s Λ = .603, ηp
2 = .397] and univariate effect [F(2,54) = 11.1, p < .001, ηp

2 = 

.291] of time. Pairwise comparisons revealed such that percent freezing following 

each trial increased from trials 1 and 2 (p = .010) and trials 1 and 3 (p < .001), but not 

from trials 2 to 3; see Figure 25E. There were no significant multivariate interactions 

between time and E15 condition [F(2,26) = 0.483, p = .622, Wilk’s Λ = .964] nor time 

and LI condition [F(2,26) = 0.650, p = .530, Wilk’s Λ = .952]. There was no 
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significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,26) = 0.680, p = .516, Wilk’s Λ = .950]. There were no other 

significant univariate effects for the above analyses (all ps > .05). Moreover, there was 

no significant effect of E15 condition [F(1,27) = 1.82, p = .189], LI condition [F(1,27) 

= 2.59, p = .119], nor their interaction [F(1,27) = 2.85, p = .103]. 

4.3.5.2.3 Freezing After the Last Training Trial 

Percent freezing was analyzed across time after the last training trial to 

determine if there were differences in fear response following acquisition of the tone-

shock association between E15 and LI conditions. 

Males. There was no significant multivariate effect of time [F(5,38) = 1.20, p 

= .330, Wilk’s Λ = .864] nor its interactions with E15 condition [F(5,38) = 1.39, p = 

.249, Wilk’s Λ = .845] nor LI condition [F(5,38) = 0.952, p = .459, Wilk’s Λ = .889]; 

see Figure 25C. There was no significant multivariate effect of the interaction 

between time, E15 condition, and LI condition [F(5,38) = 1.50, p = .214, Wilk’s Λ = 

.836]. There were no significant univariate effects for the above analyses (all ps > .05). 

Moreover, there was no significant effect of E15 condition [F(1,42) = 1.94, p = .171], 

LI condition [F(1,42) = 0.814, p = .372], nor their interaction [F(1,42) = 0.019, p = 

.891]. 

Females. There was a significant multivariate [F(5,23) = 2.99, p = .032, 

Wilk’s Λ = .606, ηp
2 = .394] but not univariate [F(2.58,69.7) = 1.52, p = .220] 

interaction of time and LI condition. There was a significant multivariate [F(5,23) = 

3.42, p = .019, Wilk’s Λ = .573, ηp
2 = .427] and univariate [F(2.58,69.7) = 3.09, p = 

.039, ηp
2 = .103].  interaction of time, E15 condition, and LI condition. Pairwise 

comparisons revealed that within the Pre-Tone group, E15 LPS rats females froze less 
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than E15 saline females in the first minute (5:00-5:25, p = .043; 5:30-5:55, p = .045) 

after the last training trial. Moreover, LPS females in the Pre-Tone group had lower 

levels of freezing than those in the Pre-Cnxt group in the first minute (5:00-5:25, p = 

.024; 5:30-5:55, p = .008) after the last training trial; see Figure 25F.  

There was no significant multivariate effect of time [F(5,23) = 2.15, p = .096, 

Wilk’s Λ = .682] but there was a significant univariate effect [F(2.58,69.7) = 3.52, p = 

.025, ηp
2 = .115]. Pairwise comparisons revealed no significant differences in freezing 

across time (all ps > .05). There was no significant multivariate [F(5,23) = 0.768, p = 

.583, Wilk’s Λ = .857] nor univariate interaction of time and E15 condition. 

Moreover, there was no significant effect of E15 condition [F(1,27) = 1.74, p = .198], 

LI condition [F(1,27) = 2.97, p = .096], nor their interaction [F(1,27) = 0.137, p = 

.714]. 

4.3.5.2.4 Post-Pre Trial Freezing During Training 

The change in percent freezing from before to after each training trial was 

measured to determine if there were differences in the degree of fear learning between 

E15 and LI conditions. 

Males. There was a significant multivariate [F(2,41) = 3.74, p = .032, Wilk’s 

Λ = .846, ηp
2 = .154], but not univariate [F(1.65,69.2) = 2.26, p = .122] effect of trial. 

There was a significant effect of LI condition [F(1,42) = 4.11, p = .049, ηp
2 = .089] 

such that Pre-Tone males had lower levels of post-pre trial freezing than Pre-Cnxt 

males, regardless of E15 condition and trial; see Figure 26A,B. There were no 

significant multivariate interactions between trial and E15 condition [F(2,41) = 0.942, 

p = .398, Wilk’s Λ = .956] nor trial and LI condition [F(2,41) = 2.79, p = .073, Wilk’s 

Λ = .880]. There was no significant multivariate effect of the interaction between trial, 
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E15 condition, and LI condition [F(2,41) = 0.134, p = .875, Wilk’s Λ = .994]. There 

were no other significant univariate effects for the above analyses (all ps > .05). 

Moreover, there was no significant effect of E15 condition [F(1,42) = 1.31, p = .260] 

nor its interaction with LI condition [F(1,42) = 0.148, p = .702]. 

Females. There was no significant multivariate effect of trial [F(2,26) = 0.495, 

p = .615, Wilk’s Λ = .963] nor its interactions with E15 condition [F(2,26) = 0.497, p 

= .614, Wilk’s Λ = .963] nor LI condition [F(2,26) = 0.016, p = .985, Wilk’s Λ = 

.999]. There was no significant multivariate effect of the interaction between trial, E15 

condition, and LI condition [F(2,26) = 0.672, p = .520, Wilk’s Λ = .951]. There were 

no significant univariate effects for the above analyses (all ps > .05). Moreover, there 

was no significant effect of E15 condition [F(1,27) = 0.140, p = .711], LI condition 

[F(1,27) = 1.88, p = .182], nor their interaction [F(1,27) = 0.914, p = .348]; see Figure 

26C,D. 



105 

Figure 26: LI Day 2 (Training) Post-Pre Trial Freezing. Percent freezing on Day 
2 Training in (A) male and (C) female offspring. Panel B is a subfigure 
of panel A for males and panel D is a subfigure of panel C for females. 
(B) Males in the Pre-Tone group had lower levels of post-pre trial
freezing than did males in the Pre-Cnxt group. (D) There were no
differences between groups for females. *main effect of LI condition;
Pre-Tone vs. Pre-Cnxt groups (p < .05). N = 7-13 rats per sex/group.
Error bars represent SEM.

4.3.5.3 Day 3a Context Memory 

Percent freezing was analyzed across time during the 3min context memory 

testing to determine if there were differences in contextual fear between groups. 

Males. There was a significant multivariate [F(2,42) = 13.7, p < .001, Wilk’s 

Λ = .605, ηp
2 = .395] and univariate effect of time [F(2,86) = 17.3, p < .001, ηp

2 = 

.287]. Pairwise comparisons revealed that freezing increased across minutes 1 to 2 (p 

= .006), 1 to 3 (p < .001), and 2 to 3 (p = .015). There was also a significant 

multivariate [F(2,42) = 4.00, p = .026, Wilk’s Λ = .840, ηp
2 = .160] and univariate 

[F(2,86) = 4.49, p = .014, ηp
2 = .095] interaction of time, E15 condition, and LI 

condition. Pairwise comparisons revealed that for E15 saline males in the first minute 
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of the Context Memory test, rats in the Pre-Tone group froze less than rats in the Pre-

Cnxt group (p = .038); see Figure 27A. There were no differences in freezing across 

LI conditions within the E15 LPS group. There were no significant multivariate 

interactions of time and E15 condition [F(2,42) = 1.49, p = .236, Wilk’s Λ = .934] nor 

LI condition [F(2,42) = 0.692, p = .506, Wilk’s Λ = .968]. There were no other 

significant univariate effects for the above analyses (all ps > .05). Moreover, there was 

no significant effect of E15 condition [F(1,43) = 2.63, p = .113], LI condition [F(1,43) 

= 0.274, p = .604], nor their interaction [F(1,43) = 0.833, p = .366]. 

Females. There was a significant multivariate [F(2,29) = 5.95, p = .007, 

Wilk’s Λ = .709, ηp
2 = .291] and univariate [F(2,60) = 8.04, p < .001, ηp

2 = .211] 

effect of time. Pairwise comparisons revealed that freezing increased across minutes 1 

to 2 (p = .012) and 1 to 3 (p = .008), but not minutes 2 to 3. There were no significant 

multivariate interactions of time and E15 condition [F(2,29) = 1.24, p = .304, Wilk’s 

Λ = .921] nor LI condition [F(2,29) = 0.550, p = .583, Wilk’s Λ = .963]. There was no 

significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,29) = 0.989, p = .384, Wilk’s Λ = .936]. There were no other 

significant univariate effects for the above analyses (all ps > .05). Moreover, there was 

no significant effect of E15 condition [F(1,30) = 0.270, p = .607], LI condition 

[F(1,30) = 0.003, p = .959], nor their interaction [F(1,30) = 0.309, p = .583]; see 

Figure 27B. 
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Figure 27: LI Day 3a (Context Memory) and Day 3b (Tone Memory) Freezing. 
E15 saline males in the Pre-Tone group had decreased freezing as 
compared to males in the Pre-Cnxt group (A) during minute 1 of the 
Context Memory Test and (C) during minutes 1-2 after the 2nd tone 
presentation of the Tone Memory Test. For females, there were no 
differences in (B) context memory nor (D) tone memory across groups. 
#pairwise comparison; E15 saline Pre-Cnxt significantly different than 
E15 saline Pre-Tone males (p < .05). N = 7-13 rats per sex/group. Error 
bars represent SEM. 

4.3.5.4 Day 3b Tone Memory 

After a 3min habituation period to a novel context, rats were presented with 

four tone presentations. Freezing was measured for 3min after each trial to assess 

offspring fear response to the tone. 
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4.3.5.4.1 Baseline Freezing During First 3 Minutes 

Freezing during the first three minutes of Day 3b, prior to tone memory 

presentations, was measured to determine if there were any baseline differences in 

freezing behavior between groups in the novel context. 

Males. There was no significant multivariate effect of time [F(2,41) = 2.69, p 

= .080, Wilk’s Λ = .884] nor its interactions with E15 condition [F(2,41) = 2.34, p = 

.109, Wilk’s Λ = .898]. However, there were significant univariate effects of time 

[F(1.45,60.9) = 4.21, p = .031, ηp
2 = .091] and its interaction with E15 condition 

[F(1.45,60.9) = 3.53, p = .049, ηp
2 = .078]. Pairwise comparisons revealed that E15 

LPS males [M = 2.38%, SEM = 1.30] froze more than saline males [M = 0.00, SEM = 

0.00] during minute 1 (p = .029) but not minutes 2 and 3 of the test. This resolution is 

explained by saline rats increasing their freezing from minutes 1 to 3 (p = .005) and 2 

to 3 (p = .029). E15 LPS rats froze at similar levels across all three minutes; see 

Figure 27C. It is unlikely for this effect to confound any differences between 

conditions in tone memory freezing 1) because the differences are resolved after the 

first minute of being in the novel context and 2) because the levels of freezing of MIA 

males to this novel context are considerably low. 

There was no significant multivariate interaction of time and LI condition 

[F(2,41) = 0.305, p = .739, Wilk’s Λ = .985] nor their interaction with E15 condition 

[F(2,41) = 1.73, p = .190, Wilk’s Λ = .922]. There were no other significant univariate 

effects for the above analyses (all ps > .05). Moreover, there was no significant effect 

of E15 condition [F(1,42) = 0.205, p = .653], LI condition [F(1,42) = 1.29, p = .263], 

nor their interaction [F(1,42) = 0.229, p = .635]. 

Females. There was no significant multivariate effect of time [F(2,26) = 0.829, 

p = .448, Wilk’s Λ = .940], but there was a significant univariate effect of time 
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[F(1.43,38.5) = 5.53, p = .015, ηp
2 = .170]. Pairwise comparisons revealed that 

females increased their freezing from minutes 1 to 3 (p = .049) but not minutes 1 to 2 

nor 2 to 3; see Figure 27D. There were no significant multivariate interactions of time 

and E15 condition [F(2,26) = 0.571, p = .572, Wilk’s Λ = .958] nor LI condition 

[F(2,26) = 0.064, p = .938, Wilk’s Λ = .995]. There was no significant multivariate 

effect of the interaction between time, E15 condition, and LI condition [F(2,26) = 

2.30, p = .121, Wilk’s Λ = .850]. There were no other significant univariate effects for 

the above analyses (all ps > .05). Moreover, there was no significant effect of E15 

condition [F(1,27) = 0.750, p = .394], LI condition [F(1,27) = 0.911, p = .348], nor 

their interaction [F(1,27) = 0.300, p = .588]. 

4.3.5.4.2 Freezing After Tone Presentations 

Percent freezing was analyzed across time after each tone presentation to 

determine if there were differences in tone fear between E15 and LI conditions. See 

Figure 27C above for tone memory freezing in males and Figure 27D above for tone 

memory freezing in females on Day 3b. 

Males. Post-Tone 1. There was a significant multivariate [F(2,41) = 10.4, p < 

.001, Wilk’s Λ = .664, ηp
2 = .336] and univariate [F(2,84) = 12.2, p < .001, ηp

2 = .226] 

effect of time. Pairwise comparisons revealed that freezing decreased across minutes 1 

to 3 (p < .001) and 2 to 3 (p = .019), but not minutes 1 to 2. There were no significant 

multivariate interactions of time and E15 condition [F(2,41) = 1.66, p = .203, Wilk’s 

Λ = .925] nor LI condition [F(2,41) = 0.037, p = .964, Wilk’s Λ = .998]. There was no 

significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,41) = 2.42, p = .101, Wilk’s Λ = .894]. There were no other significant 

univariate effects for the above analyses (all ps > .05). Moreover, there was no 
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significant effect of E15 condition [F(1,42) = 0.003, p = .954], LI condition [F(1,42) = 

0.329, p = .570], nor their interaction [F(1,42) = 0.727, p = .399]. 

Post-Tone 2. There was a significant multivariate [F(2,41) = 8.68, p < .001, 

Wilk’s Λ = .703, ηp
2 = .297] and univariate [F(2,84) = 11.8, p < .001, ηp

2 = .219] 

effect of time. Pairwise comparisons revealed that freezing decreased across minutes 1 

to 3 (p < .001) and 2 to 3 (p = .024), but not minutes 1 to 2. There was no significant 

multivariate effect [F(2,41) = 2.97, p = .063, Wilk’s Λ = .874], but there was a 

significant univariate effect [F(2,84) = 3.31, p = .041, ηp
2 = .073] of the interaction 

between time, E15 condition, and LI condition. Pairwise comparisons revealed that 

post-tone 2, for the E15 saline group, Pre-Tone males froze less than Pre-Cnxt males 

at minutes 1 (p = .028) and 2 (p = .040), but not minute 3. There were no differences 

in freezing between LI groups for the E15 LPS males. There were no significant 

multivariate interactions of time and E15 condition [F(2,41) = 0.312, p = .734, Wilk’s 

Λ = .985] nor LI condition [F(2,41) = 0.722, p = .492, Wilk’s Λ = .966]. There were 

no other significant univariate effects for the above analyses (all ps > .05). Moreover, 

there was no significant effect of E15 condition [F(1,42) = 1.12, p = .296], LI 

condition [F(1,42) = 1.39, p = .246], nor their interaction [F(1,42) = 1.78, p = .190]. 

Post-Tone 3. There was no significant multivariate effect of time [F(2,41) = 

0.880, p = .423, Wilk’s Λ = .959] nor its interactions with E15 condition [F(2,41) = 

0.643, p = .531, Wilk’s Λ = .970] nor LI condition [F(2,41) = 1.49, p = .238, Wilk’s Λ 

= .932]. There was no significant multivariate effect of the interaction between time, 

E15 condition, and LI condition [F(2,41) = 0.277, p = .759, Wilk’s Λ = .987]. There 

were no significant univariate effects for the above analyses (all ps > .05). Moreover, 
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there was no significant effect of E15 condition [F(1,42) = 3.06, p = .088], LI 

condition [F(1,42) = 0.073, p = .789], nor their interaction [F(1,42) = 0.010, p = .923]. 

Post-Tone 4. There was no significant multivariate effect of time [F(2,41) = 

1.55, p = .225, Wilk’s Λ = .930] nor its interactions with E15 condition [F(2,41) = 

2.58, p = .088, Wilk’s Λ = .888] nor LI condition [F(2,41) = 0.077, p = .926, Wilk’s Λ 

= .996]. There was no significant multivariate effect of the interaction between time, 

E15 condition, and LI condition [F(2,41) = 0.257, p = .774, Wilk’s Λ = .988]. There 

were no significant univariate effects for the above analyses (all ps > .05). Moreover, 

there was no significant effect of E15 condition [F(1,42) = 3.76, p = .059], LI 

condition [F(1,42) = 0.455, p = .504], nor their interaction [F(1,42) = 0.111, p = .741]. 

Females. Post-Tone 1. There was a significant multivariate [F(2,26) = 6.07, p 

= .007, Wilk’s Λ = .682, ηp
2 = .318] and univariate [F(2,54) = 8.74, p < .001, ηp

2 = 

.245] effect of time. Pairwise comparisons revealed that freezing decreased across 

minutes 1 to 3 (p = .004), but not minutes 1 to 2 nor 2 to 3. There were no significant 

multivariate interactions of time and E15 condition [F(2,26) = 1.42, p = .261, Wilk’s 

Λ = .602] nor LI condition [F(2,26) = 0.102, p = .903, Wilk’s Λ = .992]. There was no 

significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,26) = 1.05, p = .363, Wilk’s Λ = .925]. There were no other significant 

univariate effects for the above analyses (all ps > .05). Moreover, there was no 

significant effect of E15 condition [F(1,27) = 0.388, p = .538], LI condition [F(1,27) = 

1.85, p = .185], nor their interaction [F(1,27) = 0.808, p = .377]. 

Post-Tone 2. There was a significant multivariate [F(2,26) = 9.11, p = .001, 

Wilk’s Λ = .588, ηp
2 = .412] and univariate [F(1.47,39.8) = 12.7, p < .001, ηp

2 = .320] 

effect of time. Pairwise comparisons revealed that freezing decreased across minutes 1 
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to 2 (p < .001) and 1 to 3 (p = .002), but not minutes 2 to 3. There were no significant 

multivariate interactions of time and E15 condition [F(2,26) = 0.203, p = .818, Wilk’s 

Λ = .985] nor LI condition [F(2,26) = 3.03, p = .066, Wilk’s Λ = .811]. There was no 

significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,26) = 0.529, p = .596, Wilk’s Λ = .961]. There were no other 

significant univariate effects for the above analyses (all ps > .05). Moreover, there was 

no significant effect of E15 condition [F(1,27) = 0.750, p = .394], LI condition 

[F(1,27) = 0.258, p = .615], nor their interaction [F(1,27) = 0.243, p = .626]. 

Post-Tone 3. There was a significant multivariate [F(2,26) = 5.47, p = .010, 

Wilk’s Λ = .704, ηp
2 = .296] and univariate [F(1.47,39.8) = 7.17, p = .004, ηp

2 = .210] 

effect of time. Pairwise comparisons revealed that freezing decreased across minutes 1 

to 2 (p = .010) and 1 to 3 (p = .019), but not minutes 2 to 3. There were no significant 

multivariate interactions of time and E15 condition [F(2,26) = 0.502, p = .611, Wilk’s 

Λ = .963] nor LI condition [F(2,26) = 1.35, p = .277, Wilk’s Λ = .906]. There was no 

significant multivariate effect of the interaction between time, E15 condition, and LI 

condition [F(2,26) = 0.088, p = .916, Wilk’s Λ = .993]. There were no other 

significant univariate effects for the above analyses (all ps > .05). Moreover, there was 

no significant effect of E15 condition [F(1,27) = 0.015, p = .905], LI condition 

[F(1,27) = 1.07, p = .310], nor their interaction [F(1,27) = 0.035, p = .852]. 

Post-Tone 4. There was no significant multivariate effect of time [F(2,26) = 

3.24, p = .055, Wilk’s Λ = .800] nor its interactions with E15 condition [F(2,26) = 

2.72, p = .084, Wilk’s Λ = .827] nor LI condition [F(2,26) = 0.086, p = .918, Wilk’s Λ 

= .993]. There was no significant multivariate effect of the interaction between time, 

E15 condition, and LI condition [F(2,26) = 1.80, p = .185, Wilk’s Λ = .878]. There 
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were no significant univariate effects for the above analyses (all ps > .05). Moreover, 

There was no significant effect of E15 condition [F(1,27) = 0.185, p = .670], LI 

condition [F(1,27) = 1.40, p = .248], nor their interaction [F(1,27) = 0.611, p = .441]. 

4.3.5.4.3 Post-Pre Tone Freezing During Tone Memory Testing 

The change in percent freezing from before to after each tone memory trial was 

measured to determine if there were differences in the degree of tone fear between 

E15 and LI conditions. 

Males. There was a significant multivariate [F(3,40) = 8.78, p < .001, Wilk’s 

Λ = .603, ηp
2 = .397] and univariate effect [F(2.48,104) = 10.0, p < .001, ηp

2 = .193] of 

trial. Pairwise comparisons revealed that post-pre tone freezing decreased only from 

tones 1 to 3 (p = .012) and 1 to 4 (p < .001). There was a significant effect of LI 

condition [F(1,42) = 4.82, p = .034, ηp
2 = .103] such that Pre-Tone males had lower 

levels of post-pre tone freezing than Pre-Cnxt males, regardless of E15 condition and 

trial; see Figure 28A,B. There were no significant multivariate interactions between 

trial and E15 condition [F(3,40) = 0.226, p = .878, Wilk’s Λ = .983] nor trial and LI 

condition [F(3,40) = 0.222, p = .880, Wilk’s Λ = .984]. There was no significant 

multivariate effect of the interaction between trial, E15 condition, and LI condition 

[F(3,40) = 0.188, p = .904, Wilk’s Λ = .986]. There was no significant effect of E15 

condition [F(1,42) = 0.046, p = .832] nor the interaction between E15 condition and LI 

condition [F(1,42) = 0.097, p = .758]. 

Females. There was no significant multivariate effect of trial [F(3,25) = 1.93, 

p = .151, Wilk’s Λ = .812] but there was a significant univariate effect of trial [F(3,81) 

= 2.75, p = .048, ηp
2 = .093]. However, pairwise comparisons revealed no significant 

differences in freezing across trials. There were no significant multivariate interactions 
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of time and E15 condition [F(3,25) = 0.636, p = .599, Wilk’s Λ = .929] nor LI 

condition [F(3,25) = 0.390, p = .761, Wilk’s Λ = .955]. There was no significant 

multivariate effect of the interaction between trial, E15 condition, and LI condition 

[F(3,25) = 0.865, p = .472, Wilk’s Λ = .906]. There were no other significant 

univariate effects for the above analyses (all ps > .05). Moreover, there was no 

significant effect of E15 condition [F(1,27) = 0.392, p = .536], LI condition [F(1,27) = 

1.05, p = .315], nor their interaction [F(1,27) = 1.50, p = .231]; see Figure 28C,D. 

Figure 28: LI Day 3b (Tone Memory) Post-Pre Tone Freezing. Percent freezing 
across Day 3b Tone Memory in (A) male and (C) female offspring. Panel 
B is a subfigure of panel A for males and panel D is a subfigure of panel 
C for females. (B) Males in the Pre-Tone group had lower levels of post-
pre tone freezing than did males in the Pre-Cnxt group. (D) There were 
no differences between groups for females. *main effect of LI condition; 
Pre-Tone vs. Pre-Cnxt groups (p < .05). N = 7-13 rats per sex/group. 
Error bars represent SEM. 
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4.4 Discussion 

We found that MIA with LPS on E15 altered anxiety, novelty learning, and LI 

fear conditioning behaviors in adult offspring. MIA prevented LI of tone fear memory 

(Day 3b) in male offspring, and induced LI after training (Day 2) in female offspring 

as compared to controls. E15 saline males with tone pre-exposure also had decreased 

context fear memory (Day 3a) as compared to those that were only pre-exposed to the 

context; this effect was eliminated in E15 LPS males. Moreover, contrary to our 

predictions, MIA reduced anxiety-like behaviors in the EPM as compared to E15 

saline rats and produced NOL (with 30min retention) that was absent in saline 

controls. The neurobiological implications of our findings are discussed in Chapter 5 

and their relevance to NDDs are considered below. 

MIA Produces Anxiolytic Phenotype in Adult Offspring 

MIA has been associated with increased anxiety behaviors in rodent offspring 

that may be linked to symptoms of NDDs (Boksa, 2010; Solek et al., 2018). Indeed, 

individuals with NDDs often experience comorbidity with mood and anxiety disorders 

(Hansen et al., 2018; Schumann et al., 2011; Sparks et al., 2024). Previous animal 

studies report MIA offspring to spend less time spent in the open arms of the EPM 

(Babri et al., 2014; Depino, 2015; Hsueh et al., 2018; Lin et al., 2012; Quagliato et al., 

2021; Yin et al., 2013). Contrary to these reports, we found that LPS on E15 caused 

rats to spend more time in and have more entries into the open arms of the maze as 

compared to controls. In support of our data, there are a few studies that have reported 

increased time in the EPM open arms following MIA with propionic acid (derived 

from enteric bacteria; Foley et al., 2014) and LPS (Schaafsma et al., 2017). Taken 
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together, these findings (of increased open arm time and entries) could be interpreted 

as a reduction in anxiety. 

Number of arm entries can be used as an indicator of locomotor activity in the 

EPM (Walf & Frye, 2007), as differences in motor activity can confound performance 

in the task. Although MIA offspring did have a higher number of open arm entries, we 

found no differences in closed arm entries nor total distance traveled in the maze 

between E15 conditions. Therefore, the anxiolytic effects of MIA are not likely to be 

driven by inherent differences in motor activity between groups. We did however find 

that, across both E15 conditions, females traveled more in the EPM than males. This is 

in line with previous research supporting that female rats are often more exploratory 

and have more spontaneous locomotion than males (Scholl et al., 2019; Simpson & 

Kelly, 2012). Since we did not observe any sex differences in the effects of MIA on 

zone entries nor time spent in each zone, this increased motor activity in females 

additionally seems to be unaffected be prenatal exposure to LPS. 

Interestingly in our model, E15 LPS males took longer to first enter the closed 

arms than did E15 saline males and E15 LPS females. This finding suggests that MIA 

might differently impact the behavioral strategies employed in the EPM across sexes.  

MIA causes males, but not females, to remain the open arm and/or center zone for a 

longer period of time upon first entering the maze. It is possible that this indicates a 

MIA-driven anxiolytic phenotype of males in their initial reaction to the novel 

environment of the EPM, since they took longer to enter the safety of the closed arms. 

Regardless, this finding doesn’t appear to indicate sex differences in overall task 

performance of the EPM, as MIA-exposed females were just as likely as MIA males to 

enter and spend time in the open arms across the rest of the task. It is important to note 
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that all rats were placed in the maze in the same orientation: facing an open arm. 

Future studies may consider randomly alternating the orientation in which rats are 

placed in the EPM to determine if this influences the latency to enter the closed arms. 

Researchers should also consider employing additional tests of anxiety, such as the 

light-dark box, open field, and elevated-zero maze paradigms, as MIA can differently 

affect offspring anxiety behavior across such tasks (Babri et al., 2014). These various 

tasks can be used to assess different behavioral strategies associated with risk 

assessment and anxiety and may thus help elucidate the specific behavioral traits in 

offspring that are affected by our model of MIA. 

Overall, these findings provide insight into how MIA can have long-lasting 

effects on offspring anxiety-like behavior. Our MIA-induced decrease in anxiety 

behavior is not characteristic of a “typical” anxiogenic NDD phenotype. However, the 

relationship between NDDs and anxiety is complex and can be affected by other 

factors. For instance, an inverse relationship exists between anxiety and 

communication deficits in individuals with ASD diagnoses (T. E. Davis et al., 2011), 

the implications of which are not well understood. Future studies should thus explore 

the relationship between anxiety and other behavioral phenotypes that are associated 

with MIA and NDDs. Moreover, random, non-goal-driven exploration (thought to be a 

marker of disorganized cognition and/or behavior) has been associated with low-grade 

inflammation in individuals with schizophrenia (Cathomas et al., 2021). Although the 

EPM has been highly validated for anxiety, the drive to explore the maze is still an 

important and inherent process to the task, and thus our findings could be relevant to 

psychomotor symptoms of schizophrenia (Chamera et al., 2020). Additional nuance to 
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the idea of this MIA-enhancement in the drive to explore a novel environment is 

explored in the next section. 

Novel Object Location Performance is Enhanced by MIA 

As discussed above, NOL and NOR paradigms have been useful in studying 

learning and memory disturbances – across multiple domains (spatial, visual, 

declarative) – related to various NDDs (Doniger et al., 2001; Haratizadeh et al., 2021; 

Rajagopal et al., 2014; Young et al., 2009; Zatkova et al., 2016). MIA in rodents has 

generally been reported to produce decreased exploration of novel objects and objects 

in novel locations in juvenile and adult offspring (M. Han et al., 2016, 2017; Lipina et 

al., 2013; K. Ozawa et al., 2006; Wolff et al., 2011), with most of these studies 

examining NOR rather than NOL. Our current study found that exposure to E15 LPS 

caused both male and female offspring to perform better at NOL (with a 30min 

retention) than saline controls during the first minute of the task. Similarly, MIA with 

Poly I:C (Ito et al., 2010) and with LPS (Golan et al., 2005) has been found to enhance 

NOR, although not NOL, performance in mouse offspring. Taken together, these 

findings indicate that MIA can have mixed effects on exploratory preference toward 

novel experiences. The discrepancy in findings across laboratories could be due to 

differences in the timing, type, and dosage of immunogen used to stimulate MIA 

and/or due to differences in methodology used to assess NOL and NOR learning. 

In NOL and NOR tasks, researchers utilize investigation ratios to determine 

whether animals explore novel and familiar objects (or locations) in equal amounts. As 

rats are inherently interested in novel objects, successful performance of an 

NOL/NOR task would be indicated by an investigation ratio > 0.5 (a.k.a. chance). 

Even though our E15 saline rats performed at chance levels (investigation ratio = 0.5) 
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during the NOL (30min retention) task, our MIA effect is still interpretable because: 

1) there was a statistical difference between experimental (MIA) and control (E15

saline) groups, and 2) the MIA group performed significantly above chance

(Akkerman, Prickaerts, et al., 2012). In other words, we found that MIA enhanced

novel object location performance in offspring that are normally (i.e., E15 saline)

unable to show preference for the novel location. Further analyses should be

performed to confirm that this effect is not due to differences between groups in the

duration of time rats spent exploring the object pairs during the NOL sample phase.

Additionally, we did not find any group differences in NOL when there was a 24hr

interval between sample and test sessions. Given that many of our groups were unable

to perform NOL (of both retention intervals) above chance levels, it’s likely that our

behavioral paradigm was simply not sensitive enough (perhaps due to the salience of

our proximal cues, environmental factors, etc.) to detect changes in novelty learning as

a function of MIA. Future studies should therefore refine our paradigm so that saline

control rats perform above chance, to confirm whether our model of MIA does indeed

enhance NOL performance in offspring.

Of note, our study also failed to alter the testing chamber, and thusly the 

positioning of the objects, within each animal across the 30min and 24hr retention 

NOL-NOR tests. If offspring remembered and anticipated where the novel location or 

novel object would be placed in the chamber, this could have made the 24hr retention 

tasks easier to perform. However, in both the 30min and 24hr retention NOL tasks, the 

overall investigation ratios were similar and most groups performed at chance levels. 

This finding further confirms that learning in our paradigm is not robust enough to 

evoke novelty preference in control offspring. One explanation may be due to the 
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strain of rats used in this current experiment; Sprague-Dawley rats have poor eyesight 

and may therefore perform worse in tasks that rely on spatial cues (Harker & 

Whishaw, 2002). Researchers may thus consider employing a different strain of rat to 

assess learning in future studies that require processing of visual/spatial information. 

Furthermore, more groups exhibited investigation ratios at chance levels during the 

24hr NOR task than during the 30min NOR task, suggesting poorer performance at a 

longer retention interval. Therefore, it is overall unlikely that the repetition of object 

positioning between 30min and 24hr NOL-NOR tasks caused an enhancement in the 

offspring’s novel object performance. Since object pairs were not counterbalanced 

across retention intervals in our paradigm, the objects used for the 24hr retention tests 

may also have been less effective than those used for the 30min retention tests, 

causing more groups to perform NOR (24hr) at chance levels. Further analyses should 

be conducted to determine whether rats had innate biases toward any of the objects 

used across the different retention intervals of our tasks. 

Furthermore, we detected no differences between E15 groups in NOR learning, 

with either a short (30min) or long (24hr) retention interval. It is possible that our MIA 

model simply does not produce changes in NOR learning. However, our combined 

NOL-NOR task (in which the NOL test became the sample session for the NOR test) 

could have also influenced the effects of MIA on NOR performance. Future studies 

using our MIA model should consider utilizing a separate NOR task to confirm that 

LPS (50µg/kg) on E15 does not cause changes in NOR learning in offspring. The rats’ 

exposure to the EPM prior to novelty testing may also have impacted their behavior, 

and so researchers should also investigate NOL and NOR in animals naïve to any 

other behavioral tasks. Additionally, the distinct processes that are being assessed in 
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the NOL/NOR tasks (i.e., attention, motivation, declarative memory, etc.) are difficult 

to determine (Young et al., 2009). Therefore, additional measures of learning and 

memory – such as Morris water maze, Barnes maze, alternation tasks, and delayed 

response/comparison tasks (Dudchenko, 2004; Vorhees & Williams, 2014) – should 

also be employed to assess cognitive, learning, and memory behaviors that are 

associated with NDDs in offspring. 

Finally, we saw some subtle sex differences in general novelty preference. 

Regardless, of E15 condition, female offspring had increased NOR (30min retention) 

and NOL (24hr retention) performance as compared to males during the second 

minute of the task. For the NOL task, both sexes (collapsed across E15 condition) 

performed at chance levels, so it does not appear that females were any better at 

novelty discrimination above chance as compared to males. On the other hand, for the 

NOR task, both sexes had investigation ratios above chance, which supports that 

females had improved NOR performance above males. This idea aligns with the 

increased locomotion behavior in the EPM of female offspring, as described above. 

Further analyses should be performed to determine whether females were more active 

than males during the NOL and NOR tests (thus allowing for more opportunities to 

explore the objects) and/or if they spent more time investigating the object pairs 

during the sample phase. 

In all, our results elucidate that MIA with LPS on E15 can enhance short-term 

NOL learning in adult offspring. This is also in line with our findings above that MIA 

decreases anxiety-like behavior in the EPM; together they suggest that MIA offspring 

may display a more exploratory phenotype. Since individuals with NDDs typically 

experience deficits in learning behaviors (including spatial, working, and declarative 
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memory) and reduced attentional discrimination for novel stimuli (Vivanti et al., 

2018), it is unclear how our data relate to the hypothesis that MIA contributes to 

symptoms of NDDs. Nonetheless, our findings provide further insight into the effects 

of prenatal immune activation on novelty learning and memory in offspring. 

MIA Induces Latent Inhibition Across Training in Females and Prevents 
Latent Inhibition During Tone Memory Testing in Males 

Deficits in LI have been noted in humans with diagnoses of schizophrenia, 

ADHD, and anxiety (D. B. Miller et al., 2022; Schauz & Koch, 2000) and have been 

reported in animal models of MIA. We therefore predicted that LPS on E15 would 

prevent LI learning and memory in a conditioned fear paradigm.  

4.4.3.1 LI Training (Day 2) 

Male offspring that were pre-exposed to the tone (Pre-Tone) displayed LI 

during training (both across training trials and via reduced post-pre trial freezing), 

regardless of E15 condition. Previous rodent studies have shown that LI can occur 

across training, when conditioning occurs across multiple trials (D. B. Miller et al., 

2022; Weiss et al., 2001). Our study of conditioned freezing provides additional 

support for this phenomenon, specifically in male offspring, whereby pre-exposure to 

an innocuous tone reduces freezing during active conditioning of the tone to an 

aversive foot-shock. However, MIA did not induce deficits in LI in males during 

training/conditioning. 

On the other hand, our control (E15 saline) female offspring did not display LI 

on Day 2 training (neither across trials, after trials, nor via post-pre trial freezing). 

During the first minute after the last training trial, prenatal exposure to MIA caused 

Pre-Tone females to have reduced freezing as compared to Pre-Cnxt MIA females and 



123 

Pre-Tone saline females. This result suggests that MIA induced LI during training in 

females and could potentially be indicative of an inability to pay attention to 

previously irrelevant stimuli when they become relevant (i.e., LI persistence). LI 

persistence is a phenomenon where, under conditions in which control animals are 

unable to express LI, animals with impaired attentional shifting are able to display LI 

(Vuillermot et al., 2012; Weiner, 2003). Accordingly, Vuillermot and colleagues 

(2012) found that a combination of MIA with Poly I:C on E17 and heterozygous 

Nurr1 deletion (Nurr1 is important for dopaminergic differentiation and survival) 

caused persistent LI in a conditioned tone fear task. Thus, it is possible that our model 

of MIA with LPS on E15 could reveal persistence of LI in female offspring.

Another explanation could be that MIA alters the developmental trajectory of 

female offspring, causing female LI learning during conditioned fear training to 

become more similar to that of their male counterparts. Given that our immune 

activation with LPS occurred on E15 – which is prior to the secretion of androgens 

~E18 in rats that are necessary for fetal masculinization (Breach & Lenz, 2022) – it is 

possible that MIA could interfere with developmental processes in female fetuses that 

could alter sexual differentiation of the brain (Baines & West, 2023; McCarthy, 2019). 

Further research into the relationship between MIA (and the corresponding maternal-

fetal immune response), sex steroids (and their involvement in sexual differentiation 

and influence on innate immune signaling; Kovats, 2015; Liu et al., 2017), and 

offspring behavior will need to be conducted to investigate this hypothesis. 

Researchers should also examine whether females engage in a different learning 

strategy than males, and if this can be differently dysregulated by MIA, especially 
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since females were more likely than males to repeatedly jump out of the conditioning 

chamber during training.  

As mentioned above, and in our methods, we observed a number of animals 

engaging in jumping behaviors in response to the tone-shock pairings during training. 

This suggests that some rats employ a different and more intense fear-response 

strategy to the aversive stimulus (Blanchard et al., 2001; J. W. Clark et al., 2019; Lang 

et al., 2000), as opposed to freezing. The exclusion of the “jumpers” from analyses of 

LI freezing (across training and testing days) was necessary due to this alternative 

fear-response strategy, but consequently reduced the overall power of our statistical 

analyses. This therefore may have affected our ability to detect statistically significant 

differences between E15 or LI conditions, particularly during training (Day 2) and 

tone memory testing (Day 3b; see below). Future studies might account for this by 1) 

increasing sample size in anticipation of the need to exclude the “jumpers”, or 2) 

altering the behavioral paradigm to reduce or prevent jumping. Some such strategies 

might include lowering the intensity of the foot-shock as to not induce jumping, 

adding a lid to the conditioning chamber to prevent animals from jumping out of or 

even within the box, or increasing the size of the conditioning chamber to alter the 

imminence of the threat.  

4.4.3.2 Context and Tone Memory Testing (Day 3a and 3b) 

During context memory testing, E15 saline males that were pre-exposed to the 

tone displayed decreased freezing during minute 1 of the test as compared to their Pre-

Cnxt counterparts. However, MIA males did not show differences in freezing between 

LI groups. This result could potentially indicate that pre-exposure to the tone on Day 1 

causes tone fear to overshadow context fear in saline offspring, and that MIA 
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eliminates this effect. Researchers should further explore this effect by, for example, 

including a behavioral group that learns context fear conditioning in the absence of 

tones. Furthermore, during tone memory testing, E15 saline Pre-Tone males had 

reduced freezing during the first two minutes after the second tone presentation as 

compared to their Pre-Cnxt counterparts, which is indicative of LI. However, MIA 

males did not show differences between LI groups, supportive of a deficit in LI of tone 

fear memory. There were no differences in context nor tone freezing between groups 

for female offspring. These results align with those observed during Day 2 training in 

that they provide further evidence that our behavioral paradigm is sufficient to 

produce LI (across training and tone memory testing) in control males but not females. 

Furthermore, our tone fear findings in male offspring are in line with previous 

research (Meyer et al., 2005; Piontkewitz et al., 2011; S. E. P. Smith et al., 2007; 

Waterhouse et al., 2016b; Zuckerman et al., 2003; Zuckerman & Weiner, 2003, 2005) 

showing that MIA produces deficits in rodent LI behavior. Interestingly, anxiety levels 

in rats have been positively associated with LI, and rats with moderate anxiety in the 

EPM have been found to better display LI than those with low anxiety (Tsakanikos & 

Reed, 2019). Given that MIA decreased anxiety in the EPM (and E15 LPS males 

showed increased latency to first enter the closed arms), this could explain the lack of 

LI tone fear in our male offspring. In all, our findings provide support for the theory 

that male offspring are susceptible to cognitive/learning deficits as a result of MIA. 

Notably, only a few MIA studies have employed conditioning freezing 

paradigms (Meyer et al., 2005; S. E. P. Smith et al., 2007), as opposed to the more 

commonly utilized lick suppression task, to detect deficits in LI learning. In these 

studies, MIA with Poly I:C on E9 (Meyer et al., 2005) and IL-6 on E12.5 (S. E. P. 
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Smith et al., 2007) in mice produced LI deficits to tone fear memory, without 

impacting context fear memory. It is important to state that these studies tested both 

context and tone fear memory in the same chambers in which conditioning took place. 

Therefore, one strong explanation for why we were unable to detect strong levels of 

MIA-induced LI deficits across the entirety of tone memory testing could be that we 

tested this memory in a novel context that was independent of training context (see 

Lovibond et al., 1985; R. R. Miller et al., 2015; Westbrook et al., 2000). Testing tone 

fear memory in a novel environment removes contextual cues that may have been 

integral to the memory of the innocuous tone during pre-exposure. Therefore, tone 

memory testing in a novel environment could prevent LI freezing in Pre-Tone animals. 

Not only could this account for our lack of typical LI of conditioned tone fear in 

female offspring, but it could also explain why we may have been unable to detect 

robust effects of MIA during tone memory testing (aside from post-tone 2 freezing in 

males). Future studies should thus examine the effects of MIA with E15 LPS in a 

paradigm where pre-exposure and tone memory testing occur in the same context, to 

see if this has any effects on LI learning and memory in our conditioned freezing task. 

Importantly, no direct comparisons can be made between the above discussed 

male and female LI behavior, as the sexes were run in separate statistical analyses. 

When analyzed using a 4-way ANOVA with sex as a factor, our data do reveal some 

subtle sex differences that, however, do not add much interpretability to our overall 

findings as presented above. For instance, on Day 2, there was a significant interaction 

between time, sex, E15 condition, and LI condition on freezing after the last training 

trial (data not shown), such that LPS Pre-Tone males froze more than females (p = 

.045) from 5:30-5:55. This finding provides limited support that MIA does indeed 
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differently affect LI learning during training in male and female offspring. 

Additionally, on Day 3b, there was a main effect of sex (data not shown) such that 

males froze more than females overall during context fear memory testing. This again, 

may account for why we did not see any differences in context memory testing 

between groups in female offspring, as female freezing levels were ~half of those 

displayed by males. Even with these additional results, we are unable to make 

definitive conclusions that there are sex differences as a function of MIA across 

training or post-pre trial freezing on Day 2, context memory on Day 3a, and tone 

memory or post-pre tone freezing on Day 3b. Future studies should increase sample 

sizes to better account for sex as a statistical factor in their analyses of LI behavior or 

consider possible data transformations (other than post-pre trial freezing) that may 

allow for easier analysis of sex differences. 

Conclusions 

Overall, the findings from this current study provide evidence that MIA with 

LPS produces anxiolytic behavior in the EPM and enhances short-term (30min 

retention) NOL performance in both sexes. MIA also induces LI in female offspring 

during training and prevents LI in males during tone fear memory testing. These 

results further our understanding of how MIA affects cognitive/learning and anxiety 

behaviors – that are associated with NDDs – in male and female offspring. Our data 

also highlight that maternal inflammation during pregnancy can produce long-lasting 

behavioral changes in offspring, likely through the disruption of neural processes 

necessary for brain development (which will be investigated in the next chapter). 
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MIA REDUCES INFLAMMATORY GENE EXPRESSION IN OFFSPRING 
BRAIN REGARDLESS OF EXPOSURE TO A SECOND “HIT” IMMUNE 

CHALLENGE IN ADULTHOOD 

5.1 Introduction 

As discussed in Chapter 3, MIA and NDDs are associated with changes in 

basal expression of immune and neurotrophic markers throughout development that 

can persist into adulthood. An altered neuroimmune state in offspring may drive 

changes in neural circuit formation and modeling that underlie the behavioral 

outcomes noted in Chapters 3 and 4. In addition, it is possible that the immune 

response to subsequent stimulation may be affected. Therefore, this current 

experiment investigated the effects of MIA on the brain’s immune response to a 

second “hit” immune challenge in adult offspring. 

Indeed, immune disturbances in NDDs such as ASD and schizophrenia have 

been reported. Individuals with ASD and schizophrenia have atypical immune 

activity, often exhibiting increased inflammatory processes associated with 

autoimmunity (Ashwood et al., 2006; Ashwood & Van de Water, 2004; Horváth & 

Mirnics, 2014; X. Li et al., 2009; Mead & Ashwood, 2015; Muller & J. Schwarz, 

2010). Children with NDDs are also at a greater risk of experiencing chronic health 

conditions such as inflammatory bowel disease, celiac disease, asthma, juvenile 

arthritis, type 1 diabetes, etc. (King-Dowling et al., 2019). It is similarly possible that 

immune dysregulation associated with such inflammation increases the risk for NDDs 

Chapter 5 
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or for their particular symptoms (Mead & Ashwood, 2015; Muller & J. Schwarz, 

2010; C. Onore et al., 2012). Due to the limits of human studies to show causality, it is 

still unclear the exact mechanisms underlying the relationship between MIA-induced 

immune dysfunction and NDDs. 

Thus, animal models have begun to investigate the effects of MIA on the acute 

response to an immune insult later in life, with mixed findings. MIA with LPS 

(500µg/kg) on E18 and a second “hit” of LPS (250µg/kg) at P21 decreased sera and 

mRNA brain levels of IL-1β, IL-6, and TNF-α in rats (Lasala & Zhou, 2007; H. Zhou, 

2015). Likewise, a second “hit” of LPS (50µg/kg) on P21 reduced TNF-α expression 

in male offspring that were exposed to LPS (100µg/kg) on E18 (Penteado et al., 2013). 

Following prenatal endotoxin (derived from LPS) exposure, P19 rats had attenuated 

sera levels of TNF and IL-1β following a second “hit” of LPS (50µg/kg) whereas 

adolescence (50µg/kg) and adult (100µg/kg) rats showed no altered immune response 

to the second “hit” of LPS (Hodyl et al., 2007). Notably, these studies were conducted 

in juvenile, as opposed to adult, rodents. 

On the other hand, second-hit immune challenges in adulthood reveal a 

different pattern of effects. MIA with LPS (100µg/kg) on E9.5 and additional LPS 

(100µg/kg) in adulthood revealed enhanced serum levels of IL-1β (Kirsten et al., 

2013). Similarly, Poly I:C on E12.5 caused enhanced expression of IL-12 following in 

vitro stimulation of adult offspring bone marrow-derived macrophages with LPS (C. 

E. Onore et al., 2014). MIA with LPS (25-50µg/kg) from E15-E17 augmented

expression of numerous cytokines and chemokines in mouse serum and brain

following a second “hit” of LPS (40mg/kg) in adulthood (Hsueh et al., 2018).

Furthermore, adult rats that received a second “hit” of LPS (250µg/kg), following
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MIA with LPS, had reduced levels of CD200R and CX3CR1 in the brain, which are 

both receptors important for neuron-glial communication (Chamera et al., 2020). 

Disruptions in such communication are thought to contribute to increased 

inflammation in the brain and periphery. 

Predictions 

Overall, while evidence exists for an increased inflammatory state in 

individuals with NDDs, there is mixed evidence from animal studies regarding the 

effects of MIA at different postnatal ages on later-life inflammation and the response 

to subsequent immune challenge. Nevertheless, neuroinflammation  – associated with 

both NDDs and MIA as previously described above – can disrupt typical neural and 

immune processes under both homeostatic and pathogenic conditions. This current 

study therefore examined whether MIA with LPS on E15 affects the offspring 

neuroimmune response to a second “hit” of LPS in adulthood. We predicted that both 

prenatal and adult LPS would upregulate cytokine expression in adult rats. We 

hypothesized that the combined exposure (E15 + adult LPS) will have a synergistic 

effect to enhance the expression of inflammatory molecules and reduce the expression 

of neurotrophic and neuron-glial communicatory molecules in adult rats. We further 

predicted that males may be more susceptible than females to such a synergistic 

response, since males are more commonly diagnosed with NDDs (Mead & Ashwood, 

2015; Pinares-Garcia et al., 2018) and may therefore be more likely to experience 

immune-related changes (Becker, 2012). 
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5.2 Methods 

Maternal Immune Activation 

Dams were injected with LPS (50µg/ml/kg; i.p.) or saline on E15, as described 

in Chapter 2. Rats were weaned on P21 into pairs with a same-sex littermate. 

Adult Immune Activation 

Following the completion of behavioral testing in adulthood (see Chapter 4), 

all rats (and the cage-mates of EPM-NOL-NOR rats) were randomly assigned to a 

second “hit” immune challenge condition. Between P105-P114, adult male and female 

rats were either injected with lipopolysaccharide (LPS; 50µg/ml/kg, i.p.) or its vehicle, 

sterile saline (1mg/kg). Rats were euthanized for tissue collection at 4hr post-injection. 

Tissue Collection and Gene Expression 

Following perfusion, half brains were dissected to collect dHP, mPFC, and 

AMY, as described in Chapter 2. These regions were chosen for their roles in spatial 

memory (Bekinschtein & Weisstaub, 2014; Broadbent et al., 2004; Churchwell et al., 

2010; Rajagopal et al., 2014), working memory (Wirt & Hyman, 2017; Yoon et al., 

2008), and fear/anxiety (Chaaya et al., 2018; Courtin et al., 2013; Garcia et al., 1999; 

Rozeske et al., 2015) and are implicated in the adult behavioral paradigms as 

discussed in Chapter 4. Next, RNA was extracted, converted to cDNA, and gene 

expression was measured via qRT-PCR as described in Chapter 2. Expression of the 

following genes in each brain region was examined: IL-1β, IL-6, IL-10, CD11b, 

BDNF (see Chapter 3). Additionally, levels of CX3CL1, and CX3CR1 were 

measured. CX3CR1 is a receptor located on microglia, whose ligand is CX3CL1 (also 

known as fractalkine) released from neurons. CX3CL1-CX3CR1 communication is 
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involved in the normal functioning and activation of microglia and is important for 

neuronal activity and survival (Chamera et al., 2020; Wu et al., 2015). 

Statistics 

Data were analyzed using the statistical software program SPSS (IBM). Three-

way ANOVA with sex (male vs. female), E15 condition (saline vs. LPS), and adult 

condition (saline vs. LPS) were performed to analyze differences in gene expression in 

each brain region (dHP, mPFC, AMY). Pairwise comparisons with Bonferroni 

corrections were performed to further examine any significant interactions. Grubb’s 

outlier test was performed to identify outliers in each group. No more than two outliers 

per sex/E15 condition were removed – the second outlier was only removed in cases 

where it violated Grubb’s outlier test and was additionally ±2 standard deviations from 

the mean. In dHP, the Cq values for IL-10 had higher than usual variability within the 

sample PCR replicates – likely due to low cDNA volume remaining at the time of 

qRT-PCR – therefore samples with a triplicate Cq SD > 0.4 (no more than 4 samples 

per group) were included in the analysis. 

5.3 Results 

Dorsal Hippocampus 

IL-1β. There was a significant effect of sex [F(1,80) = 5.33, p = .024, ηp
2 = 

.062], such that females had increased IL-1β expression as compared to males, 

regardless of E15 and adult conditions; see Figure 29A. There was a significant effect 

of adult condition [F(1,80) = 28.0, p < .001, ηp
2 = .259], such that adult LPS offspring 

had increased IL-1β expression as compared to adult saline offspring, regardless of 

sex and E15 conditions. There was no significant effect of E15 condition [F(1,80) = 
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1.79, p = .185]. There were no significant interactions between sex and E15 condition 

[F(1,80) = 0.459, p = .500] nor adult condition [F(1,80) = 0.425, p = .516]. There was 

no significant interaction between E15 and adult conditions [F(1,80) = 1.83, p = .180]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,80) = 0.236, p = .629].  

IL-6. There was a significant effect of E15 condition [F(1,82) = 5.74, p = .019, 

ηp
2 = .065], such that E15 LPS offspring had decreased IL-6 expression as compared 

to E15 saline offspring, regardless of sex and adult conditions; see Figure 29B. There 

was a significant effect of adult condition [F(1,82) = 30.7, p < .001, ηp
2 = .273], such 

that adult LPS offspring had increased IL-6 expression as compared to adult saline 

offspring, regardless of sex and E15 conditions. There was no significant effect of sex 

[F(1,82) = 2.28, p = .135]. There were no significant interactions between sex and E15 

condition [F(1,82) = 0.131, p = .718] nor adult condition [F(1,82) = 0.079, p = .780]. 

There was no significant interaction between E15 and adult conditions [F(1,82) = 

2.00, p = .161]. There was no significant three-way interaction between sex, E15 

condition, and adult condition [F(1,82) = 0.318, p = .574].  

IL-10. There were no significant effects of sex [F(1,83) = .034, p = .855], E15 

condition [F(1,83) = 1.91, p = .170], nor adult condition [F(1,83) = 2.60, p = .111]. 

There were no significant interactions between sex and E15 condition [F(1,83) = 

0.005, p = .943] nor adult condition [F(1,83) = 0.029, p = .865]. There was no 

significant interaction between E15 and adult conditions [F(1,83) = 0.467, p = .496]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,83) = 1.52, p = .221]; see Figure 29C.  
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Figure 29: Adult 2nd Hit Cytokine Expression in dHP. (B) E15 LPS offspring had 
decreased IL-6 expression as compared to E15 saline offspring. Offspring 
exposed to LPS as adults had increased (A) IL-1β and (B) IL-6, but not 
(C) IL-10 expression as compared adult saline offspring. (A) Female
offspring had increased IL-1β expression as compared to male offspring.
#main effect of E15 condition (p < .05). *main effect of adult condition (p
< .05). amain effect of sex (p < .05). N = 9-14 rats per sex/group. Error
bars represent SEM.

CD11b. There was a significant effect of E15 condition [F(1,81) = 8.11, p = 

.006, ηp
2 = .091], such that E15 LPS offspring had decreased CD11b expression as 

compared to E15 saline offspring, regardless of sex and adult conditions; see Figure 
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30A. There was a significant effect of adult condition [F(1,81) = 20.4, p < .001, ηp
2 = 

.201], such that adult LPS offspring had increased CD11b expression as compared to 

adult saline offspring, regardless of sex and E15 conditions. There was no significant 

effect of sex [F(1,81) = 0.560, p = .457]. There were no significant interactions 

between sex and E15 condition [F(1,81) = 1.01, p = .319] nor adult condition [F(1,81) 

= 0.254, p = .616]. There was no significant interaction between E15 and adult 

conditions [F(1,81) = 1.89, p = .173]. There was no significant three-way interaction 

between sex, E15 condition, and adult condition [F(1,81) = 0.161, p = .690]. 

BDNF. There was a significant effect of E15 condition [F(1,86) = 6.34, p = 

.014, ηp
2 = .069], such that E15 LPS offspring had decreased BDNF expression as 

compared to E15 saline offspring, regardless of sex and adult conditions; see Figure 

30B. There was a significant effect of adult condition [F(1,86) =8.72, p = .004, ηp
2 = 

.092], such that adult LPS offspring had decreased BDNF expression as compared to 

adult saline offspring, regardless of sex and E15 conditions. There was no significant 

effect of sex [F(1,86) = 2.06, p = .155]. There were no significant interactions between 

sex and E15 condition [F(1,86) = 0.540, p = .465] nor adult condition [F(1,86) = 

0.167, p = .684]. There was no significant interaction between E15 and adult 

conditions [F(1,86) = 0.045, p = .833]. There was no significant three-way interaction 

between sex, E15 condition, and adult condition [F(1,86) = 0.085, p = .771]. 

CX3CL1. There were no significant effects of sex [F(1,84) = 2.47, p = .120], 

E15 condition [F(1,84) = 3.11, p = .081], nor adult condition [F(1,84) = 0.078, p = 

.781]. There were no significant interactions between sex and E15 condition [F(1,84) 

= 0.208, p = .649] nor adult condition [F(1,84) = 0.455, p = .502]. There was no 

significant interaction between E15 and adult conditions [F(1,84) = 0.251, p = .617]. 
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There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,84) = 0.290, p = .561]; see Figure 30C. 

CX3CR1. There was a significant effect of adult condition [F(1,86) = 5.26, p 

=.024, ηp
2 = .058], such that adult LPS offspring had decreased CX3CR1 expression 

as compared to adult saline offspring, regardless of sex and E15 conditions. There 

were no significant effects of sex [F(1,86) = 0.872, p = .353] nor E15 condition 

[F(1,86) = 0.587, p = .446]. There were no significant interactions between sex and 

E15 condition [F(1,86) = 0.021, p = .886] nor adult condition [F(1,86) = 1.22, p = 

.272]. There was no significant interaction between E15 and adult conditions [F(1,86) 

= 0.028, p = .867]. There was no significant three-way interaction between sex, E15 

condition, and adult condition [F(1,86) = 0.186, p = .668]; see Figure 30D. 
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Figure 30: Adult 2nd Hit Gene Expression in dHP. E15 LPS offspring had 
decreased (A) CD11b and (B) BDNF expression as compared to E15 
saline offspring. Offspring exposed to LPS as adults had increased (A) 
CD11b expression and decreased expression of (B) BDNF and (D) 
CX3CR1 as compared adult saline offspring. (C) There were no 
differences in CX3CL1 expression across groups. #main effect of E15 
condition (p < .05). *main effect of adult condition (p < .05). N = 9-14 
rats per sex/group. Error bars represent SEM. 
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Medial Prefrontal Cortex 

IL-1β. There was a significant effect of adult condition [F(1,81) = 56.7, p < 

.001, ηp
2 = .412], such that adult LPS offspring had increased IL-1β expression as 

compared to adult saline offspring, regardless of sex and E15 conditions; see Figure 

31A. There were no significant effects of sex [F(1,81) = 1.44, p = .234] nor E15 

condition [F(1,81) = 1.48, p = .227]. There were no significant interactions between 

sex and E15 condition [F(1,81) = 0.004, p = .949] nor adult condition [F(1,81) = 2.46, 

p = .121]. There was no significant interaction between E15 and adult conditions 

[F(1,81) = 3.36, p = .071]. There was no significant three-way interaction between 

sex, E15 condition, and adult condition [F(1,81) = 0.526, p = .470]. 

IL-6. There was a significant effect of adult condition [F(1,82) = 38.1, p < 

.001, ηp
2 = .317], such that adult LPS offspring had increased IL-6 expression as 

compared to adult saline offspring, regardless of sex and E15 conditions; see Figure 

31B. There were no significant effects of sex [F(1,82) = 0.009, p = .923] nor E15 

condition [F(1,82) = 0.604, p = .439]. There were no significant interactions between 

sex and E15 condition [F(1,82) = 0.615, p = .435] nor adult condition [F(1,82) = 

0.352, p = .555]. There was no significant interaction between E15 and adult 

conditions [F(1,82) = 1.30, p = .258]. There was no significant three-way interaction 

between sex, E15 condition, and adult condition [F(1,82) = 1.37, p = .245]. 

IL-10. There were no significant effects of sex [F(1,76) = 0.345, p = .559], 

E15 condition [F(1,76) = 2.64, p = .108], nor adult condition [F(1,76) = 0.368, p = 

.546]. There were no significant interactions between sex and E15 condition [F(1,76) 

= 0.452, p = .504] nor adult condition [F(1,76) = 0.021, p = .884]. There was no 

significant interaction between E15 and adult conditions [F(1,76) = 3.70, p = .058]. 
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There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,76) = 0.689, p = .409]; see Figure 31C. 

Figure 31: Adult 2nd Hit Cytokine Expression in mPFC. Offspring exposed to 
LPS as adults had increased (A) IL-1β and (B) IL-6 expression as 
compared adult saline offspring, regardless of sex and E15 condition. (C) 
There were no differences in IL-10 expression across groups. *main 
effect of adult condition (p < .05). N = 9-13 rats per sex/group. Error bars 
represent SEM. 
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CD11b. There was a significant effect of sex [F(1,82) = 7.29, p = .008, ηp
2 = 

.082], such that females had decreased CD11b expression as compared to males, 

regardless of E15 and adult conditions; see Figure 32A. There was a significant effect 

of adult condition [F(1,82) = 12.7, p < .001, ηp
2 = .134], such that adult LPS offspring 

had increased CD11b expression as compared to adult saline offspring, regardless of 

sex and E15 conditions. There was no significant effect of E15 condition [F(1,82) = 

0.460, p = .500]. There were no significant interactions between sex and E15 

condition [F(1,82) = 0.147, p = .702] nor adult condition [F(1,82) = 1.14, p = .289]. 

There was no significant interaction between E15 and adult conditions [F(1,82) = 

0.115, p = .736]. There was no significant three-way interaction between sex, E15 

condition, and adult condition [F(1,82) = 1.99, p = .162]. 

BDNF. There were no significant effects of sex [F(1,85) = 1.34, p = .250], E15 

condition [F(1,85) = 0.001, p = .981], nor adult condition [F(1,85) = 0.636, p = .427]. 

There were no significant interactions between sex and E15 condition [F(1,85) = 1.50, 

p = .224] nor adult condition [F(1,85) = 1.24, p = .269]. There was no significant 

interaction between E15 and adult conditions [F(1,85) = 0.446, p = .506]. There was 

no significant three-way interaction between sex, E15 condition, and adult condition 

[F(1,85) = 0.184, p = .669]; see Figure 32B. 

CX3CL1. There were no significant effects of sex [F(1,86) = 0.707, p = .403], 

E15 condition [F(1,86) = 2.49, p = .119], nor adult condition [F(1,86) = 0.776, p = 

.381]. There were no significant interactions between sex and E15 condition [F(1,86) 

= 0.384, p = .537] nor adult condition [F(1,86) = 0.001, p = .981]. There was no 

significant interaction between E15 and adult conditions [F(1,86) = 0.683, p = .411]. 



141 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,86) = 0.014, p = .906]; see Figure 32C. 

CX3CR1. There was a significant interaction of sex and E15 condition 

[F(1,83) = 4.37, p = .040, ηp
2 = .050] on CX3CR1 expression. Pairwise comparisons 

revealed that E15 saline females had decreased CX3CR1 expression as compared to 

E15 saline males (p = .028); see Figure 32D. There were no differences in CX3CR1 

expression between E15 LPS males and females nor across E15 conditions within 

each sex. There were no significant main effects of sex [F(1,83) = 1.01, p = .317], E15 

condition [F(1,83) = 0.645, p = .424], nor adult condition [F(1,83) = 1.29, p = .260]. 

There were no significant interactions between sex and adult condition [F(1,83) = 

0.127, p = .722] nor between E15 and adult conditions [F(1,83) = 0.281, p = .567]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,83) < 0.001, p = .989]. 
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Figure 32: Adult 2nd Hit Gene Expression in mPFC. (A) Offspring exposed to 
LPS as adults had increased CD11b expression as compared adult saline 
offspring. (A) Female offspring had lower CD11b expression as 
compared to males. (D) E15 saline females had decreased CX3CR1 
expression as compared to E15 saline males. There were no differences 
in (B) BDNF nor (C) CX3CL1 expression between groups. *main effect 
of E15 condition (p < .05). amain effect of sex (p < .05). bpairwise 
comparison; significantly different than E15 saline males (p < .05). N = 
9-13 rats per sex/group. Error bars represent SEM.
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Amygdala 

IL-1β. There was a significant effect of E15 condition [F(1,77) = 4.05, p = 

.048, ηp
2 = .050], such that E15 LPS offspring had decreased IL-1β expression as 

compared to E15 saline offspring, regardless of sex and adult conditions; see Figure 

33A. There was a significant effect of adult condition [F(1,77) = 22.5, p < .001, ηp
2 = 

.226], such that adult LPS offspring had increased IL-1β expression as compared to 

adult saline offspring, regardless of sex and E15 conditions. There was no significant 

effect of sex [F(1,77) = 0.188, p = .666] nor its interactions with E15 condition 

[F(1,77) = 0.067, p = .796] nor adult condition [F(1,77) = 0.293, p = .590]. There was 

no significant interaction between E15 and adult conditions [F(1,77) = 3.36, p = .071]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,77) = 0.001, p = .977]. 

IL-6. There was a significant effect of adult condition [F(1,82) = 10.4, p = 

.002, ηp
2 = .112], such that adult LPS offspring had increased IL-6 expression as 

compared to adult saline offspring, regardless of sex and E15 conditions; see Figure 

33B. There were no significant effects of sex [F(1,82) = 2.19, p = .143] nor E15 

condition [F(1,82) = 2.33, p = .131]. There were no significant interactions between 

sex and E15 condition [F(1,82) = 0.370, p = .545] nor adult condition [F(1,82) = 1.09, 

p = .299]. There was no significant interaction between E15 and adult conditions 

[F(1,82) = 0.774, p = .382]. There was no significant three-way interaction between 

sex, E15 condition, and adult condition [F(1,82) = 2.91, p = .092]. 

IL-10. There were no significant effects of sex [F(1,78) = 0.011, p = .917], 

E15 condition [F(1,78) = 3.49, p = .065], nor adult condition [F(1,78) = 2.50, p = 

.118]. There were no significant interactions between sex and E15 condition [F(1,78) 

= 0.051, p = .823] nor adult condition [F(1,78) = 0.001, p = .981]. There was no 
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significant interaction between E15 and adult conditions [F(1,78) = 0.183, p = .670]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,78) = 0.043, p = .837]; see Figure 33C. 

Figure 33: Adult 2nd Hit Cytokine Expression in AMY. (A) E15 LPS offspring 
had decreased IL-1β expression as compared to E15 saline offspring. 
Rats exposed to adult LPS had increased (A) IL-1β and (B) IL-6, but not 
(C) IL-10 expression as compared adult saline offspring. #main effect of
E15 condition (p < .05). *main effect of adult condition (p < .05). N = 9-
14 rats per sex/group. Error bars represent SEM.
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CD11b. There was a significant effect of adult condition [F(1,81) = 41.4, p < 

.001, ηp
2 = .338], such that adult LPS offspring had increased CD11b expression as 

compared to adult saline offspring, regardless of sex and E15 conditions; see Figure 

34A. There were no significant effects of sex [F(1,81) = 0.442, p = .508] nor E15 

condition [F(1,81) = 0.003, p = .959]. There were no significant interactions between 

sex and E15 condition [F(1,81) = 0.193, p = .661] nor adult condition [F(1,81) = 

0.045, p = .833]. There was no significant interaction between E15 and adult 

conditions [F(1,81) = 1.89, p = .173]. There was no significant three-way interaction 

between sex, E15 condition, and adult condition [F(1,81) = 2.77, p = .100]. 

BDNF. There were no significant effects of sex [F(1,80) = 0.613, p = .436], 

E15 condition [F(1,80) = 0.064, p = .801], nor adult condition [F(1,80) = 0.011, p = 

.917]. There were no significant interactions between sex and E15 condition [F(1,80) 

= 0.046, p = .831] nor adult condition [F(1,80) = 0.822, p = .367]. There was no 

significant interaction between E15 and adult conditions [F(1,80) = 0.582, p = .448]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,80) = 1.59, p = .211]; see Figure 34B. 

CX3CL1. There were no significant effects of sex [F(1,83) = 0.223, p = .638], 

E15 condition [F(1,83) = 0.711, p = .402], nor adult condition [F(1,83) = 0.210, p = 

.648]. There were no significant interactions between sex and E15 condition [F(1,83) 

= 0.626, p = .431] nor adult condition [F(1,83) = 0.214, p = .645]. There was no 

significant interaction between E15 and adult conditions [F(1,83) = 0.108, p = .743]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,83) = 0.023, p = .881]; see Figure 34C. 
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CX3CR1. There were no significant effects of sex [F(1,83) < .001, p = .989], 

E15 condition [F(1,83) = 1.39, p = .242], nor adult condition [F(1,83) = 0.087, p = 

.769]. There were no significant interactions between sex and E15 condition [F(1,83) 

= 0.056, p = .813] nor adult condition [F(1,83) = 0.086, p = .770]. There was no 

significant interaction between E15 and adult conditions [F(1,83) < .001, p = .998]. 

There was no significant three-way interaction between sex, E15 condition, and adult 

condition [F(1,83) = 0.175, p = .676]; see Figure 34D. 
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Figure 34: Adult 2nd Hit Gene Expression in AMY. (A) Offspring exposed to 
adult LPS had increased CD11b expression as compared adult saline 
offspring. There were no differences in (B) BDNF, (C) CX3CL1, nor (D) 
CX3CR1 expression. *main effect of adult condition (p < .05). N = 9-14 
rats per sex/group. Error bars represent SEM. 
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5.4 Discussion 

The results of this experiment reveal that both MIA and adult LPS alone 

produce alterations in inflammatory and neurotrophic gene expression. E15 LPS 

caused decreased basal expression of both inflammatory molecules and BDNF, 

regardless of adult exposure condition. E15 saline females also had reduced CX3CR1 

expression than E15 saline males, but there were no sex differences across MIA 

conditions. Moreover, regardless of E15 condition, adult exposure to LPS produced a 

neuroimmune response with increased cytokine expression and decreased BDNF 

expression. In contrast to our prediction, E15 MIA did not augment inflammatory 

gene expression in adult offspring following a second “hit” immune challenge. 

MIA with LPS Reduces Basal Neuroinflammatory and Neurotrophic 
Gene Expression in Adult Offspring 

As reviewed in Chapter 3, upregulation of inflammatory genes in the brain 

and periphery and a downregulation of neurotrophic factors have been associated with 

both NDDs and MIA (Boksa, 2010; Breach & Lenz, 2022; V. X. Han et al., 2021; Y. 

M. Y. Han et al., 2022; Ricci et al., 2013; Solek et al., 2018; X. Y. Zhang et al., 2016).

Therefore, we predicted MIA would cause increased expression of cytokines and

decreased expression of molecules involved in neuronal function and neuron-glial

communication. Contrary to this hypothesis, we found that MIA with LPS on E15

caused a downregulation in basal levels of IL-6 and CD11b (in dHP) and of IL-1β (in

AMY). However, as predicted, MIA also reduced BDNF expression in dHP of adult

male and female offspring. Of note, we also found that E15 LPS offspring had lower

basal mRNA levels of IL-6 (in mPFC) and BDNF (in dHP of males) at P21 as

compared to saline controls (see Chapter 3). Therefore, the current findings suggest

that the downregulation observed at P21 might persist into adulthood, and that BDNF
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levels in females may be affected later in life than in males. Gene expression at more 

intermediate postnatal timepoints should be examined to explore this hypothesis.  

To our knowledge, very few animal models have shown decreased expression 

of pro-inflammatory cytokines and glial markers in adult offspring as a result of MIA 

with either LPS or Poly I:C (see Hameete et al., 2021 for meta-analysis). Of the 

studies that have shown reduced inflammatory gene expression, the effects are in pre-

weanling or adolescent animals and not adults (Garay et al., 2013; Gilmore et al., 

2005; Rousset et al., 2006). As discussed in Chapter 3, it is possible that any 

deviation from homeostatic processes, including even a reduction in cytokine 

expression, could affect glial-neuron communication important for neural and synaptic 

formation and functioning. This idea is somewhat supported by the point that we also 

saw decreased BDNF expression in adult dHP, which is in line with previous MIA 

research (Giovanoli et al., 2015, 2016; Schaafsma et al., 2017). If inflammatory and 

neurotrophic gene expression is indeed downregulated from the time of weaning (at 

P21) into adulthood, it is likely to affect the development of circuitry important for the 

anxiety, novelty learning, and fear learning behaviors examined in Chapter 4. 

Increased cytokine expression (of both pro- and anti-inflammatory genes) and 

microglia activation have been implicated in rodent anxiety-like behavior in the EPM 

(Al Omran et al., 2022; J. Jiang et al., 2022; Y. L. Wang et al., 2018) and in impaired 

novel object performance (Belarbi et al., 2012). Therefore, it is possible that our 

decreased expression of these inflammatory factors could contribute to the 

anxiolytic/exploratory behaviors and the enhanced NOL preference/memory observed 

in MIA offspring; see Chapter 4. Completion of the EPM task is associated with 

increased activation of dHP and AMY (Linden et al., 2004; Silveira et al., 1993) and 
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the dHP, PFC, and AMY have been implicated in novel object tasks (Antunes & Biala, 

2012; Chao et al., 2020; Moses et al., 2002; Roozendaal et al., 2008). Moreover, both 

IL-1β and IL-6 are important for the regulation of neuronal activity and plasticity 

(Levin & Godukhin, 2017; Zipp et al., 2023). Thus, reduced IL-6 and CD11b (a 

molecule important for microglia activity) in dHP and IL-1β in AMY of MIA 

offspring could indeed impact neural activity important for anxiety-like and novelty 

learning behaviors. Future studies might examine this idea further by manipulating 

cytokine levels in these brain regions prior to task performance. 

Furthermore, our downregulation of dHP BDNF in adult MIA offspring may 

not be a contributing factor toward our observed EPM behavior, as heterozygous 

knockout of BDNF (causing under-expression) does not produce changes in mouse 

EPM behaviors (Montkowski & Holsboer, 1997). It is actually increased neural BDNF 

(central and hippocampal) that has been shown to reduce anxiety-like behaviors in the 

EPM (Cirulli et al., 2004; Weidner et al., 2014). Similarly, hippocampal BDNF is 

highly implicated in spatial learning and memory consolidation important for NOL 

(Heldt et al., 2007; T. Ozawa et al., 2014). It is therefore unlikely that reduced dHP 

BDNF caused MIA offspring to have enhanced NOL (30min retention) performance. 

Additional research still needs to be done to determine the specific and causal 

mechanisms by which altered gene expression may contribute to adult EPM and NOL 

behavior following prenatal MIA. 

Relatedly, inflammatory cytokines (i.e., IL-6, IL-1β) are implicated in 

successful performance of learning and memory tasks, and elevation of these factors 

can induce deficits in such behaviors (Bourgognon & Cavanagh, 2020). As detailed in 

Chapter 4, we found that MIA induced LI in Pre-Tone female offspring after the last 
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training trial (on Day 2) was complete; this did not occur for E15 saline females. It 

could be possible that the MIA-driven decrease in cytokine and CD11b expression in 

this current study affected neural development important for proper attentional shifting 

in females and caused LI persistence. This current study additionally found that MIA 

increased CX3CR1 in female mPFC to be expressed at similar levels to MIA males, 

which provides further support for the idea that MIA may affect sexual differentiation 

of the brain and induce female phenotypes to be more masculinized. Notably, we also 

detected increased IL-1β in dHP and reduced CD11b in mPFC of females as compared 

to males, suggesting that there are sex differences in glial signaling in adulthood. Sex 

differences in such basal cytokine expression and microglia activity may be important 

contributors for the distinct behavioral strategies employed by male and female 

offspring in their LI behaviors. As mentioned previously, further research needs to be 

done to examine this theory and determine the relationships between MIA, sex steroid 

and immune signaling, and offspring neurobiology and behavior. 

On the other hand, in line with the above-described NDD and MIA 

neuroinflammatory literature, it is more likely that the lack of pro-inflammatory 

profiles in the dHP and AMY is what prevented us from detecting deficits in LI of 

tone memory (on Day 3b) in female MIA offspring. This same reduction in 

neuroinflammatory molecules could, in theory, differentially affect MIA males to 

induce such LI behavioral deficits, though the mechanisms by which this may occur 

are unknown. As discussed above, we also observed a high number of animals, 

particularly females, that engaged in jumping rather than freezing behaviors in 

response to the tone-shock pairings. Perhaps the reduced levels of IL-1β in adult AMY 

of E15 LPS offspring and/or CD11b in mPFC of females affected neural activity and 



152 

caused rats to employ a different and more intense fear-response strategy to the 

aversive stimulus (Blanchard et al., 2001; J. W. Clark et al., 2019; Lang et al., 2000). 

Future studies should examine additional glial and neural factors to better understand 

this potential relationship.  

Moreover, during LI tone memory testing (Day 3b; post-tone 2 minutes 1-2), 

Pre-Tone E15 saline males displayed lower freezing than Pre-Cnxt saline males, 

indicative of LI. This effect was eliminated in MIA males. Our reduced BDNF 

expression in dHP of MIA offspring may underlie the reduced LI behaviors in adult 

males, as BDNF is highly implicated in fear memory consolidation (Notaras & van 

den Buuse, 2020). This idea is further supported by the point that our male MIA 

offspring show decreased hippocampal BDNF as early at P21 in development, relative 

to saline males (see Chapter 3). On the other hand, it is unclear how lowered BDNF 

expression in adult female offspring affects their behavior, as neither our control E15 

saline nor MIA females displayed any significant LI behaviors in tone memory. Future 

studies should explore whether manipulating hippocampal BDNF (and/or cytokines in 

dHP and additional brain regions) across different phases of our conditioned freezing 

paradigm may similarly impact LI learning in offspring. 

Overall, there are two theories as to why the relationship between our LI 

behavior and adult gene expression findings is not fully clear: 1) our LI paradigm was 

not sensitive enough to detect robust behavioral changes caused by MIA-altered gene 

expression, or 2) our model of MIA does not produce neurobiological changes in 

offspring that would result in the observed deficits in LI learning. The most likely 

explanation is a combination of these two ideas. In all, given the complexity of our LI 
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learning paradigm and our limited behavioral findings, it is still unclear how MIA-

reduced gene expression may account for such behavioral outcomes in adult offspring. 

Finally, other than the few effects described above (i.e., MIA decreased IL-6, 

CD11b, and BDNF in dHP and IL-1β in AMY), the current study found no differences 

across E15 condition in the expression of many of the inflammatory (IL-6, IL-1β, IL-

10, CD11b), neurotrophic (BDNF), and neural-glial signaling (CX3CR1, CX3CL1) 

genes examined in adult offspring, particularly in mPFC and AMY but also in dHP. 

One reason for this finding could be that these molecules are expressed at low basal 

levels in these regions, thereby making it difficult to detect any subtle differences in 

gene expression due to MIA. Another explanation could be that our model of MIA 

simply does not alter expression of these genes at basal levels in adulthood and/or in 

the brain regions examined. Thus, researchers could examine additional inflammatory 

genes (e.g., TNF, CD200R, IL-12 etc.), peripheral markers (e.g., serum), and/or brain 

regions to determine whether MIA has more extensive effects on adult gene 

expression that were not detected in this current study. 

Acute LPS Exposure Causes a Neuroinflammatory Profile in Adult 
Offspring 

As expected, exposure to adult LPS (50μg/kg) upregulated the expression of 

IL-1β and IL-6 cytokines in the mPFC, dHP, and AMY, accompanied by increased 

expression of CD11b as compared to adult saline controls. Moreover, adult LPS 

caused a downregulation in the expression of BDNF and CX3CR1 in dHP. These 

results are in line with previous research showing that peripheral LPS can stimulate an 

innate immune response by inducing a signaling cascade that causes the production of 
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inflammatory cytokines in the brain and periphery (Ashdown et al., 2005; Bae et al., 

2010; Bao et al., 2022; Reisinger et al., 2015). 

The pro-inflammatory immune response (upregulation of cytokines such as IL-

1β, IL-6, and TNF-α) to LPS is well-studied, but LPS also causes upregulation of anti-

inflammatory molecules like IL-10 and IL-4 (Lively & Schlichter, 2018). One 

potential mechanism for this effect is via IL-6 signaling. IL-6 is a core mediator of 

neuroinflammation; an acute increase in IL-6 can induce the production of anti-

inflammatory molecules (like IL-1ra and IL-10) that subsequently reduce systemic 

inflammation (Petersen & Pedersen, 2006) and prevent a prolonged immune response. 

We likely did not observe any changes in IL-10 expression in this current study due to 

the timing of our collections (4hr post-injection). Examination of additional timepoints 

should be conducted to determine the full time-course of pro- and anti-inflammatory 

cytokine signaling following acute LPS exposure. 

Additionally, acute LPS is also known to reduce expression of CX3CR1, a 

surface receptor on microglia, at early timepoints post-injection (Lively & Schlichter, 

2018; Wynne et al., 2010) and can also affect expression of its ligand CX3L1, which 

is expressed by neurons (Osborne et al., 2021). In this current study, we observed 

decreased expression of CX3CR1 in adult dHP at 4hr post-adult LPS injection, but no 

changes in its ligand CX3CL1. Since CX3CL1-CX3CR1 signaling is implicated in 

microglia-mediated synaptic pruning and the modulation of neuronal activity and 

survival (Chamera et al., 2020; Wu et al., 2015), decreased expression of CX3CR1 can 

disrupt this communication. This disruption in typical glial-neural communication is 

likely due to the enhanced surveillance state of microglia (as evidenced by our 

increase in CD11b expression following adult LPS) that is necessary to precipitate a 
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cytokine response to acute immune activation. It is possible that, like for IL-10, we did 

not detect differences in CX3CL1 expression simply due to the timing of our 

collections. Gene expression at additional timepoints post-injection should be 

examined in future studies. Furthermore, in accordance with previous research 

(Chowdhury et al., 2018; Golia et al., 2019), we found that acute LPS administration 

also caused a reduction in dHP BDNF expression compared to controls. Interestingly, 

BDNF has a role in immune processing in that can be released by microglia and can 

act to reduce microglia activation (Golia et al., 2019; Rossetti et al., 2019). It therefore 

follows that reduced expression of BDNF may be a critical factor that allows for 

microglia to focus their activity on responding to the LPS immune challenge. 

MIA Does Not Affect the Neuroimmune Response to a Second “Hit” 
Immune Challenge in Adult Offspring 

Contrary to our predictions, we did not find that MIA augmented (nor 

attenuated) the immune response following acute exposure to LPS. Previous studies 

have reported that MIA can heighten the inflammatory response to a second “hit” 

immune challenge in adulthood (Chamera et al., 2020; Hsueh et al., 2018; Kirsten et 

al., 2013; C. E. Onore et al., 2014). There are a few studies that conversely reported 

MIA to suppress the immune response to later-life immune activation at various 

postnatal ages (Hodyl et al., 2007; Lasala & Zhou, 2007; Penteado et al., 2013; H. 

Zhou, 2015). One study that employed endotoxin (derived from LPS) as the MIA 

exposure, found no differences in the rat immune response to a second “hit” of LPS in 

adolescence (50µg/kg) nor adulthood (100µg/kg) (Hodyl et al., 2007), which is in line 

with our current findings. Notably, one study found that the second “hit” immune 

challenge in adulthood caused deficits in pre-pulse inhibition in a subset of rats that 
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were exposed to MIA (Chamera et al., 2020). Since we measured behavioral outcomes 

prior to examining gene expression in adult offspring, it would be interesting for 

future studies to determine whether a second “hit” immune challenge might induce 

behavioral deficits or otherwise alter behavioral outcomes in our model of MIA. 

One explanation as to why we were unable to detect MIA-induced changes in 

the adult immune response is that our adult LPS dosage (50μg/kg) was too low. If our 

prenatal exposure to LPS only causes subtle changes in neuroimmune function, a 

larger neuroimmune response may be necessary to detect such effects. Moreover, we 

collected tissue at 4hr post-injection and only examined the central immune response 

in a few brain regions. It is possible that differences in the neuroimmune response as a 

function of MIA exposure may exist elsewhere (in the periphery or additional brain 

regions), or at earlier or later timepoints post-adult LPS exposure. As such, additional 

tissues and timepoints should be examined. Lastly, our model of MIA may just not 

produce any alterations in neuroimmune function as it occurs in adulthood. Future 

studies should explore the neuroimmune response at earlier ages, such as during 

juvenile (Y. Li et al., 2018) or early adolescent periods, when the brain and immune 

system are still rapidly developing. 

Overall, the relationship between MIA- and NDD-associated 

neuroinflammatory dysregulation is likely not as simple as that modeled in our 

experiment. In humans, psychosocial, environmental, and physiological factors are 

important features that contribute to a NDD diagnosis, whether linked to MIA or not 

(King-Dowling et al., 2019). Therefore, future animal studies should consider 

including such factors (e.g., stress, isolation, sleep disruptions, exposure to additional 

immunogens, etc.) in their experiments. 
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Conclusions 

In conclusion, this current study found that MIA reduced both cytokine and 

BDNF expression in adult offspring whereas adult LPS increased pro-inflammatory 

gene expression and reduced BDNF and CX3CR1 expression, as compared to MIA 

and adult saline controls, respectively. There was no significant interaction between 

MIA exposure and adult offspring response to a second “hit” immune challenge of 

LPS. Although MIA with LPS caused changes in inflammatory and neurotrophic gene 

expression (this current study) that could potentially explain our behavioral findings in 

adult offspring (Chapter 4), the mechanistic relationship between these factors is still 

largely unknown. It is unlikely that any one single cytokine in any one brain region is 

responsible for triggering our observed behavioral outcomes. Rather, it is likely 

network activity of cytokines producing alterations in neurotrophic signaling and 

neurogenesis – via signaling cascades and transcription factors – that contribute to 

overt behavioral changes in offspring (Donzis & Tronson, 2014). Future work is 

needed to better understand this inflammatory concert and its effects on neural 

circuitry that underlie specific behaviors. 
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GENERAL DISCUSSION 

Epidemiological evidence suggests that NDDs in offspring are associated with 

prenatal exposure to maternal infection during pregnancy (Brown & Conway, 2019; 

Meyer, 2021). Despite this well-known data, little is known about how developing 

neural systems are perturbed by events such as early-life immune activation. One 

theory is that the maternal immune response causes altered neuroimmune function in 

offspring that disrupts neural processes important for typical fetal and postnatal 

development (Paolicelli et al., 2011; Paolicelli & Ferretti, 2017; Schafer et al., 2012; 

Tay et al., 2017). This can subsequently result in specific and overlapping behavioral 

phenotypes in offspring – such as altered social behaviors, learning deficits, sleep 

disturbances, disordered communication, etc. (Fernández de Cossío et al., 2017; Zhan 

et al., 2014) – that are characteristic of NDDs. As such, rodent models of maternal 

immune activation (MIA) have been useful in elucidating neural mechanisms that may 

become dysregulated by MIA.  

The experiments in this dissertation administered LPS on E15 of gestation to 

induce MIA and subsequently examined various behavioral and neuroimmune 

outcomes in offspring across the lifespan. As detailed in Chapter 3, we found that 

MIA caused earlier acquisition, and better performance, of behavioral reflexes across 

early neonatal development. This could potentially be attributed to the stress 

acceleration hypothesis, by which exposure to early-life stress promotes faster 

development toward reproduction to promote survival. Critically, MIA did not induce 

Chapter 6 
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differences in maternal care behaviors across groups. Additionally, in the mPFC of 

male and female offspring, MIA upregulated IL-1β at P7 and downregulated IL-6 at 

P21 as compared to saline controls. This was accompanied by decreased dHP BDNF 

at P21 in MIA males, but not females. However, E15 LPS did not affect expression of 

any other genes measured in neonatal mPFC and dHP. Dysregulation of typical 

immune signaling by microglia in the brain can interfere with neural processes 

important for development in offspring, potentially underlying these behavioral reflex 

effects. The observed decrease in BDNF in dHP of males may also contribute to male-

specific learning deficits displayed in adulthood, as discussed in the next paragraph. 

Next, we looked into adulthood to investigate whether MIA produced long-

lasting effects on anxiety, learning, and LI of conditioned fear behaviors in male and 

female offspring; see Chapter 4. We found that MIA reduced anxiety-like behaviors 

of both sexes in the EPM (although only males additionally showed an increased 

latency to enter the closed arms of the maze) and enhanced their investigation of 

objects in a novel location following a short retention interval (whereas saline controls 

performed NOL at chance levels). Furthermore, E15 LPS caused Pre-Tone females to 

display LI during training (i.e., LI persistence), whereas their E15 saline counterparts 

did not display such LI. MIA also prevented LI of tone fear memory in Pre-Tone male 

offspring, whereas LI was intact in E15 saline Pre-Tone males. The potential 

neuroimmune underpinnings of these adult behavioral outcomes were explored in the 

experiments of Chapter 5. Overall, our findings indicate that MIA may differently 

affect neurodevelopmental processes in male and female offspring, as indicated by 

their different behavioral phenotypes in adult anxiety and LI learning. Future studies 

should employ parameters in which saline controls of both sexes display typical LI 
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and NOL behaviors, which would allow us to further confirm these MIA effects. 

Researchers should also consider examining these behavioral outcomes at earlier ages 

of development to determine whether MIA produces such changes in younger 

offspring and/or affects the ontogeny of such behaviors. 

After the conclusion of adult behavioral testing, we examined gene expression 

in offspring following a second “hit” of LPS in adulthood. As discussed in Chapter 5, 

adult exposure to LPS produced an increase in inflammatory gene expression and a 

decrease in factors important for neuron survival and communication with glia, which 

are both characteristic of an immune response to this bacterial mimetic. Although MIA 

did not affect gene expression following this second “hit” adult immune activation, we 

found that MIA alone produced downregulation of a few inflammatory cytokines, glial 

markers, and neurotrophic genes in dHP (IL-6, CD11b, BDNF) and AMY (IL-1β) as 

compared to saline controls. Notably, E15 LPS did not alter the expression of any 

other genes measured in adult mPFC, AMY, and dHP. These brain regions have been 

implicated in the behavioral tasks employed in Chapter 4, and the dysregulation of 

neuroimmune signaling in these regions could disrupt neural activity and plasticity 

important for task performance. Additional studies still need to be conducted to 

explore whether reduced gene expression in MIA offspring is persistent between P21 

(as found in Chapter 3) and adulthood, as this could also indicate disruption of 

developmental processes that underlie the ontogeny of such behaviors. Future research 

should also seek to establish a mechanistic relationship between our behavioral and 

neurobiological findings by, for instance, manipulating regional levels of BDNF 

and/or cytokines before or during the behavioral tasks. 
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Taken together, the results of this dissertation support that MIA can cause 

long-lasting changes to both offspring behavior and neuroimmune processes (i.e., 

cytokine, glial marker, and neurotrophic gene expression). Although many of our 

measures did not reveal differences between male and female offspring, we did find 

some sex differences in gene expression (reduced BDNF in P21 dHP) and anxiety 

behaviors (increased latency to enter the closed arms of EPM) as a consequence of 

MIA, of which males were affected over females. In all, our findings do not seem to 

overtly align with the neuroinflammatory hypothesis of MIA to increase the risk of 

NDDs. Still, they further our understanding of how MIA impacts neurobiological and 

behavioral outcomes in offspring that are associated with symptoms of NDDs. 

6.1 Limitations and Future Considerations 

There are several factors to consider in the interpretation of our model of MIA, 

that are additionally relevant to rodent models of MIA as a whole. For instance, labs 

often have considerable differences in their experimental designs of MIA, including: 

the gestational timing, dose, and serotype/strain of the immune challenge, the 

outcomes examined in offspring and age at which they are measured, and the use of 

mouse versus rat models. Nonetheless, even distinct models of MIA produce similar 

patterns of findings (both neural and behavioral) as they relate to symptoms of NDDs. 

Thus, rodent models of MIA can still further our understanding of the neurobiological 

mechanisms underlying MIA-driven dysregulation of offspring development. Kentner 

and colleagues (2019) have introduced a list of reporting guidelines for animal models 

of MIA in an effort to help standardize MIA models, to provide transparency in 

variability of these factors across labs, and to better enable reproducibility of findings 

across laboratories. 
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It is also essential for researchers to consider how differences in the immune 

response at the litter level (maternal immune response) or at the offspring level (fetal 

or postnatal immune response) may impact their experimental and/or statistical design. 

A few articles (see Lazic & Essioux, 2013; Weber-Stadlbauer & Meyer, 2019) have 

been published to help guide researchers to experimentally and statistically account for 

sources of variability in rodent models. In this current study, we accounted for these 

effects by assigning no more than one pup per sex/litter to each experimental group. In 

cases where more than one pup per sex/litter were used in an experiment (i.e., 

neurodevelopmental reflex testing in Chapter 3), scores were averaged to create a N 

of 1 score per sex/group. 

Timing of the Immune Challenge 

In both human and rodent studies, there is evidence that the timing of MIA can 

alter behavioral and neural outcomes in both the mother and offspring (Boksa, 2010; 

Meyer, 2014; Meyer et al., 2007; Solek et al., 2018). Gestational timing of MIA may 

affect the fetal and maternal immune response differently throughout pregnancy, and 

therefore also result in different consequences on offspring behavior and neural 

development. Individual differences in the immune response to an immunogenic insult 

may be influenced by genetic predisposition to the infectious agent (Carter, 2009) and 

by the influence of pregnancy itself on the immune system (Sherer et al., 2017). For 

instance, maternal estradiol levels are lower during early stages of pregnancy 

compared to late stages, and ERβs begin to be expressed in fetal tissues around 16–

18 weeks of gestation (Shepherd et al., 2021; Takeyama et al., 2001). Incubation with 

estradiol decreases levels of LPS-induced TNF and IL-6 cytokine production in infant 

cord blood mononuclear cells (Giannoni et al., 2011), suggesting that the circulating 
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pregnancy hormones from the mother may impact the fetal immune response in 

addition to the maternal immune response. As another example, maternal infection 

with Zika virus during the first half of pregnancy is associated with greater rates of 

birth defects than during the latter half of pregnancy, likely due to the targeting of 

proliferative cells in the early developing brain (Honein et al., 2017; Pomar et al., 

2017). Even with different gestational timings of the immune challenge across 

experiments, rodent models of MIA seem to yield similar overall patterns of results in 

dams and offspring (as they relate to symptoms of NDDs), supporting their utility for 

investigating the relationship between MIA and NDD risk. 

The timing of MIA matters because the immune response may affect different 

neurodevelopmental processes that occur during fetal development at that time. It is 

important to keep in mind that the gestational timing of animal models is shifted 

relative to that of humans, whereby the gestational period of mice is generally 21 days, 

of rats is 23 days, and of humans is 40 weeks. The first and second halves of gestation 

in rodents is approximately the equivalent of the first and second trimesters in humans, 

whereas the human equivalent to the third trimester in rodents occurs during the first 

2 weeks of neonatal life, because rodent pups are born altricial. Therefore, many 

important neurodevelopmental processes – neurogenesis, immunogenesis, apoptosis, 

synaptogenesis – occur during gestation in humans but continue post-birth in rodents 

(Estes & McAllister, 2016; Guma et al., 2019). Moreover, some of these events may 

be affected differently if the immune response occurs during early stages versus later 

stages of the developmental process (Bauman & Van de Water, 2020). 

Overall, future research should take a more systematic approach to evaluate the 

effects of gestational timing within rodent models of MIA and should try to better 
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characterize which neurobiological processes are being studied and thus perturbed 

during fetal vs. postnatal neurodevelopment. In doing so, we should keep in mind that 

the later fetal developmental processes in humans are still being modulated by 

maternal biology, hormone production, and immune responses, whereas 

neurodevelopment in rodents continues postnatally, without these influences. 

Mouse vs. Rat Models of MIA 

Researchers should also determine whether their rodent model of MIA may be 

better studied in mice versus rats, depending on the intended experimental 

manipulation and measured outcomes. Mouse models are currently better suited than 

rat models for manipulations whereby researchers can examine the role of particular 

genes in NDD risk. On the other hand, rats are often more adept at performing 

complex learning and behavioral tasks, deficits in which may be associated with 

NDDs (Parker et al., 2014). Furthermore, researchers should consider that different 

strains of mice and rats often display distinct biological and behavioral profiles, and 

that this can even be influenced by the vendor from which the animals are sourced 

(Babri et al., 2014; Kentner et al., 2019). This current dissertation examined the effects 

of MIA in Sprague-Dawley rats, as we were interested in measuring various learning 

and behavioral paradigms of which they can well-perform. Future studies could 

additionally examine genetic factors that interact with MIA to contribute to NDDs, 

which may require the use of mice, though there have been recent advancements in the 

production of gene-edited rats as well (Sato et al., 2022). 



165 

Individual Differences in MIA Outcomes 

There is often high variability in the maternal and fetal immune response when 

examining cytokine expression in rodent models of MIA, which suggests that there 

may be individual differences in the immune response to MIA (Sherer et al., 2017). 

We did indeed see variability in some measures of offspring gene expression, both at 

basal levels in MIA-exposed neonates and adults (Chapters 3,5) and following a LPS 

immune challenge in adulthood (Chapter 5). This individual susceptibility or 

resilience to MIA can also manifest in offspring behavioral outcomes. For example, 

one study found that MIA with Poly I:C resulted in two groups of adult offspring with 

distinct behavioral phenotypes: those with enhanced pre-pulse inhibition (PPI) and 

those with deficits in PPI, as compared to saline-exposed offspring (Chamera et al., 

2020). Interestingly, only the MIA-exposed offspring with enhanced PPI had altered 

protein levels of CX3CL1-CX3CR1 (molecules involved in microglia–neuron 

signaling and important for synaptic organization) in the frontal cortex and 

hippocampus. Notably, we observed similar behavioral variability within our adult 

offspring LI behavior (Chapter 4), as some animals employed an alternative escape 

strategy of jumping, rather than freezing, during training. Even rats that displayed a 

more “typical” fear response of freezing had variable levels of that freezing within 

each group. In neonatal offspring, we also found that MIA offspring had significantly 

different levels of variance in reflex scores than did saline offspring, further 

supporting the idea that MIA can indeed impact individual neurobiological and 

behavioral responses. Natural variations in maternal care behaviors (Barha et al., 

2007; Meaney, 2001; Pan et al., 2014) could also potentially explain this individual 

variability within experimental groups and should be further examined. 
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Individual susceptibility or resilience in the response to MIA, at both the 

maternal and fetal levels, indicate that other biological, environmental, and genetic 

factors may have an influence on offspring outcomes related to NDDs (Herrero et al., 

2023; Meyer, 2019). It is possible that these other factors – such as gene mutations, 

parental age, dietary deficiencies, stress, and placental buffering – may contribute to or 

account for some of the observed immune and behavioral variability in human and 

rodent studies of MIA and NDDs. It is therefore essential to take such factors into 

consideration when designing rodent and human studies of MIA. Rather than shy 

away from potential variability within the data, future research should investigate the 

potential factors that may have individual or multiplicative effects on MIA and 

subsequent predisposition to NDDs. 

“Two-Hit” and “Multi-Hit” Rodent Models of Neurodevelopment 

Maternal infection during gestation is not the only risk factor for NDDs. For 

example, environmental stressors such as negative social interactions or social 

exclusion during development, particularly adolescence, have also been linked to the 

onset of symptoms like psychosis or aberrant processing of social cues (J. Davis et al., 

2016; D. Li et al., 2012). Indeed, many environmental and psychological stressors 

themselves – diet, pollutants, allergens, social stress, psychological stress, depression, 

socioeconomic disadvantage, etc. (Carlsson et al., 2021; G. E. Miller et al., 2017) – are 

able to trigger an inflammatory state in the brain and body. These inflammatory 

stressors can disrupt neural and behavioral development in offspring, both when 

experienced as fetuses during MIA and/or postnatally.  

Prenatal stress has long been associated with an increased risk of various 

NDDs, most notably schizophrenia, ADHD, and ASD (J. C. Chan et al., 2018; Diz-
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Chaves et al., 2012, 2013; Makris et al., 2023; Minakova & Warner, 2018; Ronald et 

al., 2011). More recently, this association has been further characterized by changes in 

inflammatory biomarkers in the maternal circulation that may increase the risk of 

various NDDs. This stress can lead to microglia activation and overproduction of pro-

inflammatory cytokines by immune cells of offspring, both at baseline (which is 

characteristic of MIA) and in response to additional immunostimulation (Diz-Chaves 

et al., 2012; G. E. Miller et al., 2017). Stress-induced susceptibility to MIA may also 

be linked to changes in baseline maternal cortisol levels, impaired feedback regulation 

of the HPA axis, and elevated corticotropin-releasing hormone (CRH) activity in the 

offspring amygdala (Van Den Bergh et al., 2005; Weinstock, 2005, 2008). Indeed, 

behavioral phenotypes of anxiety, learning deficits, and depressive-like symptoms in 

prenatally stressed rat and non-human primate offspring are associated with maternal 

and fetal HPA-axis alterations (Weinstock, 2005, 2008). Excess amounts of CRH and 

cortisol that reach the fetal brain during periods of maternal stress could thereby 

influence the fetal response to MIA, consequently affecting offspring developmental 

outcomes associated with NDDs and/or offspring responses to later-life stressors or 

immune challenges. 

As such, the “two-hit” and “multi-hit” hypotheses of NDDs suggest that 

a combination of environmental, psychological social, or genetic “hits” throughout 

development significantly increases the overall risk for an individual to be diagnosed 

with NDDs such as ASD and schizophrenia (J. Davis et al., 2016), in addition to many 

comorbid disorders including general anxiety, depressive symptoms and learning 

disorders. Some risk factors associated with NDDs that have been examined in Poly 

I:C mouse models of MIA include genetic models of DISC1 (Disrupted in 
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Schizophrenia 1) mutation, acute stress during juvenile development, and pubertal 

social isolation (Goh, 2020; Solek et al., 2018; Yee et al., 2011). Although we 

employed a second “hit” of LPS in adulthood to examine the influence of MIA on the 

neuroimmune response in offspring, future studies should consider administering this 

second “hit” prior to or during behavioral testing. This could allow us to better 

understand the mechanisms by which MIA interacts with subsequent immune 

activation to affect behavioral outcomes in offspring, and how this may relate to 

symptoms of NDDs. Ultimately, researchers should continue to develop more 

complex models of MIA that incorporate various other risk factors, in order to better 

understand how environmental and genetic factors mediate individual differences in 

the maternal and fetal immune responses and drive alterations in the behavioral and 

neurobiological development of offspring. 

6.2 Summary 

In conclusion, the results of this dissertation suggest that the relationship 

between MIA and NDDs may be more complicated than originally suggested, as many 

of our observed neurobiological and behavioral consequences following MIA do not 

align with typical NDD phenotypes in humans. Even so, our data provide additional 

insight into how exposure to early-life environmental factors, such as MIA, influences 

neuroimmune and behavioral processes across offspring development, and how these 

processes are differently dysregulated in males and females. We believe our findings 

may help to advance the refinement of treatment and/or intervention options to 

alleviate specific, MIA-related behavioral and biological symptoms in individuals, 

whether those symptoms are or are not associated with NDDs. 
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TIMECOURSE AND MAGNITUDE OF THE MATERNAL AND FETAL 
IMMUNE RESPONSE TO MIA 

Figure A1:  Maternal Hypothalamus and Spleen Gene Expression. A 2 (E15 
condition) × 3 (collection timepoint) ANOVA was performed to analyze 
maternal gene expression. (A,E) IL-6 expression was upregulated in E15 
dams at 2hr in hypothalamus and 4hr in spleen; this was resolved by 
24hr. (B,F) IL-1β and (C,G) IL-10 were upregulated in E15 dam 
hypothalamus and spleen, regardless of collection timepoint. There were 
no differences in BDNF expression in dam (D) hypothalamus nor (H) 
spleen between groups. #main effect of E15 condition, significantly 
different than E15 saline (p < .05). *pairwise comparison; significant 
difference between E15 conditions (p < .05). asignificantly different than 
2hr LPS (p < .05). bsignificantly different than 4hr LPS (p < .05). N = 4-8 
(hypothalamus) or 5-7 (spleen) rats per group. Error bars represent SEM. 
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Figure A2: Fetal Whole Brain Gene Expression. A 2 (sex) × 2 (E15 condition) × 3 
(collection timepoint) ANOVA was performed to analyze gene 
expression in fetal whole brain. There were no sex differences, so data in 
the figures are collapsed across sex. (A) IL-6 expression was upregulated 
in E15 fetuses at 4hr and downregulated at 24hr post-injection. (B) IL-1β 
was upregulated in E15 fetuses regardless of collection timepoint. (C) IL-
10 and (F) NGF were upregulated in E15 fetuses at 4hr; this was resolved 
by 24hr. There were no differences in (D) BDNF nor (E) GDNF 
expression between groups. #main effect of E15 condition, significantly 
different than E15 saline (p < .05). *pairwise comparison; significant 
difference between E15 conditions (p < .05). asignificantly different than 
2hr LPS (p < .05). bsignificantly different than 4hr LPS (p < .05). N = 4-8 
rats per sex/group. Error bars represent SEM. 
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