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Abstract 

A ñpersonality testò for rats reveals subtle but distinct effects of sex and early life 

inflammation on brain and behavior 

Sydney Ashton, Doctor of Philosophy, 2024 

Dissertation Directed by: Margaret M. McCarthy, Professor and Chair, Department of 

Pharmacology 

Brain development is a supremely complex process that begins early in gestation, extends 

beyond birth and involves a precise sequence of processes that work in concert to 

ultimately allow for the expression of behaviors an organism will need to navigate life. 

Perturbation of these processesðfor example by gestational inflammation, a well-studied 

risk factor for neuropsychiatric disorders (NDDs) in humansðcan shift the trajectory of 

brain development at the molecular, cellular and circuit levels, resulting in behavioral 

alterations that persist beyond the initial insult. Despite converging lines of evidence 

implicating the immune system in NDD etiology combined with known sex differences in 

NDD diagnosis rates and the increasingly appreciated role of traditionally immune-

associated factors in the sexual differentiation of the brain, a direct link between these three 

processes remains elusive. The overarching goal of this project is to characterize the 

enduring effects of early life inflammation on brain and behavior in male and female rats 

exposed to the viral mimic polyinosinic:polycytidylic acid (poly(I:C), 5 mg/kg) in the first 

ten days of postnatal life, which roughly correlates to late third trimester pregnancy in 

humans. Chapter 3 assesses a variety of behaviorsðranging from juvenile social play to 

adult reward-guided decision-makingðfollowing neonatal inflammation, with a focus on 

behaviors commonly associated with NDDs in humans and rodent models. In Chapter 4, I 



 
 

record from single neurons in nucleus accumbens as rats performed a task commonly used 

across species to assess cognitive control. I then leverage the fact that all assessments were 

performed in the same animals by employing factor analysis in Chapter 5, which identified 

five factors that together reveal novel connections between behavioral measures and neural 

activity patterns across a condensed set of 48 variables. Collectively, this work suggests 

that viral-mediated inflammation at this developmental timepoint is not a robust risk factor 

for an NDD-associated phenotype in rats and, surprisingly, imparted subtle behavioral 

alterations that could be considered beneficial. Factor analysis further revealed that sex and 

early life inflammation shifted two distinct modalities of rat ñpersonalityò, highlighting the 

utility of combining modern neuroscience approaches with the study of complex, 

naturalistic behaviors. 
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Chapter 1. General introduction 

 Like a preeminent orchestra comprising many individual musicians each with their 

own talents, instruments and part in the overall piece, brain development is an immensely 

complex and tightly regulated process that involves a multitude of cells, stages and 

processesðcell birth & death, migration of neurons and glia to their final resident location, 

the emergence and pruning of dendritic synapsesðthat occur in precise sequences and 

together enable the brain to later enact its ultimate purpose: behavior. Each musician must 

undergo their own individual development that first leads them to pursue music and choose 

their instrument, then to specialize in that instrument, next to practice steadfastly to earn a 

spot in the prestigious orchestra and, finally, rehearsing the concert music both individually 

and with the ensemble; while the role of each instrument, melody and musician may not 

be distinguishable from the orchestra as a whole as it finally performs, the absenceðor 

errorðof each would be immediately apparent. As the brain develops through this 

elaborate process, it is vulnerable to outside influence. An immediate effect of external 

perturbationðthe presence or absence or sex steroid hormones or exposure to viral 

infection or other environmental insults, for exampleðmay be subtle, yet can shift the 

trajectory of these processes in such a way that causes enduring changes to brain structure 

and function. 

1.1. Neuropsychiatric developmental disorders 

Neuropsychiatric developmental disorders (NDDs) are a class of complex, 

heterogenous conditions whose etiology likely involves some combination of factors 

including those that are genetic, epigenetic, environmental and, as is becoming increasingly 

appreciated, immunological.  This cluster of disorders generally includes autism spectrum 
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disorder (ASD), attention deficit hyperactivity disorder (ADHD), schizophrenia and 

Tourette syndrome, among other less common disorders. Traditionally, NDDs were 

classified on the premise that their symptoms begin in childhood, prior to puberty; indeed, 

the category now titled ñdevelopmental disordersò in the DSM-5 (American Psychiatric 

Association, 2022) was originally termed ñDisorders usually first diagnosed in infancy, 

childhood, or adolescenceò in previous versions. While this general timeline remains true 

for the majority of these disorders, the current definition has been slightly refined to specify 

that these are disorders whose cause is at least partially attributable to alterations during 

brain development, even if symptoms do not arise until somewhat later in life. This is 

exemplified in schizophrenia, symptoms of which may not present until early adulthood, 

but whose developmental origins have been appreciated since the neurodevelopmental 

theory of schizophrenia was first proposed nearly 40 years ago (Murray et al., 1985; 

Weinberger, 1987). 

While symptoms across disorders and between individuals with the same disorder vary 

considerably, there are several core features that are similar amongst them. Commonalities 

include differences in social communication and speech, language development, motor 

skills and learning and memory. Moreover, there are high rates of comorbidity between 

NDDs; for example, studies have reported that 22-83% of children with ASD also display 

symptoms that would allow for diagnosis of ADHD (Ronald et al., 2008; Matson et al., 

2013) and, likewise, 30-65% of children diagnosed with ADHD have symptoms of ASD 

(Clark et al., 1999; Ronald et al., 2008). In some ways, symptoms of one disorder may 

beget symptoms of another similar disorder; in the case of ASD and ADHD, for example, 

it is possible that the impulsivity and attentional difficulties inherent to ADHD could lead 
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to differences in social communication that then fit the diagnostic criteria for ASD 

(Sokolova et al., 2017). 

Another line of support for the interconnected nature of NDDs is their overlapping 

genetic risk. These disorders are highly heritable and, while no one gene has been found 

whose mutation causes NDDs with any certainty1, this is most assuredly not for lack of 

trying: there have been a variety of genetic risk factors identified, including single-gene 

mutations, copy number variants (CNVs) and polygenic risk factors like the accumulation 

of common variants that together suggest shared genetic etiology across these disorders 

(e.g., Blouin et al., 1998; Morrow et al., 2008; Franke et al., 2009; Malhotra and Sebat, 

2012; Pettersson et al., 2013; Torres et al., 2016). Among the most well-studied associated 

genes are those related to synapse formation and function, including synaptic adhesion 

molecules like neuroligins or their pre-synaptic binding partners neurexins, particularly 

NRXN1. Specifically, mutations to NRXN1 have been associated with schizophrenia (Kirov 

et al., 2009; Rujescu et al., 2009),  ASD (Feng et al., 2006; Kim et al., 2008; Ching et al., 

2010; Reissner et al., 2013; Hu et al., 2019), Tourette syndrome (Bradley et al., 2010; 

Huang et al., 2017) and ADHD (Gudmundsson et al., 2019). Further evidence of this 

concept of shared etiology is that having a parent with one NDD, for example 

schizophrenia, is associated with higher risk of developing a different NDD, for example 

ASD (Larsson et al., 2005; Daniels et al., 2008; and vice versa, Keshavan et al., 2008). 

Though it is clear that genetic risk factors play a major role in the origin of NDDs, that is 

 
1This is true for NDDs like ASD and schizophrenia that are the focus of this dissertation; however, 

there are other neurodevelopmental disorders that are monogenetic. For example, Rett syndrome is 

caused by mutations in the MECP2 gene (Amir et al., 1999) and Fragile X syndrome is caused by 

mutations in the FMR1 gene (Pieretti et al., 1991). 
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not the end of the story; NRXN1 is one of the most well-studied and robust candidate genes 

for NDDs and yet exon deletions and CNVs in this gene are only found in ~0.5% of ASD 

and schizophrenia cases (Rujescu et al., 2009; Schaaf et al., 2012; Bena et al., 2013; Dabell 

et al., 2013). Taken together, these findings highlight the complex nature of NDD etiology, 

which largely cannot be defined by any one genetic mutation alone.  

1.1.1. Early life inflammation is a risk factor for NDDs 

In recent decades, infection during neurodevelopmentðin particular pregnancy and 

early neonatal lifeðhas been associated with an elevated risk of lifelong impacts for the 

offspring, most commonly depression, anxiety and, of interest to us, NDDs such as ASD 

and schizophrenia (Mednick et al., 1988; Machon et al., 1997; Patterson, 2009; Atladottir 

et al., 2010; Meyer et al., 2011; Patterson, 2011; Brown, 2012; Zerbo et al., 2015; Jiang et 

al., 2016; Al -Haddad et al., 2019; Han et al., 2021; Chaplin et al., 2022; Shook et al., 2022). 

The need to better understand the relationship between early life inflammation and later 

life NDD risk of these disorders has only grown more urgent during this period; there were 

over 100,000 presumed or confirmed cases of COVID-19 during pregnancy between July 

2020 and June 2022 in just the fourteen US states and District of Columbia that reported 

these data (~5.5% of total pregnant population represented in these data; Osterman et al., 

2023). 

The impact of prenatal infection has been most studied in the context of schizophrenia, 

with recent interest dating back to birth cohort studies that tracked children born during 

influenza epidemics and outbreaks in the early to mid-1900s (reviewed in Brown and 

Derkits, 2010). These earlier studies assigned exposure status simply by tracking dates of 

birth relative to a flu epidemic and, not unsurprisingly, their findings failed to replicate in 
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subsequent studies that were similarly designed, likely due to the imperfect nature of 

defining exposure this way. In response to these inconsistencies, further studies began to 

appear that went a step further and measured biomarkers and/or included clinical diagnoses 

to confirm the presence of infection. Some additionally followed up with the offspring to 

confirm their NDD diagnosis or symptomatology through research interviews. As a result 

of these studies, the association between gestational inflammation and psychiatric 

disorders has widened to include additional NDDs like ASD and a wide range of 

immunogens in addition to influenza, including the parasite Toxoplasma gondii (Brown et 

al., 2005), other viruses like Herpes Simplex Virus Types 1 & 2 (HSV; Buka et al., 2008) 

and Rubella (Brown et al., 2001), bacterial infections (Sørensen et al., 2009) and others.  

Beyond inflammation as a risk factor for the development of NDDs, lasting 

inflammation has also been found in the brains of patients with these disorders. For 

example, both schizophrenia and ASD have been associated with allergies, autoimmunity 

and neuroinflammation in patients (Vargas et al., 2005; Eaton et al., 2006; Strous and 

Shoenfeld, 2006). ASD in particular has at times even been suggested to itself represent an 

autoimmune disorder (Ashwood and Van de Water, 2004). Furthermore, levels of 

inflammatory cytokines are elevated in the blood of people with ASD (Molloy et al., 2006; 

Ashwood et al., 2011; Schwarz et al., 2011) as well as in the brain postmortem (Li et al., 

2009). Genes related to inflammation, including markers of microglia and astrocytes, were 

also upregulated in the postmortem brains from men with ASD (Werling et al., 2016). 

Elevated levels of cytokines and upregulation of inflammation-related genes have similarly 

been reported in the brains of people diagnosed with schizophrenia (Lin et al., 1998; Saetre 
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et al., 2007). These findings contribute to a growing body of research indicating that NDDs 

and the immune system are inextricably linked.  

1.1.2. Sex differences in diagnosis & presentation of NDDs 

Interestingly, diagnosis rates of NDDs are generally higher in males compared to 

females. This is most often noted in the case of ASD, for which reported diagnosis rates in 

boys are often ~4-5 times higher than in girls (Fombonne, 2009; Halladay et al., 2015; Lai 

et al., 2015) and ADHD, for which the reported rates have been ~2-7x or more higher in 

boys (Lahey et al., 1994; Novik et al., 2006; Polanczyk, 2007; Ramtekkar et al., 2010). A 

male bias has similarly been found in schizophrenia (Hafner et al., 1989; Iacono and Beiser, 

1992; Kendler and Walsh, 1995; Abel et al., 2010) and other NDDs. There have been a 

variety of proposed mechanisms explaining this gender bias, ranging from a female 

protective model (Robinson et al., 2013; Jacquemont et al., 2014; Gockley et al., 2015) to 

fetal testosterone-mediated male vulnerability (Auyeung et al., 2009; Geier et al., 2012; 

Baron-Cohen et al., 2015).  

Beyond these mechanistic hypotheses, there are also psychological and social 

differences that likely synergize with the underlying biology to together result in the gender 

biases so often reported. Importantly, the diagnostic tests historically used to assess ASD 

have been based solely on the presentation in boys, despite data suggesting that there are 

gender differences in presentation (Mandy et al., 2012; Head et al., 2014). For example, 

adolescent girls with ASD did not meet diagnostic criteria in the observational assessments 

for diagnosing ASD that focus on verbal communication, social interaction and play nor 

was their non-verbal gesturing strongly impacted, yet they received higher scores than boys 

with ASD on the self-reported questionnaires and clinical interviews that assess ASD-
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related traits (Rynkiewicz et al., 2016; Rynkiewicz and Lucka, 2018). These findings are 

congruent with other studies reporting fewer social and communicative symptoms in girls 

with ASD compared to boys (Carter et al., 2007; Dworzynski et al., 2012), an effect which 

has also been seen in adults with ASD (Lai et al., 2011). Similarly, a meta-analysis of 

ADHD phenotypes found that girls with ADHD were less likely than boys to display 

behaviors that are more apparent or disruptive, like hyperactivity, impulsivity and 

intellectual impairment, perhaps preventing them from accessing clinical evaluation that 

could lead to a diagnosis (Biederman et al., 2002; Goldstein, 2016). In line with this 

interpretation is that teachers given case vignettes depicting girls with ADHD 

overwhelmingly conceptualized the behavior as representative of attentional or emotional 

difficulties rather than ADHD (Groenewald et al., 2009). Taken collectively, it is not 

difficult to imagine that differences in our perception of girls and boys in general combined 

with differences in the presentation of NDDs could result in a severe underdiagnosis in 

girls. Similar observations led researchers to hypothesize a ñfemale camouflage effectò, 

originally proposed in 1981 (Wing). 

As with ASD & ADHD , the earliest studies of schizophrenia focused primarily on 

males. Despite this, gender differences have since been reported in symptomatology and 

the structure and function of related brain regions (reviewed in Leung and Chue, 2000). 

The most commonly reported difference is that symptom onset tends to occur 3-5 years 

earlier in males compared to females (Hafner et al., 1989; Jablensky et al., 1992; Hafner et 

al., 1993; Hafner et al., 1998). Behaviorally, males with schizophrenia tend to have more 

negative symptoms (e.g., social withdrawal, amotivation, speech deficits); in contrast, 

females display more affective symptoms (e.g., depression, irritability, anxiety, 
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impulsivity) compared to males (Goldstein and Link, 1988; McGlashan and Bardenstein, 

1990; Ring et al., 1991; Castle et al., 1993; Morgan et al., 2008). These findings together 

with those from ASD & ADHD highlight the impact of sex in the presentation of NDDs, 

which can ultimately exert sex-dependent impacts on the likelihood of diagnosis and the 

impact on daily life for people living with them.  

Alongside these sex differences in prevalence and symptomatology of NDDs, there are 

also sex differences in immune function and immunity at baseline, as well as in response 

to peripheral inflammation as caused by illnesses like COVID-19 and the flu (Barna et al., 

1996; Klein and Huber, 2009; Klein and Flanagan, 2016; Posillico et al., 2017; Klein et al., 

2020; Takahashi et al., 2020; Posillico et al., 2021). Notably, a growing body of evidence 

suggests that sex differences in neuroimmune processes during development are a crucial 

component of sexual differentiation of brain and behavior. One exemplary brain region 

where this is particularly evident, having been well-characterized by previous work from 

our lab and others, is the preoptic area (POA). This region contains one of the first sex 

differences identified in the brain, as a particular subnucleusðnow accordingly known as 

the sexually dimorphic nucleus (SDN)ðis 3-5 times larger in males (Gorski et al., 1980). 

Remarkably, sex differences in the neuronal architecture of the POA are mediated by 

microglia, the brainôs resident immune cells, through two distinct mechanisms (Lenz et al., 

2013; Pickett et al., 2023). Specifically, microglia establish the volumetric sex difference 

via active phagocytosis of neurons in the female rat POA, a process which is important for 

the development of later-life male odor preference in adult females (Pickett et al., 2023). 

Microglia also induce a sex difference in POA spine density through a mechanism 

dependent on another classic proinflammatory signaling molecule: prostaglandin E2 
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(PGE2), traditionally associated with fever (Regan, 2003). Lenz et al. (2013) demonstrated 

that microglia in the POA release PGE2 during a critical period for sexual differentiation, 

which induces reorganization of the pattern of spine density in a manner that ultimately 

enables differences in adult sex behavior. That immune cells and signaling molecules are 

enactors of normal neurodevelopment and that these processes further are crucial to the 

sexual differentiation of brain and behavior thus provides an intriguing mechanism through 

which early life inflammation may contribute to sex differences in NDD presentation and 

prevalence. In developing males, the increased involvement of molecules and signaling 

pathways typically associated with inflammationðas is required for the typical 

masculinization of brain organization and behaviorðmay put them at greater risk when 

exposed to exogenous inflammation during this period. Such a concept has been supported 

in humans; for example, postmortem brains of typically developing fetal and adult males 

were more enriched in genes associated with inflammation relative to females and it was 

these same genes that were similarly upregulated in postmortem brains from adults with 

ASD, regardless of sex (Werling et al., 2016). Taken together, these findings suggest that 

basal sex differences in developmental neuroimmune processes may contribute to the 

greater risk for NDDs in males.  

1.2. Modeling the impact of early life inflammation on NDD-like phenotypes in 

rodents 

As discussed above, correlations between gestational infection and later diagnosis with 

NDDs have been found for a wide variety of illnesses ranging from viral to bacterial to 

parasitic. That these varied immunogenic agents all have similar associations with NDD 

risk in the offspring suggests that such effects are not pathogen-specific, as is the case for 
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other prenatal infections like Zika (Klase et al., 2016), but rather are caused by the maternal 

immune response more generally. Thus, preclinical maternal immune activation (MIA) 

models arose as a method to probe the changes induced by developmental inflammation at 

the molecular, cellular, circuit and behavioral levels. 

Rodent studies assessing the effects of MIA rapidly gained traction, repeatedly 

demonstrating enduring behavioral phenotypes that are reminiscent of the core NDD 

symptomatology in human (Meyer and Feldon, 2010; Bauman et al., 2014; Estes and 

McAllister, 2016; Estes et al., 2020b). One of the most commonly reported effects is 

reduced prepulse inhibition of the acoustic startle response, an effect associated with the 

altered sensorimotor gating central to the presentation of schizophrenia (Fortier et al., 2007; 

Vuillermot et al., 2010; Song et al., 2011; Liu et al., 2013; Meehan et al., 2017; Hui et al., 

2018; Lee et al., 2018). Of particular interest to us and relevant across NDDs is differences 

in social behavior that are similarly well-reported (Kirsten et al., 2010; Malkova et al., 

2012; Taylor et al., 2012; Xuan and Hampson, 2014; Aavani et al., 2015; Labouesse et al., 

2015; MacRae et al., 2015c; Doenni et al., 2016; Vuillermot et al., 2017; Hui et al., 2018; 

Lins et al., 2018; Lins et al., 2019; Gzielo et al., 2021; Zhao et al., 2021). Other effects that 

are often reported include learning & memory deficits (Meyer et al., 2006a; Zhang et al., 

2012; Richetto et al., 2013; Wallace et al., 2014; Meehan et al., 2017; Murray et al., 2017; 

Lins et al., 2018; Gray et al., 2019), increased anxiety-like behavior (Hsiao et al., 2012; 

Depino, 2015; Shin Yim et al., 2017) and increases in repetitive behavior (Schwartzer et 

al., 2013; Bauman et al., 2014; Pendyala et al., 2017; Shin Yim et al., 2017; Morais et al., 

2018). Thus, MIA paradigms are generally thought to have high face validity and provide 
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the unique opportunity to characterize the neural mechanisms relating early life 

inflammation to NDD symptomatology.  

The innate immune responses induced by the two most common immunogens 

employed by these MIA and other early life inflammation studies are described in detail 

below. Ultimately, activation of both pathways results in expression of proinflammatory 

cytokines, most notably interleukin-6 (IL-6), IL-1ɓ and tumor necrosis factor alpha (TNF- 

Ŭ). Congruent with the idea that the effects of MIA are driven by the maternal immune 

response rather than the presence of pathogen within the fetal milieu is that blocking the 

receptors for these and other proinflammatory cytokines alongside MIA precludes 

behavioral effects in the offspring (Smith et al., 2007; Lipina et al., 2013; Pineda et al., 

2013; Lammert et al., 2018) and treating the dam directly with IL-6 or IL-1ɓ  alone 

recapitulates the behavioral phenotypes seen in traditional MIA paradigms (Smith et al., 

2007; Garbett et al., 2012).  

1.2.1. Polyinosinic-polycytidylic acid  

Polyinosinic-polycytidylic acid, or poly(I:C), is a synthetic double-stranded RNA 

(dsRNA) comprising homo-polymers of inosine and cytidine nucleotides. Poly(I:C) acts as 

viral mimic, initiating the same immune cascade as viral infections (Alexopoulou et al., 

2001). This innate immune signaling cascade begins when a virus binds to endosomal toll-

like receptor 3 (TLR3), which recognizes dsRNA (Alexopoulou et al., 2001; Lester and Li, 

2014). While many common viral infections are caused by single-stranded RNA (ssRNA; 

e.g., influenza, SARS-CoV-2) or dsDNA (e.g., HSV) rather than dsRNA like poly(I:C), 

the dsRNA molecular signature is generated during the replication cycle of these classes 

of viruses alike and TLR3 thus recognizes all three varieties (Kawai and Akira, 2011). 
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Stimulation of TLR3 in endosomes results in expression of 1) proinflammatory cytokines 

and chemokines via activation of the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-əB) and 2) type I and type III interferons (IFNs; primarily IFN-ɓ and 

IFN-ɔ1, respectively) via promotion by IFN regulatory factor 3 (IRF3). Unlike all other 

TLRs, the TLR3 pathway does not involve recruitment of myeloid differentiation primary 

response 88 (MyD88) but is instead initiated via the endosome adapter protein 

toll/interleukin 1 receptor (TIR)-domain-containing adaptor protein inducing interferon-ɓ 

(TRIF). TLR3 is expressed in a variety of tissues in human and mice including lung, liver, 

heart, lymph node, spleen and brain (Alexopoulou et al., 2001; Hornung et al., 2002; 

Zarember and Godowski, 2002a; Nishimura and Naito, 2005a). Notably, however, TLR3 

is also unique amongst similar TLRs in its tissue distribution pattern: some of the highest 

levels of TLR3 expression occur in the placenta (Zarember and Godowski, 2002a; 

Nishimura and Naito, 2005a). The inflammatory response induced by poly(I:C) in rodents, 

as measured by cytokine levels, lasts up to 48 hours (Fortier et al., 2004; Cunningham et 

al., 2007; Meyer et al., 2009).  

1.2.2. Lipopolysaccharide  

Lipolysaccharide (LPS) is a component of Gram-negative bacterial wall and major 

ligand of TLR4, thus inducing the signaling cascade associated with bacterial infections 

(Takeda and Akira, 2005). Binding to TLR4 on the cell surface induces a MyD88-

dependent pathway, like that mediating the immune response of all TLRs apart from TLR3 

(Lester and Li, 2014). MyD88 signaling is activated at the membrane and results in early 

phase NF-əB activation, the primary role of which is to induce expression of inflammatory 

cytokines as discussed above.  
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Like TLR3, however, activation of TLR4 can also induce a TRIF-dependent pathway 

upon endocytosis and trafficking to the endosome (Kagan et al., 2008). This pathway 

similarly results in activation of late-phase NF-əB along with activation of IRF3 and 

subsequent expression of type I IFNs. TLR4 is the only TLR to activate both MyD88 and 

TRIF pathways, and their combination is necessary for the full TLR4-mediated immune 

response (Shen et al., 2008; Kawai and Akira, 2011). While TLR3 expression is highest in 

the placenta, TLR4 is most highly expressed in the spleen (Zarember and Godowski, 

2002a; Nishimura and Naito, 2005a). 

1.3. The nucleus accumbens 

A tremendous amount of work over recent decades has characterized the connectivity 

and function of brain regions involved in reward processing and decision-making 

(reviewed in e.g., Robbins and Everitt, 1996; Haber, 2003). Generally speaking, this circuit 

includes a group of regions termed the basal ganglia that comprises substantia nigra, globus 

pallidus, the subthalamic nucleus and the striatum, which together are involved in action 

selection and motor execution. The striatumðtypically thought to serve as the input to this 

cluster, receiving projections from a variety of related brain regionsðitself classically 

comprises two primary subdivisions, the dorsal striatum (DS) and ventral striatum (VS). 

DS, which includes caudate nucleus and putamen, is particularly involved in motor 

execution and receives afferents from motor regions and cortical areas like PFC. The 

nucleus accumbens (NAc) is a primary region within VS and has traditionally been thought 

to serve as a ñlimbic-motor interfaceò due to its connectivity with limbic and motor output 

regions (Groenewegen and Russchen, 1984; Heimer et al., 1991; Brog et al., 1993; Wright 

and Groenewegen, 1995; Voorn et al., 2004; Gruber et al., 2009). Specifically, NAc 
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receives glutamatergic afferents from limbic-related areas including hippocampus and 

amygdala in addition to cortical areas like PFC, and its primary output is to the motor 

control region ventral pallidum. Notably, NAc is also a major target of midbrain dopamine 

neurons originating in the ventral tegmental area (VTA); this reciprocal connection is 

termed the mesolimbic dopamine pathway and has been the focus of much of the research 

surrounding NAc. Through these varied connections, NAc is thought to integrate 

motivational, cognitive and emotional information with expected value and motor signals 

to ultimately guide motivated behavior. 

Firing of NAc neurons is correlated with predicted and delivered reward (Carelli and 

Deadwyler, 1994; Bowman et al., 1996; Shidara et al., 1998; Setlow et al., 2003; Janak et 

al., 2004; Nicola et al., 2004; Taha and Fields, 2006; Ito and Doya, 2009; Kim et al., 2009; 

Day et al., 2011; van Der Meer and Redish, 2011; Goldstein et al., 2012; Cerri et al., 2014) 

and inactivation of NAc attenuates the impact that rewarded actions have on the direction 

of subsequent actions (Stopper and Floresco, 2011; Dalton et al., 2014). This encoding of 

upcoming outcomes is thought to allow NAc to motivate behavior in response to the cues 

that predict these outcomes. Indeed, lesions or inactivation of NAc impair approach 

responses toward reward-predictive cues (Everitt et al., 1991; Parkinson et al., 2000; Blaiss 

and Janak, 2009; Nicola, 2010; Saunders and Robinson, 2012), supporting its role in 

enabling cues associated with a rewarding outcome to appropriately stimulate a behavioral 

response. NAc seems to be of particular importance when navigating more ambiguous 

situations; for example, inactivation of NAc disrupts the accuracy of search behavior when 

rats are placed in an eight-maze arm that contains food located in four arms (Seamans and 

Phillips, 1994; Floresco et al., 1997; Gal et al., 1997; Jongen-Relo et al., 2003), but has no 
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effect when rats are required to choose between only two arms or response levers (Seamans 

and Phillips, 1994; Floresco et al., 2006; Castane et al., 2010). Taken together, these 

findings support a model of NAc function wherein this region incorporates cognitive, 

affective and contextual information arising from a variety brain areas, ultimately serving 

to bias the intensity, efficiency, vigor and/or direction of behavior in a way that maximizes 

the probability to achieve some type of goal (Nicola, 2007; Floresco, 2015). 

NAc itself can be further divided into two subregions, the core and shell. Interestingly, 

these subregions differ in the patterns of innervation they receive from their various input 

regions (Groenewegen et al., 1987; Brog et al., 1993; Groenewegen et al., 1999) and they 

send projections to distinct sets of downstream targets (Groenewegen et al., 1999; 

Humphries and Prescott, 2010). The different organization of afferent innervation and 

efferent projections suggests that these two subregions may play slightly different roles in 

the overall function of NAc. Indeed, a growing body of work has sought to characterize 

the differential involvement of core and shell in the expression of goal-directed behavior. 

One theory, comprehensively reviewed by Floresco (2015), is that core contributes more 

to promoting approach towards reward-predictive stimuli (ñgo to itò), while shell serves to 

suppress other behaviors that could interfere with the successful completion of the goal 

and/or acquisition of the reward (ñstay on taskò). In line with these proposed functions, 

inactivation of core or antagonism of core dopamine receptors reduces Pavlovian 

conditioned approach (Di Ciano et al., 2008; Saunders and Robinson, 2012), while 

inhibition of shell increases responding to a nonrewarded cue (Ambroggi et al., 2011; Feja 

et al., 2014). Dysfunction of NAcðand its subregionsðmay thus provide a potential site 

of action underlying the core symptomatology of NDDs, which includes attentional 
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difficulties, differences in social communication and altered reward processing and 

motivation. 

1.3.1. NAc is associated with the pathophysiology of NDDs 

Clinical studies of NDDs have indeed regularly found evidence of dysregulated reward 

processing and circuitry (Dichter and Adolphs, 2012; Dichter et al., 2012b). In the context 

of social behavior, this concept gained further attention following the proposal of the social 

motivation theory of ASD, which postulates that the differences in social interaction core 

to ASD are a direct result of reduced rewarding properties of social stimuli (Chevallier et 

al., 2012a). The study of reward processing differences in ASD extends beyond the social 

domain; the response of reward-related brain regions to other, non-social stimuli is thought 

to underly ASD-like symptomatology, for example the restricted and repetitive behaviors 

that are a core component of ASD presentation (Kohls et al., 2018).  

The striatum in particular has been implicated in the reward dysfunction related to 

ASD. For example, activation of NAc was lower in participants with ASD during monetary 

anticipation and reward outcomes (Dichter et al., 2012a). Furthermore, the dorsal striatum 

of boys with ASD was less active during receipt of reward in a version of the social and 

monetary incentive delay tasks compared to typically developing boys, and further was 

less active when the reward was social compared to when it was a monetary reward 

(Delmonte et al., 2012). Behaviorally, boys with ASD also showed less of an increase in 

reaction speed on rewarded trials versus unrewarded trials, together suggesting reduced 

motivation, especially toward social stimuli, in boys with ASD. This aligns with similar 

results from Scott-Van Zeeland et al. (2010) in ventral striatum. This study further 

identified a relationship between activity of VS and social reciprocity in typically 
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developing children that was absent in children with ASD. In line with this, other studies 

have found hypoactivation of the striatum during facial expression imitation (Dapretto et 

al., 2006) or the presentation of happy faces (Shafritz et al., 2015); in contrast, 

hyperactivation has been reported during sensory-motor tasks (Takarae et al., 2007), 

suggesting that striatum may be more involved in sensory processing and less involved in 

social processing in people with ASD. Taken together, this body of work suggests that 

motivation and reward processingðespecially in the social domainðare altered in ASD, 

an effect which is driven at least in part by hypoactivation of NAc.  

NAc has also long been implicated in the pathophysiology of schizophrenia. The 

classical dopamine (DA) hypothesis of schizophrenia prevailed for years, spurred by 

evidence from landmark studies that found that increasing DA levels in the brain 

exacerbated or increased schizophrenia-associated symptoms in people with and without 

schizophrenia, respectively (Jenkins and Groh, 1970; Angrist et al., 1971; Snyder, 1972). 

A link between schizophrenia and NAc thus first emerged in the context of the mesolimbic 

DA pathway that projects from VTA to NAc. Updated models were subsequently proposed 

that incorporated evidence of altered functioning of brain regions including PFC, 

hippocampus and amygdalaðthree primary inputs to NAcðand postulated that these 

differences, like the projections themselves, converge at NAc. These models postulate that 

aberrant information gating in NAc ultimately shifts motor output from PFC- and 

hippocampus-dependent goal-directed behavior that is planned and context-dependent to 

responses that are more impulsive, solely representing the signaling of valence by 

amygdala (Grace, 2000). This model is congruent with the role of NAc in the integration 

of cognitive and affective information so as to appropriately guide motivated behavior, as 
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discussed above, and further aligns with the inability to ignore irrelevant stimuli that is 

central to the experience of people living with schizophrenia (McGhie and Chapman, 1961; 

Nuechterlein and Dawson, 1984; Anscombe, 1987).  

Despite these earlier hypotheses, strong evidence supporting a role of NAc in 

schizophrenia was scarce until relatively recently, thanks to advances in human imaging 

technology that enabled high enough resolution to differentiate NAc from surrounding 

striatum. Since then, researchers have reported increased glutamatergic input to NAc in the 

brains of people with schizophrenia, irrespective of present treatment with antipsychotic 

drugs (McCollum and Roberts, 2015), which is congruent with ultrastructural findings 

from postmortem brains similarly indicating increased excitatory input to NAc in 

schizophrenia (McCollum et al., 2015). Taken together, these findings suggest that the 

integration of limbic-related information by NAc is impacted by schizophrenia, which may 

drive behavioral impairments like attentional difficulties. Consistent with this 

interpretation is that aberrant DA signaling is driven by excessive hippocampal activity in 

a rat model of schizophrenia (Lodge and Grace, 2007), indicating the interrelatedness of 

the dopaminergic and glutamatergic systems that converge at NAc. 

This model of NAc, with a focus on impulsivity and the inability to appropriately shift 

focus, brings to mind ADHD, hallmark symptoms of which include impulsivity and 

inattentiveness. Indeed, human imaging studies have reported delayed maturation of 

regions within this circuit, including NAc and its input regions hippocampus and amygdala, 

in people with ADHD (Hoogman et al., 2017), along with lower availability of DA 

receptors and transporters in NAc and midbrain (Volkow et al., 2009). As discussed in the 

context of ASD above, reduced activation of NAc in response to reward or reward 
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anticipation has similarly been found in people with ADHD (Scheres et al., 2007; Strohle 

et al., 2008; Plichta et al., 2009).  

1.3.2. NAc structure and function are affected by early life inflammation  

Notably, neurogenesis in the rat NAc steadily increases through the first week of life 

(Das and Altman, 1970); similarly, electrophysiological properties of rat NAc neurons 

mature extensively in the first three postnatal weeks, undergoing drastic changes to 

membrane and firing characteristics during the first week of life in particular (Belleau and 

Warren, 2000). This indicates that NAc may be susceptible to external influence during 

this developmental period, which could theoretically shift neuronal architecture and firing 

properties to ultimately impact the overall output of related brain circuitry and the 

behaviors they control.  

Indeed, prenatal exposure to infection and/or inflammation has enduring consequences 

on dopaminergic structures and functions in rodent models (Zuckerman and Weiner, 2003; 

Ozawa et al., 2006; Meyer et al., 2008a; Aguilar-Valles et al., 2010; Bitanihirwe et al., 

2010b; Romero et al., 2010; Vuillermot et al., 2010). In addition to the disrupted prepulse 

inhibition (PPI) of startle response reported in many MIA rodent studiesðan effect which 

is dependent on DA signalingða variety of other differences have been found that add to 

converging lines of evidence connecting developmental inflammation, NDD-like 

behavioral phenotypes and reward-related structure and function. Another similar 

behavioral assessment is latent inhibition (LI), which assesses attention by measuring the 

ability of subjects to ignore irrelevant stimuli; like PPI, LI can be tested in both rodents and 

humans and has been reported to be disrupted in some people with schizophrenia (Baruch 

et al., 1988; Gray et al., 1995; Rascle et al., 2001; Vaitl et al., 2002). Interestingly, prenatal 
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inflammation in rats disrupted LI in adult, but not juvenile, offspring (Zuckerman and 

Weiner, 2003). Disrupted LI has been reported in adult male but not female offspring 

following prenatal inflammation (Bitanihirwe et al., 2010b). More generally, MIA has also 

been associated with reduced sucrose preference in male (Khan et al., 2014) and female 

(Reisinger et al., 2016) offspring, providing another line of evidence for the effect of early 

life inflammation on altered reward processing.  

On a neurochemical level, studies of adult offspring following MIA have found 

increased DA turnover and decreased binding of DA receptors in the striatum of adult 

offspring (Ozawa et al., 2006) in addition to a reduction of NAc DA levels (Bakos et al., 

2004; Wang et al., 2009). However, one study reported that prenatal inflammation reduced 

DA levels in NAc specifically in adolescents, but increased levels by adulthood relative to 

controls (Romero et al., 2010). Behaviorally, MIA also enhanced the locomotor response 

induced by treatment with amphetamineðan effect known to rely on the DA system ðin 

offspring of both sexes, an effect which has been reported in both an age-dependent 

(Zuckerman and Weiner, 2003; Ozawa et al., 2006) and -independent manner (Meyer et 

al., 2008b). These discrepancies in the age at which effects are present is likely attributable 

to the differences in timing of the MIA insult, either daily from gestational day 12 (GD12) 

through GD17 in mice (Ozawa et al., 2006), a single injection on GD15 in rats (Zuckerman 

and Weiner, 2003) or a single injection on GD9 in mice (Meyer et al., 2008b). Regardless, 

these findings collectively imply persistently altered DA signaling following MIA. Meyer 

et al. (2008b) further reported enhanced locomotor response to the NMDA receptor agonist 

MK-801 as well as downregulated glutamate receptor 1 (GluR1) expression in the NAc of 

adult offspring. Collectively, these findings align with the intertwined roles of glutamate 
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and DA signaling proposed in the pathophysiology of schizophrenia, suggesting that both 

may be altered following prenatal inflammation.  

A longitudinal study of the impact of MIA on structural and functional development of 

the dopaminergic system similarly identified striking age-dependent abnormalities that are 

apparent in the fetal brain and persist through adulthood (Vuillermot et al., 2010). 

Specifically, the authors found that density of the dopamine receptors D1R and D2R in 

striatum progressively increased throughout life following prenatal inflammation. Other 

effects were more transitory, for example expression of the DA transporter (DAT), which 

was reduced in the fetal and adolescent NAc, but not in adults. Still other effects displayed 

a biphasic pattern of alterations, such as striatal expression of tyrosine hydroxylase (TH)ð

the rate-limiting enzyme for the synthesis of catecholamines like DAðthat initially 

decreased in the adolescent brain but ultimately became elevated in adulthood compared 

to age-matched controls, mirroring a similar age-specific pattern of striatal DA levels 

following MIA reported by Romero et al. (2010).  

Beyond MIA, much of the work characterizing the sensitivity to environmental 

influence on the structure and function of NAc and related regions has, understandably, 

focused on drugs of abuse. Drug addiction has long been associated with persistent changes 

to the structure of brain regions, especially within NAc and other reward-related regions, 

that include receptor sensitivity, spine density and gene expression (reviewed in Nestler, 

2001). In addition to drugs of abuse, altered function of NAc and VS more broadly is also 

associated with disorders like depression (Epstein, 2006; Monk et al., 2008; Forbes et al., 

2009; Pizzagalli et al., 2009) and post-traumatic stress disorder (Sailer et al., 2008; Elman 

et al., 2009). In parallel is the study of early life stress (ELS), which is associated with 
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greater risk for a range of disorders including substance use disorders, as well as ADHD, 

schizophrenia, depression and others (Agid et al., 1999; Dube et al., 2003; Edwards et al., 

2003; McFarlane et al., 2005; Espejo et al., 2007; Humphreys et al., 2019). Reward-related 

brain regions, and NAc in particular, are strongly implicated in the neural underpinnings 

of developmental stress-induced phenotypes in both humans and rodent models (reviewed 

in Hanson et al., 2021). For example, ELS in people attenuates behavioral response to 

reward in adulthood (Dillon et al., 2009) and impairs cognitive flexibility and associative 

learning in adolescents (Hanson et al., 2017; Harms et al., 2018). ELS also resulted in 

hypoactivation of NAc during adolescence, the degree to which was correlated with higher 

depression scores (Goff et al., 2013). Functionally, ELS has been associated with lower 

activation of VS during reward anticipation of both monetary gain (Mehta et al., 2010) and 

social stimuli (Goff et al., 2013) in adolescents, an effect which persists to adulthood 

(Hanson et al., 2016; Holz et al., 2017).  

Rodent models have similarly reported alterations to NAc structure and function, 

though the direction of modulation has been somewhat mixed. For example, ELS increased 

NAc DA release (Silvagni et al., 2008) and the density of TH+ fibers (Majcher-Maslanka 

et al., 2017). On the other hand, ELS reduced NAc DAT expression (Brake et al., 2004) 

and direct treatment with glucocorticoids during late gestation increased the ratio of 

apoptotic to proliferative cells in the VTA of offspring, which ultimately reduced the 

density of DA input to NAc. Morphologically, ELS also increased dendritic branching and 

spine density in NAc (Muhammad et al., 2012). Electrophysiological data further suggest 

a male-specific decrease in spontaneous excitatory postsynaptic currents (sEPSCs) in NAc, 

perhaps suggesting that glutamatergic signaling is also reduced by ELS (Ordones Sanchez 
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et al., 2021). In line with this are reports of a male-specific reduction in NAc GluA2 AMPA 

subunit expression (Ganguly et al., 2019). Behaviorally, ELS in males causes some 

anhedonia-like phenotypes in adolescents, including reduced sucrose preference and less 

social play behavior (Molet et al., 2016; Bolton et al., 2018). Interestingly, sex differences 

have been reported for some behavioral effects of ELS in studies that included both sexes; 

for example, ELS bidirectionally impacted opioid-seeking behavior, causing increases and 

decreases in males and females, respectively (Levis et al., 2022). Additionally, ELS 

increased impulsive behavior, assessed by a variety of paradigms (Lovic et al., 2011; 

Wilson et al., 2012; Kentrop et al., 2016), an effect which is in line with ADHD 

symptomatology along with the function of NAc as an compiler of circuit information that 

nudges behavior toward relevant stimuli (or away from irrelevant stimuli). This work 

together provides evidence that reward-related brain regionsðand NAc in particularðare 

sensitive to developmental perturbation at multiple levels in a manner which can ultimately 

induce lasting behavioral alterations. 

Intriguingly, ELS has lasting impacts on immune system function in rodents; effects 

include a shift in T cell CD4/CD8 ratio (Roque et al., 2014), lasting increases in brain levels 

of the proinflammatory cytokines IL-6, IL-1ɓ and TNF-Ŭ (Lumertz et al., 2022) and an 

enhanced or blunted response to later LPS-induced neuroinflammation in males and 

females, respectively (Solarz et al., 2023). These data are in agreement with similar 

findings from human studies that report positive correlations of adverse childhood 

experiences with white blood cell count (Surtees et al., 2003) and levels of IL-6 and TNF-

Ŭ (Baumeister et al., 2016). When the impacts of ELS on NAc structure and function and 

associated reward-related behavior are viewed through this lens, developmental 
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inflammation may play a unifying role in the similar phenotypes associated with ELS, MIA 

and NDDs in humans.   

1.3.3. Sex differences in NAc structure, function & response to MIA 

Though some MIA studies test only male offspring (e.g., Ozawa et al., 2006; 

Vuillermot et al., 2012), those that included both sexes often report sex-specific effects 

related to NAc and dopaminergic or glutamatergic signaling more broadly. For example, 

behaviorally, the LI effect reported by Bitanihirwe et al. (2010a) was present in males but 

not females. In line with this, the impact on glutamatergic signaling was more pronounced 

in males in this study, although Meyer et al. (2008b) contradictorily reported a female-

specific downregulation of GluR1 expression in NAc following prenatal inflammation. 

The MIA-induced PPI deficit was also detected earlier and more robustly in males 

compared to females, together suggesting that males were more sensitive to prenatal 

inflammation (Romero et al., 2010). Collectively, these findings echo the gender 

differences in prevalence, severity and presentation of NDDs in humans.  

While these findings are limited, more understood is that there exist basal sex 

differences in NAc development, structure and function. One of the earliest reports of sex 

differences in this domain is the finding that an immense level of overproduction and 

subsequent elimination of dopamine receptors D1 and D2 in the striatum occurs in the 

peripubertal male rat, an effect that was much less pronounced in females (Andersen et al., 

1997). Intriguingly, Kopec et al. (2018) recently demonstrated that microglia actively 

participate in this process by phagocytosing D1 receptors in the adolescent male NAcð

yet another instance of a classical immune pathway involved in the normal organization of 

brain structure. Additional structural sex differences beyond DA receptor density have 
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since been identified; for example, the NAc of adult female rats has greater distal spine 

density and a greater proportion of large spines on MSNs compared to that of males 

(Forlano and Woolley, 2010; Wissman et al., 2012). Regarding NAc glutamate signaling, 

adult female mice and rats have higher AMPA/NMDA ratios compared to males and in 

mice, females have a larger readily releasable pool of glutamate and a lower probability of 

release compared to males, together suggesting higher levels of excitatory signaling in the 

female NAc (Knouse et al., 2023).  

As with NAc more generally, the context in which sex differences in structure and 

function of this region have been studied the most is with regards to substance use 

disorders. This field is motivated by the evidence that women are more affected at each 

stage of addiction: compared to men, women escalate more quickly through the stages, 

remain abstinent for shorter periods of time, are more likely to relapse, experience more 

unpleasant symptoms of withdrawal and are more responsive to drug-predicting cues 

(reviewed in Lynch et al., 2002; Becker, 2016). These findings have been recapitulated in 

rodent students similarly demonstrating that females compared to males are quicker to 

acquire drug taking behavior, self-administer greater amounts of drug and display greater 

motivation for drugs (Lynch and Carroll, 1999; Hu et al., 2004; Chaudhri et al., 2005; 

Jackson et al., 2006; Zhao and Becker, 2010). These effects are at least partially due to sex 

differences in DA dynamics in the striatum, in which many estrous cycle-dependent and -

independent differences have been found in both basal DA release and reuptake as well as 

that stimulated by cocaine or amphetamine (reviewed in Becker, 1999; Zachry et al., 2021). 

Intriguingly, that NAc serves functions related to reward processing and social 

behaviorðtwo well-characterized domains impacted by NDDsðand is modulated by both 
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sex and early life inflammation positions it well to serve as one potential site of action 

through which developmental inflammation may produce sex-specific NDD-like 

phenotypes.  

1.4.  Chapter objectives 

The overarching goal of this dissertation is to connect neonatal inflammation both with 

behavioral outcomes across the lifespan and with the activity of NAc neurons in the same 

animals so as to generate a more holistic model of the lasting effects of inflammation during 

neurodevelopment. While there exists a plethora of rodent MIA studies, it can be difficult  

to generalize across endpoints and ages as each group uses a difference dosage, timing and 

specific immunogen and tests different behavioral phenotypes at different ages; moreover, 

many studies, especially the earliest, have utilized only male animals despite the sex and 

gender differences identified at every level of NDD presentation in clinical and preclinical 

models alike.  

In Chapter 3, I provide surprising evidence that neonatal treatment with the viral mimic 

poly(I:C) has little effect across a range of behaviors that are commonly tested in rodents. 

Standing in contrast to the findings from a variety of rodent maternal immune activation 

and neonatal inflammation demonstrating deficits in social behavior, we found no 

differences in maternal isolation-induced USVs, juvenile social play or social motivation 

or social recognition and interaction pre- or post-puberty. In adulthood, we similarly found 

no effect of neonatal inflammation on a reward-guided decision-making task.  

I expand upon these findings in Chapter 4, where I find little impact of neonatal 

inflammation on performance of a task routinely used to assess inhibitory control. Sex did 

affect performance, however; while males were more accurate on trials requiring rats to 



27 
 

inhibit their initial response and redirect in the opposite direction, females improved their 

performance more in response to an error. Additionally, I recorded from single neurons in 

NAc as rats performed this task and here provide evidence that this region contributes to 

action selection in a cell type- and subregion-specific manner and, intriguingly, neural 

activity tracks trial outcome history. Sex and neonatal inflammation both affect neural 

activity patterns, despite the absence of overt behavioral effects.  

In Chapter 5, I employ exploratory factor analysis to connect these individual 

differences in behavior and neural activity patterns across the lifespan. Several exciting 

groupings arose. Of great interest to me is that juvenile social play behavior impacted the 

strength of NAc neuronal directional signaling as rats performed the inhibitory control task 

in adulthood. Overall, factor analysis extracted five factors that together explained over 

60% of the variance across this data set. Moreover, sex and early life inflammation both 

affected factor scores, suggesting that this approach may be useful to assist in the 

interpretation of large, complicated data sets such as this one. 

Finally, I provide a general discussion of the main findings of this dissertation in 

Chapter 6 and discuss factors impacting the often paradoxical results from rodent studies 

that assess the effects of early life inflammation on brain and behavior. Here I also expand 

upon some of the interesting open questions that remain following the present work.  
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Chapter 2. General methods 

2.1. Experimental subjects 

Sprague-Dawley rats were obtained as part of a larger study involving the cross-

breeding of WT (Charles River) and Neurexin1tm1sage heterozygous (Het; Horizon 

Discovery group) rats, which occurred in-house at the University of Maryland School of 

Medicine. Pregnant females were allowed to deliver naturally (day of birth designated as 

postnatal day 0 [P0]). Sex of the pups was assigned on P0 by anogenital distance and 

confirmed as the animals approached puberty by the presence or absence of external 

genitalia. A total of 18 (9/sex) WT pups from 5 litters were used, with sex and treatment 

balanced, based on expected medium effect sizes. Rats were housed on a 12-hour light-

dark schedule. Animals were delivered to the University of Maryland College Park on P75 

for completion of the adult cognitive tasks and neural recordings, at which point they were 

water restricted through training and testing, receiving 20 min of free access to water each 

day after the completion of their daily session. Food was provided ad libitum at all stages. 

All experiments were approved by IACUC and conformed to the National Research 

Council Guide of the Care and Use of Laboratory Animals (2010). Importantly, all 

experiments (excluding validation of polyinosinic-polycytidylic acid and pilot social 

motivation experiment) were performed in the same animals, allowing for the comparison 

of brain function and behavior across the lifespan. The timeline of procedures, conducted 

as described individually below, is presented in Figure 2.1.  

Figure 2.1. Timeline of animal treatment, behavioral assessments and single-unit neural 

recording. 
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2.2. Animal treatments 

Pups were treated intraperitoneally on P8 and P10 with either 5 mg/kg polyinosinic-

polycytidylic acid (poly(I:C); Sigma P1530) or saline vehicle (Fig. 2.1). Animals were 

randomly assigned to treatment group (n = 5/sex poly(I:C); n = 4/sex vehicle), balanced 

across litters.  

2.3. Validation of poly(I:C) 

In a separate cohort of animals (n = 33 from 3 dams), we verified that our dosage and 

lot of poly(I:C) was capable of inducing an immune response by treating rats on P8 with 5 

mg/kg poly(I:C) or vehicle saline as before (n = 15 vehicle; n = 18 poly(I:C)). Three hours 

following injection, pups were euthanized and whole blood collected. Blood was 

immediately processed to isolate serum by incubating at room temperature for 30 minutes 

followed by centrifugation at 3000 RPM for 10 min at 4°C. Serum was stored at -80°C 

prior to testing. Levels of the pro-inflammatory cytokines interleukin-6 (IL-6) and tumor 

necrosis factor alpha (TNF-Ŭ) were measured via ELISA by the University of Maryland 

School of Medicine Cytokine Core Laboratory. 

2.4. Surgical procedures & histology 

Surgical procedures followed guidelines for aseptic technique. Electrodes were 

manufactured and implanted at the University of Maryland College Park as in prior 

recording experiments (e.g., Bryden and Roesch, 2015; Tennyson et al., 2018; Bryden et 

al., 2019; Brockett et al., 2020; Brockett et al., 2022). Rats were chronically implanted with 

a drivable bundle of eight 25 µm diameter FeNiCr wires (Stablohm 675, California Fine 

Wire), counterbalanced across left and right hemispheres. Rats were implanted at 1.5 mm 

anterior to bregma, 1.5 mm laterally, and 6 mm ventral to the brain surface as in prior 
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experiments. Our depths were chosen so that we had roughly 1 mm of recording area above 

and below 7 mm to have roughly equal sampling in core and shell (Paxinos and Watson, 

2006). Immediately prior to implantation, wires were freshly cut with surgical scissors to 

extend ~1 mm beyond the cannula and electroplated with platinum (H2PtCl6, Aldrich) to 

an impedance of ~300 kOhms. Cephalexin (15 mg kg-1, post-operative) was administered 

once daily for seven days post-operatively. After recording, rats were perfused with 4% 

PFA and their brains removed and processed for histology. 

2.5. Behavioral testing 

Behavioral tests from birth through P52 were conducted during the ratsô dark phase of 

the light cycle under red light illumination at the University of Maryland School of 

Medicine. All behavioral tests were analyzed by an experimenter blind to treatment group.  

2.5.1. Maternal isolation-induced ultrasonic vocalizations 

On P12, pups were individually isolated from the dam, placed in a sound-attenuated 

recording chamber (15 x 15 cm) and recorded for 3 min using an UltraSoundGate 

Condenser Microphone (CM16; Avisoft Bioacoustics, Glienicke, Germany) placed at a 

fixed height (10 cm) over the pups. The microphone was connected to a desktop computer 

for recording via Avisoft Bioacoustics software; acoustic data were recorded at a sampling 

rate of 250 kHz in 16-bit format and processed with a fast Fourier transformation (512 FFT, 

75% frame size, flattop window, 93.75% time window overlap) and a high-pass at 10 kHz 

to eliminate background noise. Ultrasonic vocalizations (USVs) were manually counted 

using Raven Lite 2.0 (Cornell Lab of Ornithology, Ithaca, NY).  
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2.5.2. Social motivation 

Social motivation was assessed using a modified version of the operant social 

preference paradigm described by Borland et al. (2017b). The apparatus was constructed 

of transparent polycarbonate and comprised two equal chambers (30 x 30 cm, 24 cm high) 

separated by a one-way vertical-swinging door (8 cm wide x 9 cm tall). The door was 

perforated with circular holes to allow the transfer of air, odors and sounds. On each test 

day, an initially novel sex-, age- and treatment-matched stimulus animal was confined to 

the side of the chamber into which the swinging door opens. Test animals were paired with 

the same stimulus animal both test days. The test animal was then placed in the opposite 

chamber and given 3 min to push open the door and enter the stimulus animalôs chamber; 

when an entry was made, the 3 min timer was paused and the test animal was allowed 15 

s to interact freely with the stimulus animal before being manually returned to the starting 

chamber, at which point the 3 min timer resumed. The number of entries into the stimulus 

chamber and the latency to make the first entry were recorded for each of the two test days.  

2.5.3. Juvenile rough-and-tumble play 

Rats were placed in a polycarbonate arena (49 x 37 cm, 24 cm high) with TekFresh 

bedding and allowed to habituate for 2 min. After the habituation period, a sex-, treatment- 

and age-matched non-littermate stimulus animal was placed in the arena and the pair were 

video recorded for 10 min. Dyad pairs remained the same from the previous days of social 

motivation testing. Videos were manually scored for instances of pounces, pins and boxes 

as well as the time spent engaging in playful rough-and-tumble play behavior and in 

nonplay social behavior (grooming, crawling over/under, etc.).  
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2.5.4. Open field test 

Rats were placed in an open polycarbonate arena (78 x 78 cm, 40 cm high) for 10 

minutes and their movement tracked using EthoVision software (Noldus, Leesburg, VA). 

The floor of the arena was underlaid with a grid delineated into center and perimeter 

regions; the time spent in each region, number of entries into each region and total distance 

traveled were measured.  

2.5.5. Social recognition 

Rats were singly housed in a test cage (identical to their home cage; ad libitum access 

to food and water) for 2 hr prior to testing. At the start of each test, a novel sex-, age- and 

treatment- matched non-littermate stimulus animal was placed in the test cage for 4 min. 

The stimulus rat was then removed. After a 30 min retention period, the initialðnow 

familiarðstimulus animal was returned to the test cage along with a second novel stimulus 

animal. The animals were video recorded during the 4 min test period and videos were 

manually scored for the total time the test animal spent interacting (e.g., sniffing, grooming, 

playing, following) with each stimulus animal. A recognition index was computed for each 

test animal by subtracting the time spent with the familiar animal from the time spent with 

the novel animal and dividing by the sum.  

2.6. Cognitive tasks 

Sessions were conducted in two identical modular behavioral chambers (Med 

Associates, St. Albans, VT) at the University of Maryland College Park. On one wall of 

each chamber, a central port with a fluid well was located in between two levers. A 

directional light was located above each of the two levers and house lights were located 

above the panel. Task control was implemented via computer. Port entry times were 
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monitored by disruption of photobeams. These tasks were performed during the light phase 

of the animals.  

2.6.1. Reward-guided decision-making 

Each trial began with illumination of house lights that instructed the rat to nose poke 

into the central port, which initiated a 200 ms pre-cue delay period. At the end of this delay, 

one of two trial types commenced: forced choice (50% of trials), in which a directional 

light to the animalôs left or right illuminated and instructed the rat to press the 

corresponding lever to receive reward (10% sucrose), or free choice (50% of trials), in 

which both lights illuminated, indicating that the rat could receive reward by pressing either 

lever. On forced choice trials, left and right cues were presented in a pseudorandom 

sequence; reward was not delivered if the rat pressed the incorrect lever and the rat had to 

repeat that trial until the correct lever was pressed in order to progress.   

Rats were first trained on this trial design with the reward being equal on the left and 

right side (1.5 s delivery of liquid sucrose). After training, we then manipulated reward 

value: one sideðset to each ratôs preference if present, or randomly assigned between rats 

who displayed no side biasðwas assigned to deliver a big reward (three 700 ms deliveries, 

separated by 500 ms each) and the other a small reward (150 ms). In the first block (size 

reversal), these contingencies were reversed (big Ÿ small reward; small Ÿ big reward). In 

the second block (first delay reversal), reward value was reversed again, this time such that 

the side paired with the more desirable big reward now required rats to hold for 1-7 s before 

reward delivery (big reward Ÿ long delay) and the side paired with the small reward now 

delivered reward immediately (small reward Ÿ short delay). Reward size between the two 

delay conditions was constant (1.5 s delivery). In the third block (second delay reversal), 
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delay contingencies were reversed while reward size remained constant (short Ÿ long 

delay; long Ÿ short delay). Each daily session was 1 hr. Each of the three blocks began on 

the next daily session after the rat selected the higher-value reward (e.g., big size or short 

delay) on at least 80% of all free choice trials. Delay blocks comprised only free choice 

trials.  

2.6.2. STOP-change 

This task was conducted following recovery from electrode implantation surgery, 

described above in Chapter 2.4. Each trial began with illumination of house lights that 

instructed the rat to nose poke into the central port. Nose poking initiated a 200 ms pre-cue 

delay period. At the end of this delay, a directional light to the animalôs left or right was 

illuminated, remaining so until a behavioral response was made. On 80% of trials, termed 

GO trials, presentation of the left or right light signaled the direction in which the animal 

could respond by pressing the corresponding lever to obtain sucrose reward upon return to 

the central fluid well. On 20% of trials, the light opposite to the location of the originally 

cued direction turned on after a stop-signal delay (350 - 1000 ms) and remained illuminated 

until the behavioral response was made. Rats were required to stop the movement signaled 

by the first light and respond in the direction of the second light. These trials will be referred 

to as STOP trials, which were randomly interleaved with GO trials. Upon correct 

responding on both GO and STOP trials, rats were required to remain in the fluid well for 

200 ms (pre-fluid delay) before reward delivery (10% sucrose solution). Error trials 

(incorrect direction), or trials in which the rat prematurely exited the port during either the 

pre-cue or pre-fluid delays, were immediately followed by the extinction of house lights 
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and ITI onset of 4 s. Trials were presented in a pseudorandom sequence such that left and 

right trials were presented in equal numbers.  

All animals were trained on the basic task design prior to testing. Training occurred in 

daily sessions over the course of about two months and comprised the following stages: 

lever training, where the rats learned that pressing either of the two levers resulted in reward 

delivery (10% sucrose) in the central fluid well; hold training, where the rats learned to 

initiate trials by holding their nose poke in the central well; GO training, where only one 

of the two directional lights is illuminated and rats received reward by responding in that 

direction. For STOP-change, rats progressed to the introduction of STOP trials once they 

met criterion (maintained stable performance (>80% correct) for five consecutive days of 

GO trials). STOP trials were introduced gradually with three daily sessions where STOP 

trials comprised 5% of the total trials, two days at 10% STOP and one day at 15% STOPs 

before progressing to the 20% used for assessment (Verbruggen et al., 2019).   

2.7. Single-unit recordings 

Single-unit recordings were conducted as rats performed the STOP-change task 

described above. Due to equipment limitations, only 16 of the initial 18 rats were 

progressed to recording. The two excluded rats were both poly(I:C)-treated (one per sex), 

such that the final recording groups were even (4/treatment/sex).  

Wires were screened for activity daily; if no activity was detected, the rat was removed, 

and the electrode assembly was advanced 40 or 80 µm. Otherwise, a session was 

conducted, and the electrode was advanced at the end of the session. Neural activity was 

recorded using two identical OmniPlex systems (Plexon Inc., Dallas, TX). Signals from 

electrode wires were amplified 20x by an op-amp headstage located on the electrode array. 
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Immediately outside the training chamber, wideband signals were passed through a digital 

headstage (Digital Headstage Processor [DHP]; Plexon Inc., Dallas, TX) where they were 

digitized at 40 kHz. Signals were bandpass filtered in the control software (PlexControl) at 

250-8000 Hz to isolate spike activity. 

2.8. Statistical analysis 

2.8.1. Behavioral and neural data 

For neural recording data, units were first sorted via Offline Sorter software from 

Plexon Inc (Dallas, TX) using a template matching algorithm and analyzed in 

Neuroexplorer (Plexon Inc., Dallas, TX) and MATLAB (R2020b; MathWorks Inc., Natick, 

MA). Activit y was examined during the period between initial cue light illumination and 

lever press (response epoch), from STOP cue onset to lever press (stop epoch), the 2000 

ms period prior to cue light illumination (baseline epoch), and the 2000 ms period 

following reward delivery onset (reward epoch). All statistical procedures, including 

classification of increasing- or decreasing-type cells, were executed using raw firing rates 

(i.e., spikes per second). For increasing or decreasing, each neuron was categorized based 

on whether its raw firing rate during the reward epoch was higher or lower than its firing 

rate during the baseline epoch across all correct trials. For corresponding STOP-change 

behavioral data, each datum is a session average to illustrate behavior during acquisition 

of neural signals. When analyzing the effect of previous trial outcome on the accuracy and 

reaction time of the current trial, sessions were filtered to include only those that had at 

least one GO and one STOP after both a correct and error trial.  

All other statistical analysis was performed using R (R Core Team, 2023.06.2). 

Behavioral data were analyzed by multivariate mixed ANOVAs that included sex and 
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treatment as between-subjects factors, with additional experiment-specific within-subject 

factors when necessary (e.g., trial type [GO or STOP] in the STOP-change task). Post hoc 

analyses as indicated were conducted following significant interactions and comprised 

planned Studentôs or Welchôs t-tests (where appropriate following results of an F-test of 

equal variances), with Bonferroni corrections for multiple comparisons. Unless otherwise 

specified (i.e., STOP-change), each datum for behavioral tasks represents a single animal.   

2.8.2. Factor analysis 

The complete data set from the final 14 animals (n = 4/sex poly(I:C); n = 3/sex vehicle) 

was used for exploratory factor analysis. Neural data were averaged across cells recorded 

from each animal to generate an increasing-type and decreasing-type animal mean. An 

additional 2 of the 16 animals we recorded from (one male and one female, vehicle-treated) 

were lost during recordings and excluded from factor analysis as we were unable to collect 

sufficient data to generate means for all neural measures from these individuals. Prior to 

factor analysis, data were normalized by centering. Initially, our data set included 180 

variables from across all experiments. First, several measures were excluded either because 

they were reciprocal (for example, an animal can only exist in the wall or center zone 

during open field testing, so the time spent was only included for the center zone) or 

because the data were not complete across all test animals (percent correct on the STOP-

change task on STOP trials preceded by STOP-correct or STOP-error trials). Next, we 

removed any variables that had R2 values > 0.9 with other variables, for example in the 

case of play where the number of pounces was highly correlated with time spent playing 

(R2 = 0.96), total number of play events (R2 = 0.99) and the ratio of time playing:time 

nonplay social interaction (R2 = 0.92); thus, only number pounces was included. In some 
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cases the highly-correlated variables were replaced with their average, for example 

preference for short delay on the first ten free choice trials of the first and second delay 

reversal (R2 > 0.99). A parallel analysis on the transformed data set of 48 variables was 

next conducted, which indicated a five-factor solution following Kaiser criterion (eigen 

values of all retained factors were > 1). Factor analysis was conducted using minres 

algorithm, oblimin rotation and factor loading cutoff of 0.5. Factor scores were generated 

for each animal using the tenBerge method of estimation and were subsequently analyzed 

by two-way sex × treatment ANOVA as above.  
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Chapter 3. Social and reward-related behavior across the lifespan 

3.1. Introduction  

 Autism spectrum disorder (ASD) and schizophrenia are two of the most well-

studied disorders that are increasingly understood to have origins in development. Though 

their presentation is heterogenous, there are several core features that commonly overlap 

between individuals, both within and across these two disorders (Tamminga and Holcomb, 

2005; Jablensky, 2006; Bruining et al., 2010; De Crescenzo et al., 2019; American 

Psychiatric Association, 2022). Of interest to us is that differences in social communication 

and speech are common to both (Sasson et al., 2007; Losh et al., 2009; Couture et al., 2010; 

Solomon et al., 2011). 

 Similarly, rodent maternal immune activation (MIA) models of NDDs have 

identified a range of social behaviors that are impacted in both a sex-dependent and sex-

independent manner. One of the most commonly reported effects in the social domain is a 

reduction in sociability or social approach (i.e., the time spent investigating a novel 

conspecific compared to a novel object) in adolescent (Aavani et al., 2015; Vuillermot et 

al., 2017) and adult (Xuan and Hampson, 2014; Labouesse et al., 2015; Lins et al., 2018; 

Lins et al., 2019; Zhao et al., 2021) offspring of dams that experienced MIA. A reduction 

in adolescent play behavior has also been reported (Kirsten et al., 2010), which is often 

male-specific if both sexes are tested (Taylor et al., 2012; Gzielo et al., 2021). Earlier in 

life, maternal isolation-induced USVs are reduced in offspring following gestational 

inflammation (Malkova et al., 2012; Carlezon et al., 2019). Though less common, studies 

in which the immune challenge occurs early in neonatal life rather than prenatally have 

also identified differences in social behavior (e.g., reduced adult social interaction, Ibi et 
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al., 2009, Carlezon et al., 2019; less social contact received from sex-matched peers, 

MacRae et al., 2015b; reduced social play in both sexes, Doenni et al., 2016; increased 

maternal isolation-induced USVs, Carlezon et al., 2019).  

 Another domain in which clinical and preclinical NDDs studies often align is 

reward processing and goal-directed behavior. For example, cognitive flexibilityðthe 

ability to adapt behavior in a context-dependent manner, shifting strategies when one that 

was previously advantageous is no longer soðis often studied in the context of attention 

deficit hyperactivity disorder (ADHD, Nejati et al., 2020; Roshani et al., 2020) as well as 

schizophrenia (Braff et al., 1991; Thoma et al., 2007) and ASD (Van Eylen et al., 2011; 

Memari et al., 2013), though cognitive flexibility is not a core deficit of the latter and results 

from these studies are somewhat mixed (Leung and Zakzanis, 2014). In rodent studies, 

cognitive flexibility is typically assessed with a surprisingly wide variety of reversal 

learning paradigms. In general, these tasks ask mice and rats to discriminate between two 

stimuliðvisual, spatial, acoustic or some combination of theseðone of which is paired 

with a more certain or higher value reward, while the other is either unrewarded or 

associated with a less probable or otherwise less desirable reward. Once the animals have 

learned these contingencies, demonstrating appropriate discrimination between them, the 

outcomes associated with the two stimuli are reversed, allowing for the assessment of the 

animalsô perseverative errors where they continue to choose the previously more desirable 

stimulus despite its current outcome. Studies on the effects of MIA have employed these 

paradigms to demonstrate that prenatal inflammation, particularly late in gestation, impairs 

cognitive flexibility (Meyer et al., 2006b; Bitanihirwe et al., 2010b; Han et al., 2011; 
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Amodeo et al., 2019)ðsometimes in a sex-dependent manner (Zhang et al., 2012)ðin 

agreement with the clinical literature.  

 Though these results are together compelling, it can be difficult to compare them 

due to the different species, timing, dose and immunogen used to induce MIA (Meyer et 

al., 2006b; Haddad et al., 2020). Moreover, some studies fail to include both sexes and 

choose either the adolescent or the adult age to test for behavioral differences in offspring 

that experienced gestational inflammation. Thus, in an effort to characterize the impacts of 

early life inflammation on these implicated behavioral measures, we treated rats with the 

viral mimic polyinosinic-polycytidylic acid (poly(I:C); 5 mg/kg intraperitoneal) on 

postnatal day 8 (P8) & P10 (Fig. 2.1), a timepoint which is roughly equivalent to the third 

trimester of pregnancy in humans (Semple et al., 2013; Workman et al., 2013a). In both 

males and females, we conducted a battery of behavioral assessments that reflect some of 

the more common symptoms of NDDs in humans and their correlates identified in 

preclinical rodent models.   

3.2. Poly(I:C) induces expression of inflammatory cytokines on postnatal day 8 

Rodent studies using gestational poly(I:C) to induce inflammation have reported a 

variety of often inconsistent findings, even when treating at a similar timepoint with similar 

dosage (Haddad et al., 2020). To improve reproducibility (Kentner et al., 2019) and ensure 

the lot and dose of poly(I:C) used in the present study was capable of inducing an immune 

response, we measured serum levels of iterleukin-6 (IL-6) and tumor necrosis factor alpha 

(TNF-Ŭ) three hours following injection on P8 in a separate cohort of animals (n = 33). 

This timepoint is within the window during which IL-6 and TNF-Ŭ levels peak following 

peripheral poly(I:C) treatment in adult rats (Fortier et al., 2004; Cunningham et al., 2007). 
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Indeed, expression of both these proinflammatory cytokines was increased in pups that 

received poly(I:C) compared to those that received vehicle saline alone. Thirteen of 15 

serum samples from vehicle-treated animals were below the detection limit of IL-6, 

compared to only 1 of 18 from poly(I:C)-treated animals (Fig. 3.1A). If we conservatively 

set the concentration at the detection limit (45 pg/mL) for these 14 samples, the mean 

concentration of IL-6 was 80.76 pg/mL compared to 1105.80 pg/mL in serum from vehicle- 

and poly(I:C)-treated animals, respectively. In line with this, there was a significant main 

effect of treatment (ANOVA F(1,29) = 20.41, p < 0.001). Similarly, mean concentration 

of TNF-Ŭ was 16.38 pg/mL compared to 198.72 pg/mL in vehicle- and poly(I:C)-treated 

animals, respectively, an effect which was again statistically significant (ANOVA F(1,29) 

= 54.02, p < 0.001; Fig. 3.1B). Both of these treatment effects were independent of sex 

(main effects of sex: IL-6 F(1,29) = 0.23, p = 0.64, TNF-Ŭ F(1,29) = 0.06, p = 0.81; sex Ĭ 

treatment interactions: IL-6 F(1,29) = 0.49, p = 0.49, TNF-Ŭ F(1,29) = 0.081, p = 0.78). 

Figure 3.1. Poly(I:C) induces peripheral inflammation. (A and B) Poly(I:C) increased serum 

levels of two cytokines, interleukin-6 (IL-6; A) and tumor necrosis factor Ŭ (TNF- Ŭ; B), three 

hours following intraperitoneal injection, compared to injection of vehicle saline alone. Error 

bars represent ± SEM. Asterisks represent planned comparisons revealing statistically 

significant differences (two-way ANOVA p < 0.05). 

 



43 
 

Thus, poly(I:C) significantly elevated levels of two proinflammatory cytokines within 

three hours of intraperitoneal treatment on P8.  

3.3. Early life social and locomotive behaviors were largely unaffected by early life 

inflammation 

3.3.1. Maternal isolation-induced ultrasonic vocalizations 

On P12ðtwo days after the pupsô second injection of poly(I:C)ðwe assessed the 

number of ultrasonic vocalizations (USVs) emitted by each pup during a three minute 

period of isolation from the dam. These maternal isolation-induced USVs are one of the 

earliest measurable social responses displayed by neonatal rodents and are sensitive to 

developmental alterations including models of NDDs (Branchi et al., 2001). The number 

of USV calls was not affected by sex or treatment (ANOVA main effect of sex F(1,14) = 

0.047, p = 0.83; main effect of treatment F(1,14) = 0.039, p = 0.85; sex × treatment 

interaction F(1,14) = 0.55, p = 0.47; Fig. 3.2).  

Figure 3.2. Maternal isolation-induced USVs are not affected by sex or neonatal poly(I:C) 

treatment in 12-day-old pups. Error bars represent ± SEM.  
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3.3.2. Juvenile play & the motivation to play 

We next tested the animalsô willingness to exert effort for social motivation on P25 and 

P26 using a paradigm modified from Borland et al. (2017b) in which test animals were 

individually placed in a two-chamber apparatus separated from a sex-, age- and treatment-

matched novel stimulus animal by a one-way swinging door (Fig. 3.3A). While the animals 

could see, hear and smell one another through this perforated door (Fig 3.3B, left), the test 

animal was required to push through it in order to physically interact with the stimulus 

animal (Fig 3.3B, right). On the first day of testing, we found no significant differences in 

the number of entries into the stimulus animal chamber (main effect sex F(1,14) = 0.615, 

p = 0.446; main effect of treatment F(1,14) = 4.014, p = 0.065; sex × treatment interaction 

Figure 3.3. Poly(I:C)-treated juveniles made their first entry into the partner chamber more 

quickly in a test of social motivation. (A) On postnatal day 25 (P25) and P26, an assessment of 

social motivation was conducted using a two-chamber apparatus. The chambers are separated 

by a one-way swinging door that is transparent and perforated, depicted in the inset. (B) The 

test animal is placed in one chamber, separated from a sex-, age- and treatment-matched non-

littermate partner by the swinging door, which allows the animals to see, hear, smell and touch 

one another (left). The test animal may push through the door to physically interact with the 

partner for 15 s (right), before being returned to the starting chamber. (C-D) Total number of 

entries and the latency to first entry for the first test on P25 (C) and the second test on P26 (D). 

Error bars represent ± SEM. Asterisks represent planned comparisons revealing statistically 

significant differences (two-way ANOVA, p < 0.05). 
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F(1,14) = 0.008, p = 0.932; Fig. 3.3C, left). However, poly(I:C)-treated animals, regardless 

of sex, made their first entry more quickly than their vehicle-treated counterparts (F(1,14) 

= 6.778, p = 0.022; Fig 3.3C, right). There were no significant differences in either the 

number of entries (main effect sex F(1,14) = 0.008, p = 0.928; main effect of treatment 

F(1,14) = 1.194, p = 0.293; sex × treatment interaction F(1,14) = 0.456, p = 0.766) or the 

latency to first entry (main effect sex F(1,14) = 0.456, p = 0.510; main effect of treatment 

F(1,14) = 0.976, p = 0.340; sex × treatment interaction F(1,14) = 1.133, p = 0.305) on the 

second day of testing (Fig. 3.3D).  

On P27, the test animals were placed in a play arena with the same partner from the 

motivation task for 10 minutes and their behavior recorded. There was a significant main 

effect of sex on the total number of play events (F(1,14) = 4.947, p = 0.043; combined 

pounces, pins & boxes, Fig. 3.4A), wherein males played more than females as has been 

previously observed. This effect was driven by pounces (F(1,14) = 6.9, p = 0.02, Fig. 3.4B), 

as there were no significant differences in either pins (Fig. 3.4C) or boxes (Fig. 3.4D), 

indicating the sex difference was due to a difference in play initiation by the test animal 

rather than reciprocity of the stimulus animal. The greater number of play events in males 

translated to greater overall time spent playing, in which there was also a significant main 

effect of sex (F(1,14) = 6.085, p = 0.027; Fig. 3.4E). Notably, however, this effect was 

driven specifically by vehicle-treated animals, as a significant sex × treatment interaction 

(F(1,14) = 4.704, p = 0.048) followed by post hoc analysis revealed that only vehicle-

treated males and females differed from each other (p = 0.034). Early life poly(I:C) thus 

attenuated the sex difference in time spent playing without impacting the expression of the 

discrete play components. While it doesnôt reach significance, this effect appears driven by 
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a trend toward less play in poly(I:C)-treated compared to vehicle-treated males, which 

would recapitulate the male-specific play reductions reported in similar models (total play 

events t(1,4) = 2.32, p = 0.08; pounces t(1,4) = 2.16, p = 0.11; time playing t(1,4) = 2.51, 

p = 0.058). Due to the variability of play expression and the fact that we only tested the 

animals in a single 10 min play experience, itôs possible this effect would become 

significant with a larger sample size and/or additional play sessions. There were no 

differences in the time spent engaging in nonplay social behavior such as grooming (Fig. 

3.4F), nor in the total time spent interacting with the stimulus animal (Fig. 3.4G; time 

playing + time social nonplay), indicating that the impacts of sex and neonatal 

inflammation were specific to play.  

Figure 3.4. Juvenile males played more than females. (A-D) The number of play events on P27, 

shown in total (A) and for each component of play (pounces, B; pins, C; boxes, D). (E-G) Total 

duration of play (E), nonplay social interaction such as grooming (F) and play and nonplay 

combined (G) on P27. Error bars represent ± SEM. Asterisks represent planned comparisons 

revealing statistically significant differences (two-way ANOVA p < 0.05). 
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3.3.3. Open field test 

Females were overall more locomotive than males on P28, traveling a larger distance 

in the open field (F(1,14) = 6.16, p = 0.026; Fig. 3.5A). We detected a significant sex × 

treatment interaction on the time spent in the center zone (F(1,14) = 7.379, p = 0.017; Fig. 

3.5B), but post hoc t-tests detected no significant differences (vehicle:poly(I:C); females, 

adj. p = 0.48; males, adj. p = 0.18). There were no significant differences in the number of 

entries into the center zone (Fig. 3.5C).  

3.3.4. Social recognition in adolescence & adulthood 

Animals were tested in a social recognition paradigm once just prior to puberty at P30 

and a second time post-puberty at P52. Each test day, animals were isolated for 2 hrs, after 

which a novel sex-, age- and treatment-matched conspecific was placed in the test cage. 

The animals were allowed to freely interact for four minutes, after which the stimulus 

animal was removed. The test animal remained isolated in the test cage for a retention 

period of 30 min, after which the initial (now familiar) stimulus was returned to the test 

cage along with a second novel sex-, age- and treatment-matched conspecific. The animals 

were recorded for four minutes of free interaction.  

Figure 3.5. Juvenile females are overall more locomotive, while early life inflammation 

resulted in an anxiety-like phenotype in males. (A) Total distance traveled in the open field test 

on P30. (B-C) Duration spent within (B) and entries into (C) the center zone of the open field. 

Error bars represent ± SEM. Asterisks represent planned comparisons revealing statistically 

significant differences (two-way ANOVA p < 0.05). 
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To quantify social memory, the time spent with the familiar stimulus animal was 

subtracted by the time spent with the novel stimulus animal and divided by the sum to 

compute a recognition index. Thus, a higher recognition index indicates that the test animal 

spent more time interacting with the novel animal relative to the familiar animal. On P32, 

there were no significant differences in this index (ANOVA main effect of sex F(1,14) = 

0.08, p = 0.78; main effect of treatment F(1,14) = 1.48, p = 0.24; sex × treatment interaction 

F(1,14) = 1.02, p = 0.33; Fig. 3.6A). Moreover, mean recognition indices did not significant 

differ from zero for any group (female vehicle: t(1,3) = 0.78, p = 0.49; female poly(I:C): 

t(1,4) = -1.30, p = 0.26; male vehicle: t(1,3) = 0.55, p = 0.62; male poly(I:C): t(1,4) = 0.07, 

p = 0.95). These data suggest that the test animals exhibited no bias toward either the novel 

or familiar stimulus animals, an effect which was independent of sex and treatment. The 

raw time spent with each stimulus animal is presented in Figure 3.6B. There were similarly 

no differences in the duration of overall social interaction (sum of time spent with both 

stimulus animals; ANOVA main effect of sex F(1,14) = 0.069, p = 0.80; main effect of 

treatment F(1,14) = 1.62, p = 0.22; sex × treatment interaction F(1,14) = 0.16, p = 0.69; 

Fig. 3.6C).  

Because social memory, as measured by the time spent with a novel and familiar 

animal, was seemingly absent in the animals during the peripubertal age, we repeated the 

same experiment post-puberty at P52. As at P30, the mean recognition indices were not 

Figure 3.6. Neither sex nor neonatal poly(I:C) affected preference for a novel versus familiar 

stimulus animal at the juvenile age. (A) Recognition indices, computed using the formula (time 

investigating novel animal ï time investigating familiar animal) / total duration social 

interaction. (B) Duration interacting (e.g., sniffing, grooming, crawling over/under) with the 

novel and familiar stimulus animals. Gray lines connect a single test animalôs interaction times. 

(C) Total duration social interaction (time investigating novel + time investigating familiar). 

Error bars represent ± SEM.  
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significantly different when compared to zero (female vehicle: t(1,3) = 1.97, p = 0.14; 

female poly(I:C): t(1,4) = 0.34, p = 0.75; male vehicle: t(1,3) = -0.81, p = 0.48; male 

poly(I:C): t(1,4) = 0.44, p = 0.68), nor when compared across groups (ANOVA main effect 

of sex F(1,14) = 1.48, p = 0.24; main effect of treatment F(1,14) = 0.00, p = 0.98; sex × 

treatment interaction F(1,14) = 1.52, p = 0.24; Fig. 3.7A). Similarly, there were no effects 

of sex or treatment on the overall duration of social interaction (ANOVA main effect of 

sex F(1,14) = 0.94, p = 0.35; main effect of treatment F(1,14) = 2.72, p = 0.12; sex × 

treatment interaction F(1,14) = 0.11, p = 0.74; Fig. 3.7B,C).  

Figure 3.7. As in juveniles, preference for a novel versus familiar stimulus animal post-puberty 

was not affected by sex or early life inflammation. (A) Recognition indices. (B) Duration 

interacting with the novel and familiar stimulus animals. Gray lines connect a single test 

animalôs interaction times. (C) Total duration social interaction. Error bars represent Ñ SEM.  
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3.4. Adult r eward-guided decision-making 

We next tested the adult animals in two reward-guided decision-making tasks in which 

we varied either the size of the liquid reward or the delay to receive the reward. Briefly, 

each of two levers was paired with either a high-value (big size or short delay) or low-value 

(small size or long delay) reward. Rats initiated a trial by nose poking into the central fluid 

well following houselight illumination. In 50% of trials (forced choice), a cue light 

illuminated on either the left or right side and the animals must respond by pressing the 

lever indicated by the cue light in order to proceed; in the remaining 50% of trials (free 

choice), both cue lights illuminated, allowing the rats to receive reward by pressing either 

lever (Fig. 3.8A). After the animals selected the high-valued reward (big size or short 

delay) on 80% of free choice trials in a session, the contingencies were reversed such that 

the side that previously resulted in a high-value reward now delivered the lower value 

reward (small size or long delay). Notably, there were no significant effects of sex or 

treatment on responding on the big reward side in the last ten trials in the session prior to 

reversed contingencies (main effect of sex F(1,14) = 0.611, p = 0.447; main effect of 

treatment F(1,14) = 1.306, p = 0.272; interaction sex × treatment F(1,14) = 0.033, p = 

0.859), indicating that neither sex nor early life inflammation impacted preference for the 

high value reward at baseline.  

Figure 3.8. Adult reward-guided decision-making is largely unaffected by either sex or early 

life inflammation. (A) In this task, rats either must respond in the direction of a cue light to the 

left or right of the central well (forced choice, 50% of trials) or they may respond in either 

direction when both cue lights are illuminated (free choice, 50% of trials). Each side is paired 

with either a big or small reward; these contingencies are interchanged once rats select the side 

predicting the higher value (e.g., big size) reward on at least 80% of free choice trials. (B-C) 

Percentage of trials in which rats selected the side predicting the large reward in the first ten (B) 

and last ten (C) free choice trials following reversal of contingencies. (D-E) Reaction time (ie, 

time from cue light onset to lever press) and percentage correct on forced choice trials when the 

reward size was large (D) or small (E). Error bars represent ± SEM.  
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In the size reversal block, there were no significant effects of sex or treatment on choice 

for big reward in either the first 10 (main effect of sex F(1,14) = 0.592, p = 0.592; main 

effect of treatment F(1,14) = 1.550, p = 0.234; interaction sex × treatment F(1,14) = 1.283, 

p = 0.276; Fig. 3.8B) or the last 10 (main effect of sex F(1,14) = 2.442, p = 0.140; main 

effect of treatment F(1,14) = 0.271, p = 0.611; interaction sex × treatment F(1,14) = 0.754, 

p = 0.400; Fig. 3.8C) free choice trials in the session following reversed contingencies. 

Overall, there were also no significant effects of sex or treatment on response time nor 

accuracy on forced choice trials either when the reward was big (choice: sex F(1,14) = 

3.480, p = 0.083; treatment F(1,14) = 0.003, p = 0.957; interaction F(1,14) = 0.006, p = 

0.939; reaction time: sex F(1,14) = 1.359, p = 0.263; treatment F(1,14) = 0.721, p = 0.410; 

interaction F(1,14) = 3.933, p = 0.067; Fig. 3.8D) or small (reaction time: sex F(1,14) = 

2.707, p = 0.122; treatment F(1,14) = 0.079, p = 0.783; interaction F(1,14) = 0.656, p = 

0.432; Fig. 3.8E). 
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After the animals again achieved a session average of 80% choice for big reward, we 

reversed the contingencies such that the side that was previously paired with big reward 

(high value) now required rats to endure an undesirable 1 s delay before receiving reward 

(low value) relative to the other side, which was paired with an equal-sized but immediately 

delivered reward. Importantly, in the last 10 trials in the session prior to reversal, all 

animals displayed a similar preference for the side paired with big reward, regardless of 

sex or treatment (main effect of sex F(1,14) = 0.611, p = 0.447; main effect of treatment 

F(1,14) = 1.306, p = 0.272; sex × treatment interaction F(1,14) = 0.033, p = 0.859). In the 

first 10 free choice trials following this reversal, however, we found that females had a 

greater preference for the higher-valued short delay side compared to males (F(1,14) = 

4.4974, p = 0.043; Fig. 3.9A), which equalized by the last 10 free choice trials of the session 

(main effect of sex F(1,14) = 0.760, p = 0.398; Fig. 3.9B). However, when we reversed 

Figure 3.9. Females updated their responding more quickly when both the value and type of 

contingency were reversed. (A-B) Once the rats again reached >80% preference for the large 

reward, contingencies were switched again such that the side that used to predict a large reward 

now required the rats to wait 1 s to receive reward; the side that previously predicted the small 

reward now delivered the same size reward, but immediately after the lever press. Percentage 

of trials in which rats selected the side predicting the short delay in the first ten (A and C) and 

the last ten (B and D) free choice trials are shown for the initial reversal from small and large 

rewards (A and B) and a second subsequent reversal (C and D). Error bars represent ± SEM. 

Asterisks represent planned comparisons revealing statistically significant differences (two-way 

ANOVA p < 0.05). 
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these contingencies once more (short delay Ÿ long delay), there were no significant 

differences in selection of the short delay on either the first 10 (main effect of sex F(1,14) 

= 1.184, p = 0.295; main effect of treatment F(1,14) = 0.144, p = 0.710; sex × treatment 

interaction F(1,14) = 3.318, p = 0.09) or last 10 (main effect of sex F(1,14) = 0.156, p = 

0.699; main effect of treatment F(1,14) = 1.4, p = 0.256; sex × treatment interaction F(1,14) 

= 0.156, p = 0.699) free choice trials (Fig. 3.9C,D).  

3.5. Discussion 

We found little evidence of any enduring behavioral impact of neonatal inflammation 

across several commonly studied behavioral assessments. Specifically, poly(I:C)-treated 

male and female rats, compared to their vehicle-treated littermates, emitted a similar 

number of maternal isolation-induced USVs two days following their second injection and 

engaged in a similar level and composition of juvenile play behavior. Their overall 

locomotive behavior and time spent in the center zone of the open field were also similar 

and their willingness to interact with novel and familiar conspecifics was unaffected, both 

pre- and post-puberty. As adults, poly(I:C)-treated animals were no different in their ability 

to respond to reward-predictive cues and adjust their behavioral response when reward 

value was manipulated. Despite the lack of behavioral effects, the dose of poly(I:C) used 

here induced over 10-fold increases in serum levels of two proinflammatory cytokines, 

well within the ranges reported by MIA studies (Fortier et al., 2004; Cunningham et al., 

2007; Meyer et al., 2009). 

While social impairments are a well-studied and typically more robust aspect of rodent 

NDD models, they are still inconsistently reported. Several studies have reported no effect 

of poly(I:C)-induced MIA on the social behavior of the offspring (Gray et al., 2019; 
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Chamera et al., 2020; Goh et al., 2020; Vigli et al., 2020), standing in contrast to the many 

other reports of deficits discussed above. Itôs worth noting that some of these differences 

may be due to the specific paradigm and conditions used. For example, in most cases the 

animals are housed in sex- and age-matched pairs or groups outside of testing (Xuan and 

Hampson, 2014; Labouesse et al., 2015; MacRae et al., 2015c; Vuillermot et al., 2017; Lins 

et al., 2018; Carlezon et al., 2019; Lins et al., 2019; Chamera et al., 2020; Vigli et al., 2020; 

Zhao et al., 2021), but several studies employed a brief period of social isolation prior to 

assessment of social behavior (2 days, Ibi et al., 2009; 1 hr, Taylor et al., 2012; overnight, 

Doenni et al., 2016). One study that did not detect any differences in USVs in following 

gestational inflammation instead found that, paradoxically, MIA prevented the deleterious 

impact of social isolation housing relative to group-housed animals (Goh et al., 2020). On 

the other hand, a second study compared adolescent play behavior following MIA  in 

animals that were group-housed to those that were isolation-housed and found that MIA 

reduced play only in the singly housed animals (Kirsten et al., 2010). Some studies do not 

disclose housing status (Aavani et al., 2015; Gray et al., 2019).  

Additionally, while most studies do use sex- and age-matched stimulus animals, most 

are not treatment-matched (Ibi et al., 2009; Xuan and Hampson, 2014; Aavani et al., 2015; 

Labouesse et al., 2015; MacRae et al., 2015c; Vuillermot et al., 2017; Carlezon et al., 2019; 

Gray et al., 2019; Vigli et al., 2020; Zhao et al., 2021), though some are (Kirsten et al., 

2010; Lins et al., 2018; Lins et al., 2019; Chamera et al., 2020) as in the present study. Two 

studies directly compared the play behavior of treatment-matched and non-matched pairs; 

one reported prenatal LPS exposure resulted in male-specific reductions in total play and 

boxing only in the matched pairs, and a male-specific reduction in pounces only in the 
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mixed pairs (Taylor et al., 2012). However, there was also a confound of familiarity in 

which the treatment-matched pairs were cagemates while the stimulus animal in the mixed 

pairs was a novel, untreated animal. While a sex difference in total play was present in the 

vehicle-treated dyads, it was blunted in the mixed/unfamiliar pairings. The second study 

found no effect of treatment matching on adolescent social interaction in that P14 LPS 

treatment similarly reduced the duration of total (play and nonplay) interaction in both 

treatment-matched and -unmatched dyads (Doenni et al., 2016). In this case, however, play 

was only reduced in treatment-matched pairs, but this was likely due to the near absence 

of play in non-matched pairs regardless of treatment, making it difficult to compare 

between groups. Notably, there was also the lack of a sex difference in play or social 

interaction duration in this study. Previous work from our lab has highlighted the 

importance of sex and partner familiarity in the expression of juvenile play behavior in 

naïve rats (Argue and McCarthy, 2015). In the context of NDDs, clinical evidence suggests 

that children with ASD are more likely to be socially excluded than their neurotypical peers 

(Kasari et al., 2011; Dean et al., 2014) and preclinical evidence has suggested that the 

reduction in adolescent social interaction following neonatal inflammation is not due to 

any alteration in contact initiated by the test animal but rather is specifically driven by a 

reduction in the contact received from the vehicle-treated stimulus animal (MacRae et al., 

2015c). Taken together, these mixed findings suggest that housing status (i.e., presence & 

number of cagemates and any environmental enrichment) and partner familiarity and 

treatment history can all impact the expression of social behavior in rodents, which together 

may mask or amplify more subtle effects of sex and treatment. It is also worth noting that 

rats are increasingly used for the assessment of social behavior, especially in the context 
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of NDD models, due to their comparatively more complex repertoire of social behavior 

relative to mice (Moy et al., 2007; Moy and Nadler, 2008; Ellenbroek and Youn, 2016). 

While many of the studies discussed here employed rats (Kirsten et al., 2010; Taylor et al., 

2012; MacRae et al., 2015c; Doenni et al., 2016; Lins et al., 2018; Gray et al., 2019; Lins 

et al., 2019; Chamera et al., 2020; Goh et al., 2020; Gzielo et al., 2021; Gzielo et al., 2023), 

a sizeable proportion were conducted in mice (Ibi et al., 2009; Malkova et al., 2012; Xuan 

and Hampson, 2014; Aavani et al., 2015; Labouesse et al., 2015; Vuillermot et al., 2017; 

Carlezon et al., 2019; Vigli et al., 2020; Zhao et al., 2021). 

The sole significant effect of neonatal poly(I:C) we identified in these early life 

behaviors was a shorter latency to push through a one-way swinging door to access a play 

partner on P25. There are two possible interpretations; first, this could indicate that they 

were simply quicker to learn how to push through the door. Congruent with this is that 

these animals made a similar number of entries into the chamber overall compared to 

vehicle-treated animals and the groups did not differ in their latency to enter on the second 

day of testing when they were familiar with the apparatus. This would be somewhat 

unexpected in that learning & memory impairments are commonly reported in both human 

studies and rodent MIA /neonatal inflammation models of NDDs (Bilbo et al., 2005a; Golan 

et al., 2005; Bilbo et al., 2006; Lante et al., 2007; Howland et al., 2012; Connors et al., 

2014; Schaafsma et al., 2017), though others report no effect in a variety of paradigms 

(Zuckerman and Weiner, 2003; Gogos et al., 2020; Nakamura et al., 2022). These 

conflicting results, however, are at least partially attributable to the specific modality of 

learning/memory tested, for example visuospatial memory versus discrimination learning. 

Regardless, no effect of poly(I:C) was present when the animals were tested in the reward-
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guided decision-making task in adulthoodðeither in their ability to discriminate between 

two reward-predictive stimuli or their ability to update their behavioral responding during 

the reversal learning phaseðproviding no additional evidence for an enhancement to 

learning. Itôs possible, however, that any differences were transient, present at the juvenile 

age but not in adulthood. In line with this, maternal immune activation studies have 

identified differences in other modalities that were present only in juvenile or adolescent 

animals, for example an adolescent-specific reduction in social interaction-related USVs 

that was not present in adults (Kirsten et al., 2010; Gzielo et al., 2021; Vojtechova et al., 

2021; Gzielo et al., 2023) and a reduction in sociability in adolescents but not adults 

(Aavani et al., 2015). Moreover, there could be differences in salience between tasks that 

could reveal subtle learning effects: social or environmental novelty likely exert slightly 

different effects on the motivation to learn compared to a food reward like sucrose, and 

these may also be differentially influenced by the homeostatic state of the animal (e.g., 

isolation status and duration, juvenile versus adult age, water deprivation, etc.).  

Complementary to this, a second interpretation of reduced latency to first entry is that 

neonatal inflammation increased motivation to physically engage with a conspecific at the 

juvenile age. There is some support for enhanced motivation following gestational 

inflammation: in a progressive ratio task, animals prenatally exposed to poly(I:C) were 

more willing to work for reward as the required effort to obtain reward increased (Millar 

et al., 2017). This aligns more closely with the intended purpose of our social motivation 

task, modeled after the Operant Social Preference (OSP) test designed to assess social 

motivation in Syrian hamsters (Borland et al., 2017a). This task was relevant to the present 

study in the context of the social motivation theory of ASD, which posits that the observed 
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social differences in children with and animal models of NDDsðoften described as 

ñimpairmentsòðinstead represent a reduction in the motivation to interact with others 

(Chevallier et al., 2012a). Put simply, it may be that children with ASD are perfectly 

capable of engaging with their peers in the same way as their neurotypical peers do, but 

they are just less interested in doing so. The authors further proposed that peer play in 

childhood allows for the development of social skills that are used throughout life, fine 

tuning the underlying neural circuitry during a sensitive period of development where brain 

organization & functionðand childrenôs behaviorðare more malleable.  

Indeed, numerous clinical studies have identified behavioral differences in ASD and 

schizophrenia that indicate altered social reward processing (reviewed in Chevallier et al., 

2012b). This work, which expands upon the reported differences in social behavior more 

generally, includes attention to and processing of facial expressions (Pelphrey et al., 2002), 

social orienting and seeking (Klin et al., 2002; Hedger et al., 2020), preference for 

ñmothereseò speech samples over non-speech analog signals (Kuhl et al., 2005) and the 

experience of social pleasure (Novacek et al., 2016). This relationship has been 

strengthened by more recent studies that reported a negative association between social 

motivation and autistic traits (Dubey et al., 2015; Bagg et al., 2023). While social 

motivation has been comparatively understudied in rodent models, these findings are 

reminiscent of the rodent studies discussed above in Chapter 3.1 demonstrating reduced 

preference for a novel social stimulus over a novel object in animals that experienced 

gestational inflammation, though it can be difficult to distinguish social motivation in such 

tasks, in part due to the contributions of housing status, treatment matching and stimulus 

familiarity as discussed earlier. We were compelled by the idea that the motivation to play 
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and the expression of play itself may be dissociable, differently impacted by early life 

inflammation. Such a concept is equally intriguing in the context of sex: males play more 

than females in most mammalian species, yet the authors of the original OSP task found 

that adult females made more entries into the partner chamber compared to males, 

interpreting this as evidence that social motivation is greater in females (Borland et al., 

2019). The authors propose an ñinverted-Uò hypothesis of social interaction as a 

framework that can help explain why drugs such as oxytocin often exert opposing effects 

on the social behavior of females compared to males (Fig. 3.10). This hypothesis posits 

Figure 3.10. The inverted-U hypothesis of social reward provides a mechanism through with 

experimental manipulations may exert opposing effects in females compared to males. As the 

intensity and/or duration of social interaction increases, the reward value (as measured by 

behavioral output such as the door pushing social motivation task) initially increases, then peaks 

and begins to decline. At baseline, females are more sensitive to the rewarding properties of 

social interactionðthus, a lower duration/intensity is associated with higher motivation 

compared to males (left-most vertical dashed line). If the ñdoseò of social interaction is externally 

manipulated, for example by treating the animal with oxytocin, this manifests differently in the 

social motivation of females and males as an increase and decrease in the measured motivation, 

respectively (right-most vertical dashed line). We initially hypothesized that neonatal 

inflammation would act similarly to oxytocin, causing a rightward shift in the perceived ñdoseò 

of social interaction. Modified from Borland et al. (2019). 
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that the motivation for social interaction initially increases as the duration and/or intensity 

of social interaction increases; after a point, motivation peaks and begins to decline as the 

duration/intensity continues to increase. The authors suggest that social interaction is more 

rewarding to females, shifting their baseline inverted-U further to the right such that a lower 

duration/intensity of interaction is maximally rewarding relative to males. Modulating the 

reward value of social interaction (e.g., by treatment with oxytocin) can then shift 

motivation in a sex-dependent manner; in females, increasing the reward value of social 

interaction further beyond the peak would be expressed as a lower motivation. In contrast, 

a similar increase in reward value in males would shift their motivation up towards the 

peak, expressed as an increase in social motivation. Taken together, these ideas led us to 

hypothesize that neonatal inflammation increases social reward, manifesting as opposing 

effects on social motivation in females and males due to differences in their baseline 

inverted-U curves.  

While we identified no such differences induced by poly(I:C) in the current study, it is 

notable that juvenile males and females also did not differ in their performance of the social 

motivation taskðdespite the fact that males played more the next day. We have previously 

conducted this task daily from P25-P29 in a separate cohort of naïve females and males 

and similarly detected no sex difference, despite this period encompassing the window of 

high playfulness in juvenile rats when males play more than females (Pellis and Pellis, 

1997; Argue and McCarthy, 2015; Fig. 3.11A). In a pilot experiment, we further found that 

the juvenile nucleus accumbens (NAc) was more activated by play in females compared to 

males. Interestingly, play-active cells co-expressed mRNA for the two common dopamine 

receptors (dopamine receptors 1 (Drd1) and 2 (Drd2)) and the proportion of play-active 
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dopamine receptor-expressing cells was greater in females compared to males (Fig. 

3.11B,C). In summary, these findings expand upon the evidence that social reward and the 

expression of social behaviors may be separate processes that can be differentially 

modulated by factors such a sex or early life inflammation. 

 

There was similarly no effect of early life poly(I:C) on the reward-guided decision-

making tasks in which the reward contingencies (i.e., reward size or delay to receive 

reward) were manipulated. Effects of MIA on reversal learning of the offspring have been 

inconsistently reported, with some groups finding no effect (Ballendine et al., 2015; Gogos 

et al., 2020) while others reported the predicted deficits in offspring of dams experiencing 

MIA  (Han et al., 2011; Savanthrapadian et al., 2013) and still others demonstrated 

Figure 3.11. Despite playing less, females are similarly motivated for physical social interaction 

as juveniles compared to males and have greater play-related neuronal activation in NAc. (A) 

The social motivation task presented in Fig. 3.3 was performed in a separate cohort of untreated 

singly housed juvenile Sprague-Dawley rats, once daily from P25-P29. There was no effect of 

sex on the number of entries into the partner chamber (repeated-measures ANOVA F(1,16) = 

0.067, p = 0.80). (B-C) RNAscope was performed on tissue collected 30 min after the start of a 

play session on P27 to determine the proportion of NAc dopamine receptor-expressing cells 

that co-expressed the immediate early gene Egr1. (B) Representative field-of-view image from 

NAc core following RNAscope labeling of cells expressing transcripts for two dopamine 

receptors (dopamine receptor 1 (Drd1), magenta; dopamine receptor 2 (Drd2), green) and Egr1 

(red). White arrowheads indicate example play-active (i.e., Egr1+) cells expressing each of the 

two dopamine receptors. (C) The total number of Drd1+ and Drd2+ cells was quantified, along 

with the number that were play-active (i.e., Drd1+/Egr1+; Drd2+/Egr1+) in the NAc of males 

and females. Females had a greater number of Egr1+ cells (t(1,6) = 2.95, p = 0.024). Moreover, 

54.7% of Drd1+ and 61.2% of Drd2+ cells co-expressed Egr1 in females compared to only 

39.9% and 37.2% in males. Error bars represent ± SEM.  
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enhancements (Zuckerman and Weiner, 2003; Zhang et al., 2012). We explore the impact 

of neonatal inflammation on cognitive performance further in the next chapter where we 

employ a rodent version of the well-studied STOP-change task, but it is again worth noting 

that there was a subtle sex difference in the reward-guided decision-making task. While 

males and females responded similarly to reversed reward contingencies when the reward 

options were of the same type (e.g., big Ÿ small reward size or short Ÿ long delay for 

reward), females updated their preference more quickly when the mode of contingency 

also changed (e.g., big reward Ÿ long delay). This could reflect differences in risk-based 

decision making: in both rodents and humans, females prefer a smaller but ñsafeò reward 

while males are more likely to choose the ñriskierò option that offers a higher-value reward 

but at a lower probability (Orsini et al., 2015). Similarly, male rats displayed less lose-shift 

behavior in a rodent version of the Iowa Gambling Task (van den Bos et al., 2012).  

Our testing paradigm may have somewhat magnified this effect. In the size reversal 

block, 50% of the trials allowed rats to choose their preferred reward (i.e., ñfree choiceò) 

while the remaining 50% required rats to respond in the direction of the cue light 

presentationðwhether that cue was paired with the large or small rewardðin order to 

proceed through the session (i.e., ñforced choiceò). In contrast, the longer delay to reward 

delivery in the delay reversal blocks is so undesirable to rats that we have found them less 

willing to engage on forced choice trials, having to repeat them so many times that they 

often stop responding entirely. For this reason, we have restricted the delay blocks to only 

free choice trials, which means that rats are never required to respond on their non-

preferred side unless they choose to do so, unlike in the size block where the forced choice 

trials are randomly interleaved. As an example, letôs say the large, higher value reward was 
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paired with the left lever in the size block. After the reversal, rats initially prefer the left 

lever on free choice trials, but are likely to encounter a forced choice trial requiring them 

to respond on the right side. At this point, they are shown that the right lever now predicts 

a larger reward compared to their previously-preferred left lever and update their free 

choice responding accordingly. On the first delay block, the large reward associated with 

the now-preferred right lever is interchanged with the undesirable long delay to receive 

reward. Itôs possible that malesðunder the assumption that this lever still provides a larger 

rewardðcontinue to press the right lever, even in spite of the longer delay. As there are no 

forced trials, they may persevere longer on this side. Females, in contrast, may be less 

inclined to wait for reward regardless of its size, choosing instead to attempt responding to 

the left lever earlier.  

In summary, we found that neonatal inflammation largely had no impact across a range 

of social behaviors assessed at timepoints ranging from approximately two weeks old 

through adulthood. Furthermore, their ability to appropriately respond to reward-predictive 

cues and update their strategy when reward contingencies are manipulated was similarly 

unaffected. We suggest that the inconsistencies in the presence and direction of social 

behavior alterations reported by studies assessing the effects of MIA may be at least 

partially attributable to the varied housing conditions, dyadic pairings and assessment ages 

employed by these studies. On the other hand, we some sex differences and non-differences 

that were together interesting: despite juvenile males exhibiting more play behavior than 

females, there was no sex difference in willingness to work for physical access to a 

playmate. We thus propose that play and the motivation to play may be dissociable and 

driven by separate neural processes.  
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Chapter 4. STOP-change and neural recording 

4.1. Introduction 

The ability to adapt behavior on the fly is an indispensable part of daily life. Aspects 

of our behavior are well-rehearsed, nearly automatic; while this ñauto-pilotò function is 

advantageous for some things (for example, reading this dissertation would be much more 

effortful if you had not been practicing reading daily for most of your life), itôs also 

important to be able to inhibit these practiced, automatic responses when the need arises. 

This concept of cognitive control or inhibitory controlðthe ability to inhibit inappropriate 

responses in a context-dependent manner, often when two stimuli are associated with 

conflicting actionsðhas been studied in a variety of clinical and preclinical tasks. One 

example is the Stroop task, which plays on our aforementioned ability to read text. When 

presented with the names of colors written in font colors that match the text meaning (e.g., 

blue or orange), we have little difficulty naming the color of the font; in contrast, when 

the text and font are incongruent (e.g., blue or orange), weôre still quite good at reading 

the textðitôs what we do every day!ðbut are much slower to name the color of the font. 

While font color is unlikely to get us in trouble on a daily basis, there are numerous 

other scenarios where the failure to inhibit an automatic response has more noticeable 

consequences. One example, illustratively described by Brockett and Roesch (2021), that 

I encounter regularly is while driving. Imagine yourself stopped at a traffic light (as I so 

often am on the rare occasions I drive through the city) in the left-most lane of through 

traffic; to your left, there is a left-turn-only lane, also waiting at the red light. Their green 

arrow comes on, indicating they may turn: what do you do? Often I find that, without my 

even thinking about it, the green arrow has triggered my foot to lift from the brake pedal. 
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However, my brain quickly discards this irrelevant-to-me traffic signalðas my light is still 

redðand I firmly plant my foot back down on the brakes before my car has moved more 

than a millimeter. In these and other similar situations, our safety relies upon the ability of 

our brains to dissociate sometimes conflicting stimuli in a context-dependent manner and 

suppress actions that are, at the time, no longer appropriate. Though my inhibitory control 

processes are at least mostly intact, based on my ability to ignore a green arrow that does 

not apply to me, I can think of many other examples in less dire circumstances where I was 

not as successful in stopping a prepotent response that had become no longer useful. For 

example, I recall standing at my front door for a few minutes one night wondering why it 

was not unlocking as I repeatedly held my UMB ID card up to it after a busy day of 

scanning my card in and out of the lab and animal facilities. The dang card just worked, 

why wonôt it let me in? 

Deficits in different types of inhibitory control processes and outcomes have been 

identified across a range of neuropsychiatric disorders, including NDDs such as ASD 

(Geurts et al., 2004; Bishop and Norbury, 2005; Verte et al., 2006; Solomon et al., 2008) 

attention deficit hyperactivity disorder (Schachar et al., 1995; Oosterlaan and Sergeant, 

1998; Aron and Poldrack, 2005; Rubia et al., 2007; Durston et al., 2009), schizophrenia 

(Bellgrove et al., 2006; Thoma et al., 2007) and Tourette syndrome (Johannes et al., 2001; 

Baym et al., 2008) in addition to other disorders like drug use (Fillmore and Rush, 2002; 

Monterosso et al., 2005; Fillmore et al., 2006), Parkinsonôs disease (Gauggel et al., 2004) 

and borderline personality disorder (Nigg et al., 2005). To the best of our knowledge, this 

is the first time the STOP-change task has been conducted in rodents in the context of early 

life inflammation models of NDDs.  
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Here, we employ a variant of the STOP-signal task, which has been used across species 

and in humans to assess cognitive control (reviewed in Verbruggen and Logan, 2009; Eagle 

and Baunez, 2010; Brockett and Roesch, 2021). Briefly, rats initiated a trial by nose poking 

into a central fluid well upon house light illumination, at which point one of two cue lights 

(left or right of central well) illuminated. On 80% of trials (GO trials), rats responded by 

pressing the corresponding lever and returning to the central well to receive reward. On 

20% of trials (STOP trials), the opposite cue light illuminated after the first cue, instructing 

rats to cancel their initial movement and redirect in the direction of the new cue light. These 

two trial types and the basic task sequence are illustrated in Figure 4.1. This version of the 

task is unique from others (e.g., STOP-signal and Go/No-Go) in that there is a measurable 

output on STOP trialsðin addition to refraining from pressing the lever in the originally 

cued direction, the rat also responds in the opposite direction allowing for 1) assessment of 

the time it takes to inhibit and redirect, often termed the stop signal reaction time (SSRT) 

and 2) the analysis of neural activity as it relates to these discrete actions (Boecker et al., 

2013).  

Figure 4.1. The STOP-change task for rats tests inhibitory control. Upon houselight 

illumination, rats nosepoke in the central well to initiate a trial. On 80% of trials (GO), rats 

receive reward by responding in the direction of a spatial-visual cue that illuminates to the left 

or right of the center well, in this example it is on the right. On 20% of trials (STOP), the 

opposite cue light illuminates after the initial cue, instructing rats to cancel their response 

towards the GO cue and respond in the direction of this new cue light.  
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4.2. Behavioral performance of the STOP-change task 

4.2.1. Overall performance 

All rats were trained on the STOP-change task prior to recording from neurons in NAc 

and collection of the behavioral data presented here.  As expected, rats were more accurate 

(Fig. 4.2A) and quicker to respond (Fig. 4.2B) on GO compared to STOP trials, 

respectively, across a total of 393 recording sessions. Specifically, animals responded 

correctly on 96.6% of GO compared to 87.6% of STOP trials (mixed ANOVA sex × 

treatment × trial type; main effect of trial type F(1,355) = 232.19, p < 0.00). The mean 

reaction time of the rats (i.e., the time from cue light illumination to lever press) was 2.44 

s and 2.75 s on correct GO and STOP trials, respectively (mixed ANOVA sex × treatment 

× trial type; main effect of trial type F(1,354) = 179.05, p < 0.001).) 

Additionally, rats were more accurate on STOP trials following an incorrectly 

performed previous trial: there was a main effect of previous trial outcome (mixed ANOVA 

sex × treatment × trial type × previous trial outcome; F(1,96) = 22.36, p < 0.001; Fig. 4.3A), 

as well as an interaction between previous trial outcome and trial type (F(1,96) = 33.67, p 

Figure 4.2. Males were more accurate on STOP trials, while poly(I:C)-treated animals were 

overall slower to respond. (A and B) Percentage correct (A) and reaction time (B; i.e., time from 

cue presentation to lever press) on GO and STOP trials, averaged across all recording sessions 

(n = 393). Error bars represent ± SEM. White data points represent the within-animal mean 

across sessions. Asterisks represent planned comparisons revealing statistically significant 

differences (two-way ANOVA). 

 



68 
 

< 0.001). Pairwise t-tests revealed that accuracy was modulated by the outcome of the 

preceding trial on STOPs but not GOs (GO: t(1,142) = 0.42, adjusted p = 1.0; STOP: 

t(1,161) = -5.66, adjusted p < 0.001). These data suggest that rats are more cautious on 

STOP trials after an error.  

Interestingly, rats were much quicker to respond specifically on STOP trials when they 

were committing an error. There was a significant main effect of trial outcome (mixed 

ANOVA sex × treatment × trial type × current trial outcome, F(1,220) = 229.47, p < 0.001; 

Fig. 4.3B), as well as an interaction between trial type and outcome (F(1,220) = 285.08, p 

< 0.001). Planned pairwise t-tests revealed a difference between correct and error trials on 

STOPs but not GOs (GO: t(1,227) = -0.42, p = 0.68; STOP: t(1,392) = 22.86, p < 0.001). 

Overall, each ratôs accuracy on either trial type was not significantly affected by session 

number (ANOVA trial type × session count; main effect session F(1,35) = 1.29, p = 0.13; 

Figure 4.3. Rats improved performance on STOP trials following errors, and were quicker to 

respond on STOP trials when they were making an error. (A) Percentage correct on GO and 

STOP trials when the preceding trial was a correctly performed (solid bars) or an errant response 

(hatched bars), averaged over sessions in which there was at least one GO and STOP trial after 

both a correct and error preceding trial (n = 100). Please note that by selecting trials this way, 

the overall all percentage correct is lower compared to those in Fig. 4.2. (B) Reaction time on 

GO and STOP trials that were correct (solid bars) or errors (hatched bars). Error bars represent 

± SEM. White data points represent the within-animal mean across sessions.  
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interaction F(1,35) = 0.76, p = 0.84), indicating that performance of this task remained 

stable session-to-session throughout the duration of recording.  

4.2.2. Males were more accurate than females on STOP trials, but females improved 

their accuracy more after an error 

There was a main effect of sex (F(1,355) = 5.32, p = 0.022) and a sex × trial type 

interaction (F(1,355) = 7.73, p = 0.006) on percentage correct (Fig. 4.2A). Pairwise t-tests 

revealed that a sex difference was present on STOP trialsðwith males more accurate than 

femalesðbut not GOs (GO: t(1,355) = 1.05, p = 0.30; STOP: t(1,325) = -2.63, p = 0.009). 

There was also an interaction between sex and preceding outcome (F(1,96) = 5.84, p = 

0.02) when assessing percentage correct (Fig. 4.3A). Planned post hoc t-tests indicated that 

accuracy improved following an error trial compared to correct trials in females (t(1,499) 

= -4.80, adjusted p < 0.001) but not males (t(1,467) = -0.22, adjusted p = 1.0). Together, 

these data suggest that males are generally better than females on STOP trials that require 

the inhibition and redirection of behavior, but females are better at adjusting their behavior 

in response to an error.  

4.2.3. Poly(I:C)-treated animals were slower to respond  

There was main effect of treatment (F(1,354) = 34.32, p < 0.001) and an interaction 

between sex and treatment (F(1,354) = 4.41, p = 0.04) on reaction time during correct trials 

(Fig. 4.2B). Pairwise t-tests revealed that a sex difference was only present in poly(I:C)-

treated animals (vehicle: t(1,307 = 0.16, p = 0.87; poly(I:C): t(1,408) = -3.35, P < 0.001). 

Thus, animals treated with neonatal poly(I:C), especially males, were slower to 

behaviorally respond to the cue. 
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4.3. Nucleus accumbens encoding of the STOP-change task 

4.3.1. NAc cells recorded from males neonatally exposed to poly(I:C) were more 

likely to decrease firing to reward delivery 

We recorded from 929 cells from 16 rats during the STOP-change task. We observed 

increases and decreases in firing during task performance (Fig. 4.4A). It is common 

practice to classify NAc into increasing- and decreasing-type neurons based on firing to 

rewarding events compared to baseline (Carelli and Deadwyler, 1994; Nicola et al., 2004; 

Taha and Fields, 2006; Robinson and Carelli, 2008; Roesch et al., 2009; Krause et al., 

2010; Bissonette et al., 2013; Roitman and Loriaux, 2014; West and Carelli, 2016; 

Morrison et al., 2017; Duffer et al., 2023), and recently it has been confirmed that 

increasing- and decreasing-type neurons are indeed separate populations of neurons (Chen 

et al., 2023). We found that just under half of the cells recorded in NAc (42.5%, n = 

351/929) displayed increased average firing during the reward epoch (2 s following reward 

onset) compared to baseline (2 s prior to cue light onset), whereas the other half decreased 

their firing during this period (57.5%, n = 578/929). Moreover, over 80% of these cells 

displayed increased/decreased firing during the reward epoch that was statistically 

significant compared to baseline (Wilcoxon rank sum; n = 755/929 ñsignificantò cells, 

81.3%; purple-shaded data points in Fig. 4.4B). A chi-square test of independence found 

that the proportion of increasing to decreasing cells differed between groups (Peasonôs ɢ2 

= 68.7, df = 3, p < 0.001): cells from males treated with poly(I:C) had the highest bias, with 

only 23.1% increasing-type (92/398), and the largest chi-square standardized residual (+/- 

7.98), indicating the furthest deviation from expected values (Fig. 4.4F). Cells from other 

groups were more evenly split between increasing and decreasing (female vehicle: 55.5% 
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increasing [86/155], +/-4.98 residual, Fig. 4.4C; female poly(I:C): 43.5% increasing 

[74/170], +/-1.71 residual, Fig. 4.4D; male vehicle: 48.1% increasing [99/206], +/-3.45 

residual, Fig. 4.4E). We further found a significant negative correlation between electrode 

depth and the ratio of increasing:decreasing cells (R2 = -0.301, p < 0.001; Fig. 4.4B), 

indicating that a greater proportion of cells decreased their reward-related activity as the 

electrode descended ventrally through NAc.  

Figure 4.4. NAc neurons increasing and decreased firing to reward delivery. (A) Heatmap of 

z-score normalized neuronal activity across all rewarded trials, aligned to directional cue light 

onset and sorted by average firing over the trial. Triangle- and star-headed arrows indicate 

average times of lever press and reward delivery onset, respectively. Each line represents a cell 

(n = 929). (B) Scatter plot showing the increasing:decreasing index (reward epoch ï baseline 

epoch/reward epoch + baseline epoch) and electrode depth relative to brain surface for each 

neuron. Purple points are cells for which there was a significant difference in firing during the 

reward epoch compared to the baseline epoch. (C-F) Pie charts show the increasing/decreasing 

composition of cells recorded from females and males treated with vehicle saline or poly(I:C). 

Darker sections in the surrounding donuts indicate the number of cells for which firing during 

the task epoch significantly differed from that at baseline.  
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4.3.2. NAc more accurately encodes response direction on GO trials, regardless of 

sex or treatment 

The STOP-change task allows researchers to ask how well firing of neurons resolves 

conflicted directional response signals. That is, on GO trials, rats are simply instructed to 

go left or right; however, on STOP trials, they must stop and redirect behavior before an 

error is made. If the neural signals associated with those directional signals are not resolved 

prior to completion of the response, then those neurons cannot be contributing to 

performance on STOP trials. To address this question for both increasing- and decreasing-

type neurons, we split activity into firing that was into each cellôs response field (i.e., 

preferred direction) or away from that cellôs response field (e.g. nonpreferred direction) 

based on firing during unconflicted GO responses (i.e., cue onset to lever press; response 

epoch) and plotted average firing of increasing-type cells during the four main trial-types 

aligned to cue onset (Fig. 4.5A-D) and lever press (Fig. 4.5E-H). In these plots, line 

thickness reflects average firing when the cue illumination and lever press were on the 

preferred (thick solid lines) or nonpreferred (thin dashed lines) side.  

As defined by the analysis previously described, average firing was higher on correct 

GO trials in the preferred compared to the nonpreferred direction across cells recorded 

Figure 4.5. Increasing-type cells fire strongly to cue onset. (A-H) Population histograms for 

increasing cells aligned to cue onset (A-D) or lever press (E-H) for female vehicle (n = 86; A 

and E), female poly(I:C) (n = 74; B and F), male vehicle (n = 99; C and G) and male poly(I:C) 

(n = 92; D and H) for correct GO and STOP trials. Line color indicates trial type, either GO 

(go/light gray) or STOP (blue/dark gray). Line thickness indicates preferred direction 

(thick/solid = preferred; thin/dashed = nonpreferred), which was defined as the direction that 

elicited the strongest response across correct GO trials during the response epoch (cue light 

onset to lever press, denoted by gray shaded area) for each neuron. Vertical dashed lines with 

circle-, square-, triangle- and star-headed arrows indicate the average times of cue onset, STOP 

cue onset, lever press and reward delivery onset, respectively, for each trial type. Ribbons 

represent SEM. 
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from all groups (Fig. 4.5A-D, green). For increasing-type cells, activity ramped up prior to 

GO cue onset and returned to baseline by the completion of the lever press. On STOP trials, 

the directional signal appeared slower to resolve, not being evident until immediately 

before the lever press (Fig. 4.5A-D, blue). These results are consistent with rats being more 

accurate and faster on GO relative to STOP trials. 

To quantify directional selectivity, we computed directional indices for correct GO and 

STOP trials across all neurons by subtracting each unitôs average firing during the response 

epoch in the nonpreferred direction from the average firing during the response epoch in 

the preferred direction and dividing by the sum (Fig. 4.6A-D). There was a significant 

positive shift in the distributions of these indices for increasing cells on GO trials across 

all groups (Wilcoxon rank sum test; female vehicle: µ = 0.07, p < 0.001, Fig. 4.6A; female 

poly(I:C): µ = 0.09, p < 0.001, Fig. 4.6B; male vehicle: µ = 0.07, p < 0.001, Fig. 4.6C; 

male poly(I:C): µ = 0.07, p < 0.001, Fig. 4.6D). In cells recorded from males and vehicle-

treated females, directional selectivity of increasing-type cells is specific to GO trials and 

is absent on STOPs. In these cells, the distributions were not significantly shifted on STOP 

trials (Wilcoxon signed-rank test; female vehicle: µ = -0.01, p = 0.19, Fig. 4.6A; Male 

vehicle: µ = 0.00, p = 0.24, Fig. 4.6C; Male poly(I:C): µ = 0.04, p = 0.05, Fig. 4.6D). In 

contrast, the distribution for cells from females exposed to early life poly(I:C) was 

positively shifted (Wilcoxon signed-rank test; µ = 0.05, p = 0.01, Fig. 4.6B). Indeed, 

ANOVA revealed a main effect of treatment on the directional indices for STOP but not 

GO trials (GO: F(1,347) = 1.89, p = 0.17; STOP: F(1,347) = 6.96, p = 0.01). Neither the 

main effect of sex nor the interaction between sex and treatment were significant for either 

trial type. Across all groups, however, the shift was regardless larger in GOs compared to 
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Figure 4.6. Increasing-type cells encode direction on GOs. (A-H) Distribution of directional 

indices (preferred ï nonpreferred/preferred + nonpreferred) computed for each group during 

either the response epoch (i.e., cue presentation to lever press; A-D) for GO and STOP or during 

the STOP epoch (i.e., STOP cue onset to lever press; E-H) for STOP trials (Wilcoxon test, µ = 

mean). Directional encoding was stronger on GO compared to STOP trials across all groups 

(Wilcoxon rank sum test).  
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STOPs (Wilcoxon rank sum; female vehicle: p < 0.001; female poly(I:C): p = 0.004; male 

vehicle: p < 0.001; male poly(I:C): p = 0.001). However, when examining activity later in 

the response epochðfrom the time of the STOP cue onset to lever pressðincreasing-type 

cells largely did accurately signal direction on STOP trials (Fig. 4.6E-H). Here, cells 

recorded from vehicle-treated females are the exception (Wilcoxon rank sum; µ = 0.01, p 

= 0.08; Fig. 4.6E), suggesting that these cells do not accurately represent correct response 

direction across the entire period from GO cue onset to the instrumental response on STOP 

trials. This pattern of activity is opposite to that of cells recorded from females that 

experienced early life inflammation, in which the distributitons of directional indices on 

STOP trials were significantly positively shifted both during the shorter STOP epoch and 

across the entire response epoch. In contrast, cells recorded from males, regardless of 

treatment, only displayed significant directional signaling by the time of the lever press 

(shroter STOP epoch).  

At the single-neuron level, we found that approximately 22% of increasing-type cells 

fired significantly more strongly in the appropriate direction on GO trials (female vehicle 

24.4%, 21/86; female poly(I:C) 24.3%, 18/74; male vehicle 18.2%, 18/99; male poly(I:C) 

21.7%, 20/92), compared to only ~5% on STOPs (female vehicle 3.49%, 3/86; female 

poly(I:C) 8.12%, 6/74; male vehicle 2.02%, 2/99; male poly(I:C) 7.61%, 7/92). Moreover, 

the activity of 3 cells from vehicle-treated animals still represented the direction of the first 

visual cue (female vehicle 1.16%, 1/86; male vehicle 2.02%, 2/99), though this was not the 

case for poly(I:C)-treated animals (female poly(I:C) 0%, 0/74; male poly(I:C) 0%, 0/92). 

In line with this, the frequencies of neurons whose activity significantly reflected either the 

correct or wrong response direction (i.e., the direction of the first cue) on STOP trials 
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differed when recorded from poly(I:C)-treated (13 versus 0 of 166; Peasonôs ɢ2 = 10.61, 

df = 1, p = 0.001) but not vehicle-treated animals (5 versus 3 of 185; Peasonôs ɢ2 = 0.12, 

df = 1, p = 0.73). Together, these data suggest that increasing-type cells in NAc accurately 

reflected the direction of the first cue and, specifically in cells recorded from animals 

exposed to neonatal inflammation, the STOP cue. 

These analyses were repeated for decreasing-type neurons and are presented in Figures 

4.6 and 4.7. As defined by the analysis, these neurons decreased activity during reward 

delivery. Interestingly, they also decreased as the rat moved into the central port, rising 

again after the presentation of the first cue (Fig. 4.7A-D), with peak firing occurring around 

the time of lever press (Fig. 4.7E-H). As in increasing cells, here we found a significant 

positive shift in the directional selectivity for GO trials during the response epoch across 

cells recorded from all groups (Wilcoxon rank sum test; female vehicle: µ = 0.10, p < 

0.001, Fig. 4.8A; female poly(I:C): µ = 0.07, p < 0.001, Fig. 4.8B; male vehicle: µ = 0.06, 

p < 0.001, Fig. 4.8C; male poly(I:C): µ = 0.07, p < 0.001, Fig. 4.8D). This cell population, 

unlike increasing-type cells, also exhibited a significant positive shift for STOP trials 

across the entire response epoch and all groups (Wilcoxon rank sum test; female vehicle: 

µ = 0.04, p = 0.01, Fig. 4.8A,E; female poly(I:C): µ = 0.06, p < 0.001, Fig. 4.8B,F; male 

vehicle: µ = 0.03, p  = 0.01, Fig. 4.8C,G; male poly(I:C): µ = 0.03, p = 0.01, Fig. 4.8D,H). 

Figure 4.7. Decreasing-type cells fire strongly to the lever press. (A-H) Population histograms 

for decreasing cells aligned to cue onset (A-D) or lever press (E-H) for female vehicle (n = 69; 

A and E), female poly(I:C) (n = 96; B and F), male vehicle (n = 107; C and G) and male 

poly(I:C) (n = 306; D and H). Line color indicates trial type, either GO (go/light gray) or STOP 

(blue/dark gray). Line thickness indicates preferred direction (thick/solid = preferred; 

thin/dashed = nonpreferred), which was defined as the direction that elicited the strongest 

response across correct GO trials during the response epoch (cue light onset to lever press, 

denoted by gray shaded area) for each neuron. Vertical dashed lines with circle-, square-, 

triangle- and star-headed arrows indicate the average times of cue onset, STOP cue onset, lever 

press and reward delivery onset, respectively, for each trial type. Ribbons represent SEM. 
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Figure 4.8. Decreasing-type cells encode direction on both trial types. (A-H) Distribution of 

directional indices (preferred ï nonpreferred/preferred + nonpreferred) computed for each 

group during either the response epoch (i.e., cue presentation to lever press; A-D) for GO and 

STOP or during the STOP epoch (i.e., STOP cue onset to lever press; G-H) for STOP trials 

(Wilcoxon test, µ = mean). Directional encoding was stronger on GO compared to STOP trials 

across all groups (Wilcoxon rank sum test).  
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However, the difference between directional selectivity on GO and STOP trials was still 

significantly different for cells from all groups except females treated with poly(I:C) 

(Wilcoxon rank sum; female vehicle: p = 0.01; female poly(I:C): p = 0.05; male vehicle: p 

= 0.003; male poly(I:C): p < 0.001). Moreover, there was significant main effect of sex on 

GO trials: decreasing-type cells recorded from females displayed stronger directional 

selectivity compared to those from males (ANOVA F(1,574) = 6.73, p = 0.01). This effect 

was not present on STOP trials (F(1,574) = 3.016, p = 0.083), nor were there significant 

main effects or treatment or sex:treatment interactions for either trial type.  

At the single-neuron level, we found that approximately 23% of decreasing-type cells 

fired significantly more strongly in the appropriate direction on GO trials (female vehicle 

33.3%, 23/69; female poly(I:C) 30.2%, 29/96; male vehicle 12.1%, 13/107; male poly(I:C) 

21.9%, 67/306), compared to ~6% on STOPs (female vehicle 7.25%, 5/69; female 

poly(I:C) 8.33%, 8/96; male vehicle 3.74%, 4/107; male poly(I:C) 6.21%, 19/306). Here, 

the activity of 8 cells still represented the direction of the first visual cue (female vehicle 

1.45%, 1/69 female poly(I:C) 1.04%, 1/96; male vehicle 0.93%, 1/107; male poly(I:C) 

1.63%, 5/306), but the overall number of cells that accurately reflected direction (36 of 

578) was still greater than the number that significantly represented the wrong response 

direction (8 of 578; Peasonôs ɢ2 = 14.4, df = 1, p < 0.001). Together, these data indicate 

that NAc encoding of direction was stronger on GOs in two distinct cell populations, but 

decreasing cells may contribute more to the redirection of behavior on STOP trials. 

Directional encoding of NAc was impacted both by sex and early life inflammation: 

decreasing-type cells from females displayed stronger directional signaling on GO trials 

compared to males, and neonatal poly(I:C) in females uniquely resulted in accurate 
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reflection of response direction (i.e., right-shifted distributions of directional indices) on 

STOP trials in both cell populations.   

4.3.4. Proactive modulation of GO signals is stronger in males but reduced by 

neonatal inflammation 

Previously, we and others have shown that firing in NAc was dependent on the value 

of the reward obtained on the previous trial in the service of promoting optimal goal 

directed behavior (Kim et al., 2009; Stopper and Floresco, 2011; Goldstein et al., 2012). 

Here, we asked if this signal in NAc may serve a similar function during performance of 

the STOP-change task. To answer this question, we plotted the average firing of increasing 

cells aligned to presentation of the first cue light for GO and STOP trials (Fig. 4.9A-D), 

separated by whether the response on the preceding trial was correct (green/blue) or an 

error (gray). Across the entire population, we observed that firing during the pre-cue epoch 

appeared higher when the preceding trial was correctly performed (green/blue lines) 

compared to when it was an error (gray lines). To quantify this, we computed correctness 

indices by subtracting each unitôs average firing during the baseline epoch (2 s period prior 

to presentation of the first cue) when the preceding trial was an error from that when the 

preceding trial was correct and dividing by the sum. This revealed a significant positive 

shift when examining all increasing neurons (Wilcoxon rank sum test; female vehicle: µ = 

0.04, p < 0.001, Fig. 4.9E; female poly(I:C): µ = 0.05, p = 0.01, Fig. 4.9F; male vehicle: µ 

= 0.13, p < 0.001, Fig. 4.9G; male poly(I:C): µ = 0.06, p < 0.001, Fig. 4.9H), indicating 

that there was a higher frequency of increasing-type neurons with stronger firing following 

a correctly performed trial. When comparing correctness indices between groups, we found 

a significant main effect of sex (F(1,347) = 7.34, p = 0.007) as well as an interaction 
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Figure 4.9. Increasing-type cell encoding of trial outcome history is amplified in males. (A-D) 

Population histograms of increasing-type cells aligned to cue onset for GO and STOP trials for 

female vehicle (n = 86; A), female poly(I:C) (n = 74; B), male vehicle (n = 99; C) and male 

poly(I:C) (n = 92; D). Line thickness indicates direction, preferred (thick/solid) or nonpreferred 

(thin/dashed). Line color indicates whether the preceding trial was correct (GO, green/light 

gray; STOP, blue/dark gray) or error (gray). Triangle- and star-headed arrows indicate the 

average times of lever press and reward delivery onset, respectively, for each trial type. 

Orange/grey shading indicates the pre-cue epoch. Ribbons represent SEM. (E-H) Distribution 

of correctness indices (previous trial correct ï prev. trial error/prev. correct + prev. error) for 

increasing cells computed during the pre-cue epoch across all correct trials within each group. 
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between sex and treatment (F(1,347) = 5.58, p = 0.019). Bonferroni-corrected post hoc t-

tests revealed that the sex different is blunted in animals that were treated with poly(I:C) 

(female:male vehicle: adjusted p = 0.002; female:male poly(I:C): adjusted p = 1.00; male 

vehicle:poly(I:C) adjusted p = 0.04).  These data suggest that increasing-type cells more 

strongly encode trial history in males compared to females, an effect which is precluded 

by early life inflammation. 

We also found that a significant correlation between electrode depth and correctness 

indices is present in cells from females (vehicle: R2 = -0.26, p = 0.02, Fig. 4.10A; poly(I:C): 

R2 = -0.33, p = 0.004, Fig. 4.10B) as well as vehicle-treated males (R2 = -0.27, p = 0.01, 

Fig. 4.10C), suggesting that trial history encoding is stronger more dorsally in NAc. This 

relationship with depth was, however, not present cells recorded from males neonatally 

exposed to neonatal inflammation (R2 = -0.16, p = 0.12, Fig. 4.10D). We conclude that 

NAc firing is modulated by the outcome of the previous trial, an effect which is stronger 

in males compared to females in the more dorsal extent of NAc.   

We next assessed the effect of previous trial outcome on decreasing-type cells on GO 

and STOP trials (4.11A-D). Interestingly, there is a significant positive shift in the 

distribution of pre-cue correctness indices for cells recorded from males, regardless of 

treatment (Wilcoxon rank sum test; vehicle: µ = 0.05, p = 0.005, Fig. 4.11G; poly(I:C): µ 

Figure 4.10. Increasing-type cell encoding of trial outcome history is stronger more dorsally in 

NAc, except in males neonatally treated with poly(I:C). (A-D) Scatter plots showing increasing 

cell correctness indices across electrode depth for each group. 
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Figure 4.11. Decreasing-type cells in males but not females also fire more strongly after a 

correct trial. (A-D) Population histograms of decreasing-type cells aligned to cue onset for GO 

and STOP trials for female vehicle (n = 69; A), female poly(I:C) (n = 96; B), male vehicle (n = 

107; C) and male poly(I:C) (n = 306; D). Line thickness indicates direction, preferred 

(thick/solid) or nonpreferred (thin/dashed). Line color indicates whether the preceding trial was 

correct (GO, green/light gray; STOP, blue/dark gray) or error (gray). Triangle- and star-headed 

arrows indicate the average times of lever press and reward delivery onset, respectively, for 

each trial type. Orange/grey shading indicates the pre-cue epoch. Ribbons represent SEM. (E-

H) Distribution of correctness indices (previous trial correct ï prev. trial error/prev. correct + 

prev. error) for decreasing cells computed during the pre-cue epoch across all correct trials 

within each group. 
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= 0.021, p = 0.003, Fig. 4.11H). In contrast, there is no significant shift in the distribution 

for cells recorded from poly(I:C)-treated females (Wilcoxon rank sum test; µ = 0.0099, p 

= 0.58, Fig. 4.11F) and there was a significant negative shift for those recorded form 

vehicle-treated females (Wilcoxon rank sum test; µ = -0.026, p = 0.029, Fig. 4.11E). In line 

with this, ANOVA revealed a significant main effect of sex (F(1,574) = 11.66, p < 0.001) 

along with a significant interaction between sex and treatment (F(1,574) = 6.23, p = 0.013); 

post hoc t-tests indicated that a sex difference was present between vehicle-treated animals 

(adjusted p = 0.003), but not poly(I:C)-treated (adjusted p = 1.00). Thus, both increasing- 

and decreasing-type cells recorded from males exhibit greater pre-cue firing following a 

correctly performed trial compared to females, and neonatal inflammation prevents a sex 

difference by reducing this effect in males.  

A significant correlation between electrode depth and correctness indices for this cell 

population is present in cells recorded from vehicle-treated animals, but sex exerted 

opposing effects: like increasing-type cells, there was a significant negative correlation in 

cells recorded from vehicle-treated females (vehicle: R2 = -0.31, p = 0.01; Fig. 4.12A), but 

the correlation was positive in vehicle-treated males (R2 = 0.20, p = 0.04; Fig. 4.12C). As 

with increasing cells, there was no significant correlation with depth in cells recorded from 

poly(I:C)-treated males (R2 = 0.07, p = 0.23; Fig. 4.12D), and here this was true for 

Figure 4.12. Sex and early life inflammation exert opposing effects on the relationship between 

NAc subregion and encoding of trial outcome history by decreasing-type cells. (A-D) Scatter 

plots showing decreasing cell correctness indices across electrode depth for each group. 
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poly(I:C)-treated females as well (R2 = -0.17, p = 0.10; Fig. 4.12B). We conclude that NAc 

firing carries information pertaining to the outcome of the previous trial, an effect which is 

modulated by sex, neonatal inflammation and subregion within NAc.  

4.3.5. Across sex and treatment, NAc cells failed to accurately signal direction on 

errant STOP trials 

Increases in firing following correct trials might contribute to better performance on 

GO trials by potentiating responding to the first cue. While this would be beneficial on GO 

trials, such a signal might be detrimental during STOP trials. That is, earlier firing would 

theoretically promote responding to the first cue, making it more difficult to STOP when 

instructed to do so. Indeed, rats make more errors on STOP trials, take longer to accurately 

respond on correct STOP trials and when rats make STOP errors, they responded 

significantly faster in the wrong direction (Fig. 4.3B). Thus, we hypothesized that the 

buildup of firing prior to illumination of the first cue on STOP-trials would be stronger 

prior to errors compared to correct STOP trials. To test this hypothesis, we examined 

correct and incorrect STOP trials in sessions where there was at least one error trial in each 

direction (n = 100). The activity of increasing-type cells during STOP-correct (blue) and 

Figure 4.13. Higher firing prior to cue light illumination precedes errant responses on STOPs 

in vehicle-treated females. (A-L) Population histograms of increasing-type cells aligned to 

illumination of the first cue (A-D), the STOP cue (E-H) or the lever press (I-L) on correct and 

error STOP trials for female vehicle (n = 31; A, E, I), female poly(I:C) (n = 19; B, F, J), male 

vehicle (n = 42; C, G, K) and male poly(I:C) (n = 37; D, H, L). Line thickness indicates 

direction, preferred (thick/solid) or nonpreferred (thin/dashed). Line color indicates whether the 

current trial was correct (blue) or errant (orange). Vertical dashed lines with circle-, square-, 

triangle- and star-headed arrows indicate the average times of initial cue onset, STOP cue onset, 

lever press and reward delivery onset, respectively, and their fill color denotes whether that time 

is specific to correct (blue) or error (orange) trials. Light and dark gray shaded areas in (A) 

represent the pre-cue and response epochs, respectively. Ribbons represent SEM. (M-P) 

Distribution of correctness indices (previous trial correct ï prev. trial error/prev. correct + prev. 

error) computed during the pre-cue epoch for each group. 
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STOP-error (orange) trials is shown aligned to presentation of the initial cue (Fig. 4.13A-

D), STOP cue (Fig. 4.13E-H) and the lever press (Fig. 4.13I-L). We first computed 

correctness indices comparing correct versus error STOP trials (correct ï error / correct + 

error) during the pre-cue baseline epoch and found a negative shift in the distribution for 

cells recorded from vehicle-treated females (Wilcoxon signed-rank test; µ = -0.16, p = 

0.016, Fig. 4.14A). This suggests that, in line with our hypothesis, activity in these cells 
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ramps up prior to cue illumination in trials where rats made an error. This firing pattern 

was, however, not present in cells recording from any other group (Wilcoxon signed-rank 

test; female poly(I:C): µ = -0.044, p = 0.58, Fig. 4.14B; male vehicle: µ = -0.048, p = 0.18, 

Fig. 4.14C; male poly(I:C): µ = 0.027, p = 0.43, Fig. 4.14D). Regardless, there were no 

significant differences in these indices between groups when compared by ANOVA (main 

effect of sex F(1,104) = 2.59, p = 0.11; main effect of treatment F(1,104) = 2.83, p = 0.095; 

sex × treatment interaction F(1,104) = 0.12, p = 0.73).  

The activity of decreasing-type cells during STOP-correct (blue) and STOP-error 

(orange) trials is shown aligned to presentation of the initial cue (Fig. 4.15A-D), STOP cue  

(Fig. 4.15E-H) and the lever press (Fig. 4.15I-L). Unlike increasing cells, there were no 

significant shifts in the distributions of pre-cue correctness indices for decreasing-type cells 

recorded from any group (Wilcoxon signed-rank test; female vehicle: µ = 0.0051, p = 1, 

Fig. 4.16A; female poly(I:C): µ = 0.15, p = 0.064, Fig. 4.16B; male vehicle: µ = -0.025, p 

= 0.20, Fig. 4.16C; male poly(I:C): µ = -0.012, p = 0.75, Fig. 4.16D). There were similarly 

no significant effects of sex or neonatal inflammation. Thus, decreasing cells lack the 

aberrant rise in activity exhibited by increasing-type cells on trials where rats made errors. 

Figure 4.14. Increasing-type cells recorded from vehicle-treated females display an aberrant 

rise in pre-cue firing on errant STOP trials. (A-D) Distribution of correctness indices (correct ï 

error/sum) computed during the pre-cue epochs of STOP trials for each group. 
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Figure 4.15. Aberrant pre-cue rise in activity on error trials is not present in decreasing-type 

cells. (A-L) Population histograms of decreasing-type cells aligned to illumination of the first 

cue (A-D), the STOP cue (E-H) or the lever press (I-L) on correct and error STOP trials for 

female vehicle (n = 17; A, E, I), female poly(I:C) (n = 23; B, F, J), male vehicle (n = 52; C, G, 

K) and male poly(I:C) (n = 107; D, H, L). Line thickness indicates direction, preferred 

(thick/solid) or nonpreferred (thin/dashed). Line color indicates whether the current trial was 

correct (blue) or errant (orange). Ribbons represent SEM. (M-P) Distribution of correctness 

indices (previous trial correct ï prev. trial error/prev. correct + prev. error) computed during the 

pre-cue epoch for each group. 

 












































































































































