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Abstract

A fApersonality testo for rats reveals subt

inflammation on brain and behavior
Sydney Ashton, Doctor of Philosophy, 2024

Dissertation Directed by: Margaret MicCarthy, Professor and Chair, Department of

Pharmacology

Brain development is a supremelymplexprocess 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 procesdefor example by gestational inflammation, a watlidied

risk factor for neuropsychiatric disorders (NDDs) in hun@anan shift the trajectory of
brain development at the molecular, cellular and circuit vedsulting n behavioral
alterations that persist beyond the initial insllfespite 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 differentiatiotheforain, a direct link between these three
processes remains elusivEhe overarching goal of this project is to characterize the
enduringeffects of early life inflammation on brain andhlagior in male and female rats
exposed to the viral mimic polyinosinic:polycytidylic acid (poly(l:C), 5 mg/kg) in the first
ten days of postnatal life, which roughly correlates to late third trimester pregnancy in
humans Chapter3 assesses a variety of behasibranging from juvenile social play to
adult rewareuided decisiormakingd following neonatal inflammation, with a focos

behaviors commonly associated with NDDs in humans and rodent models. In @hépter



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

across species to assess cognitive control. | then leverage the fact that all assessments were
performed in the same animals by employing factor analysis in Chaptkich, 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 viratmediated inflammation at this developmentaldpuint 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 shiftedtwodistn ct modal i ti es of rat fAper s«
utility of combining modern neuroscience approaches with the study of complex,

naturalistic behaviors.
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Chapter 1. Generalintroduction

Like apreeminenbrchestraomprising many individual musiciaesachwith their
own talents, instruments apdrtin the overall piece, brain development is an immensely
complex and tightly regulatecprocess that involves a multitude of cells, stages and
processsd cell birth& death, migration of neurons and glia to their fireagidentocation,
the emergence and pruning of dendritic synapgbat occur inprecisesequences and
togetherenablethe brain to lateenactits ultimate purpose: behavidtach musician must
undergo theiown individual development that first leads therptiosue music anchoose
their instrumentthen to specialize ithat instrumentnextto practicesteadfastiyto earn a
spot in the prestigious orchestnad finally, rehearsing the concert musiothindividually
and with theensemblewhile the role of each instrument, melody and musician may not
be distinguishable from the orchestra as a whsld finally performs the absence or
erro® of eachwould be immediately apparentAs the brain develops through this
elaborateprocess, it is vulnerable to outside influence. An immediate effect of external
perturbatio® the presence or absence or sex steroid hormones or exposural to
infection or other environméal insults for examplé may be subtle, yet can shifie
trajectory ofthese processes in such a way taatse®nduring changes to brain structure

and function.

1.1.Neuropsychiatric developmentaldisorders

Neuropsychiatric developmental disorders (NDDs) are a class of complex,
heterogenougonditions whose etiology likely involves some combination of factors
including those that are genegpigeneticenvironmental and, as is becomingreasingly

appreciated, immunologicall his clusterof disorders generally includes autism spectrum



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 pubdeagd,

thecat egory now titled Adeyv é&Il(Americed PIychibtricdi sor de
Association, 2022lvas originally termed ADisorders us
chil dhood, or adol esWhlathisgeneral imelmaemamstraeu s v er s i
for the majority of these disorders, tharentdefinition has been slightly refined specify

that these ardisorders whoseause is at least partially attributable to alterations during

brain developmenteven if symptoms doot arise untilsomewhatater in life This is

exemplified in schizophrenjaymptoms of whichmay not present until eayl adulthood,

but whosedevelopmental origins have been appreciated since the neurodevelopmental

theory of schizophrenia was first proposed nearly 40 yeargMgaay et al., 1985;

Weinberger, 1987)

While symptoms across disorders and between individuals with the same disorder vary
considerablythere are severabrefeatures that are similar amongstrth€ommonalities
include differences in social communication and speech, language development, motor
skills and learning and memoriloreover there are high rates of comorbidity between
NDDs; for example, studies have reported thaB3% of children with ASD alsdisplay
symptoms that would allow for diagnosis of ADHRonald et al., 2008; Matson et al.,
2013)and, likewise, 30-65% of children diagnosewith ADHD have symptoms of ASD
(Clark et al., 1999; Ronald et al., 2008) some ways, symptoms of one disorder may
beget symptoms of another similar disorder; in the case of ASD and AldHExample,

it is possible that the impulsivity and attentional difficulties inherent to ADHD could lead



to differences in social communication thhen fit the diagnosc criteria for ASD

(Sokolova et al., 2017)

Another line of support for the interconnected nature of NDDs is twarlapping
genetic risk.-These disorders ateghly heritableand, while noonegenehas been found
whose mutation causes NBmvith any certainty, this is most assuredliyot for lack of
trying: there have been a variety of genetic risk factors identifresiuding singlegene
mutations, copy number variants (CNVs) and polygenic risk factorghid@ccumulation
of common variantshat togethersuggest 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 eRall6) Amongthe most welstudied associated
genes are those related to synapse formation and function, inckdiagtic adhesion
molecules likeneuroligins or their prsynaptic binding partnenseurexirs, particularly
NRXNL. Specifically, mutations tNRXNL have beemssociated witkchizophreni@Kirov
et al., 2009; Rujescu et al., 200ASD (Feng et al., 2006; Kim et al., 2008; Ching et al.,
2010; Reissner et al., 2013; Hu et al., 20IT%urette syndroméBradley et al., 2010;
Huang et al., 2017and ADHD (Gudmundsson et al., 201%urtherevidence ofthis
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 imtigen of NDDs, that is

This is true for NDDs like ASD and schizophrethatare the focus of this dissertation; however,

there are other neurodevelopmental disorders that are monogenetic. For example, Rett syndrome is
caused by mutations in tiECP2gene(Amir et al., 1999and Fragile X syndrome is caused by
mutationsn theFMR1gene(Pieretti et al., 1991)



not the end of the storlJRXNL is one of the most welitudied and robust candidate genes
for NDDs and yet exon deletions and CNVs in this gene are only found in ~0.5% of ASD
and schizophrenieasegRujescu et al., 2009; Schaaf et al., 2012; Bena et al., 2013; Dabell
et al., 2013)Taken together, these findings highlight the compkexreof NDD etiology,

which largely cannot bdefined byany one genetic mutation alone.

1.1.1.Early life inflammation is a risk factor for NDDs

In recent decades, infection duringuralevelopmerd in particular pregnancy and
early neonatal lifé¢ has beerassociated with an elevated risk of lifelong impacts for the
offspring, most commonly depression, anxiatd of interest to us, NDDs such as ASD
and schizophreniéMednick 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., 2016Al-Haddad et al., 2019; Han et al., 2021; Chaplin et al., 2022; Shook et al., 2022)
The need to better understate relationshipbetween early life inflammation and later
life NDD risk of these disorders has only grown more urgent during this péreré were
over 100,000presumed or confirmed cases of COVID during pregnancy betwedaly
2020 and June 2@2n just thefourteenUS statesand District of Columbidhat reported
these dat#~5.5% of total pregnant population represented in these data; Osterman et al.,

2023)

The impact of prenatal infectidras beemost studied in the context of schizophrenia,
with recent interest dating back to birth cohort studies that tracked children born during
influenzaepidemics and outbreaks in the early to 11@d0s(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 desigrhi&dly due to the imperfect nature of
defining exposure this wayn response to these inconsistencies, further studies began to
appear thatvent a step further andeasured biomarkers and/or included clinical diagnoses
to confirm the presence of infection. Soadditionallyfollowed up with the offspringo
confirm theirNDD diagnosisor symptomatologyhrough research interviewAs 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
immunogensn addition toinfluenza, including the parasif@xoplasma gond{iBrown et

al., 2005) other viruses likederpes Simplex Virus Types 1 &(BISV; Buka et al., 2008)

andRubella(Brown et al., 2001 )oacterial infectiong§Sgrensen et al., 2008hd 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 all@ogi@smmunity
and neuroinflammation in patienf(¥argas 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 disordefAshwood and Van de Water, 2004jurthermore,levels of
inflammatory cytokines are elevated in the blood of people with A&@oy et al., 2006;
Ashwood et al., 2011; Schwarz et al., 20ag)well as in the brain postmortdhi et al.,

2009) Genes related to inflammation, including markers of microglia and astrocytes, were
also upregulated in the postmortem brains froen with ASD (Werling et al., 2016)
Elevated levels of cytokines and upreguiabf inflammationrelated genes have similarly

been reported in the brains of people diagnosed with schizopfiten&t al., 1998; Saetre



et al., 2007)Thesdindingscontribute to a growing body of research indicating that NDDs

and the immune system anextricablylinked.
1.1.2.Sex differences indiagnosis & presentation of NDDs

Interestingly, dhgnosis rates of NDDs are generally @gin malescompared to
females This is mosbften notedn the case of ASCipr which reported diagnosis rates in
boys are ofter4-5 times higher than in girl@ombonne, 2009; Halladay et al., 2015; Lai
et al., 2015and ADHD, for which theeportedrates havebeen~2-7x or morehigher in
boys(Lahey et al., 1994; Novik et al., 2006; Polanczyk, 2007; Ramtekkar et al., 2010)
male bias has similarly be&undin schizophrenigHafner et al., 1989; lacono and Beiser,
1992; Kendler and Walsh, 1995; Abel et al., 204 other NDDsThere have been a
variety of proposed mechanisms explaining this gender bias, ranging from a female
protective mode{Robinson et al., 2013; Jacquemont et al., 2014; Gockley et al., 2015)
fetal testosteronenediated male vulnerabilitfAuyeung et al., 2009; Geier et al., 2012;

BaronCohen 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 reportediportantly, the diagnostic tests historically used to assess ASD
have been based solely on the presentation in, i@gpite data suggesting that there are
gender differences in presentatigviandy et al., 2012; Head et al., 201Bdr 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 norverbal gesturingtronglyimpacted, yetheyreceived higher scores than boys

with ASD on the selfeported questionnaires and clinical interviews that assess ASD
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related trait§Rynkiewicz et al., 2016; Rynkiewicz and Lucka, 20I8)ese findings are
congruent with other studiesportingfewer social and communicative symptoms in girls
with ASD compared to boy&arter et al., 2007; Dworzynski et al., 201@) effect which

has also been seen in adults with A@Ri et al., 2011) Similarly, a metaanalysis of
ADHD phenotypes found that girls with ADHD were less likely than boys to display
behaviors that are more apparent or disruptive, like hyperagtivpulsivity and
intellectual impairment, perhaps preventing them from accessing clinical evaluation that
could lead to a diagnosiBiederman et al., 2002; Goldstein, 201B) 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., 2009Taken collectively, it is not
difficult to imagine thatlifferences in our perception of girls and boys in general combined
with differences in the presentation of NDDs corddult in a severunderdiagnosis in

girls. Similar observations letesearchers thypothesizea A f emal e camouf | age

originally proposed in 198Ming).

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 functioof related brain regiongeviewed in Leung and Chue, 2000)

The mostcommonly reportediifferenceis thatsymptom onset tends occur3-5 years
earlier in males compared to fema(eafner et al., 1989; Jablensky et al., 1992; Hafner et
al., 1993;Hafner et al., 1998Behaviorally maleswith schizophreniaend to have more
negative symptoms (e.g., social withdrawal, amotivation, speech definitsontrast,

females display more affective symptoms (e.g., depression, irritability, anxiety,



impulsivity) compared to malg§oldstein and Link, 1988; McGlashan and Bardenstein,
1990; Ring et al., 1991; Castle et al., 1993; Morgan et al., 2008%e findings together
with those from ASD & ADHDhighlight the impact of sex in the presentation of NDDs,
which can ultimately exert sedependent impacts on the likelihood of diagnosis and the

impact on daily life for people living with them.

Alongside these sex differencesirevalence and symptomatology of NDEsere are
alsosex differences in immune function and immunity at baseline, as well as in response
to peripheral inflammations caused by illnesses like COVID and the flBarna 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., 20RbYably, a growing body of evidence
suggests thagex differences in neuroimmune processes during development are a crucial
component of sexual differentiation of brain and behavior. €menplarybrain region
where this is particularly evident, having been veblaracterized by previous work from

our lab and others, is the preoptic area (POA). This regpotainsone of the first sex
differences identified in the brain, as a particular subnuélewsv accordingly known as

the sexually dimorphic nucleus (SDN)s 3-5 times larger in maleGorski et al., 1980)
Remarkably, sex differences in the neuronal architecture of the POA arateddxji

mi croglia, the br athodbtwodestndct chechanisriemzetan e cel | s
2013; Pickett et al., 2023%pecifically, microglia establish the volumetric sex difference
via active phagocytosis of neurons in the fennat®OA, aprocesswhich is important for

the development daterlife male odor preference in adult fema({&sckett et al., 2023)
Microglia also induce a sex difference in POA spine denitpugh a mechanism

dependent on another clasgcoinflammatory signaling molecule:prostaglandin E2



(PGE2) traditionallyassociated with fevéRegan, 2003)Lenz et al(2013)demonstrated
thatmicroglia in the POA release PGE2 during a critical pefiwgexual differentiation,
which inducegeorganizatiorof the pattern of spine density in a manner that ultimately
enabledifferences in adult sex behavidmat immune cells and signaling molecules are
enactors ohormal neurodevelopmeand that these procesdesther are crucial to the
sexual differentiation of brain and behavior thus proviges@iguingmechanism through
which early life inflammation may contribute texsdifferences in NDD presentation and
prevalenceln developing malesthe increased involvement of molecules and signaling
pathways typically associated with inflammatioas is required for the typical
masculinization of brain organization and beha¥ianay put them at greater risk when
exposed to exogenous inflammation during this peodh a concept has been supported
in humans; for example, postmortem brainsypically developingetal and adult males
were more enriched in genes associated with inflammation relative to feandléswas
these same gendsatwere similarly upregulated in postmortem brains from adults with
ASD, regardless of seVerling et al., 2016)Taken together, these findingaggest that
basalsex differences irdevelopmentaheuroimmune processes may contribute to the

greater risk foNDDs in males

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

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 offspringsuggests thauch effects are not pathogspecific, ass the case for



other prenatal infections like ZiKKlase et al., 2016but rathearecaused by the maternal
immune responsenore generallyThus, preclinical maternal immune activation (MIA)
modelsarose asmethod to probe the changes induced by developmental inflammation at

the molecular, cdlilar, circuit and behavioral levels

Rodent studies assessing the effects of Mlfapidly gained tractionrepeatedly
demonstrahg enduring behavioralphenotypes that are reminiscent of the core NDD
symptomatology in humatMeyer and Feldon, 2010; Bauman et al., 2014; Estes and
McAllister, 2016; Estes et al., 2020pne of the most commonly reported effects is
reduced prepulse inhibition of the acoustic startle response, an effect associated with the
altered sensorimotor gating centraltie presentatioof schizophreniéFortier et al., 2007;
Vuillermot et al., 2010; Song et al., 2011; Liu et al., 2013; Meehan et al., 2017; Hui et al.,
2018; Lee eal., 2018) Of particular interest to us and relevant across NDDs is differences
in social behavior that are similarly wetported(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., 201Gzielo et al., 2021; Zhao et al., 202XDjhereffectsthat
are often reportethclude learning & memory deficitdleyer 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., 201¥creasedanxietylike behavior(Hsiao et al., 2012;
Depino, 2015; Shin Yim et al., 201@hdincreases imepetitive behavio(Schwartzer et
al., 2013; Bauman et al., 2014; Pendyala et@ll,7; Shin Yim et al., 2017; Morais et al.,

2018) Thus, MIA paradigmsre generallyhought to have high face validity and provide
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the unique opportunity to characterizethe neural mechanisms relatingarly life

inflammation to NDDsymptomatology

The innate immune responses induced by th® most common immunogens
employed by these MIA anatherearly life inflammation studies are descdbe detail
below. Ultimately, activation of both pathways results in expression of proinflammatory
cytokinesmost notablynterleukin6 (IL-6), IL-1 b and t umor necr-osi s f at
u) . Congruent with the idea that the effect
response rather than the presence of pathogen within the fetal milieu is that blocking the
receptors for theseand other proinflammatory cytokineslongside MIA precludes
behavioral effectén the offspring(Smith et al., 2007; Lipina et al., 2013; Pineda et al.,
2013; Lammert et al., 201&nd treatingthe damdirectly with IL-6 or IL-1 b al one
recapitulates the behavioral phenotypeen in traditional MIA paradigm@mith et al.,

2007; Garbett et al., 2012)
1.2.1.Polyinosinic-polycytidylic acid

Polyinosiniecpolycytidylic acid, or poly(l:C), is a synthetic doukdganded RNA
(dsRNA)comprising homepaymers of inosine and cytidine nucleotides. Poly(BCts as
viral mimic, initiating the same immune cascade as viral infectidfexopoulou et al.,
2001) This innate immune signaling cascade begins when a virus biadddsomaitoll-
like receptor 3 (TLR3), which recognizes dsRiexopoulou et al., 2001; Lester and Li,
2014) While many common viral infections are caused by sisfinded RNASSRNA;
e.g., influenzaSARSCoV-2) or dsDNA (e.g., HSV) rather than dsRNA like poly(l:C),
the dsRNA molecular signaturegenerated during the replication cycle of thelsesses

of virusesalike and TLR3 thus recognizes all three varieijigawai and Akira, 2011)
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Stimulation of TLR3in endosomesgesults in expression df) proinflammatory cytokines
and chemokinesvia activation of thenuclear factor kapphght-chainenhancer of
activated B cell§NF-a Bgnd?2) type | and type Il interferons (IFNs; primarily IFN a n d
IFN-2 Jlrespectively via promotionby IFN regulatory factor JIRF3). Unlike all other
TLRs,the TLR3 pathway does not involve recruitmentgyfeloid differentiation primary
response 88 MyD88) but is instead initiated via the endosome adapter protein
toll/interleukin 1receptor TIR)-domaircontaining adaptor protein inducing interfefion
(TRIF). TLR3 is expressed in a variety of tissues in human and mice including lung, liver,
heart, lymph node, spleen and bréikiexopoulou et al., 2001; Hornung et al., 2002;
Zarember and Godowski, 2002a; Nishimura and Naito, 200&&ably, however, TLR

is alsounique amongst similar TLRa its tissuedistribution patternsome of the highest
levels of TLR3 expression occur in the placef@mrember and Godowski, 2002a;
Nishimura and Naito, 2005ayhe inflammatory response indadey poly(l:C) in rodents,

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

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

1.2.2.Lipopolysaccharide

Lipolysaccharide (LPS) is a component of Graegative bacterial waknd major
ligand of TLR4 thus inducing the signaling cascade associated with bacterial infections
(Takeda and Akira, 2005Binding to TLR4 on the cell surface induces a Myb88
dependent pathway, like that mediating the immune response of allapaRsromTLR3
(Lester and Li, 2014)MyD88 signaling is activated at the membrane and results in early
phase NFe B a c t, thesparhary oole of which is to induce expression of inflammatory

cytokinesas discussed abave
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Like TLR3, howeveractivation ofTLR4 can also induce a TRi#fependent pathway
upon endocytosis and trafficking to the endosqikagan et al., 2008)This pathway
similarly results in activation ofatephaseNF-a Balong with activation ofIRF3 and
subsequent expression of type | B-NILR4 is the only TLR to activate both MyD88 and
TRIF pathways, and their combination is necessary for the full TioBdiated immune
respons€Shen et al., 2008; Kawai and Akira, 201hile TLR3 expression is highest in
the placenta, TLR4 is most highly expressed in the spl2arember and Godowski,

2002a; Nishimura and Naito, 2005a)

1.3.The nucleusaccumbens

A tremendous amount of work ovexcentdecades has characterized toanectivity
and function ofbrain regions involved in reward processing and decisiaking
(reviewed in e.g., Robbins and Everitt, 1996; Haber, 2a@B8herallyspeakingthiscircuit
includes a group of regions termed the basal gatigliacomprisesubstantia nigra, globus
pallidus, the subthalamic nucleus and the striatwhich together are involved in action
selection andnotor executionThe striaturd typically thought to serve as the input to this
cluster receiving projections from a variety of related brain regioitself classically
comprises tw@rimary subdivisions, the dorsal striatum (DS) and ventral striatum (VS).
DS, which includes cautia nucleus and putamen, is particularly involved in motor
executionand receives afferents from motor regions and cortical areas like PFC. The
nucleus accumbens (NAc) is a primary region within VS and has traditidvesighought
toserveasda | i mioito r i dué te itsdoraneckviby with limbic and motor output
regiors (Groenewegen and Russchen, 1984; Heimer et al., 1991; Brog et al., 1993; Wright

and Groenewegen, 1995; Voorn et al.,, 2004; Gruber et al., .28p8xifically, NAc
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receivesglutamatergicafferents from limbierelated areas including hippocampus and
amygdala in addition to cortical areas like RR@d ts primary output is to the motor
controlregionventral pallidum Notably, NAc is als@ majortarget of midbrain dopamine
neurons originating ithe ventral tegmental are@/TA); this reciprocal connectiotis
termed thanesolimbic dopamine pathwaydhas been the focus of much of the research
surrounding NAc Through thesevaried connections,NAc is thought to integrate
motivational, cognitive and emotional information wétkpected valuandmotor signals

to ultimatelyguide motivated behavior

Firing of NAc neuronss correlatedwvith predicted and deliveregward(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 2012; Cerri et al., 2014)
andinactivationof NAc attenuates the impact that rewarded actions have on the direction
of subsequent actiorfStopper and Floresco, 2011; Dalton et al., 20THjs encoding of
upcoming outcomes is thought to allow NAc to motivate behavior in response to the cues
that predict these outcomedeed, lesions or inactivation of NAmpair approach
responses toward rewapdedictive cuegEveritt et al., 1991; Parkinson et al., 2000; Blaiss
and Janak, 2009; Nicola, 2010; Saunders and Robinson,, Zliorting its role in
enablingcues associated with a rewarding outcome to approlyriteulate a behavioral
responseNAc 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 eigimaze arm that contains food located in four affeamans and

Phillips, 1994; Floresco et al., 1997; Gal et al., 1997; JoRgda et al., 2003)out has no
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effect when rats are required to choose between only two arms or responsSleaerans
and Phillips, 1994; Floresco et al., 2006; Castane et al., 204R¢n bgether, these
findings supporta model of NAc function wherein this regidncorporagés cognitive,
affective and contextuahformationarisingfrom a variety brain areasjtimately serving

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

the probability taachieve some type of go@icola, 2007; Floresco, 2015)

NAc itself canbe further divided into two subregions, the core and shell. Interestingly,
these subregions differ in the patt®af innervation thg receive from their various input
regions(Groenewegen et al., 1987; Brog et al., 1993; Groenewegen et al.,at@lbgy
send projections to distinct sets of downstream tar{@tesenewegen et al., 1999;
Humphries and Prescott, 2010)he different organization of afferent innervatiand
efferent projectionsuggests that these two subregions may play slightly different roles in
the overall function of NAcIndeed, agrowing body of work has sought to characterize
the differential involvement of core and shell in the expression ofdjoadted behavior.

One theorycomprehensively reviewed Wtoresco (2015)is thatcorecontributes more

to promoting approach towardsrewged edi cti ve stimuli (fAgo to i
suppress other behaviors that could interfere with the successful completion of the goal

and/or acquisition of the rewafdii st ay tiine with shiesé proposed functions,

inactivation of core or antagonism of core dopamine receptors reduces Pavlovian
conditioned approacliDi Ciano et al., 2008; Saunders and Robinson, 20d2jle

inhibition of shell increases responding to a nonrewarde@Ameéroggi et al., 2011; Feja

et al., 2014)Dysfunction ofNAcd and its subregiords may thus provide a potential site

of action underlying the core symptomatology of NDDs, which includes attentional

15



difficulties, differences in social communication and altered reward processing and

motivation.
1.3.1.NAc is associated witlthe pathophysiology ofNDDs

Clinical studies of NDDs havieadeedregularly found evidence of dysregulated reward
processing and circuitfDichter and Adolphs, 2012; Dichter et al., 2012b}he context
of social behaviorhis 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 oéduced rewaiidg properties of social stimu{iChevallier et
al., 2012a) The study of reward processing differences in ARnddeyond the social
domain the responsef rewardrelated brain regions to other, asacial stimuli is thought
to underly ASDlike symptomatology, for example thestricted and repetitive behaviors

that are a core component of ApEesentatiorfKohls et al., 2018)

The striatumin particular has been implicated in the reward dysfunction related to
ASD. For examplegctivation of NAc was lower in participants with ASD during monetary
anticipation andewardoutcomegDichter et al., 2012aJurthermorgthe 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 wheasita monetary reward
(Delmonte et al., 2012Behaviorally, boys with ASD also showed less of an increase
reaction speed on rewarded trials versus unrewarded trials, together suggesting reduced
motivation especially toward social stimulip boys with ASD.This aligns with similar
results fromScottVan Zeeland et al(2010) in ventral striatum. This study further

identified a relationship between activity ofS and social reciprocity in typically
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developing children that was absent in children with ASD. In line with thier studies
have found hypoactivation of the striatum during facial expression imitddapretto et

al., 2006) or the presentation of happy facéShafritz et al., 201%)in contrast,
hyperactivation has been reported during senswtor tasks(Takarae et al., 2007)
suggesting thagtriatummay be more involved in sensory processing and less involved in
social processing in people with ASDaken together, this body of work suggests that
motivation and reward processthgspecially in the social domd@nare altered in ASD,

an effect which is driven at least in parthypoactivation of NAc

NAc has alsodong been implicated in the pathophysiology of schizophrehize
classicaldopamine DA) hypothesis of schizophrenia prevailed for yeasirredby
evidence from landmark studies that found that increasing DA levels in the brain
exacerbated or increassdhizophreniaassociated symptoms in people with and without
schizophrenia, respectivefyenkins 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 NAtlpdated models were subsequently proposed
that incorporated evidence dltered functioning ofbrain regions including PFC,
hippocampus and amygdéldahree primary inputs to N& and postulated that these
differenceslike the projections themselvesnverge at NACThese models postulate that
aberrant information gatingn NAc ultimately shifts motor output from PFCand
hippocampugiependent goalirected behavior that is planned and contieggendent to
responses that are more impulsive, solely representingsitimaling of valence by
amygdala(Grace, 2000)This model is congruent with the role of NAc tine integration

of cognitive and affective information so as to appropriately guide motivated behasvior

17



discussed abovend further aligns with theinability to ignore irrelevant stimuli that is
central to the experience of people living with schizophrévi@hie and Chapman, 1961,

Nuechterlein and Dawson, 1984; Anscombe, 1987)

Despite these earlier hypothesetrong evidence supporting a role of NAc in
schizophrenia was scarce until relatively recently, thankslt@nces 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 schizophreniaespectiveof present treatment with antipsychotic
drugs(McCollum and Roberts, 2015)hich is congruent with ultrastructural findings
from postmortem brains similarly indicating increased excitatory input to NAc in
schizophrenigMcCollum et al., 2015)Taken togetherthese findings suggest that the
integration of limbierelated information by NAc is impacted by schizophrenia, which may
drive behavioral impairments like attentional difficultie€onsistent with this
interpretation is that aberrant DA signaling is driven by excessive hippocampal activity in
a rat model of schizophren{aodge and Grace, 20Q7ndicating the interrelatinesof

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, bring to mind ADHD, hallmark symptoms of which include impulsivity and
inattentiveness. Indeed, human imaging studies maperteddelayed 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 midb¢slimlkow et al., 2009)As discussed in the

context of ASD abovereduced activation of NAc in response to rewardreward
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anticipationhassimilarly been found in people with ADH[Bcheres 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 Naieadily increases through the first week of life
(Das and Altman, 1970similarly, 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 partiiBédlieau and
Warren, 2000) This indicates that NAc may be susceptible to external influence during
this developmental period, which could theoretically stegfironal architecture and firing
propertiesto 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 functiomsodent model§Zuckerman and Weiner, 2003;
Ozawa et al., 2006; Meyer et al., 2008a; Agtifatles et al., 2010; Bitanihirwe et al.,
2010b; Romero et al., 2010; Vuillermot et al., 2010)addition to the disrupted prepulse
inhibition (PPI) of startle response reported in many MIA rodent stiicaeseffect which
is dependent on DA signaliiga variety of other differences have been found that add to
converging lines of evidence connecting developmental inflammation, -N@D
behavioral phenotypes andcewardrelated structure and function. Another similar
behavioral assessment is latent inhibition (khich assessattention by measing the
ability of subjects to ignore irrelevant stimuike PPI, LI can be tested in both rodents and
humans and has been reported to be disrupted in peopte with schizophreni@aruch

et al., 1988; Gray et al., 1995; Rascle et al., 2001; Vaitl et al., 206&estingly, prenatal
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inflammation in rats disrupted LI in adult, but not juvenile, offspridgckerman and
Weiner, 2003) Disrupted LIhas been reporteith adult male but not female offspring
following prenatal inflammatio(Bitanihirwe et al., 2010bMore generally, MIA has also
been associated with reduced sucrose preference in(Kfede et al., 2014and female
(Reisinger et al., 201&ffspring,providing another line of evidence for the effect of early

life inflammation on altered reward processing.

On a neurochemicalevel, studies of adult offspring following MlAhave found
increased DA turnover and decreased binding of DA receptors in the striatum of adult
offspring (Ozawa et al., 2008h addition to a reductionf NAc DA levels(Bakos et al.,
2004; Wang et al., 200lowever, 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., 2010Behaviorally, MIA also enhanced the locomotor response
induced by treatment with amphetan@nan effect known to rely on the DA systéin
offspring of both sexes, an effect which has been reported in both atepgedent
(Zuckerman and Weiner, 2003; Ozawa et al., 2@0®)-independent mannéMeyer et
al., 2008b) Thesediscrepanies in the age at which effects are presethikely attributable
to the differences in timing of the MIA insult, either daily from gestational day 12 (GD12)
through GD17 in micéOzawa et al., 20064 single injection on GD15 in rgBuckerman
and Weiner, 2003)r a single injection on GD9 in mi¢®¥ieyer et al., 2008bRegardless,
these finding<ollectivelyimply persistentlyaltered DA signaling following MIA. Meyer
et al.(2008b)further reported enhanced locomotor response to the NMDA receptor agonist
MK-801 as well as downregulatgthitamate receptor 1 (GluR&Xpression 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 schizophrengmesting that both

may be altered following prenatal inflammation

A longitudinal study bthe impact of MIA on structural and functional development of
the dopaminergic system similarly identified striking-aggpendent abnormalities that are
apparent in the fetal brain and persist through adulth®dadllermot et al., 201Q)
Specifically, the authors found that density of the dopamine receptors D1R and D2R in
striatum progressively increased throughout fidkowing prenatal inflammation. Other
effects were more transitory, for example expression of the DA transfloA&n, which
was reduced in the fdtand adolescemtiAc, but notin adults Still other effects displayed
a biphasic pattern of alterations, such as striatal expresdimosine hydroxylase (Ttd)
the ratelimiting enzyme for the synthesis of catecholamings IDAGJ that initially
decreased in the adolescent brain but ultimately became elevated in adulthood compared
to agematched controls, mirroring a similar agpecific pattern of striatal DA levels

following MIA reported byRomero 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 rexetated regions,
that include receptor sensitivity, spine density and gene expredssioewed in Nestler,

2001) In addition to drugs of abuse, altered function of NAc and VS more broadly is also
associated with disorders like depresdigpstein, 2006; Monk et al., 2008; Forbes et al.,
2009; Pizzagalli et al., 2009nd postraumatic stress disordésailer 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 otH{&wgid et al., 1999; Dube et al., 2003; Edwards et al.,
2003; McFarlane et al., 2005; Espejo et al., 2007; Humphreys et al., R&i#grdrelated

brain regions, and NAm particular, are strongly implicated in the neural underpinnings
of developmental stressduced phenotypes in both humans and rodent m¢eeiewed

in Hanson et al., 2021Jor example, ELS in people attenuates behavioral response to
reward in adulthoodDillon et al., 2009andimpairs cognitive flexibility and associative
learning in adolescen{#anson et al., 2017; Harms et al., 201B).S also resulted in
hypoactivation of NAc during adolescence, the degree to which was correlated with higher
depression scord§off et al., 2013) Functionally, ELS has been associated with lower
activation of VS during reward anticipation of both monetary {diehta et al., 20103nd

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 fynction
though the direction of modulation has been somewhat misadexample, ELS increased
NAc DA releasdSilvagni et al., 2008and the density of TH+ fibe(®ajcherMaslanka
et al., 2017)On the other hand, ELS reduced NAc DAT expresfBrake et al., 2004)
and direct treatment with glucocorticoids during late gestation increased the ratio of
apoptotic to proliferative cells in the VTA of offspring, whicitimately reduced the
density of DA input to NAcMorphologically, ELS also increased dendritic branching and
spine density in NA€Muhammad et al., 2012[lectrophysiological data further suggest
a malespecific decrease in spontaneous excitatory postsynaptic currents (SEPSCs) in NAc

perhaps suggesting that glutamatergic signaling is also reduced WpEI&hes Sanchez
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et al., 2021)In line with thisare reports ch malespecific reduction in NAc GIuA2 AMPA
subunit expressioriGanguly et al., 2019)Behaviorally, ELS in males causes some
anhedonidike phenotypes in adolescents, including reduced sucrose preference and less
social play behaviofMolet et al., 2016; Bolton et al., 2018pterestingly, sex differences

have been reported for some behavioral effects of ELS in studies that included both sexes;
for example, ELS bidirectionally impacted opieideking behavior, causing increases and
decreases in males and females, respegtiflatvis et al., 2022) Additionally, ELS
increased impulsive behavior, assessed by a variety of paradigwis et al., 2011;
Wilson et al., 2012; Kentrop et al., 201@&n 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 stimithis work
togethemprovides evidencthatrewardrelated brain regiods and NAc inparticulad are
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 fundhiaiwdents effects
include a shiftin T cell CD4/CD8 rat{®oque et al., 2014lasting increases in brain levels
of the proinflammatory cytokines 4B, IL-1 b a n dJ (LOnfz et al., 20223nd an
enhanced or blunted response to later HiifBiced neuroinflammation in males and
females, respectivelySolarz et al., 2023)These data are in agreement with similar
findings from human studies that report positieerrelationsof adverse childhood
experiences with white blood cell coyfurtees et al., 2008nd levels of IL6 and TNF
U(Baumeister et al., 2016Vhen the impacts of ELS on NAc structure and function and

associatedrewardrelated 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 offspringe.g., Ozawa et al., 2006;
Vuillermot et al., 2012)those that included both sexes often reportsgecific effects
related toNAc and dopaminergior glutamatergisignaling more broadly. For example,
behaviorally, the LI effect reported Bjtanihirwe et al. (2010ajas present in males but
not femalesln line with this theimpact on glutamatergic signaling was more pronounced
in malesin this study, althougMeyer et al.(2008b)contradictorilyreported aemde-
specific downregulation of GIuR1 expression in NAc following prenatal inflammation.
The MIA-induced PPI deficit was alsdetected 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 tesist basal sex
differences in NAa@evelopmentstructure and functiorOne of the earlieseports 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 ile$é¢Aradersen et al.,

1997) Intriguingly, Kopec et al. (2018)ecently demonstrated that microglia actively
participate in this process by phagocytosing D1 receptdiseimdolescennale NAco
yet another instance of a classical immune pathway involved in the normal organization of

brain structure. Additionastructural sex differenceseyond DA receptor densityave
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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 compatédttof males
(Forlano and Woolley, 2010; Wissman et al., 20R&garding 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 malésgether 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 regionhave been studied the most is with regardsubstance use
disorders This field is motivated by the evidence that women are raffeeted at each
stage of addtion: compared to men, women escalate more quickly through the stages,
remain abstinent for shorter periods of tjraee more likely to relaps@xperience more
unpleasant symptoms of withdrawahd are more responsive to dimgedicting cues
(reviewed in Lynch et al., 2002; Becker, 20IB)ese findings have been recapitulated in
rodent studentsimilarly demonstrating that females compared to males are quicker to
acquire drug taking behavior, s@liminister greater amounts of drug and display greater
motivation for druggLynch and Carroll, 1999; Hu et al., 2004; Chaudhri et al., 2005;
Jackson et al., 2006; Zhao and Becker, 2000@se effects are at least partially tdusex
differences in DA dynamics ithe striatumin which many estrous cyeliependent and
independent differences have been foumbloth basal DA release and reuptake as well as

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

Intriguingly, that NAc serves functions relatetb reward processing and social

behaviod two well-characterized domains impacted by NBDand ismodulatedy both
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sex andearly life inflammationpositions it well to serve as one potential site of action
through which developmental inflammation may produce-sgcific NDDlike

phenotypes.

1.4. Chapter objectives

The overarching goal of this dissertation is to connect neonatal inflamrbatiowith
behavioral outcomes across the lifespan\aitid the activity of NAc neurons the same
animalsso ado generate a more holistic model of kagtingeffects of inflammation during
neurodevelopment. While theegistsa plethora of rodent MIA studies, it can diéficult
to generalize across endpoints and ages as each group uses a difference dosage, timing and
specific immunogen and tests different behavioral phenstgtpdifferent ages; moreover,
many studies, especially the earliest, have utilized only male anilesyiste the sex and
gender differences identified at every level of NDD presentation in clinical and preclinical

models alike

In Chapter 3, provide surprising evidence that neonatal treatment with the viral mimic
poly(l:C) has little effect across a range of behaviors that are commonly tested in.rodents
Standing in contrast tthe findings from a variety of rodent maternal immune activation
and neonatal inflammation demonstrating deficits in social behavior, we found no
differences in maternal isolatianduced USVs, juvenile social play or social motivation
or social recognitin and interaction pr@r postpuberty. In adulthod, we similarly found

no effect of neonatal inflammation on a rewagrudded decisiormaking task.

| expand upon these findings in Chapter 4, where | find little impact of neonatal
inflammation on performance of a task routinely used to assess inhibitory c8etralid

affect performance, however; while males were more accurate on trials requiring rats to
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inhibit their initial response and redirect in the opposite direction, females improved their
performance more in response to an erkolditionally, | 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 typend subregiorspecific manneand, intriguingly, neural
activity tracks trial outcome history.e® and neonatal inflammation both affect neural

activity patterns, despite the absence of overt behavideaitef

In Chapter 5, | 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 idniecte
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 andifeanflammation both
affected factor scoressuggesting that this approach may be useful to assist in the

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

Finally, | provide a general discussion of the main findings of this dissertation i
Chapter Gand discuss factors impacting the often paradoxical results from rodent studies
thatassess the effedf early life inflammation on brain and behaviblere | also expand

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

2.1. Experimentalsubjects

SpragueDawley rats were obtained as part of a larger study involvingcithes
breeding of WT (Charles River) and NeureXiH1% heterozygous (Het; Horizon
Discovery group) rats, which occurredhouse at the University of Maryland School of
Medicine. Pregnant females were allowed to deliver naturally (day of birth designated as
postnatal day O [PO])Sex of the pups was assigned on PO by anogenital distance and
confirmed as the animalspproached puberty by the presence or absenextefnal
genitalia.A total of 18 (9/sex) WT pups from 5 litters were used, with sex aatitient
balanced, based on expected medium effect sizes. Rats were housed-looua 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 wbichthey 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 proaddithitumat all stages.
All experiments were approved by IACUC and conformedtite National Research
Council Guide of the Care and Use of Laboratory Anin{@B10) Importantly, all
experiments (excluding validation gfolyinosinicpolycytidylic acid and pilot social
motivation experimentwere performed in the same animals, allowing for the comparison
of brain function and behavior across the lifespdre timeline of procedures, conducted

as described individually below, is presented in Fiquie

Birth Juvenile Adult
PO P8 P10 P12 P21 P25-26 P27 P28 P30 P52 P60r
I — t t t i i t i i t t
USVs Social  Social Open Social Social Reward-guided  Stop-change &
i.p. injection Motivation Play Field Recognition Recognition decision making neural recording

5 mg/kg poly(l:C) or vehicle saline

Figure 2.1 Timeline of animal treatment, behavioral assessments and-smgleeural
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(l:C); Sigma P1530) or saline vehicle (FAdl). Animals were
randomly assigned to treatment group (n = 5/sex poly(l:C); n = 4/sex vehicle), balanced

across litters.

2.3. Validation of poly(l:C)

In a separate cohort of animals (n = 33 from 3 dams), we verified that our dosage and
lot of poly(l:C) was capable of inducing an immune response by treating rats on P8 with 5
mg/kg poly(l:C) or vehicle saline as before (n = 15 vehicle; n = 18 poly(M@jge 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 4C4 Serum was stored &80°C
prior to testingLevels of the pranflammatory cytokines interleukif (IL-6) andtumor
necrosis factor alph@NF-U Wwere measured via ELISA by the University of Maryland

School of Medicine Cytokine Core Laboratory.

2.4. Surgicalprocedures & histology

Surgical procedures followed guidelines for aseptic technique. Electrodes were
manufactured and implanteat the University of Maryland College Pads in prior
recording experiment&.g., Bryden and Roesch, 2015; Tennyson et al., 2018; Bryden et
al., 2019; Brockett et al., 2020; Brockett et al., 20B&)ts were chronically implanted with
a drivable bundle of eight 25 um diameter FeNiCr wires (Stabléi%, 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(§falinos and Watson,

2006) Immediately prior to implantation, wires were freshly cut with surgical scissors to
extend ~1 mm beyond the cannula and electroplated with platineiGkl Aldrich) to

an impedance of ~300 kOhms. Cephalexin (15 my Rgstoperative) was administered

once daily for seven days pasgperatively. 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
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 treatmept gr

2.5.1. Maternal isolation-induced ultrasonic vocalizations

On P12, pups were individually isolated from the dam, placed in a suteriated
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 14bit format and processed with a fast Fourier transformation (512 FFT,
75% frame size, flattop window, 93.75% time window overlap) and ajagh at 10 kHz
to eliminate background noisBltrasonic vocalizationsUSVs) were manually counted

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

Social motivation was assessed using a modified version of the operant social
preference paradigm described by Borland e28117b) The apparatus was constructed
of transparent polycarbonate and comprised two equal chambers (30 x 30 cm, 24 cm high)
separated by a orngay verticalswinging door (8 cm wide x 9 cm tall). The door was
perforated with circular holes to allow the trangférir, odors and sounds. On each test
day, an initially novel sexage and treatmentnatched 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 glajhe test animal was then placed in the opposite
chamber and given 3 min to push open the doc
when an entry was made, the 3 min timer was paused and the test animal was allowed 15
s to interact freely with theistulus 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;,dreexment
and ageamatched no#ittermate stimulus animal was placed in the arena and thevpee
video recorded for 10 miyad pairs remained the same from the previous days of social
motivation testingVideos were manually scored for instances of pounces, pins and boxes
as well as the time spent engaging in playful reagtitumble play beavior and in

nonplay social behavior (grooming, crawling over/under, etc.).
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2.5.4. Openfield 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 wereneasured

2.5.5. Socialrecognition

Rats were singly housed in a test cage (identical to their homeazhlileitumaccess
to food and water) for 2 hr prior to testing. At the start of each test, a novehgexand
treatmert matched nosittermate stimulus animal was placed in the test cage for 4 min.
The stimulus rat was then removed. After a 30 min retentioroghetie initiad now
familiard stimulus animal was returned to the test cage along with a second novel stimulus
animal. The animals were video recorded during the 4 min teisidpand videos were
manuallyscored 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 thesgiere with

the novel animal and dividing by the sum.

2.6. Cognitivetasks

Sessions were conducted in two identical modular behavioral chambers (Med
Associates, St. Albans, VBt the University of Maryland College Pa®n 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. Rtoyt tenes were
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monitored by disruption of photobeams. These tasks were perfoumiedthe light phase

of the animals

2.6.1. Rewardguided decisionmaking
Each trial began with illumination of house lights that instructed the rat to nose poke
into the central port, which initiated a 200 ms-pue delay period. At the end of this delay,
one of two trial types commenced: forced choice (5fi%ials), in which a directional
i ght to the animal 0s l eft or right 1l um
corresponding lever to receive reward (10% sucrose), or free choicedb0dls), in
which both lights illuminated, indicating that the rat could recesveard 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 peélsis 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 sucroseffter training, we then manipulated reward
value:onesid@s et to each ratdos preference I f prese
who displayed no side bidswas assigned to deliver a big rewéidee 700 ms deliveries,
separated by 500 ms eaend the other a small rewaft50 ms) In the first block (size
reversal), these contingencieswezeersed bi g Y srndal Isnmradwa ¥ bi g r ew
the second block (first delay reversa$ward value was reversadain, this time such that
the side paired with thraore desirableig reward now required rats to hold fo7 & before
reward deliverylfig rewardY long delay and the side paired with the small reward now
delivered reward immediatelgifallrewardY short delay)Reward size between the two

delay conditions was constaiit5 s delivery)In the third block (second delay reversal),
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delay contingencies wemeversedwhi | e rewar d si ze remained cc
delay; long Y short del ayfthetireddobksbdganohy sessi
the next daily session after the rat selected the higdlae reward (e.g., big size or short

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

trials.

2.6.2. STORchange

This task was conducted following recovery from electrode implantation surgery,
describedabove in Chapter 2.4&ach trial began with illumination of house lights that
instructed the rat to nose poke into the central port. Nose poking initiated a 20Gaus pre
del ay period. At the end of this del ay, a d
illuminated, remaining so until a behavioral response was made. On 80% of trials, termed
GO trials, presentation of the left or right light signaled thedtion 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 steignaldelay (356 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, mich 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 (prefluid 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 prefluid 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 lestdtsden 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 ratse®ed reward by responding in that
direction. For STORhange, 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 introducedadually 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 assessiverttiruggen et al., 2019)

2.7. Singleunit recordings

Singleunit recordings were conducted as rats performed the Sh@mge task
described above. Due tequipmentlimitations, only 16 of the initial 18 rats were
progressed to recording. The two excluded rats were both pol(e&ted (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 um. 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 anapp 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 softwax€{Pilol) at

250-8000 Hz to isolate spike activity.

2.8. Statisticalanalysis
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). Activity 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 proceduresuding
classification of increasingr decreasingype cellswere executed using raw firing rates
(i.e., spikes per secondjor 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 tRalscorresponding STGEhange
behavioral data, each datum is a session average to illustrate behaingracquisition
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 aodtgal.

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

36



treatment as betweaubjects factors, with additional experimapecific withinsubject
factors when necessary (e.g., trial ty@®© or STOPin the STOPchange task). Pokbc
analyses as indicated were conducted following significant interactions and comprised
pl anned St ud e-testsGvberecappromiatioliowing sesulis of an Fest of

equal variancesyith Bonferroni corrections for multiple comparisons. Unless otherwise

specified (i.e., STORhange), each datum for behavioral tasks s a single animal.

2.8.2. Factoranalysis

The complete data set from the finala@mals (n = 4/sex poly(l:C); n = 3/sex vehicle)
was used for exploratory factor analysis. Neural data were averaged across cells recorded
from each animal to generate an increagyme and decreasiFgpe animal mean. An
additional 2of the 16animalswe recorded fronflone male and one female, vehitleated)
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 analysisdata 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 St@iect or STORerror trials). Next, we
removed any variables that had\Rilues > 0.9 with other variables, for example in the
case of play where the number of pounces was highly correlated with time spent playing
(R? = 0.96), total number of play events?(R 0.99) and the ratio of time playing:time

nonplay social interaction R= 0.92); thus, only number pounces was included. In some
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cases the highlgorrelated 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 (R > 0.99). A parallel analysis on the transformed data set of 48 variables was
next conducted, which indicated a fifector solution following Kaiser criterion (eigen
values of all retained factors were > 1). Factor analysis was conducted using minres
algarithm, oblimin rotation and factor loading cutoff of OFactor soreswere generated

for each animalising the tenBerge method of estimatesmdwere subsequentignalyzed

by two-way sex x treatment ANOVA as above.

38



Chapter 3. Social and rewardrelated behavior across the lifespan

3.1. Introduction

Autism spectrumdisorder (ASD) and schizophrenia are two of the most-well
studied disorders thatre increasingly understood to hawregins in developmenihough
their presentation is heterogenous, there are several core features that commonly overlap
between individuals, both within and across these two disoff@nsminga and Holcomb,
2005; Jablensky, 2006; Bruining et al., 2010; De Crescenzo et al.,, 2019; American
Psychiatric Association, 2022)f interest to us is that differences in social communication
and speech are common to b{Blasson et al., 2007; Losh et al., 2009; Couture et al., 2010;

Solomon et al., 2011)

Similarly, rodentmaternal immune activatiogMIA) models of NDDshave
identified a range a$ocialbehaviors that are impacted in both a-dependent and sex
independent manne@ne of themost commonly reported effecin the social domaiis a
reduction in sociability or social approach (i.e., the time spent investigating a novel
conspecific compared to a novel object) in adoles@&avani et al., 2015; Vuillermot et
al., 2017)and adultXuan and Hampson, 2014; Labouesse et al., 2015; Lins et al., 2018;
Lins et al., 2019; Zhao et al., 2024ffspring of dams that experienced MIA reduction
in adolescent play behavior has also been repdKesten et al., 2010Q)which is often
malespecific if both sexes are testélhylor et al., 2012; Gzielo et al., 202Earlier in
life, maternal isolationinduced USVs are reduced in offspring following gestational
inflammation(Malkova et al., 2012; Carlezon et al., 20IByough less common, studies
in which the immune challengeccursearly in neonatal life rather than prenatally have

also identified differences in social behavferg., reduced adult social interaction, Ibi et
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al., 2009, Carlezon et al., 2019; less social contact received frommagteked peers,
MacRae et al., 2015b; reduced social play in both sexes, Doenni et al., 2016; increased

maternal isolationinduced USVs, Carlezon et al., 2019)

Another domain in which clinical and preclinical NDDs studies often align is
reward processing and geditected behaviorFor example, cognitive flexibiligy the
ability to adapt behavidn a contexddependent manngeshifting strategies when one that
waspreviously advantageous is no longed $e often studied in the context atention
deficit hyperactivity disordefADHD, Nejati et al., 2020; Roshani et al., 2028)vell as
schizophrenigBraff et al., 1991; Thoma et al., 200a)dASD (Van Eylen et al., 2011;
Memari et al., 2013Yhoughcognitive flexibility is not a core deficit of the latter and results
from these studies are somewhat mixedung and Zakzanis, 2014 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
stimulid visual, spatial, acoustic or some combinationhafst® one ofwhich is paired
with a more certain or higher value reward, while the other is either unrewarded or
associated with kess probable antherwiseless 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
ani mal s6 per s erethey emntinue ® chease the previously more desirable
stimulusdespiteits current outcomeStudies on the effects of MIAave employed these
paradigms to demonstrate that prenatal inflammation, particularly late in gestapairs

cognitive flexibility (Meyer et al., 2006b; Bitanihirwe et al., 2010b; Han et al., 2011,
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Amodeo et al., 2018) sometimes in a sedependent mannéZhang et al., 2018) in

agreement with the clinical literature.

Though theseesults are together compelling, it can be difficult to compare them
due to the differenspeciesfiming, dose andmmunogen usetb induce MIA(Meyer et
al., 2006b; Haddad et al., 2020)oreover, some studies fail to include both sexes and
choose either the adolescent or the adult age to test for behavioral differeniégsring
that experienagestational inflammatiarThus, in an effort to characterize the impacts of
early life inflammation on these implicated behavioral measuwesreated rats witthe
viral mimic polyinosinicpolycytidylic acid (poly(l:C); 5 mg/kg intraperitoneal) on
postnatal day 8 (P8) & P10 (Fig1), a timepoint which is roughly equivalent to the third
trimester of pregnancy in huma(Semple et al., 2013; Workman et al., 2013a)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 usingestationalpoly(l:C) to induce inflammation have reported a
variety of often inconsistent findings, even when treating at a similar timepoint with similar
dosagdHaddad et al., 2020J o improve reproducibilityKentner et al., 2019nd ensure
the lot and dose of poly(l:C) used in the present study was capable of inducing an immune
responsewe measured serum leveskiterleukin6 (IL-6) andtumor necrosis factalpha
(TNF-U) three hours following injection on AB a separate cohort of animals (n = 33).
This timepoint is within the window during which-f and TNFUlevels peak following

peripheral poly(l:C) treatment in adult réEortier et al., 2004; Cunningham et al., 2007)
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Indeed, expression of both these proinflammatory cytokines was increagegdsithat
received poly(l:C) compared to those that received vehicle saline dlbimeenof 15
serum samples from vehieleeated animals were below the detection limit of6lL
compared to only 1 of 18 from poly(l:@eated animal@~ig. 3.1A) If we conservatively
set the concentration at the detection li(@b pg/mL)for these 14 samples, the mean
concentration of IE6 was80.76 pg/mL compared to 1105.80 pg/mlserum fronvehicle
and poly(l:C)treated animals, respectively. line with this, there waa significant main
effect of treatmenfANOVA F(1,29) = 20.41, p < 0.0Q01Similarly, mean concentration
of TNF-U  wi#%.88 pg/mL compared to 198.72 pg/im_vehicle and poly(l:Citreated
animals, respectivelgn effect which was agasiatisticallysignificant(ANOVA F(1,29)

= 54.02, p < 0.001Fig. 3.1B. Both of thesdreatmenteffects were independent of sex

(main effects obex IL-6 F(1,29) =0.23,p=0.64,TN6 F(1,29) = 0.06,
treatment interactions: 6 F(1,29) =0.49,p=0.49, TNE F( 1, 29) = 0.
IL-6 TNF-a
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Figure 3.1 Poly(l:C) induces peripheral inflammatiofd and B) Poly(I:C) increased serul
levels of two cytokines, interleuki@ (IL-6 ; A) and tumor +Uec rBo) s,
hours following intraperitoneal injection, compared to injection of vehicle saline dore.
bars represent + SEM. Asterisks represent planned comparisons revealing stati
significant differences (twavay ANOVA p < 0.05).
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Thus, poly(l:C) significantly elevated levels dfvo proinflammatory cytokinesvithin

three hours of intraperitoneal treatment on P8

3.3. Early life socialand locomotivebehaviors were largely unaffected by early life
inflammation
3.3.1. Maternal isolatiorinduced ultrasonic vocalizations
OnP1®dt wo days after the pupisweassessedti,ed i nj ect
number of ultrasonic vocalizations (USVs) emitted by each pup during a three minute
period of isolation from the danifhese maternal isolatieinduced USVs are one of the
earliest measurable social responses displayed by neonatal rodents and are sensitive to
developmental alterations including models of NO¥Bsanchi et al., 2001)rhe number
of USV calls was not affeetlby 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 x treatment

interaction F(1,14) = 0.55, p = 0.4rig. 3.2.
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Figure 3.2 Maternal isolatioinduced USVs are not affected by sex or neonatal poly(
treatmenin 12-day-old pups Error bars represent + SEM.
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3.3.2. Juvenile play & the motivation to play

Wenextt e st e d tvhllengnass to exart elodbr social motivation on P25 and
P26 using a paradigm modified froBorland et al(2017b)in which test animals were
individually placed in a twachamber apparatus separated from a, sge and treatment
matched novel stimulus animal by a emay swinging doo(Fig. 3.3A). While the animals
could see, hear and smell one another through this perforated do8r3giteft), the test
animal was required to push through it in order to physically interact with the stimulus
animal (Fig3.3B, right). On the first day of testing, we found no significant differences in
the number of entries into the stimulus animal chamteir( effect sex F(1,14) = 0.615,

p = 0.446; main effect of treatment F(1,14) = 4.014, p = 0.065; sex x treatment interaction
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Figure 3.3 Poly(l:C)treated juveniles made their first entry into the partner chamber |
quickly in a test of social motivatioA) On postnatal day 25 (P25) and P26, an assessme
social motivation was conducted using a #t@mber apparatus. The chambers are sepal
by a oneway swinging door that is transparent and perforated, depicted in the inset. (E
test animal is placed in one chamber, separated from-aaggxand treatmeniatched non
littermate partner by #hswinging door, which allows ttenimals to see, hear, smell and tou
one another (left). The test animal may push through the door to physically interact w
partner for 15 s (right), before being returned to the starting chambB). {Gtal number of
entries and the latency tadt entry for the first test on P25 (C) and the second test on P2¢
Error bars represent + SEM. Asterisks represent planned comparisons revealing stat
sianificant differences (twavay ANOVA, p < 0.05).
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F(1,14) = 0.008, p = 0.93Ejg. 3.3C, left). Howeverpoly(l:C)-treated animals, regardless
of sex, made their first entry more quickly than their vehidated counterparts (F(1,14)

= 6.778, p = 0.022; Fi§.3C, right). There were no significant differences in either the
number of entriegmain effect sex F(1,14) = 0.008, p = 0.928; main effect of treatment
F(1,14) = 1.194, p = 0.293; sex x treatment interaction F(1,14) = 0.456, p = Or't66)
latency to first entrymain effect sex F(1,14) = 0.456,= 0.510; main effect of treatment
F(1,14) = 0.976, p = 0.340; sex x treatment interaction F(1,14) = 1.133, p = OB0®

second day of testing@rig. 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;nenmbi
pounces, pins & boxes, Fi§.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.(R4B),
as there were no significant differences in either pins. &#0 or baes (Fg. 3.4D),
indicating the sex difference was due to a difference in play initiation by the test animal
rather than reciprocity of the stimulus animBthe greater number of play events in males
translated t@reateroverall time spent playing, in which there was also a significant main
effect of sex(F(1,14) = 6.085, p = 0.027; Fi§.4E). Notably, however, this effect was
driven specifically byehicletreated animals, as a significant sex x treatment interaction
(F(1,14) = 4.704, p = 0.048) followed by pdsic analysis revealed that onhghicle
treated males and females differed from each other (p = 0B84y life poly(l:C) thus

attenuatedhe sex difference in time spent playimgthout impacting the expressi of the

discrete play componend/h i | e it doesndét reach significan.
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a trend toward less play in poly(I:@eated compared to vehidieeated males, which

would recapitulate the mabgpecific 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 ptéyjag= 2.51,

p = 0.058). Due to the variability of play expression and the fact that we only tested the
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significant with a larger sample size and/or additional play sessidrese were no

differences in the time spent engaging in nonplay social behavior such as grooming (Fi

3.4F, nor in the total time spemteracting with the stimulus animal (Fig.4G time

playing + time social nonplay)indicating that the impacts of sex and neonatal

inflammation were specific to play
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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; .R3hA). We detected a significant sex x
treatment interaction on the time spent in the center zone (F(1,14) = 7.379, p = 0.017; Fig
3.5B), but posthoc ttests detected no significant differences (vehicle:poly(l:C); females,
adj. p = 0.48; males, adj. p = 0.18here were no significant differences in the number of

entries into the center zone (F&50.
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Figure 3.5 Juvenile females are overall more locomotive, while early life inflamma
resulted in an anxietljke phenotype in malegA) Total distance traveled in the open field te
on P30. (BC) Duration spent within (B) and entries into (C) the center zone of the open
Error bars represent £ SEM. Asterisks represent planned comparisons revealing stat
significant diferences (tweway ANOVA p < 0.05).

3.3.4. Social recognition in adolescence &dulthood

Animals were testeth a social recognition paradigm once just prior to puberty at P30
and a second time pegtiberty at P52Each test day, animals were isolated for 2 hrs, after
which a novel sex age and treatmeninatched 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 temnimal remained isolated in the test cage for a retention
period of 30 min, after which the initial (now familiar) stimulus was returned to the tes
cage along with a second novel se&ge and treatmenmatched conspecific. The animals

were recorded for four minutes of free interaction.
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To quantify social memory, the time spent with faeniliar 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 aninedative 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; seatrient interaction
F(1,14) =1.02, p =0.3Fig. 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(l:C):
t(1,4) =-1.30, p = 0.26; male vehicle: t(1,3) = 0.55, p = 0.62; male poly(l: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 treafiment.

raw time spent with each stitus animal is presented in Figure 3.6Bere 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 x treatment intera&{1,14) = 0.16, p = 0.69

Fig. 3.60.

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 pepuberty at P52As at P30, the mean recognition indices were not

Figure 3.6. Neither sex nor neonatal poly(l:C) affected preference for a novel versus fa
stimulus animal at the juvenile ag®) Recognition indices, computed using the formula (ti
investigating novel animal time investigating familiar animal) / total duration soc
interaction. (B) Duration interacting (e.g., sniffing, grooming, crawling over/under) witr
novel and familiar stimulus animals. Gr
(C) Total duration social interaction (time invegiting 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(l:C): t(1,4) = 0.34, p = 0.75; male vehicle: t(1,3081, 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 x
treatment interaction F(1,14) = 1.52, p = Q.B#y. 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 X

treatment interaction F(1,14) = 0.11, p = 0.F@. 3.7B,Q.
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Figure 3.7. As in juveniles, preference for a novel versus familiar stimulus animappbstrty
was not affected by sex or early life inflammatigA) Recognition indices. (B) Duratior
interacting with the novel and familiar stimulus animals. Gray lines connect a singl

ani mal éds interaction times. (C) Tot al d
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3.4. Adult reward-guided decisioamaking

We next tested thedultanimals in two rewarguided decisiormaking tasks in which
we varied either the size of the liquid reward or the delay to receive the reward. Briefly,
each otwo levers vaspaired with either a highalue (big size or short delay) or levalue
(small size or long delay) reward. Rats initiated a trial by po&eng 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 angnmalist 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 highlued reward (big size or short
delay) on 80% of free choice tridlsa sessionthe contingencies were reversed such that
the side that previously resedtin a highvalue reward nowdeliveredthe lower value
reward (small size or long asf). 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) = 108, p = 0.272; interaction sex x 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 rewardguided decisionmaking is largely unaffected by either sex or ez
life inflammation (A) In this task, rats either must respond in the direction of a cue light t
left or right of the central well (forced choice, 50% of trials) or they may respond in ¢
direction when both cue lights are illuminated (free choice, 50% of trizdeh side is pairec
with either a big or small reward; these contingencies are interchanged once rats select
predicting the higher value (e.g., ldge) reward on at least 80% of free choice trialsC§B
Percentage of trials in which rats selected the side predicting the large reward in the first
and last ten (C) free choice trials following reversal of contingenciek) [®eaction time (ie
time from cue light onset to lever press) and percentage correct on forced choice trials w
reward size was large (D) or small (E). Error bars represent + SEM.
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In the size reversal block, there were no signifiediects of sex or treatmean choice
for big reward in either the first 10n@in effect of sex F(1,14) = 0.592, p = 0.592; main
effect of treatment F(1,14) = 1.550, p = 0.2iBderaction sex x treatmeR{1,14) = 1.283,
p = 0.276;Fig. 3.8B) or the last 10rfain effect of sex F(1,14) = 2.442, p = 0.140; main
effect of treatment F(1,14) = 0.271, p = 0.6ihieraction sex x treatmeR{1,14) = 0.754,
p = 0.400;Fig. 3.8C free choice trials in the session following reversed contingencies.
Overall, there were also no significagffects of sex or treatmeph response time nor
accuacy on forced choice trialsitherwhen the reward was bighoice: 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 = 0.06+p. 3.8D) or small (eaction 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 agaiachieved a session average86#6 choice for big reward, we
reversed the contingencies such that the tidewas previously paired withig reward
(high value) nowrequiredrats to endureraundesirabld s delay before receiving reward
(low value) relative to the other side, which was paired with an exgged but immediately
delivered rewardimportantly, in the last 10 trials in the sessjomor to reversal, all
animals displayed a similar preference for the side paired vgthelwvard, 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 x treatment interaction F(1,14) = 0.033, p = (xB5@).
first 10 free choice trials following itk reversal,however,we found that females had a
greater preference for the highalued short delay side compared to males (F(1,14) =
4.4974, p =0.043; Bi 3.9A), which equalized by the last 10 free choice trials of the session

(main effect of sex F(1,14) = 0.760, p = 0.388). 3.9B). However, when we reversed
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Figure 3.9 Females updated their responding more quickly when both the value and t
contingency were reverse(h-B) Once the rats again reached >80% preference for the
reward, contingencies were switched again such that the side that used to predict a largs
now required the rats to wait 1 s to receive reward; the side that previously predictadlth
reward now delivered the same size reward, but immediately after the lever press. Per
of trials in which rats selected the side predictimg $hort delay in the first ten (A and C) al
the last ten (B and D) free choice trials are shown for the initial reversal from small anc
rewards (A and B) and a second subsequent reversal (C and D). Error bars represent

Asterisks representghned comparisons revealing statistically significant differenceswiayo
ANOVA p < 0.05.
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these contingencies once more (short del

differences in selection of the short delay on either thelftrgtnain effect of sex F(1,14)
= 1.184, p = 0.295; main effect of treatment F(1,14) = 0.144, p = 0.710; sex x treatment
interaction F(1,14) = 3.318, p = 0.08) 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 x treatment interaction F(1,14)

= 0.156, p = 0.699%yee choice trials (Fig3.9C,D.

3.5. Discussion

We found little evidence of any enduribghavioral impacdf neonatal inflammation
across several commonly studied behavioral assessnsgdsifically, poly(l:Citreated
male and female rats, compared to their vehigated littermates, emitted a similar
number of maternal isolatieinduced USVs two days following their second injection and
engaged in a similar level and composition o¥gnile play behavior. Their overall
locomotive behavior and time spent in the center zone of the open &etdilsosimilar
and their willingness to interact with novel and familiar conspecifics was unaffected, both
pre- and postpuberty. As adults, poly(l:Greated animals were no different in their ability
to respond to rewargredictive cues and adjust their belwsl response when reward
valuewas manipulatedDespite the lack of behavioral effects, the dose of poly(l:C) used
here induced over ld increases in serum levels of two proinflammatory cytokines,
well within the ranges reported by MIA studi@=ortier et al., 2004; Cunningham et al.,

2007; Meyer et al., 2009)

While social impairments are a wskiudiedand typically more robustspect of rodent
NDD modelsthey are stilinconsistently reported. Several studies have reported no effect

of poly(l:C)induced MIA on the social behavior of the offspri(@ray et al., 2019;
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Chamera et al., 2020; Goh et al., 2020; Vigli et al., 20&28nhding in contrast to the many
other reports of deficitdiscussed above |1t 6 s worth noting that
may be due to the specific paradigmmd conditionsised. For example, imost cases the
animals are housed in seand agematched pairer groupsoutside of testingXuan 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 )ut several studies employed a brief period of social isolation prior to
assessment of social behavigrdays, Ibi et al., 2009; 1 hr, Taylor et al., 2012; overnight,
Doenni et al., 2016)0One study that did not detect any differences in US\Msliawing
gestational inflammatiomstead found thaparadoxicallyMIA prevented the deleterious
impact of social isolation housing relative to gréwgqused animal@Goh et al., 2020)0On

the other hand, second study compared adolescent play behdwlmwing MIA in
animalsthat were groufhoused to those that were isolatiooused and founthat MIA
reducedplay only in thesingly houseanimals(Kirsten et al., 2010)Some studiedo not

disclose housing stat@&avani et al., 2015; Gray et al., 2019)

Additionally, while most studies do use saxd agematched stimulus animals, most
are not treatmenmnatched|bi 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., 2026pugh some argirsten et al.,
2010; Lins et al., 2018; Lins et al., 2019; Chamera et al., 282@)the present studijwo
studesdirectly compared the play behavior of treatmewitched antiorrmatched pairs
onereportedprenatal LPS exposuresulted inmalespecific reductions in total play and

boxing only in the matched pairs, and a msecific reduction in pounces only in the
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mixed pairs(Taylor et al., 2012)However, there was also a confoumidfamiliarity in
which the treatmenmatched pairs were cagemates while the stimulus animal in the mixed
pairs was a novel, untreated aninvahile a sex difference in total play was present in the
vehicletreated dyads, it was blunted in the mixed/unfamiliar pairimps. secondgtudy
found no effect of treatmemhatching on adolescent social interaction in that P14 LPS
treatment similarly reduced the durationtofal (play and nonplaynteraction in both
treatmerdmatched andunmatchedlyads(Doenni et al., 2016)n this casehowever play

was only reduced in treatmemiatched pairsbut this was likelydue to the near absence

of play in nommatched pairs regardless of treatmantking it difficult to compare
between groupsNotably, there was also the lack af sex difference in play or social
interaction duration in this stug Previous work from our lab has highlighted the
importance of sex and partner familiarity in the expression of juvenile play behavior in
naive ratgArgue and McCarthy, 2015n 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., 20Bf)d preclinical evidence has suggested that the
reduction in adolescent social interaction following neonatal inflammation is not due to
any alteration incontact initiated by the test animal but rather is specifically driven by a
reduction in the contact receivéfdm the vehicletreated stimulus anim@MacRae et al.,
2015c) Taken togetherhese mixed findings suggest that housing st@tels presence &
number of cagemates and any environmental enrichmentparder familiarity and
treatmenhistorycan all impact the expression of social behavior in rodents, which together
may mask or amplify more subtle effeof sex and treatmernit. is also worth noting that

rats are increasingly used for the assessment of social behespecially in the context
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of NDD models,due to theircomparatively more complesepertoire ofsocial behavior
relative to micgMoy et al., 2007; Moy and Nadler, 2008; Ellenbroek and Youn, 2016)
While many of the studies discussed here emplogtex{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 proportionaveconducted in micélbi 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 al2019; Vigli et al., 2020; Zhao et al., 2021)

The sole significant effect of neonatal poly(l:C) we identifiadthese early life
behaviorsvas a shorter latency to push through awag swinging door to access a play
partner on P25. There are two possible interpretations;tfitstcould indicate that they
were simply quicketo learn how to push through the do@ongruent with this is that
these animals made a similar number of entries into the chamber overall compared to
vehicletreated animaland the groups did not differ in their latency thez on the second
day of testingwhen they were familiar with the apparatdgis would be somewhat
unexpected in that learnidgmemoryimpairments are commonigportedn both human
studies and rodeMIA /neonatal inflammatiomodels of NDDgBilbo 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., 201Mough others report no effect in a variety of paradigms
(Zuckerman and Weiner, 2003; Gogos et al., 2020; Nakamura et al.,. 20@%e
conflicting results, however, are at least partially attributable to the specific modality of
learning/memory tested, for example visuospatial memory versus discrimination learning.

Regardlessno effect of poly(l:C) was present when #memals were tested in the reward
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guided decisiommaking task in adulthat® either in their ability to discriminate between
two rewardpredictive stimuli or their ability to update their behavioral responding during
the reversal learning phaseroviding noadditional evidence for an enhancement to
learning | t 0 s hopeverihat dny differences were transient, present at the juvenile
age but notin adulthood In line with this, maternal immune activation studies have
identified differences in other modalities that were present orjiyvienile or adolescent
animals, for example an adolescspecific reduction in social interactisalated USVs

that was not present in adu(tsirsten et al., 2010; Gzielo et al., 2021; Vojtechova et al.,
2021; Gzielo et al., 2023nd a reduction in sociability in adolescents but not adults
(Aavani et al., 2015Moreover, 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 my also bdlifferentially influenced by the homeostatic state of the animal (e.g.,

isolation status and duration, juvenile versus adult age, water deprivation, etc.).

Complementary to this, second interpretation of reduced latency to first enttlias
neonatal inflammation increased motivation to physically engage with a conspecific at the
juvenile age.There is some support for enhanced motivatiollowing gestational
inflammation in a progressive ratio task, animalenatallyexposed to poly(l:C) were
more willing to work for reward as the required effort to obtain reward incred&iédr
et al., 2017)This alignsmore closelywith theintendedpurpose obur social motivation
task, modeled after the Operant Social Preferé@&P)test designed to assess social
motivation inSyrianhamstergBorland et al., 2017aJ his task was relevant to the present

studyin the context othe social motivation theory of ASvhichposits thathe observed
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social differencesn children with and animal models of ND®®ften described as

Al mpai @ imead reptesent a reduction in the motivation to interact with others
(Chevallier et al., 2012apPut simply, it may be that children with ASD are perfectly
capable of engaging with their peers in the same way asnia@iotypicalpeers dobut

they are just less interested in doing Sbe authordurther 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 & functiod a n d ¢ h behadiodearemae malleable.

Indeed, numerous clinical studies have identibetiavioral differences in ASD and
schizophrenia thahdicatealtered social reward processifigviewed in Chevallier et al.,
2012b) This work, whichexpands upothe reported differences in social behavior more
generallyjncludesattention to and processing of facial express{@®adphrey et al., 2002)
social orienting and seekingKlin et al., 2002; Hedger et al., 202Q)reference for
Amot her esed s pe espbechaamalogdigeaiuhbet a.,r2006xma the
experience of social pleasur@ovacek et al., 2016)This relationship has been
strengthened bynore recent studiethat reported a negative association between social
motivation and autistic trait§Dubey et al., 2015; Bagg et al., 2023yhile social
motivation has beewcomparativelyunderstudiedn rodent modelsthese findings are
reminiscent ofthe rodentstudies discussed above in Chapter 3.1 demonstrating reduced
preference for a novel social stimulus over a novel object in animals that experience
gestational inflammatigrthough 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 discusseearlier We were compelled biye idea that the motivation to play
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and the expression of play itself may be dissocjatliiéerently impacted by early life
inflammation Such a concept is equally intriguing in the context of sex: males play more

than femalesn most mammalian speciegetthe authors of the original OSP taskind

that adult females made more entries into the partner chamber compared to males,
interpreting this as evidence that social motivation is greater in ferfideland et al.,

2019) The authorspr opose a-bho Aihgpethedi s ofas asoci al
framework thatanhelp explain why drugs such as oxytocin often exert opposing effects

on the social behavior of females compared to m@&s 3.10) This hypothesis posits

Manipulation (e.g.; oxytocin
treatment, early life inflammation)

Measured social motivation

Duration and/or intensity of social interaction
B —

Figure 3.10.TheinvertedU hypothesis of social reward provides a mechanism through
experimentamanipulations may exert opposing effects in females compared to alése
intensity and/or duration of social interaction increases, the reward value (as meast
behavioral output such as the door pushing social motivation task) initially increases, thel
and begins to decline. At baseline, females are morédtisen® the rewarding properties ¢
social interactiod thus, a lower duration/intensity is associated with higher motiva
comparedtomales (lefhbo st verti cal dasshhe d fl ismoe)i.all fi
manipulated, for example by treating the animal with oxytocin, this manifests differently
social motivation of females and males as an increase and decrease in the measured m
respectively (righinost vertical dashed line). We initially hypothesized that neon
infl ammation would act similarly to oxy
of social interactionModified fromBorland et al. (2019)
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thatthe motivation for social interaction initially increases as the duration and/or intensity
of social interaction increases; after a point, motivation peaks and beglieslitteas the
duration/intensity continues to increase. The autboggesthatsocial interaction is more
rewarding to femaleshifting their baseline invertdd further to the right such that a lower
duration/intensity of interaction is maximally rewarding relative to maexiulating the
reward value of social interactiofe.g., by treatment with oxytocin}can then shift
motivationin a sexdependent mannein femalesjncreasing the reward value of social
interaction further beyond the peak would be expressed as a lower motilratontrast,

a similar increase imeward value in males would shift thenotivationup towards the
peak, expressed as an increase in social motivation. Taken together, these ideas led us to
hypothesize that neonatal inflammatioereases social reward, manifesting as opposing
effects on social motivain in females and males due to differences in their baseline

invertedU 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 task despite the fact that males played more the nextwayhavepreviously
conducted this tas#taily from P25P29 in a separate cohort of naive females and males
and similarly detected no sex difference, despite this penocdmpassing the window of
high playfulness in juvenile rats when males play mben fenales(Pellis and Pellis,

1997; Argue and McCarthy, 2015; Fig. 3.11l)a pilot experiment, we further found that
the juvenile nucleus accumbens (NAc) was more activated by play in females compared to
males. Interestingly, plagctive cells ceexpressed mRNA for the two common dopamine

receptors (dopamine receptorsirdql) and 2 Prd2)) and the proportion of plagctive
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dopamine recepteexpressing cells was greater in females compared to males (Fig.
3.11B,C).In summary, theskéndings expand upon the evidence that social reward and the
expression of social behaviors may be separate pexé#sst can be differentially

modulated by factors such a sex or early life inflammation.
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Figure 3.11. Despite playing less, females are similarly motivated for physical social intere
as juvenilecompared to malesndhave greater plagelated neuronal activation in NAGA)
The social motivation task presented in Fig. 3.3 was performed in a separate cohort of ul
singly housed juvenile Spragidawley rats, once daily from PZR29. There was no effect ¢
sex on the number of entries into the partner chamber (repmatslres ANOVA F(16) =
0.067, p = 0.80). (EC) RNAscope was performed ongtie collected 30 min after the start o
play session on P27 to determine the proportion of NAc dopamine reegptassing cells
that ceexpressed the immediate early gé&gel. (B) Representative fieldf-view image from
NAc core following RNAscope labeling of cells expressing transcripts for two dopar
receptors (dopamine receptorrdl), magenta; dopamine recepto*q2), green) andegrl
(red). White arrowheads indicate example pttive (i.e.Egrl+) cells expressing each of tt
two dopamine receptors. (C) The total numbdprafl+ andDrd2+ cells was quantified, along
with the numbethat wereplay-active (i.e.Drd1+/Egrl+; Drd2+/Egrl+) in the NAc of males
and females-emales had a greater numbeEgf1+ cells (t(1,6) = 2.95, p = 0.024). Moreove
54.7% ofDrd1+ and 61.2% oDrd2+ cells ceexpressedgrl in females compared to onl
39.9% and 37.2% in malesrror bars represent + SEM.

There was similarly no effect of early life poly(l:C) on the rewgunided 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 eftéatiendine et al., 2015; Gogos
et al., 2020Wwhile others reported the predicted deficit®ifspring of dams experiencing

MIA (Han et al.,, 2011; Savanthrapadian et al., 204r3] still others demonstrated

61



enhancement&Zuckerman and Weiner, 2003; Zhang et al., 200&) explore the impact

of neonatal inflammation on cognitive performance further in the next chapter where we

employ a rodent version of the wsliudied STORhange task, but it is again worth noting

that there was a subtle sex difference in the reygamdied decisiormaking taskWhile

males and females responded similarly to reversed reward contingencies when the reward
options were of the same type.d, big Y small reward sizer shortY long delay for

reward, females updated their preference mouneckly when themodeof contingency
alsochanged€.g, big rewardY long delay. This could reflect differences in riddased
decision making: in both rodents and humans,
whil e males are more |ikely to -valuerewarm t he dr
but at a lower probabilitgOrsini et al., 2015)Similarly, male rats displayed less lestsft

behavior in a rodent version of the lowa Gambling T&sk den Bos et al., 2012)

Our testing paradigm may hagemewhat magnified this effect. the sizereversal
bl ock, 50% of the trials allowed rats to c¢hc
while the remaining 50% required rats to respond in the direction of the cue light
presentatiod whether that cue was paired with the large or small redvarcorde to
proceedhrough the sessiohi . e . , Aiforced choiceodo). Il n cont
deliveryin the delay reversal blocks is so undesirable to rats that wddwawthem less
willing to engage on forced choice trials, having to repeat them so many times that they
oftenstop responding entirelyor this reason, we have restricted the delay blocks to only
free choice trials, which means that rats are never requiredspond ontheir non
preferred side unless they choose to do so, unlike in the size block where the forced choice

trials are randomly i sayteelatge higher dalue rédvardwas e x a mp
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paired with the left lever in the size blodkiter 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 ampared to their previousiyreferred left leveland update their free
choice responding accordingl®n the first delay block, thlarge reward associated with

the now-preferredright leveris interchanged wit the undesirable long delay to receive
reward. |t 6s OJpundershe dssumptionhhatthis leveed s#ll provides a larger
reward continue to press theght lever, even in spite of the longer del&g.there are no
forced trials, they may persevere longer on this di@enales, in contrast, may be less
inclined to wait for reward regardless of its size, choosing instead to attempt responding to

theleft 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 abilityafpropriatelyespond taewardpredictive
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 effedl$A may be at least
partially attributable to the varied housing conditiahgadic pairingand asessment ages
employed by these studies. On the other hand, we some sex differences-diffitremces
that were together interesting: despite juvenile males exhibiting more play behavior than
females, there was no sex difference in willingness to work for physicabsad¢o a
playmate. Wehus propose that play and the motivation to play may be dissociable and

driven by separate neural processes.
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Chapter 4. STORchange 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 weliehearsed, nearly automatic; while thisa uptiol ot 0 isf unct i or
advantageous for some thin@sr example, reading this dissertation would be much more
effortful if you had n o t been practicing reading daily
important to be able to inhibit these practiced, automatic responses when the need arises.
This concept of cognitive control or inhibitory contiathe ability to inhibit inappropriate
regponses in a contextependent manneoften when two stimuli are associated with
conflicting action® has 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. Wh
presented with the names of colors written in font colors that match thedaring(e.qg.,
blue or ), we have little difficulty naming the color of the font; in contrast, when
the text and font are incongrueetd.,blue ororange) , webr e stil | qgui te

thetexdbi t 6 s what wdebuthe meck sowsr to daang the color of the font.

While font color is unlikely to get us in trouble on a daily basis, there are numerous
other scenarioswhere the failure to inhibit an automatic response has more noticeable
consequence®ne examplgillustratively describedy Brockett and Roesch (2021hat
| encounter regularly is while driving. Imagine yourself stopped at a traffic light (as | so
often am on the rare occasions | drive through the city) in thenlest lane of through
traffic; to your left, there is a lefurn-only lane, also waitig at the red light. Their green
arrow comes on, indicating they may turn: what do you do? Often | find that, withyout

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 irrelevata-me traffic signad asmylight is still

red and | firmly plant my foot back down on the brakes before my car has moved more
than a millimeterin these and other similar situatioosyr safety reliesipon the ability of

our braingto dissociate sometimes conflicting stimuli in a conrt@gpendent manner and
suppressctions that are, at the t&mno longer appropriat& hough my inhibitory control
processes are at least mostly intact, based on my dbiiigyore a green arrow that does
not apply to mel, can think of many other exampliesless dire circumstancegerel was

not assuccessful in stopping a prepotent response that had become no longerFaseful
example | recall standingt my front door for a few minutemenight wondering why it

was not unlocking as | repeatedly held my UMB ID card up to it after a busy day of
scanningmy card in and out of the lab and animal faciliti€ke dang cargust worked,

why wonoét it | et 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 disordéEchachar et al., 1995; Oosterlaan and Sergeant,
1998; Aron and Poldrack, 2005; Rubia et al., 2007; Durston et al.,,289820phrenia
(Bellgrove et al., 2006; Thoma et al., 20@nAd Tourette syndron{dohannes et al., 2001;
Baym et al., 2008 addition to other disorders like drug u&&Imore and Rush, 2002;
Monterosso et al., 2005; Fillmore et al., 2006) P a r k i n s(Gauggs! etali, 20@4n s e
and borderline personality disord@tigg etal., 2005) To the best of our knowledge, this
is the first time the STOBhange task has been conducted in rodents in the context of early

life inflammation models of NDDs.
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Here, we emplow variant of th&§TORsignaltask, whichhas been used across species
and in humasto assess cognitive contoéviewed in Verbruggen and Logan, 2009; Eagle
and Baunez, 2010; Brockett and Roesch, 2@1éfly, 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 correspdimg 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 cudlighe
two trial typesand the basic task sequemee illustrated in Figurd.1l This version of the
task is unique from others (e.g., ST®@Bnal and Go/Ng50) in that there is a measurable
output on STOP triafs in addition to refraining from pressing the lever in the originally
cued direction, the rat also responds in the opposéetibn 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 aseifates to these discrete actigBeecker et al.,

2013)
GO
80%| [ ¢
of trials gcw
fluid : . i ® o ¢ . . . .
Il e [ e [ . { { | {
o Toum| (@m0 050| [8aT S 0,0 (0,0
cue e - cue -+ e (> & e - & [ » e
ight | < ) g < - i
Itls(\ergr l6ver v p T \ 2"?_ _5‘3 ~~” &
houselight on  nose poke » € - s nose poke reward
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of trials = <~
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Figure 4.1 The STORchange task for rats tests inhibitory contr@lpon houselight
illumination, rats nosepoke in the central well to initiate a t@ai.80% of trials (GO), rats
receive reward by responding in the direction of a spuisalal cue that illuminates to the le
or right of the center wellin this example it is on the righDn 20% of trials (STOP), th
opposite cue light illuminates after the initial cue, instructing rats to cancel their res
towards the GO cue and respond in thedtiio@ of this new cue light.
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4.2.Behavioral performance of the STOPchange task
4.2.1. Overall performance

All rats were trained on the ST@Mange task prior to recording from neurons in NAc
and collection of the behavioral data presented hisseexpected,atswere more accurate
(Fig. 4.2A) and quicker to respond (Figt.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 X
treatment x trial type; main effect of trial type F(1,355232.19, 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 (miXE&VA sex x treatment

x trial type; main effect of trial type F(1,354) = 179.05, p < 0)001

* *
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A GO ©o STOP B GO vin @ @ le  sTOP
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;\;‘ 75 - 3? 75 g “E-’ °
= b E 4 E 4
g 50 2 50 c A c 3 4
E = o 3 o) c o
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Figure 4.2. Males were more accurate on STOP trials, while poly{it€ted animals wert
overall slower to respon¢A and B) Percentage correct (A) and reaction time (B; i.e., time 1
cue presentation to lever press) on GO and STOP trials, averagadall recordingsessions
(n = 393). Error bars represent £ SEM. White data points represent the-avitivial mean

across sessions. Asterisks represent planned comparisons revealing statistically sic
differences (twewvay ANOVA).

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 x treatment x trial type x previous trial outcome; F(1,96) = 22.36, p < 0.004,3Ay.

as well as an interaction between previous trial outcome and trial type (F(1,96) = 33.67, p

67



< 0.001). Pairwise-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 o

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 x treatment x trial type x current trial outcome, F(1,220) = 229.40,@04,

Fig. 4.3B), as well as an interaction between trial type and outcome (F(1,220) = 285.08, p
< 0.001). Planned pairwisdédsts revealed a difference between correct and error trials on
STOPs but not GOs (GO: t(1,227}6&42, p = 0.68; STOP: t(1,392)22.86, p < 0.001).
Overall, each ratdéds accuracy on either

number (ANOVA trial type x session count; main effect session F(1,35) = 1.29, p = 0.13;

Prev. trial correct veh © © Current trial correct
/, Prev. trial error PIC /. Current trial error
A GO STOP B GO STOP
100 Py . 3 A 4 ® A
/ﬁ ‘ o A — 4 a A : g
A § eo $7 2 A 0 Bie .
S 7 = - ] i © x £y o 6
S RE Z st Wiy B % 2 Bl {1
8 i Z 87 4 E = % s [o|® | &
9 50 v /’ / A c ~, A ]
= 77 VA / / RS % 7 ® ¥ 1 g 4
=] s / 7 / S 1 //” 7 :‘A’
O v s 9 W @ - o o4
25 / / / /” @ 'y / ’ /
Z 7 Z 78 Z Z Z Z
0 U / 4 7 o Z 2 e zlelz
Ferﬁale Female Male Female Méle Feﬁale Méle

Figure 4.3 Rats improved performance on STOP trials following errors, and were quict
respond on STOP trials when they were making an d@drPercentage correct on GO ar
STOP trials when the preceding trial was a correctly performed (solid bars) or an errant re
(hatched bars), averaged over sessions in which there was at least one GO and STOP
both a correct and error pesting trial (n = 100). Please note that by selecting trials this \
the overall all percentage correct is Ewvweompared to those in Fig.2 (B) Reaction time on
GO and STORP trials that were correct (solid bars) or errors (hatched bars). Error bars re
+ SEM. White data points represent the withimimal mean across sessions.
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interaction F(1,35) = 0.76, p = 0.84), indicating that performance of this task remained

stable sessioto-session throughout the duration of recording.

4.2.2.Males were more accurate than females on STOP trialbut females improved
their accuracy more after an error

Therewas a main effect of sex (F(1,355) = 5.32, p = 0.022) and a sex x trial type
interaction (F(1,355) = 7.73, p = 0.00#) percentage corre(ftig. 4.2A) Pairwise ttests
revealed that a sex difference was present on STORtuwdath males more accurate than
female® but not GOs (GO: t(1,355) = 1.05, p = 0.30; STOP: t(1,322)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 corteigt. 4.3A) Planned pogdtoct-tests imlicated 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).22, adjusted p = 1.0J.ogether,
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(l:C)treated animals were slower to respond

There was main effect of treatmdi(1,354) = 34.32, p < 0.001) and an interaction
between sex and treatment (F(1,354) = 4.41, p = 0.04) on reactiothuimg correct trials
(Fig. 4.2B) Pairwise ttests revealed that a sex difference was only present in poly(I:C)
treated animals (vehicle: t(1,307 = 0.16, p = 0.87; poly(l:C): t(1,468)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 ST&@Range task

4.3.1.NAc cells recorded from males neonatally exposed to poly(l:C) were more
likely to decrease firing to reward delivery

We recorded from 929 cells from 16 rats during the Stdhge taskWe observed
increases and decreases in firing during task performance 4B#&). It is common
practice to classify NAc into increasingnd decreasintype neurons based on firing to
rewarding events compared to base(@arelli 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 al2023) and recently it has been confirmed that
increasing and decreasintype neurons are indeed separate populations of ne(@besa
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). Moreowsfer 80% of these cells
displayed increased/decreased firing during the reward epoch that was statistically
significant compared to baseline (Wilcoxon rank sum; = 755/ 929 Asigni f i «
81.3%; purpleshaded data points in Fig. 4 4B\ chi-square test of independence found
t hat the proportion of increasing tae decreas
=68.7,df = 3,p < 0.001):cellsfrom malestreatedwith poly(l:C) hadthehighestbias,with
only 23.1%increasingtype (92/398),andthe largestchi-squarestandardizedesidual(+/-
7.98),indicatingthe furthestdeviationfrom expectedralues(Fig. 4.4F). Cellsfrom other

groupsweremoreevenlysplit betweenncreasinganddecreasingfemalevehicle 55.5%
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Figure 4.4. NAc neurons increasing and decreased firing to reward deligg&nHeatmap of
z-scorenormalized neuronal activity across ilvarded trials, aligned to directional cue lig
onset and sorted by average firing over the trial. Triarahel statheaded arrows indicat
average times of lever press and reward delivery onset, respectively. Each line represel
(n = 929). B) Scatter plot showing the increasing:decreasing index (reward &dudeline
epoch/reward epoch + baseline epoch) and electrode depth relative to brain surface !
neuron. Purple points are cells for which there was a significant differencengdiiniing the
reward epoch compared to the baseline ep&#r) Pie charts show the increasing/decreas
composition of cells recorded from females and males treated with vehicle saline or pol
Darker sections in the surrounding donuts indicate the number of cells for which firing «
the task epoch signdfantly differed from that at baseline.

increasing[86/155], +/-4.98 residual, Fig. 4.4C; female poly(l: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 celfs5(R0.301, p < 0.001; Fig4.4B),
indicating that a greater proportion of cells decreased their rewkateéd activity as the

electrode descended ventrally through NAc.
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4.3.2.NAc more accurately encodes response direction on GO trials, regardless of
sex or treatment

The STOPRchange 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 beha¥fore 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 botlagigeand decreasing

type neurons, we split activity into firi

preferred direction) or away from that cel

based on firing during unconflicted GO responses,(cue onset to lever press; response
epoch) and plotted average firing of increasiyyoge cells during the four main trigfpes
aligned to cue onset (Figl.5A-D) and lever press (Figl.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 higlerrent

GO trials in the preferred compared to the nonpreferred direction across cells recorded

Figure 4.5. Increasingtype cells fire strongly to cue onséf-H) Population histograms fo
increasing cells aligned to cue onset)\or lever press () 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 pol
(n =92; D and HJor correct GO and STOP trialkine color indicates trial type, either Gt
(gollight gray) or STOP (blue/dark gray). Line thickness indicates preferred dire
(thick/solid = preferred; thin/dashed = nonpredel), which was defined as the direction tt
elicited the strongest response across correct GO trials during the response epoch («
onset to lever press, denoted by gray shaded area) for each neuron. Vertical dashed li
circle-, square, triangle and statheaded arrows indicate the average times of cue onset, ¢
cue onset, lever press and reward delivery onset, respectively, for each trial type. F
represent SEM.
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from all groups (Fig4.5A-D, green). For increasirype 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 signahppearedslower to resolve, not being evident until immediately
before the lever press (F@}5A-D, blue). These results are consistent with rats being more

accurate and faster on GO relative to STOP trials.

To quantifydirectional selectivityyve computed directionatdicesfor correctGO and
STOP trials across all neurons by subtractin
epoch in the nonpreferred direction from the average firing during the response epoch in
the preferred direction and dividing by the sum (E@A-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 te$eémalevehicle u = 0.07,p < 0.001, Fig4.6A; female
poly(l:C): u = 0.09, p < 0.001, Figt.6B; male vehicle u = 0.07, p < 0.001, Figt.6C
male poly(I:C): p = 0.07, p < 0.001, Fig.6D). In cells recorded from males and vehicle
treated femaleglirectional selectivity of increasintype cells is specific to GO trials and
is absent on STOPK these cells, the distributions were not significantly shifted on STOP
trials (Wilcoxon signeerank test;female vehiclep = -0.01, p = 0.19, Fig4.6A; Male
vehicle p = 0.00, p = 0.24, Figt.6C Male poly(tC): u = 0.04, p = 0.05, Figt.6D). In
contrast the distribution for cells from females exposed to early life poly(l:C) was
positively shifted (Wilcoxon signechnk test; p = 0.05, p = 0.01, Fig¢.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 sexti@aimentvere significant for either

trial type. Across all groupspolwever, the shift was regardless larger in GOs compared to
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Figure 4.6. Increasingtype cells encode direction on G{@A.-H) Distribution of directional
indices (preferred nonpreferred/preferred + nonpreferred) compdtedeach groupmuring

either the response epoch (i.e., cue presentation to leverfB3sor GO and STOP or during
the STOP epoch (i.e., STOP cue onset to lever geeldy for STOP trials (Wilcoxon test, i =
mean). Directional encoding was stronger on GO compared to STOP trials across all
(Wilcoxon rank sum test).
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STOPs (Wilcoxon rank surmiemalevehicle p < 0.001female poly(l:C): p = 0.004nale

vehicle p < 0.001male poly(l:C): p = 0.00L However,when examining activity later in

the response epoghfrom the time of the STOP cue onset to lever @raasreasingtype

cells largely did accurately signal direction on STOP trials (Fi§EH). Here, @lls
recorded fronvehicletreatedfemales are the exception (Wilcoxon rank sum; p 400

= 0.3; Fig. 4.), suggesting that these cellsmut accurately represecorrect 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 epdch
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 singleneuron level, we found that approximately 22% of increasipg cells
fired significantly more strongly in the appropriate direction on GO trials (female vehicle
24.4%, 21/86; female poly(l:C) 24.3%, 18/74; male vehicle 18.2%, 18/99; mig(&@d
21.7%, 20/92), compared to only ~5% on STOPs (female vehicle 3.49%, 3/86; female
poly(l: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 vehiclereated animals still represented the ctign 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(l:Gtreated animals (female poly(l:C) 0%, 0/74; male poly(l:C) 0%, 0/92).
In line with this, the frequencies of neurons whose agtsignificantly 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(l&)r eat ed (13 ver sa=sl06l, of
df=1,p=0.00) but notvehicled r eat ed ani mal s (5 ¢6c2=0.125 us
df =1,p=0.73. Together, these data suggest that increagig 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 decredgpgneurons and are presented in Fegur
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 (FigA-D), with peak firing occurring around
the time of lever press (Fig.7E-H). As in increasing cells, here we found a significant
positive shift in the directional selectivity for GO trialaring the response epoch across
cells recorded from all groups (Wilcoxon rank sum test; female vehicle: p = 0.10, p <
0.001, Fig4.8A; female poly(l:C): u=0.07, p < 0.001, Fi48B; male vehicle: p = 0.06,
p < 0.001, Fig4.8C male poly(l:C): p = 0.07, p < 0.001, Fi4.8D). This cell population,

unlike increasingype cells, also exhibited a significant positive shift for STOP trials

across the entire response epoch and all groups (Wilcoxon rank sum test; female vehicle:

i =0.04, p =0.01, Figh.8A,E female poly(l:C): u = 0.06, p < 0.001, F4.8B,F male

vehicle: p =0.03, p =0.01, Fi¢g.8C,G male poly(l:C): u = 0.03, p = 0.01, Fi4.8D,H).

Figure 4.7.Decreasingype cells fire strongly to the lever preéa-H) Population histograms
for decreasing cells aligned to cue onsefXor lever press (Hl) for female vehicle (n = 69
A and E), female poly(l:C) (n = 96; B and F), male vehicle (n = 107; C and G) and
poly(l:C) (n = 306; D and H). Line colordiicates trial type, either GO (go/light gray) or ST(
(blue/dark gray). Line thickness indicates preferred direction (thick/solid = prefe
thin/dashed = nonpreferred), which was defimsdthe direction that elicited the stronge
response across correct GO trials during the response epoch (cue light onset to leve
denoted by gray shaded area) for each neuron. Vertical dashed lines with squkee,

triangle and statheadedarrows indicate the average times of cue onset, STOP cue onset
press and reward delivery onset, respectively, for each trial type. Ribbons represent SE
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Figure 4.8 Decreasingype cells encode direction on both trial typ@s-H) Distribution of
directional indices (preferred nonpreferred/preferred + nonpreferred) computed for €
group during either the response epoch (i.e., cue presentation to leveApDesEr GO and
STOP or during the STOP epoch (i.e., STOP cue onset to lever @reBsfor STOP trials
(Wilcoxon test, i = mean). Directional encoding was stronger on GO compared to STOI
across all aroups (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(l:C)
(Wilcoxon rank sum; female vehicle: p = 0.01; female poly(I:C): p = 0.05; nedliele: p

= 0.003; male poly(I:C): p < 0.001). Moreover, there was significant main effect of sex on
GO trials: decreasintype cells recorded from females displayed stronger directional
selectivity compared to those from males (ANOVA F(1,574) = 6.7308%). 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 singleneuron level, we found that approximately 23% of decreatsipg 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; oig(€®)
21.9%, 67/306), compared to ~6% on STOPs (female vehicle 7.25%, 5/69; female
poly(l:C) 8.33%, 8/96; male vehicle 3.74%, 4/107; male poly(l:C) 6.21%, 19/306). Here,
the activity of 8 cells still represented the direction of the first visual cuea(éevehicle
1.45%, 1/69 female poly(l:C) 1.04%, 1/96; male vehicle 0.93%, 1/107; male poly(l:C)
1.63%, 5/306), but the overall number of cells that accurately reflected direction (36 of
578) was still greater thathe number that significantly represented the wrong response
direction(8o f 57 8; c2P éddsdb—=lpps< 0.00]). Together, these data indicate
that NAcencoding 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:
decreasig-type cells from females displayed stronger directional signaling on GO trials

compared to males, and neonatal poly(l:C) in females uniquely resulted in accurate
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reflection of response directidne., rightshifted distributions of directional indicesh

STORP 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 behavio(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 STOPchange 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 (FRmjs4.9A-D),
separated by whether the response on the preceding trial was correct (green/blue) or an
error (gray). Across the entipppulation, we observed that firing during the-pue epoch
appeared higher when the preceding trial was correctly perfo(green/blue lines)
compared to when it was an error (glaes). To quantify this, we computed correctness
indices by subtracting each unités average f
to presentation of the first cue) when the preceding trial was an error from that when the
preceding trial was correand dividing by the sum. This revealed a significant positive
shift when examining all increasing neurons (Wilcoxon rank sum test; female vehicle: p =
0.04, p < 0.001, Figt.9E female poly(l:C): u = 0.05, p = 0.01, Fig.9F male vehicle: p
= 0.13, p < 0.001, Figd.9G male poly(l:C): u = 0.06, p < 0.001, Fig.9H), indicating
that there was a higher frequency of increa$ymg 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 = 0.08)well as an interaction
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Figure 4.9. Increasingtype cell encoding of trial outcome history is amplified in mglasD)
Population histograms of increasitype cells aligned to cue onset for GO and STOP trials
female vehicle (n = 86; A), female poly(l:C) (n = 74; B), male vehicle (n = 99; C) and
poly(l:C) (n = 92; D). Line thickness indicates direction fened (thick/solid) or nonpreferre:
(thin/dashed). Line color indicates whether the preceding trial was correct (GO, gree
gray; STOP, blue/dark gray) or err@@ray). Triangle and statheaded arrows indicate th
average times of lever press and reward delivery onset, respectively, for each tria
Orange/grey shading indicates the-pue epoch. Ribbons represent SEMHEDiIstribution
of correctness indes (previous trial corregt prev. trial error/prev. correct + prev. error) fi
increasing cells computed during the-pree epoch across all correct trials within each groi
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between sex and treatment (F(1,347) = 5.58, p = 0.@ferronicorrected post hoe t
testsrevealed that the sex differentbkintedin animals that were treated with poly(l:C)
(female:male vehicle: adjusted p = ®@0@male:male poly(l:C): adjusted p = 1.00; male
vehicle:poly(l:C) adjusted p = 00 These data suggest that increagype cells more
strongly encode trial history in males compared to females, an effect which is precluded

by early lifeinflammation.

We also found that aignificant correlation between electrode depth and correctness
indices is present in cells from females (vehicfe=R0.26, p = 0.02, Figt.10A; poly(l:C):
R2 =-0.33, p = 0.004, Fig4.10B) as well as vehickreated males (R=-0.27, p = 0.01,
Fig. 4.100, suggesting that trial history encoding is stronger more dorsally in TNAs.
relationshipwith depthwas, however, not present cells recorded from mademnatally
exposed to neonatal inflammation?(R-0.16, p = 0.12, Fig4.10D). We conclude that
NAc firing is modulated by the outcome of the previous trial, an effect which is stronger

in males compared to femaliesthe more dorsal extent of NAc

A Female B Female C Male D Male
c vehicle poly(l:C) . vehicle c poly(l:C)
304 ., R?=026 5 1. % Re=33 2 ! . R2=-027 3 05 . R2 =016
s - e R=002 ® 04 + p=0.004 = o p =0.01 5 iz p=90.12
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Figure 4.10 Increasingtype cell encoding of trial outcome history is stronger more dorsal
NAc, except in males neonatally treated with poly(1{@}D) Scatter plots showing increasir
cell correctness indices across electrode depth for each group.

We nextassessed the effect of previous trial outcome on decregpegells on GO
and STOP trialf4.11AD). Interestingly,there is a significant positive shiib the
distribution of precue correctness indicder cells recorded from males, regardless of

treatment (Wilcoxon rank sum test; vehicle: u = 0.05, p = 0.0054E4.G poly(l:C): p
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=0.021, p = 0.003, Figt.11H). In contrast, there is no significant shift in the distribution

for cells recorded from poly(l:@yeated females (Wilcoxon rank sum test; u = 0.0099, p

= 0.58, Fig.4.11F and there was a significant negative shift for those recorded form
vehicletreated females (Wilcoxon rank sum test; 026, p = 0.029, Figl.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 andrireat (F(1,574) =6.23, p = 0.013);
posthoc ttests indicated that a sex difference was present between viebatkd animals
(adjusted p = 0.003), but not poly(I:@eated (adjusted p = 1.00). Thus, both increasing
and decreasintype cells recorded from males exhibit greaterqre firingfollowing 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 vehidated animals, but sex exerted
opposing effects: like increasifigpe cells, there was a significant negativa&ation in
cells recorded from vehicieeated females (vehicle?R -0.31, p = 0.01Fig. 4.12A), but
the correlation was positive in vehidieated males (R= 0.20, p = 0.04Fig. 4.12Q. As
with increasing cells, there was no significant correlatith depth in cells recorded from

poly(l:C)-treated males (R= 0.07, p = 0.23Fig. 4.12D, and here this was true for

A Female B Female Cc Male D Male
vehicle poly(l:C) vehicle poly(l:C)
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Figure 4.12 Sex and early life inflammation exert opposing effects on the relationship bet
NAc subregion and encoding of trial outcome history by decredgpgcells.(A-D) Scatter
plots showingdecreasing cell correctness indices across electrode depth for each group.
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poly(l:C)-treated females as well{R-0.17, p = 0.10Fig. 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 isref@nihg 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 STQ@iPs,ethey responded
significantly faster in the wrong direction (Fig.3B). Thus, we hypothesized that the
buildup of firing prior to illumination of the first cue on STaials would be stronger
prior to errors compared to correct STOP trials. To test this hypothesis, we examined
correct and incorrect STOP trials in sessiwhgre there was at least one error trial in each

direction (n = 100). The activity of increasitygpe cells during STO#orrect (blue) and

Figure 4.13 Higher firing prior to cue light illumination precedes errant responses on S
in vehicletreated females{A-L) Population histograms of increasitype cells aligned tc
illumination of the first cue (AD), the STOP cue @H) or the lever press-{l) on correct and
error STOP trials for female vehicle (n = 31; A, E, I), female poly(I:C) (n = 19; B, F, B,
vehicle (n = 42; C, G, K) and male poly(l:C) (n = 37; D, H, L). Line thickness indic
direction, preferred (thick/solid) or nonpreferred (tdashed). Line color indicates whether t
current trial was correct (blue) or errant (orange). Vertical dashed lines with,caglere
triangle and statheaded arrows indicate the average times of initial cue onset, STOP cue
lever press anceward delivery onset, respectively, and their fill color denotes whether thal
is specific to correct (blue) or error (orange) tridlght anddark grayshaded areas A}
represent the preue and response epochs, respectivBlipbons represent SE (M-P)
Distribution of correctness indices (previous trial corigatev. trial error/prev. correct + prey
error) computed during the poeie epoch for each group.
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STORerror (orange) trials is shown aligned to presentation of the initial cued(ERB-
D), STOP cue (Fig4.1E-H) and the lever press (Fi¢.13-L). We first computed
correctness indices comparing correct versus error STOP trials (doaeot / correct +
error) during the preue baseline epodnd found a negative shift in the distribution for
cells recorded from vehiclieeated femalegWilcoxon signeerank test; u =0.16, p =

0.016, Fig.4.14A). This suggests that, in line with our hypothesaigtivity 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 fromathegr group (Wilcoxon signechnk

test; female poly(l:C): u =0.044, p = 0.58, Figl.14B male vehicle: p =0.048, p = 0.18,

Fig. 4.14C male poly(I:C): u = 0.027, p = 0.43, Fig.14D. Regardless, thenwere no
significant differences in these indices between greupEn compared by ANOVAmMain

effect of sex F(1,104) = 2.59, p = 0.11; main effect of treatment F(1,104) = 2.83, p = 0.095;

sex x treatment interaction F(1,104) = 0.12, p = 0.73).
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Figure 4.14 Increasingtype cellsrecorded from vehickreated females display an aberre
rise in precue firing on errant STOP trialgA-D) Distribution ofcorrectnesindices €orrecti
errorsum computed during the preueepochs of STOP trials for each group.

The activity of decreasintype cells during STO#Rorrect (blue) and STOError
(orange) trials is shown aligned to presentation of the initial cue4HifA-D), STOP cue
(Fig. 4.1%=-H) and the lever press (Fig.13-L). Unlike increasing cells, thergereno
significant iftsin the distributios of pre-cuecorrectness indices for decreasiyge cells
recorded from any group (Wilcoxon signeahk test; female vehicle: p = 0.0051, p = 1,
Fig. 4.16A; female poly(l:C): p = 0.15, p = 0.064, F§16B male vehicle: p =0.025, p
=0.20, Fig4.16C male poly(I:C): p =0.012, p = 0.75, Figt.16D). There were similarly
no significant effects of sex or neonatal inflammati®hus, deceasing cells lack the

aberrant rise in actiwitexhibited by increasintype cells on trials where rats made errors
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Figure 4.15 Aberrant precue rise imactivity on error trials is not present in decreadiyye
cells. (A-L) Populationhistograms of decreasittgpe cells aligned to illumination of the firs
cue (AD), the STOP cue (H) or the lever press-{l) on correct and error STOP trials fc
female vehicle (n =17; A, E, 1), female poly(I:C) (n = 23; B, F, J), male vehicle (n €,52,
K) and male poly(l:C) (n = 107; D, H, L). Line thickness indicates direction, prefe
(thick/solid) or nonpreferred (thin/dashed). Line color indicates whether the current trie
correct (blue) or errant (orangdjibbons represent SEM. @) Distribution of correctness
indices (previous trial correctprev. trial error/prev. correct + prev. error) computed during
pre-cue epoch for each group.
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