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Abstract

Maternal infection has long been described as a risk factor for neurodevelopmental
disorders, especially autism spectrum disorders (ASD) and schizophrenia. Although many
pathogens do not cross the placenta and infect the developing fetus directly, the maternal
immune response to them is sufficient to alter fetal neurodevelopment, a phenomenon termed
maternal immune activation (MIA). Low maternal choline is also a risk factor for
neurodevelopmental disorders, and most pregnant people do not receive enough of it. In addition
to its role in neurodevelopment, choline is capable of inducing anti-inflammatory signaling
through a nicotinic pathway. Therefore, it was hypothesized that maternal choline
supplementation would blunt the neurodevelopmental impact of MIA in offspring through long-
term instigation of cholinergic anti-inflammatory signaling.

To model MIA in rats, the viral mimetic polyinosinic:polycytidylic acid (poly(I:C)) was
used to elicit a maternal antiviral innate immune response in dams both with and without choline
supplementation. Offspring were reared to both early and late adolescent stages (postnatal days
28 and 50, respectively), where cognition and anxiety-related behaviors were examined. After
behavioral testing, animals were euthanized, and their prefrontal cortices (PFCs) were collected
for analysis. MIA offspring demonstrated sex-specific patterns of altered cognition and repetitive
behaviors, which were modulated by maternal choline supplementation. Choline
supplementation also bolstered anti-inflammatory signaling in the PFCs of MIA animals at both
early and late adolescent stages. These findings suggest that maternal choline supplementation
may be sufficient to blunt some of the behavioral and neurobiological impacts of inflammatory
exposures in utero, indicating that it may be a cheap, safe, and effective intervention for

neurodevelopmental disorders.



Table of Contents

LSt OF FIGUIES ..ttt ettt ettt e et e et e et e e bt e e b e eseesabeenseeenbeenseennseenseannns v
LISt OF TADIES ..ottt ettt ettt sttt et ettt et vi
ACKNOWIESAZEIMENLS......c..iiiiiiiiiieiieeiie ettt ettt ettt e et e et e e aaeeabeeseessbeenseeenseenseassseensees vii
DIEAICALION ...ttt ettt st b e et s h b et a e bt et be e et viii
Chapter 1 - INtrOQUCHION.......c.uiiiiiiiieie ettt ettt et ebeesaaeesbeessaeenseesnseenseeenns 1
Epidemiolo@ical BASIS ......ccoiiiiiiiiiieiieiie ettt ettt eneas 1
Mechanisms of Maternal Immune Activation i1 UfeFo0...........cceeecueeeieecieenieeiienie e 5
Behavioral Alterations in MIA MOdEIS .........ooieviiiiiiiiniiiiiieieeeeee e 10
Neuroimmune Dysfunction in MIA ...........cooiiiiiiiiiiiieeieee et 13
Choline and Neuroimmune FUNCHION. ........ccciiiiiiniiiiiieieeeeseeee et 18
Rationale and HYPOthESiS .......ccuiiiiiiriiiiiiiieciiee ettt et eenae e 23
Chapter 2 - Materials and MethOdsS...........ocviiiiiiiiiiiiieeie ettt ens 25
Animals and Maternal Immune ACtiVAtiON ...........ccccueeeiieriieiiienieeieeiee ettt ens 25
Behavioral TESES ....c.eeuiiiiiiiieiieie ettt sttt st ettt et et 27
Tissue Harvest and Preparation ............coooeeeiieiiieiiieniiesie ettt 31
Biochemical Data COlECTION ......covieiiriieiiiieiiieieeeseeee ettt 32
StatiStICAl ANALYSIS.....uieitieiiiiiieiie ettt ettt et e et e et e et e et e e beeteeenbeenbeeenbeenneas 33
Chapter 3 = RESUILS....ccuiiiiiiiiieiiece ettt ettt ettt e et e e s saeebeeeabeenseessneensaensseans 35
Maternal Illness and OffSpring NUMDETS..........ccccuieiiiiiiieiiieiie ettt 35
Behavioral RESUILS ........coiiriiiiiiiiiieieeee ettt s 37
Biochemical RESUILS .....c..coiuiiiiiiiiiiieieee ettt st s 46
Chapter 4 - DISCUSSION ....ueiiiiieiieiieeitieeteeieeetteeteesteeseesateesteessseeseessseesseessseenseessseanseesssesnseessseans 52
Behavioral.......c.oiiiiiiiiiie ettt sttt et 52
BIOLOGICAL. ...ttt et ettt e bt e aae et e e abeenbeesnbeenseennaeens 58
CONCIUSION ...ttt b et e a e s bttt e it e s bt et e st e she e b e esteebeenbeeatesaeenbeenees 63
RETETEICES ...ttt ettt sb et st sbe et et esae e 66

Y



List of Figures

Figure 1.1: Maternal Immune Activation in the Epidemiology of Psychiatric Conditions............ 4
Figure 1.2: Synergistic Actions of IL-6 and IL-17A in MIA ......cccoooiiiiiiniiiiieneceeeeeene 8
Figure 1.3: Mechanism of Poly(I:C)-Instigated Innate Immune Signaling...............ccccccveevrenennne. 9
Figure 1.4: Effects of Choline on the Mammalian Nervous System ..........ccccevveeverieneenenienene. 19
Figure 1.5: Antagonism between a7nAChR and TLR3 Signaling.........ccccceceveevervenienenniennnn 21
Figure 2.1: Study TIMEIINE ...ccvevuiiriiiiiiiiieeeteee ettt e 26
Figure 3.1: Maternal Post-Injection Weight LoSS........cccveeiiiiiiiiiiiiiiieieeeieeiee e 35
Figure 3.2: Novel Object Discrimination Ratio.........cccceveeriiriiniiiiniinieeeenceeee e 37
Figure 3.3: Reversal Learning Trials to Criterion........cueveeruirierienieniinceieeienieeie e 40
Figure 3.4: Sex Differences on the Reversal Learning Task ..........ccoceveeviriiiniininiininenienen, 41
Figure 3.5: Maximum Latency on the Rotarod Test and Improvement Over Baseline................ 42
Figure 3.6: Center Zone Time and Crossings in the Open Field ...........cccccoeviiniiiiniiniiiniiieeen. 44
Figure 3.7: Relative Cytokine Expression in the Prefrontal CorteX .........ccecevieneriieniineniennne. 47
Figure 3.8: Akt Phosphorylation in the Prefrontal CorteX..........coocevviiniiiiniinienenienieceienene 49
Figure 3.9: Heme Oxygenase 1 Protein Expression in the Prefrontal Cortex ...........ccceoeevennene. 50
Figure A.1: Maternal Post-Injection Sickness SCOTES........cc.eeveriiriiriinieriieieneeiese e 84
Figure A.2: Rotarod Latencies by Trial.......cccoooieriiiiiiiniiiiiienieeeeeeeeese e 85
Figure A.3: Distance Traveled in the Open Field..........ccccooiiiiniiiiniiniiiecece 85
Figure A.4: Time Spent in Elevated Plus Maze Zones.........ccceveevueriineenienieneenienienceieeeeseene 86
Figure A.5: Elevated Plus Maze Zone ENtries........cccoooverieiiiniinieniinieneeeeeseeesee e 87



List of Tables

Table 3.1: Number of Animals Included in Behavioral Experiments .............cccoecvevieniieniiennnnn. 36
Table 3.2: Number of Animals Included in Biochemical Experiments.............cccccoevieriieniiennnnnn. 36
Table 3.3: Percent Time Spent with Novel Object Compared to Chance ............ccceevevvieniiennnnnn. 38
Table 3.4: Cytokine Levels in the Prefrontal CorteX .........cccveeoiieiieniiieniieniieiecieeeeee e 48

vi



Acknowledgements

There are several individuals who deserve acknowledgement for their assistance in this
research. First, | have my major professor, Dr. Bethany Plakke, to thank. Her guidance,
mentorship, and support have been instrumental in my scholarly development, and I have her to
thank first and foremost in my development as an independent researcher. Secondly, I thank the
dedicated team of researchers in the Plakke Lab: Cori Crouch, Jenna Neyhard, Elijah Nichols,
Alma Romualdo Pahua, Bhavana Sivayokan, Hunter Strating, Ellie Warnes, and Meryn Wills.
This project would have been impossible without their dedication and hard work in data
collection and processing. I also thank Drs. Maria Diehl, Sherry Fleming, and Stephanie Hall for
their assistance in providing equipment and space to run behavioral and molecular assays. This
project would not be nearly as robust and complete without their support and generosity. I also
thank Dr. Ellyn Mulcahy for her assistance in acquiring funding for a more complete biological
analysis of tissue samples. Lastly, I thank my wonderful family and my loving partner, Trenton

Pharis, for their endless love, support, and encouragement through this arduous journey.

vii



Dedication

I dedicate this research and its results to the animals whose lives were sacrificed in the
collection of these data. Conducting research with animal subjects is a privilege and a solemn
responsibility, and it is not lost on me the sacrifices that the animals used in these experiments
were forced to make. Let us not forget these sacrifices in the pursuit of ethical and principled

science that minimizes the suffering of those subjects entrusted into our care.

viii



Chapter 1 - Introduction

Epidemiological Basis

The psychiatric sequelae of influenza infection have been known for more than a century,
with reports of the “psychoses of influenza” populating British medical journals as early as the
1890s Russian Influenza pandemic (Honigsbaum, 2013). In fact, famed Kansas psychiatrist Karl
Menninger directed substantial attention toward these psychoses, reporting 100 cases of “mental
disturbances” in 1919, most notably including 25 cases of dementia praecox, now known as
schizophrenia (Kepinska et al., 2020; Menninger, 1919). Years later, several ecologic and
observational studies identified a relationship between birth immediately after influenza
epidemics in the 1950s and schizophrenia risk, renewing interest in Meninger’s hypothesis (W.
Adams et al., 1993; Barr et al., 1990; Kunugi et al., 1995; McGrath et al., 1994; Mednick et al.,
1988; Menninger, 1926; O’Callaghan et al., 1991). Further supporting the hypothesis of a
possible infectious origin of schizophrenia were ecologic studies that identified a relationship
between birth season and schizophrenia, with late winter and early spring births associated with
excess schizophrenia risk (Davies et al., 2003; Kepinska et al., 2020; Torrey et al., 1997; Zerbo
etal., 2011).

Despite compelling epidemiological evidence of a link between maternal influenza
infection and schizophrenia, mechanisms of this association remained elusive for many years.
Influenza does not commonly transfer from mother to fetus, unlike the canonical “TORCH”
pathogens (Toxoplasma gondii, rubella virus, cytomegalovirus, herpes simplex virus), which are
also associated with the development of schizophrenia (Brown & Derkits, 2010; Devaraju et al.,
2023; Massrali et al., 2022). This suggests that these various pathogens may alter

neurodevelopment through similar mechanisms, such as instigation of the maternal innate



immune response through microbe-associated molecular patterns (MAMPs) and damage-
associated molecular patterns (DAMPs). In line with this hypothesis, animal models of maternal
immune activation via Toll-like receptor pathways induce both behavioral and biological
changes consistent with neurodevelopmental disorders (Brown & Conway, 2019; Estes &
McAllister, 2016; Meyer, 2014). Therefore, the teratogenic effects of prenatal infection are likely
not explained solely by direct pathogen interactions with the developing brain. Rather, they may
be a consequence of the maternal immune response “spilling over” into the fetal compartment, a
phenomenon known as maternal immune activation (MIA).

Although maternal infection during pregnancy has been most reliably described as a risk
factor for schizophrenia, it has also been identified as a risk factor for other neurodevelopmental
conditions like autism spectrum disorders (ASD). Specifically, an exploratory study in 2010
found an association between ASD and severe infections requiring hospitalization during the first
and second trimesters (Atladottir et al., 2010). Since the publication of this study, several others
have replicated the relationship between maternal infection or fever and ASD using both
prospective and retrospective study designs with birth cohorts in Europe and the United States
(Atladottir et al., 2012; Hornig et al., 2018; Lee et al., 2015; Zerbo et al., 2013). What is less
clear, however, is the significance of the gestational timing of infection and ASD risk. Although
evidence links severe maternal febrile episodes during any stage of pregnancy with ASD
diagnosis, researchers in Denmark only found statistical associations between viral infections
and ASD in the first trimester, while an association for bacterial infections was found only in the
second trimester (Atladottir et al., 2010). However, other studies have found associations

between maternal infection or prolonged febrile episodes and neurodevelopmental disorders in



all trimesters, despite greater vulnerabilities in the first and second trimesters (Hornig et al.,
2018; Zerbo et al., 2013).

Beyond schizophrenia and ASD, a link between MIA and attention deficit hyperactivity
disorder (ADHD) has also been uncovered regardless of the timing of infection (Pineda et al.,
2007; Silva et al., 2014). However, other epidemiological work has identified temporality in this
association, with maternal fever between gestational weeks 9-12 and genitourinary infections
between weeks 33-36 linked to ADHD development (Werenberg Dreier et al., 2016). In addition,
maternal levels of C-reactive protein, a marker of systemic inflammation, have been associated
with ADHD diagnosis by age 10, and maternal autoimmune disease has also been associated
with ADHD diagnosis in a large Australian birth cohort (Nielsen et al., 2021). MIA has also been
tenuously linked to bipolar disorder (BD), anxiety disorders, and depressive disorders (Fig. 1.1).
A 2013 case-control study identified that maternal influenza infection may be associated with the
development of BD, regardless of trimester (Parboosing et al., 2013). However, a second case-
control study by the same research group in 2014 replicated the association only for BD with
accompanying psychotic features, suggesting that the link may be more related to psychosis than
BD per se (Canetta et al., 2014). In 2019, Al-Haddad et al. found that maternal infection was not
related to BD diagnosis, but that it was linked to an increased risk of depression diagnosis (Al-
Haddad et al., 2019). The evidence linking MIA to depressive disorders, as well as anxiety
disorders, is generally weak and poorly replicated. It is also unclear whether these complications
are themselves linked to MIA or simply more likely to co-occur in people with ASD,

schizophrenia, and ADHD (Machon et al., 1997; Mednick et al., 1988; Murphy et al., 2017).
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Figure 1.1: Maternal Inmune Activation in the Epidemiology of Psychiatric Conditions

Maternal immune activation is strongly implicated in the etiology of ASD and schizophrenia, and it is
moderately implicated in the development of ADHD. Its relationship with bipolar disorder, anxiety
disorders, and depressive disorders is tenuous, especially since these often co-occur in ASD,
schizophrenia, and ADHD.

Consistent with epidemiological findings, animal studies have uncovered that the
immune system is central in regulating brain development (Comer et al., 2020; Erta et al., 2012;
Goines & Ashwood, 2013). Resident immune cells in the brain are responsible for proper
refinement of synaptic wiring, and several immune signaling molecules direct neurons to grow
and differentiate (Comer et al., 2020; Erta et al., 2012). Some of these molecules—whose levels
are significantly elevated during infections—can cross the placental barrier from mother to fetus,
such as the front-line cytokine IL-6 (Zaretsky et al., 2004). Animal studies have discovered that,

indeed, the rush of cytokines into the fetal compartment from maternal infections can alter brain

development long-term at the molecular, cellular, and circuit levels (Garay et al., 2013; Wei et



al., 2012). Most importantly, though, these changes precipitate behavioral changes that closely
resemble those observed in ASD and schizophrenia (Careaga et al., 2017).

In humans, key immune modulators are often dysregulated across the lifespan in
individuals with neurodevelopmental disorders, supporting the hypothesis that they are linked.
Several studies have characterized dysregulation of inflammatory cytokines, namely IL-1f, IL-6,
TNF-a, and IFN-y, in the brain, gut, and periphery of patients with ASD (Goines & Ashwood,
2013; Smith et al., 2010; Xie et al., 2017). These cytokine imbalances are posited to impact
neurodevelopment and mediate some behavioral aspects of ASD (Goines & Ashwood, 2013). In
addition to ASD, several studies have associated cytokine imbalances with schizophrenia, and a
2018 systematic review correlated dysregulation of specific cytokines with hallmark
characteristics of schizophrenia (Rodrigues-Amorim et al., 2018). Specifically, IL-2, IL-6, IL-8,
and TNF-a were correlated with impairments in cognitive performance, pointing to these pro-
inflammatory cytokines as key modulators of neurodevelopmental processes that lead to

cognitive outcomes later in life.

Mechanisms of Maternal Immune Activation in Utero

Crosstalk between the maternal and fetal immune systems is currently an active area of
research, and little is known about the many complicated processes by which this crosstalk
occurs. It has been shown that some pro-inflammatory cytokines can cross the placenta and
impact fetal development (Zaretsky et al., 2004). However, the mechanisms by which these
cytokines may do so are unclear, and many candidate mechanisms have been put forward. What
most of these hypotheses share is that they suggest a key role of IL-6, a generally pro-

inflammatory cytokine that is critical for the generation of innate immune responses instigated
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by pattern recognition receptors (Ratnayake et al., 2013). Experiments with the three key front-
line pro-inflammatory cytokines (IL-1, IL-6, and TNF-a)) showed that IL-6 is capable of
bidirectional transfer across the placenta, while IL-1a and TNF-a showed minimal transfer,
indicating that the closely related IL-1p likely minimally transfers as well (Zaretsky et al., 2004).
In addition, MIA experiments using a viral mimetic with either an anti-IL-6 antibody or an IL-6
knockout mouse strain did not find the same behavioral abnormalities and transcriptional
changes seen in offspring without IL-6 blocked (Smith et al., 2007). This same study found no
behavioral effects of antibody blockades of IL-1f or IFN-y.

In addition to its direct role in pro-inflammatory signaling, IL-6 also has downstream
effects that result in the release of IL-17A from differentiated T-helper 17 (Th17) cells. Th17
cells and IL-17A have been reported to cross the placenta, but this has not been widely
demonstrated (Wienecke et al., 2012). What is known, however, is that maternal IL-17A induces
a trans-placental signaling cascade that results in its production and release in the periphery of
the fetus. In rodent models, it is suggested that the fetus becomes capable of producing Th17
cells endogenously as T-cell hematopoiesis shifts to the thymus at around gestational day (GD)
13 (Crawford et al., 2010; Wong & Hoeffer, 2018). Supporting the downstream role of IL-17A
in pathological brain development are studies that show, as with IL-6, that an antibody blockade
against it can rescue behavioral phenotypes in MIA mice (Choi et al., 2016).

Supporting its role as the key pro-inflammatory cytokine in MIA, IL-6 acts directly on
the developing brain. In addition to its role in inflammatory responses, IL-6 also plays key roles
in the differentiation of neurons and glial cells in both the central and peripheral nervous systems
(Islam et al., 2009). Further, IL-6 regulates many important neurodevelopmental processes like

axonal pathfinding, synaptic connection, and neural cell proliferation (Wong & Hoeffer, 2018;



Islam et al., 2009). IL-6 is also a neurotrophic factor that acts synergistically with neural growth
factor (NGF) co-signaling to regulate cell proliferation and development (Kummer et al., 2021;
Reeh et al., 2019). Although IL-6 is involved in many critical neurodevelopmental processes, its
levels in the brain are tightly regulated through a network that is still not fully understood.
Therefore, one main hypothesis is that MIA causes drastic changes in the levels of IL-6 in the
fetal brain from baseline, leading to a disruption of the intricately timed processes that it
regulates (Fig. 1.2).

Downstream of IL-6, IL-17A also acts directly on the fetal brain through its receptor, IL-
17AR, in response to MIA (Wong & Hoeffer, 2018). The receptor is expressed at low levels in
the cortex, but its expression has not yet been isolated to specific cell types (Choi et al., 2016).
What is known, though, is that its expression significantly increases in response to MIA (Choi et
al., 2016; Wong & Hoeffer, 2018). Although it is not clear which cell populations are most
affected by IL-17A signaling, there are two main mechanisms by which it may affect cortical
development in MIA. First, IL-17AR expression increases from baseline in cultured embryonic
neurons following ischemic stress, and it has been found in culture to inhibit the differentiation
of neural stem cells (Z. Li et al, 2013; Wang et al., 2009). Therefore, the upregulation of IL-17A
signaling in response to MIA may tap into similar mechanisms to cause cortical dysplasia and
behavioral changes associated with ASD (Wong & Hoeffer, 2018). The second key mechanism
through which IL-17A may affect brain development is through the activation of microglia. In
addition to their role in immunity, microglia regulate neural stem cell development and
vascularization in the brain (Antony et al., 2011). It is possible that IL-17A may also contribute

to aberrant brain development by dysregulating these microglia, providing another mechanism



by which MIA-induced IL-17A may lead to structural brain changes later in life (Wong &

Hoeffer, 2018) (Fig. 1.2).
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Figure 1.2: Synergistic Actions of IL-6 and IL-17A in MIA

1L-6 polarizes CD4+ T-cell development to the Thl7 phenotype and acts in conjunction with IL-17A, the
key Thl7 cytokine, to induce inflammatory signaling across the placental barrier. This pro-inflammatory
signaling disrupts corticogenesis and is implicated in several pathologies consistent with
neurodevelopmental disorders. The mechanisms of IL-174 signaling across the placenta are not well
understood, but it has been suggested that Thil7 cells themselves may cross, especially when the placental
barrier is disrupted, and follow chemotactic signals to take up long-term residence in the developing
nervous system (L. Osborne et al., 2019).

In sum, IL-6 and IL-17A can act both independently and synergistically to cause
developmental abnormalities during fetal development. Given the dynamic nature of the fetal
immune system and brain, as well as the placenta, the exact mechanisms by which these

cytokines act may differ depending on the gestational timing of MIA. However, these two



cytokines are inextricably linked, and they are both directly involved in the immune response to
MIA that takes place in the brain of the developing fetus. Therefore, they are considered the

primary drivers of altered neurodevelopment in response to prenatal immune challenge.
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Figure 1.3: Mechanism of Poly(I:C)-Instigated Innate Immune Signaling

Poly(1:C), a dsRNA analog, binds TLR3 on the endosomal membrane. The poly(1:C)-bound TLR3
instigates TRIF signaling, which promotes the degradation of the negative NF-xB regulator 1xB, causing
the transcription factor NF-xB to translocate to the nucleus. TRIF also stimulates Tumor Necrosis
Factor-Associated Factor 6 (TRAF), leading to the translocation of Interferon Regulatory Factor 3
(IRF3) to the nucleus and activation of the Mitogen-Activated Protein Kinase (MAPK) pathway, which
causes the downstream translocation of Activator Protein 1 (AP-1) to the nucleus. Together, these
transcription factors induce the expression of innate viral defense genes like proinflammatory cytokines,
type I interferons, and chemokines.



To induce MIA in a similar manner to viral pathogens, the synthetic double-stranded
RNA (dsRNA) analog polyinosinic-polycytidylic acid (Poly(I:C)) may be injected into the
pregnant dam, eliciting a pro-inflammatory innate immune response. Poly(I:C) binds Toll-Like
Receptor 3 (TLR3), a pattern recognition receptor that recognizes dSRNA, on the endosomal
membrane (Reisinger et al., 2015). Once activated, TLR3 induces TIR-domain-containing
adapter-inducing interferon-f (TRIF) signaling that leads to downstream activation of the
transcription factors IRF3, NF-kB, and AP-1, which act on genes related to the innate immune
response (Vercammen et al., 2008). IRF-3 activates genes encoding antiviral interferons, and
NF-xB and AP-1 activate genes encoding pro-inflammatory cytokines like IL-6 (Reisinger et al.,

2015) (Fig. 1.3).

Behavioral Alterations in MIA Models

Rodent MIA studies have reliably identified behavioral phenotypes consistent with
schizophrenia. In particular, MIA consistently produces deficits in pre-pulse inhibition of the
acoustic startle response, a classical conditioning paradigm to study sensorimotor processing, a
deficit commonly observed in humans with schizophrenia. These findings have been reliably
replicated in the poly(I:C) model by several research groups and across different poly(I:C)
administration paradigms, indicating that the model captures similar behavioral abnormalities to
humans with schizophrenia (Garay et al., 2013; Garcia-Partida et al., 2022; Li et al., 2021; Smith
et al., 2007; Su et al., 2022; Vorhees et al., 2015). Similarly, disruptions in latent inhibition, a
form of memory interference, have been found in poly(I:C)-exposed offspring (Smith et al.,
2007; Zuckerman & Weiner, 2005). Further, these disruptions in latent inhibition can be
ameliorated by clozapine, an antipsychotic drug used to treat schizophrenia (Zuckerman &

Weiner, 2005).
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Beyond pre-pulse inhibition and latent inhibition, other sensorimotor deficits have been
observed in MIA models from the beginning of postnatal life, where MIA offspring have
deficient reflexes compared to control animals (Arsenault et al., 2014; Haida et al., 2019).
Animals exposed to MIA have displayed impairments in the rotarod test, which is commonly
used to test motor coordination (Monteiro et al., 2022; Naviaux et al., 2013; X. Zhang et al.,
2021; Z. Zhang & van Praag, 2015). The motor deficits observed in the MIA model with the
rotarod test have been replicated across a wide range of rodent models of ASD and
schizophrenia, replicating similar findings in humans (Fatemi et al., 2012; Walther & Strik,
2012). One limitation of the current literature, however, is that most animal studies examining
this type of coordination have been conducted in adulthood, leaving open questions about these
deficits in adolescence, especially given that the MIA model has primarily been used to model
schizophrenia. Schizophrenia does not typically present until early adulthood; however, ASD
typically presents much earlier, so further study of motor coordination in adolescence is
warranted in the MIA model given its increasing use as a model of ASD.

In addition to the common behavioral deficits associated with schizophrenia, exposure to
MIA may also lead to disrupted anxiety-like behaviors in offspring. However, like the
epidemiological literature on anxiety disorders, there is considerable heterogeneity to these
findings. Some studies have reported increased anxiety behaviors in the elevated plus maze
(EPM) test, which is commonly considered indicative of anxiety-like behaviors in rodents, in late
adolescence following prenatal exposure to poly(I:C) (Li et al., 2021; Su et al., 2022). Other
work using the open field test (OFT) is more consistent, with MIA offspring generally displaying
increased anxiety-like behaviors in adolescence and adulthood (Guerrin et al., 2022; Shi et al.,

2003; Su et al., 2022; W. Wu et al., 2015). These increases in anxiety-like behaviors are

11



consistent with the human literature’s general findings of increased anxiety in individuals with
neurodevelopmental disorders (Hollocks et al., 2019; Koyuncu et al., 2022; Temmingh & Stein,
2015).

In addition to anxiety-like behaviors, MIA models have identified vast and varied
cognitive deficits consistent with several neurodevelopmental disorders. First, several MIA
studies have identified alterations in object recognition and memory using the novel object
recognition test (NORT), with some studies reporting deficiencies in novel object recognition
and others reporting enhancements (Gray et al., 2019; Guerrin et al., 2022; Ito et al., 2010; A.
Osborne et al., 2017; Shi et al., 2003; Su et al., 2022). To account for this heterogeneity, it has
been suggested that MIA may selectively enhance object recognition in NORT paradigms with
no spatial memory component, as MIA animals often display impairments in spatial working
memory in the Morris water maze, T-maze, and Y-maze tests (Ito et al., 2010; Li et al., 2021;
Schaafsma et al., 2017). MIA animals also consistently display preferences for objects in three-
chamber social tests where they are presented with the choice between interacting with another
animal in one chamber or an object in another, suggesting possible ASD-like phenotypes (Butera
et al., 2024; Naviaux et al., 2013; Smith et al., 2007).

Although object recognition is largely hippocampus-dependent, MIA animals also
display deficits in cognitive tasks dependent on prefrontal regions. In particular, MIA animals
display impaired reversal learning, which tests animals’ ability to flexibly adjust reward seeking
behavior when reward contingencies are reversed in a discrimination test. Impairments in this
type of learning have been found in adulthood on many reversal learning task variants (Amodeo
et al., 2019; Han et al., 2011; Lins et al., 2019). These findings are consistent with those from

other animal models and human studies, where difficulties in flexibly adapting to changing

12



reward contingencies are observed in schizophrenia and ASD (Reddy et al., 2016; Yerys et al.,
2009). These reversal learning deficits are also suggestive of perseverative and repetitive
behaviors, which are particularly evident in ASD (D’Cruz et al., 2013). Indeed, MIA studies
have also identified increases in perseverative and repetitive behaviors, providing further face
validity to MIA as a model of ASD in addition to schizophrenia (Estes et al., 2020; Vigli et al.,

2020).

Neuroimmune Dysfunction in MIA

Neurodevelopmental disorders and intellectual disabilities are often characterized by
dysfunction in the prefrontal cortex (PFC). The PFC is critical for higher-order cognition,
information synthesis, and goal-directed behavior (Birrell & Brown, 2000; Ragozzino et al.,
1999). It also modulates many cognitive processes through its wide array of connections
throughout the brain (Ragozzino, 2007). Common PFC changes in neurodevelopmental disorders
include disrupted functional connectivity to other brain regions, excitatory/inhibitory imbalances,
loss of extracellular matrix (perineuronal nets), and dysregulated astrocytic and microglial
activation (Mittli, 2023; Paylor et al., 2016; Tendilla-Beltran et al., 2021). Though diverse
processes, they are all regulated to varying degrees by the immune system. Further, the immune
functions disrupted in the MIA model parallel human findings, correlate with core behavioral
changes in neurodevelopmental disorders, and represent a translationally valid model to study
them (Bergdolt & Dunaevsky, 2019).

Altered excitatory/inhibitory balance in the PFC is a feature common to both ASD and
schizophrenia that has been widely replicated in animal models (Gao & Penzes, 2015; Wei et al.,

2012). In MIA, gestational poly(I:C) treatment alters the excitatory/inhibitory balance of the PFC
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at the synaptic level (L. Zhang et al., 2023). Further, these changes can be prevented by
administering ibudilast, an anti-inflammatory drug that modulates microglial and astrocytic
function, to the dam during lactation (Coiro et al., 2015). Supporting these findings are studies
that observed reduced inhibitory interneuron density in the PFC following MIA (Canetta et al.,
2016; Wischhof et al., 2015). Reduced inhibitory interneuron counts and/or disrupted
perineuronal nets surrounding them are consistently implicated in excitatory/inhibitory
imbalances in both animal models and is considered a shared characteristic of both ASD and
schizophrenia (Kaar et al., 2019; Paylor et al., 2016). Studies beyond the MIA model have
identified immune processes that mediate excitatory/inhibitory balance, suggesting that chronic
disruptions in immune signaling may underpin the imbalances seen in ASD and schizophrenia
(Wei et al., 2011; L. Yang et al., 2021). Furthermore, acute administration of LPS or the pro-
inflammatory cytokine IL-1f causes increased susceptibility to seizures, which occur as a result
of hyperexcitability due to excitatory/inhibitory imbalances (Rana & Musto, 2018; Semple et al.,
2017). Interestingly, patients with ASD and schizophrenia are far more susceptible to seizures
than the general population, further implicating excitatory/inhibitory imbalances in their
development (Besag, 2017; Hyde & Weinberger, 1997).

A putative causative agent of the synaptic dysregulations observed in MIA is the
microglia. Microglia support growing neurons with trophic factors required for growth and
myelination and refine synaptic wiring through complement-mediated phagocytosis of weak
synapses (Loewen et al., 2023). Thus, microglia are critical for orchestrating and coordinating
the intricate development of the PFC in utero (Antony et al., 2011). In addition, as the brain’s
resident immune cells, microglia respond strongly to proinflammatory signals such as those

induced by MIA. Indeed, microglia are highly reactive to both IL-6 and IL-17A, the key MIA
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cytokines, releasing pro-inflammatory cytokines and interferons when stimulated by them (litani
et al., 2023; West et al., 2019). Therefore, infiltration of these cytokines into the fetal
compartment during vulnerable periods of development may represent the beginning of a
mechanism by which they induce long-term PFC changes. Consistent with this idea, studies have
found altered microglial phenotypes in the PFC of MIA offspring (Cieslik et al., 2020; Loayza et
al., 2023). It has also been suggested that the microglia are at least partially responsible for the
cortical gray matter losses observed in schizophrenia, where increased microglial populations
and activation have been correlated with this loss (Hirayasu et al., 2001; Racki et al., 2016;
Uranova et al., 2021). These findings have been replicated in MIA models. Rodent models have
demonstrated global decreases in PFC volume, and non-human primate models have found
persistent grey matter reduction from six months of age through adulthood (Garcia-Partida et al.,
2022; Hanson et al., 2022). In sum, the microglia represent a strong candidate mechanism by
which MIA exerts its teratogenic effects and represent an explanation as to why these deficits
may be latent until late in development.

In addition to the microglia, several inflammatory cytokines exert impacts on developing
neurons in the PFC. First, beyond its critical role in MIA, IL-6 is highly pleiotropic. It is
expressed in the central nervous system (CNS) and acts as a neurotrophic factor. As such, IL-6 is
considered a neuropoietin and is the founding member of the neuropoietic cytokine family. It
directs neuron migration, enhances cell survival, and acts in concert with other neurotrophic
factors to promote gliogenesis and neurogenesis (Erta et al., 2012; Goines & Ashwood, 2013).
Distinct behavioral alterations occur when IL-6 is underexpressed in an IL-6 knockout model,
and ASD-like brain volume alterations occur when it is overexpressed, suggesting that IL-6 is

involved in regulating both behavioral and neurobiological aspects of neurodevelopmental
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disorders (Erta et al., 2015; Wei et al., 2012). While critical for regulating neurodevelopment and
the response to injury, overexpression of IL-6 during vulnerable windows, as in MIA, may skew
neuronal differentiation in such a way that facilitates excitatory/inhibitory imbalances (Erta et al.,
2012).

Beyond its direct action on neurons, IL-6 also polarizes CD4+ T-cell development to the
Th17 phenotype (Wong & Hoeffer, 2018). IL-17A, a main Th17 cytokine, is linked to increases
in neuroinflammation and disrupted blood-brain barrier integrity in multiple sclerosis, and it has
recently been implicated in neurodevelopmental disorders like ASD and schizophrenia
(Milovanovic et al., 2020; Reale et al., 2021). Evidence also suggests that [L-6 and IL-17A may
together shift chemokine production by astrocytes to facilitate infiltration of T-cells into the
CNS, potentially causing a positive feedback loop wherein IL-6 facilitates Th17 differentiation
and increases IL-17A levels, which precipitates CNS injury, further stimulating increases in IL-6
(Erta et al., 2012; Meares et al., 2012).

In addition to IL-6 and IL-17A, TNF-a also plays a large role in CNS health and disease.
At normal physiological levels, TNF-a promotes oligodendrogenesis and myelination, and it also
regulates excitatory/inhibitory synaptic balance by downregulating the expression of surface
GABA receptors (Arnett et al., 2001; Gonzalez Caldito, 2023). Thus, its perturbation by chronic
inflammation, such as that which is caused by MIA, likely contributes to the
excitatory/inhibitory imbalances seen in ASD and schizophrenia. Pathological increases in TNF-
a, such as those observed in ASD and schizophrenia, also facilitate breakdown of the blood-
brain barrier (Goldsmith et al., 2016; Gonzalez Caldito, 2023; Xie et al., 2017). Breakdown of
the blood-brain barrier promotes neuroinflammation and is a shared pathology of

neurodegenerative conditions (Gonzalez Caldito, 2023). MIA models have found increases in
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both CNS and peripheral TNF-a, suggesting that MIA may facilitate blood-brain barrier
breakdown as is seen in ASD and schizophrenia (Cieslik et al., 2020; Garay et al., 2013;
MacDowell et al., 2017).

Several other cytokines, both pro- and anti-inflammatory, have been associated with ASD
and schizophrenia, including IL-1, IFN-y, IL-4, and IL-10, in pathological or protective roles
(Comer et al., 2020; Goines & Ashwood, 2013). For example, IL-1f exhibits extraordinarily
complex regional effects in the developing brain and has been linked to varying conditions like
depression and seizures, but its exact roles in neurodevelopmental pathology and protection have
not been well-described (Park et al., 2015; Semple et al., 2017). IFN-y and IL-4 counteract to
balance type I and II immune responses, but neither crosses the blood-brain barrier under normal
physiological conditions, so their direct effects on the CNS are largely inferred from their effects
on macrophages, although it is known that they affect neural growth and synapse formation in
vitro (Onore et al., 2014; Park et al., 2015). However, whether increases or decreases of these
two represent pathological features or reflexive immune responses to injury is unclear. Levels of
these cytokines have all been found altered, with varying degrees of replication, either
peripherally, centrally, or both, in ASD and schizophrenia, so further investigation into their
roles in neurodevelopment is warranted.

In sum, the nervous and immune systems intricately coordinate to regulate brain
formation and differentiation of neurons and glia to fulfill distinct niches. Neuroimmune
processes are especially important for the development of higher-order brain regions like the
PFC, and infiltration of pro-inflammatory cytokines from MIA during corticogenesis represents a
major risk factor for altered PFC development. These alterations closely parallel human findings

in a variety of psychiatric and neuroimmune conditions, making the MIA model an indispensable
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tool to understand the psychoneuroimmune basis of neurodevelopmental disorders like ASD and

schizophrenia.

Choline and Neuroimmune Function

Choline is a micronutrient similar to the B vitamins that has been recognized as an
essential nutrient by the Institute of Medicine of the National Academy of Sciences since 1998
(Institute of Medicine, 1998). Choline is a major component of the cell membrane, a key methyl
group donor, and has anti-inflammatory properties (Fig. 1.4). Current guidelines for choline
intake in humans are 425 mg/day for females over 19 years of age, 450 mg/day for pregnant
females, and 550 mg/day for males over 19 years of age and lactating females. However, it is
likely that the overwhelming majority of pregnant and lactating females do not achieve these
levels, and mounting evidence suggests that the recommended intakes themselves are insufficient
(Derbyshire & Obeid, 2020; Yan et al., 2012). Choline specifically plays a key role in neural
tube formation, hippocampal development, and epigenetic regulation, making its inclusion into
prenatal vitamins also necessary (Zeisel & Da Costa, 2009). Thus, since choline intake in
pregnant people is far below adequate levels, characterizing it’s potential ability to bolster key
neurodevelopmental processes in the face of immune challenge is critical (J. B. Adams et al.,
2022; Korsmo et al., 2019).

Although choline can be synthesized endogenously, the developing fetus’ demand for
choline exceeds this capacity (Derbyshire & Obeid, 2020; Yan et al., 2012). Therefore,
exogenous choline is essential for proper nervous system development, with mounting evidence
suggesting that it can protect the developing fetus from alcohol exposure and infections

(Derbyshire & Obeid, 2020). Further research into choline’s neuroprotective effects is needed to
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Figure 1.4: Effects of Choline on the Mammalian Nervous System

Choline’s wide-ranging effects on the mammalian nervous system include modulation of cholinergic
neurotransmission, structural contributions to the cell membrane, chromatin-mediated gene regulation
via DNA methylation, and cholinergic anti-inflammatory signaling in glial cells.

expand on current epidemiological and experimental studies, which have found that choline
supplementation during pregnancy and lactation is associated with improved cognitive, language,
and motor development at 18 months of age, as well as improved attention and sociability
(Korsmo et al., 2019; R. Ross et al., 2016; B. Wu et al., 2012). Furthermore, higher maternal
levels of choline have been correlated with improved self-regulation and attention in children
exposed to SARS-CoV-2, the virus that causes COVID-19, in utero, indicating that choline or its
metabolites likely have some effect that can blunt the neurodevelopmental impacts of MIA

fromo respiratory viruses (Freedman et al., 2020).
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Perhaps the most unique role of choline is that it is highly involved in neuroimmune
signaling through the alpha-7 nicotinic acetylcholine receptor (7nAChR). The a7nAChR is
comprised of five identical subunits and is highly expressed in the microglia of the CNS (Egea et
al., 2015). Further, the a7nAChR is agonized by acetylcholine, a key neurotransmitter in the
CNS, and free choline with high specificity (Alkondon et al., 1997). When bound to
acetylcholine or free choline, the a7nAChR activates both JAK2/STAT3 (Janus Kinase 2/Signal
Transducer and Activator of Transcription 3) and PI3K/Akt (Phosphoinositide-3-Kinase/Akt or
Protein Kinase B) signaling, both of which play a role in quenching pro-inflammatory immune
responses by activating antioxidant defenses and inhibiting the nuclear translocation of the pro-
inflammatory transcription factor NF-xB (Carnac, 2022; Egea et al., 2015; Youssef et al., 2020)
(Fig. 1.5). These responses inhibit the release of pro-inflammatory cytokines and promote a shift
from microglia in the pro-inflammatory M1 state to the anti-inflammatory M2 state (Egea et al.,
2015). Experimental studies using cultured microglia have identified this shift through the
administration of nicotine, a potent and selective a7nAChR agonist, to microglia. When treated
with nicotine, the microglia shift cytokine production away from the pro-inflammatory IL-1f3
and TNF-a and to the anti-inflammatory IL-4, IL-10, and TGF- (Rock et al., 2008; Suzuki et
al., 2006). These effects have also been replicated in vivo (Egea et al., 2015; Loram et al., 2010).
The switch to the M2 phase is then triggered in other microglia, and possibly even astrocytes, by

these cytokines, thereby quenching the pro-inflammatory state.
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Figure 1.5: Antagonism between a7nAChR and TLR3 Signaling

Signaling downstream of the alpha-7 nicotinic acetylcholine receptor inhibits NF-xB-mediated pro-
inflammatory signaling via two main mechanisms: JAK/STAT3 signaling and PI3K/Akt signaling.
JAK/STAT3 signaling inhibits the degradation of the [xB complex, thereby preventing NF-xB
translocation to the nucleus. PI3K/Akt signaling induces antioxidant defense mechanisms in an Nrf2-
dependent manner whereby Nrf2 competes with NF-xB for binding sites and inhibits pro-inflammatory
responses.

Studies in animal models of neurodevelopmental disorders have replicated the association
between choline and positive neurodevelopmental outcomes. For example, in the MECP2
knockdown model of Rett Syndrome, a form of intellectual disability often co-occuring with
ASD, both prenatal and postnatal choline supplementation have been found to modulate
behavioral outcomes, including motor coordination and anxiety behaviors (Chin et al., 2019;

Ricceri et al., 2011). These same studies also found that choline supplementation improves

synaptic plasticity and increases neurotrophic factor expression in the cortex. Mutations in the
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gene encoding MECP?2 are also considered risk factors for schizophrenia, so these findings have
relevance to multiple psychiatric conditions (Chen et al., 2020). Similar findings have been
replicated in the BTBR + Itpr3tf/J (Black and Tan Brachyury bred with inserted tufted (Itpr3Y))
mouse model of ASD, where gestational choline supplementation was associated with decreases
in anxiety behaviors, increased sociability, and reductions in repetitive behavior in ASD-
modeled mice (Langley et al., 2015). In a different mouse model specific to schizophrenia,
gestational choline supplementation improved sensory inhibition despite not changing the levels
of the a7nAChR in the hippocampus or any of its subregions (Stevens et al., 2014). These results
from non-MIA animal models suggest that the beneficial effects of choline may be seen in the
MIA model, especially due to the a7nAChR’s specificity for free choline and its anti-
inflammatory properties (Alkondon et al., 1997).

Within the context of MIA, choline’s benefits are understudied. Since MIA clearly
recapitulates several inflammatory components of ASD and schizophrenia, the anti-inflammatory
properties of choline must be studied within this paradigm. Indeed, limited studies in MIA and
other models of neurodevelopmental disorders suggest that choline may modulate behavioral and
neurological outcomes. The only known study to date of maternal choline supplementation in the
MIA model found that gestational choline ameliorated anxiety-like and repetitive behaviors, both
common in ASD and schizophrenia, in adolescent mice (W. Wu et al., 2015). Further, mice
exposed to MIA with a full knockout or haploinsufficiency of the a7nAChR were more
susceptible to the impacts of MIA, strongly implicating cholinergic anti-inflammatory signaling
in resistance to MIA. This study also found differences in a7nAChR expression between
choline-supplemented and non-choline-supplemented offspring, but only the hippocampus was

examined (W. Wu et al., 2015). Therefore, maternal choline’s impact on the developing PFC in
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the context of MIA is still relatively unknown. Supporting the concept of a cholinergic anti-
inflammatory pathway through the a7nAChR is another study showing that nicotine, a potent
o 7nAChR agonist, blunted inflammatory signaling induced by LPS in the pregnant dam and
elevated the number of live pups born to the dams to near-control levels (J. Yang et al., 2014).

In sum, evidence from epidemiological, clinical, and animal studies indicates a critical
role of choline in nervous system development and neuroimmune functioning. Emerging
evidence supports the role of the cholinergic anti-inflammatory pathway as a promising
therapeutic target for both neurodegenerative and neurodevelopmental disorders. Choline’s
specific anti-inflammatory effects suggest that maternal supplementation may be a cost-effective
and simple way to protect developing fetuses from immune insults in the age of emerging and re-
emerging infectious diseases. By testing this strategy in animal models of MIA, the effectiveness

of this simple intervention can be examined in a controlled and cost-effective manner.

Rationale and Hypothesis

Although the impacts of MIA have been widely studied in adulthood, relatively few
studies have focused on behavioral alterations in adolescence. Additionally, cost-effective and
simple interventions to blunt the impacts of MIA are gaining attention in the age of emerging
infectious diseases like COVID-19 and Zika, where large birth cohorts are now regularly
exposed to novel viral infections. Based on the need for a more robust characterization of MIA in
adolescence and the need to test new interventions to bolster fetal neurodevelopment, this study
examines the impact of maternal choline supplementation on behavioral and inflammatory
outcomes in adolescence within the MIA model. It was hypothesized that, behaviorally, MIA-

exposed animals would exhibit cognitive dysfunction, increased anxiety behaviors, and poor
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motor coordination at juvenile and adolescent stages and that maternal choline supplementation
would modulate these changes to an intermediate level between non-choline MIA offspring and
saline controls.

At the molecular level, it was hypothesized that increases in pro-inflammatory cytokines
(e.g., IL-1B, IL-6, TNF-a) would be found in the PFCs of juvenile and adolescent rats exposed to
MIA. Regarding maternal choline supplementation, it was hypothesized that MIA rats from dams
supplemented with choline would either have reduced expression of pro-inflammatory markers
or a reflexive increase in anti-inflammatory ones (e.g., IL-4, IL-10) in the PFC to counteract the
pro-inflammatory impacts of MIA. It was also hypothesized that MIA exposure would lead to
downregulation of the PI3K/Akt cell survival pathway and decreased expression of the
downstream antioxidant enzyme heme oxygenase 1 (HO-1), and that maternal choline
supplementation would bring the activity of this pathway closer to control levels. The increased
activation of the PI3K/Akt/HO-1 axis by maternal choline, especially if accompanied by changes
in downstream cytokines, would be indicative of an anti-inflammatory response through the

a7nAChR-mediated cholinergic anti-inflammatory pathway.
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Chapter 2 - Materials and Methods

Animals and Maternal Immune Activation

Timed pregnant rat dams were ordered from Charles River and arrived at the facility on
gestational day (GD) 7. Immediately after arrival, dams were assigned to one of three conditions:
saline control, poly(I:C) with normal food, and poly(I:C) with choline-supplemented food. Those
in the choline group were administered chow supplemented with choline chloride at a dose of 5
g/kg from arrival on GD 7 through weaning on postnatal day (PND) 21. On GD 15, all dams
were injected intraperitoneally with either high molecular weight poly(I:C) (InvivoGen, catalog
number tlrl-pic-5) at a dose of 10 mg/kg or saline. This dosage is consistent with previous MIA
studies using the intraperitoneal route in rats (Gilmore et al., 2005; Monteiro et al., 2022; Su et
al., 2022; Vorhees et al., 2015). Investigators were blind to condition and treatment. In total, 5
dams were assigned to the control condition, 7 to the poly(I:C) only condition, and 6 to the
poly(I:C) plus maternal choline condition. All injections were carried out between the hours of
9:30-10:30 a.m. to control for circadian fluctuations in immune responses in the dams. On PND
21, pups were weaned, sexed, and separated into double or triple housing with same-sex
littermates, depending on numbers of each sex in the litter. Whenever possible, subjects were
pair housed. All animal care, testing, and procedures were conducted in accordance with the
requirements and guidelines of the Kansas State University Institutional Animal Care and Use
Committee (IACUC).

To verify maternal illness post-injection, a sickness score for each dam was calculated
based on the presence or absence of four symptoms: piloerection, ptosis, lethargy, and huddling.
Symptoms were observed in the home cage 0.5, 2, 4, 6, 24, and 48 hours post-injection without

disturbing the dam. This is in line with other studies that have found significant differences in
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symptom profiles between poly(I:C)-injected mice and rats at these time points, thus allowing for

verification of the maternal immune response (Kolmogorova et al., 2017). Additionally, maternal

weight was measured 6, 24, and 48 hours post-injection, as it has repeatedly been reported that

dams injected with poly(I:C) display either slight weight loss or a lack of weight gain in this

period, whereas control dams continue to gain weight (Kolmogorova et al., 2017). This allows

for secondary verification that the dosage and route of poly(I:C) injection are sufficient to elicit

maternal immune responses.
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Figure 2.1: Study Timeline

Timed pregnant dams arrived to the facility on GD 7 and were assigned a food condition. Dams were
injected with 10 mg/kg poly(1:C) or saline on GD 15 and were then left undisturbed until weaning.
Offspring were weaned on PND 21 and behavioral data were collected between PND 27-29 for the
Juvenile cohort and P47-50 for the adolescent cohort. PFC samples were taken at the conclusion of

behavioral testing and frozen at -80°C for later use.
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Behavioral Tests

Object Memory: Novel Object Recognition Test (NORT)

To assess object memory, the novel object recognition test (NORT) was conducted.
Testing occurred over two consecutive days. On the first day, animals were placed in a 65 x 50-
centimeter arena for five minutes to habituate. Then, animals were removed and two identical
objects (candle holder or wrench socket) were placed in opposite corners of the box. Animals
were then placed back in the arena to explore both objects for ten minutes. The next day, animals
were again placed in the same arena, except with one identical object to those which it had
encountered the day before and another, novel object. Objects were counterbalanced in their
presentation and location to control for preference for one or the other location or object. Time
spent investigating each object was recorded manually by blind-to-condition researchers in
Actimetrics Limelight video coding software. Data were analyzed as percent exploration time

spent with the novel object.

Cognitive Flexibility: Reversal Learning
Apparatus and Stimuli

Reversal learning was assessed at PND 50 only to examine cognitive flexibility. Animals
were placed in a plexiglass arena (50 x 37 x 25 cm) with a sliding door between the holding
chamber and testing arena. The door was lifted at the beginning of each trial to allow access to
two flowerpots with opposing odor cues and digging media. Odor cues presented were
vanilla/rum or cinnamon/anise, and media presented were aspen/shredded manila folders or
sequins/buttons. These odor and media combinations were selected based on the results of the

lab’s previous studies with similar tasks (Mali et al., 2023). Both the presentation order of the
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stimuli and which stimulus (odor or medium) constituted the relevant dimension were
counterbalanced via Latin square. Digging media were recycled between rats to disseminate
scent cues, and pots were only ever scented with the same odor. Honey Nut Cheerios™ (General
Mills) powder was dusted on all pots, and investigators touched each pot before the start of each
trial to ensure that rats were discriminating on the basis of the odors and media presented to

them, rather than based on outside cues.

Training

About seven days before the full task, rats were food restricted to 12 grams per day to
ensure motivation for the food reward. Weights were taken daily for these animals to ensure that
they did not fall below 80% of their free feeding-weight. If an animal was nearing 80% of its
free-feeding weight, the animal was given more food, and its weight was recorded again the
following day. After about five days of food restriction, rats were trained in basic digging and
simple discrimination over two consecutive days before moving on to the full task. On day one
of training, rats were trained to dig in flowerpots to receive food rewards, which were 1/4 to 1/3
pieces of Honey Nut Cheerios™ (General Mills). Training began with the cheerio pieces placed
on top of the digging media, and they were buried progressively deeper with each consecutive
trial. Once fully buried, the animal was required to retrieve fully buried food rewards with an
average latency under one minute to pass on to the second day of training. On the second day of
training, rats were presented two simple discriminations (i.e., only odor or media cues
presented): one odor (lavender vs nutmeg) in regular bedding, and one digging media (shredded

paper vs pine shavings) in unscented pots. If the rat was able to complete these simple
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discriminations with six consecutive correct choices within 25 trials, it was allowed to continue

to the full task the following day.

Reversal Learning Task

The reversal learning task was presented as a series of four phases, all of which were
compound discriminations. That is, both different odors and different media were presented
simultaneously. Rats were required to learn which dimension (odor or medium) to attend to, as
well as which of the two exemplars was rewarded. For each phase, the first four trials were
considered “discovery trials” where the animal was allowed to explore both pots, even if it made
an incorrect choice. These trials were counted in the six consecutive correct trials, if applicable.
After the first compound discrimination was completed with six trials to criterion, a reversal
phase was presented where the rewarded exemplar was switched. After this, an intradimensional
(ID) shift was presented, where the reward dimension stayed the same, but the exemplars were
changed. After the ID shift, a second reversal was presented. After the animals completed each
phase with six consecutive correct trials, the task was completed, the animal was returned to its

home cage, and food restriction was immediately lifted.

Motor Coordination/Learning: Rotarod Test

Animals were placed on a rod rotating at 4 rpm, facing the same direction each time.
Once the animal was securely on the rod, the trial began. Throughout the trial, the rod constantly
accelerated to 40 rpm over the course of five minutes. Latency to fall off the rod was measured,
except for those trials lasting the maximum five minutes. This was done a total of three times on

the same day, with at least ten minutes of rest between trials. To control for fatigue effects, the
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maximum latency between trials two and three was considered and analyzed in reference to
baseline performance, as it has been suggested that rapid short-term increases in latency may be

reflective of repetitive motor behavior acquisition (Fuccillo et al., 2014).

Anxiety-Like Behaviors: Open Field Test (OFT)

For the OFT, animals were placed in a clear Plexiglass enclosure measuring 60
centimeters long on each side. Animals were placed in the center of the enclosure facing the
same direction each time, after which they were free to explore the arena for 10 minutes. For
analysis, the enclosure was divided into nine 20 x 20-centimeter zones. Time spent in the center
zone, as well as crossings through the center zone were taken as measures of anxiety-like

behaviors. Total locomotor activity, measured by distance traveled, was also assessed.

Anxiety-Like Behaviors: Elevated Plus Maze (EPM)

To further assess anxiety behaviors, animals were placed on an elevated four-armed maze
with alternating open and closed arms, such that the open arms were opposite each other.
Animals were placed on the maze facing the same direction at the start of each trial, after which
they were free to explore the maze for five minutes. Videos of trials were collected and animal
tracking was done with ANY-maze™ (Stoelting) software. Time spent in the center zone, open
arms, and closed arms was assessed, as were the number of entries into the open and closed
arms. If an animal fell off the maze during the trial, video acquisition was paused, the animal was
placed back on the maze as at the beginning, and the trial was resumed. If the animal fell off a

second time, it was excluded from analysis.
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Tissue Harvest and Preparation

On PND 30 or 53, depending on age cohort, animals were deeply anesthetized under 5%
isoflurane gas and euthanized by decapitation. Brains were immediately removed, medial
prefrontal cortices were quickly dissected, placed into polypropylene microcentrifuge tubes, and
flash frozen on dry ice or in liquid nitrogen. After freezing, tissue samples were stored at -80°C
until further use. All euthanasia was completed between the hours of 10:30 a.m. and 2:30 p.m. to
control for circadian fluctuations in immune markers.

After all samples were collected, tissues were homogenized in different cell lysis buffers
depending on downstream application. Left medial prefrontal cortices were taken for Milliplex
cytokine and Akt/phospho-Akt assays and were homogenized in cell lysis buffer (Milliplex,
catalog number 43-040) containing phosphatase and protease inhibitors (Roche) via trituration
through a 1000 pL pipette tip. Then, samples were incubated on an orbital plate shaker at 500
rpm for two hours at 4°C to maximize cell lysis. After two hours, samples were centrifuged at
4500 x g for 15 minutes, supernatants were collected, and aliquots were frozen at -80°C for later
use. The same process was followed for right medial prefrontal cortices, except that they were
homogenized in another cell lysis buffer (Abcam Cell Extraction Buffer PTR, catalog number
ab193170) for Heme Oxygenase 1 ELISA. To account for differences in total protein load
between samples, a Qubit™ (Invitrogen) fluorometric assay was performed on an aliquot of each
sample to determine total protein concentration. The results of each assay were normalized to

their respective total protein concentrations for direct comparison.
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Biochemical Data Collection

Milliplex Cytokine Assay
The cytokines IL-183, IL-4, IL-6, IL-10, IL-17A, IFN-y, and TNF-a were assayed with a

magnetic bead panel (Milliplex®, catalog number RECYTMAG-65K). Samples were diluted to
a concentration between 500-750 pg/mL (1,000-1,500 pg/mL in lysis buffer and then 1:2 in
assay buffer) before assay per the manufacturer’s recommendations. Samples and standards were
then incubated with capture antibodies immobilized on magnetic beads in assay buffer at room
temperature with agitation for 2 hours. Samples were then removed and wells were washed, after
which beads were incubated with detection antibodies for 1 hour. Streptavidin-phycoerythrin was
then added, and beads were then incubated with agitation for another 30 minutes. Liquid was
then decanted, wells were washed again, and beads were suspended in xXMAP™ Sheath Fluid
Plus. Median fluorescent intensity was then read for each analyte bead on a Luminex 200™ plate
reader using Luminex xXMAP™ technology. The median fluorescent intensity was then analyzed

via a five-parameter standard curve fit by Intelliflex® software.

Milliplex Akt/phospo-Akt Assay
Phosphorylation of Akt at Ser473 and total Akt were assayed with a Milliplex® Cell
Signaling kit (Milliplex®, catalog number 48-618MAG). Samples were diluted to a
concentration between 300-500 pg/mL (600-1,000 pg/mL in lysis buffer and then 1:2 in assay
buffer) per the manufacturer’s recommendations. Samples were incubated with capture
antibodies immobilized on magnetic beads at 4°C with agitation for 18 hours overnight. Samples
were removed and wells were washed, after which beads were incubated with detection

antibodies for 1 hour (after which detection antibodies were removed), streptavidin-
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phycoerythrin for 15 minutes, and amplification buffer for 15 more minutes. Liquid was then
decanted from the wells, after which beads were suspended in assay buffer and median
fluorescent intensity was read on a Luminex 200™ plate reader using Luminex xMAP™
technology. Results were analyzed as both total protein and the proportion of fluorescent
intensity attributable to the phosphorylated form of Akt as a means to determine pathway

activation under basal conditions.

Heme Oxygenase 1 (HO-1) ELISA

Heme oxygenase 1 was assayed using a commercially available ELISA kit (Abcam
SimpleStep®, catalog number ab279414). Samples were diluted to a concentration between 700-
1,000 pg/mL concentration (determined by a pilot experiment) in lysis buffer and incubated on
an immobilization antibody-coated plate coated with immunoaffinity-tagged detection antibodies
and capture antibodies for one hour with agitation. Wells were then washed and incubated with
TMB substrate for ten minutes in the dark, followed by stop solution for one minute. Optical
densities were then read at 450 nm. Standard curves were fit using online GainData® ELISA
analysis software, and the average of the two replicates was used to calculate analyte

concentration in each well.

Statistical Analysis

Behavioral data were analyzed with generalized linear mixed models in R with
appropriate distributional assumptions selected based upon data type and structure. Normal-,
Gamma-, and Poisson-distributed data were analyzed using the Ime4 package and beta-

distributed data were analyzed using the glmmTMB package. Condition, sex, and the interaction
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between them were included as fixed-effect predictors, and litter was included as a random effect
where appropriate to control for pseudoreplication due to multiple littermates within groups. P-
values were adjusted to account for multiple comparisons using the Bonferroni method where
appropriate. Biochemical data were analyzed nonparametrically using a Wilcoxon sign-ranked
test followed by Dunn’s test for pairwise comparisons. Each litter was represented by at least one
member of each sex at each age, and no more than two littermates of the same sex were included
at each age to control for litter-to-litter variability. No significant or near-significant effects of
sex were observed in these data, so those data were analyzed with both sexes combined by

condition.
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Chapter 3 - Results

Maternal Illness and Offspring Numbers
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Figure 3.1: Maternal Post-Injection Weight Loss

Weight trajectory of dams post-injection reported as percentage of weight at injection. Poly(I:C)-treated
dams had significant weight loss at 24h post-injection compared to controls (p=0.003). Though not
significant, these weights were still reduced compared with controls at 48h post-injection (p=0.14). Error
bars represent SEM.

Maternal weight was analyzed with a linear mixed model with a random effect of rat ID
to account for repeated measures. Following injection, both saline and poly(I:C) dams exhibited
initial weight loss after six hours (z4s = 5.359, p <0.001) (Fig. 3.1). However, there was a
significant difference between saline and poly(I:C) dam weight 24 hours post-injection (44 =
3.187, p = 0.003). At 48 hours post-injection, though, poly(I:C) dams had generally recovered,
and their weights were not significantly different from saline dams (z4+ = 1.511, p = 0.138).

There were no discernable differences in sickness behavior profiles between saline and poly(I:C)
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dams (supplemental figure A.1). Numbers of offspring from dams used in behavioral and

biochemical experiments are displayed in Tables 3.1 and 3.2, respectively.

P28 Cohort P50 Cohort
Males Females Males Females
Saline 8 12 9 (8) 13 (10)
Poly(I:C) 14 11 15 (13) 10 (10)
Poly(I:C)
+ Choline 16 14 16 (13) 13 (12)

Table 3.1: Number of Animals Included in Behavioral Experiments

These animals are derived from 5 saline dams and 13 poly(1:C) dams, 6 of which received gestational
choline supplementation. To account for group imbalances, mixed-effects modeling was used for
behavioral experiments to account for litter-to-litter variability in behavior. Numbers in parentheses
indicate animals that passed training for the reversal learning task and whose data were used for

analysis.
P28 Cohort P50 Cohort
Males Females Males Females
Cyto- Cyto- Cyto- Cyto-
kines Akt HO-1 Kkines Akt HO-1 kines Akt HO-1 Kkines Akt HO-1
Saline 7 7 7 7 7 9 6 7 9 7 6 9
Poly(I:C) 7 7 9 7 7 9 7 7 9 7 7 9
Poly(I:C)
+ Choline 7 9 7 7 9 7 7 9 7 7 9

Table 3.2: Number of Animals Included in Biochemical Experiments

As with behavioral experiments, these animals are derived from 5 saline dams and 13 poly(1:C) dams, 6
of which received gestational choline supplementation. Since group sizes are relatively balanced with
respect to these experiments, mixed-effects modeling was not used. Instead, nonparametric statistical
methods were used.
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Behavioral Results

Object Memory: Novel Object Recognition Task (NORT)
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Figure 3.2: Novel Object Discrimination Ratio
The novel object discrimination ratio reflects the difference in time spent with the novel object compared
with the familiar object, divided by the total amount of time spent with either object, thus providing a
standardized value centered around zero, which represents discrimination at the level of chance (50%,).
(A) At P28, only control females discriminated the novel object above chance levels (p = 0.007), although
poly(1:C) + choline males trended toward the same (p = 0.055). (B) At P50, however, poly(I:C)-only
animals discriminated above choice levels regardless of sex (p = 0.024), though this was not significant
for males (p = 0.149) or females (p = 0.082) alone. For poly(I:C) + choline animals, males (p < 0.001)
and females (p = 0.034) both demonstrated greater than chance discrimination of the novel object. Error
bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.

The NORT was conducted at both P28 and P50. Data were analyzed as percentage of
total interaction time using a generalized linear mixed model fit with a beta distribution. A
random effect of litter was included to account for the nested structure of the data. At P28, there
were no significant effects of condition, sex, or the interaction between them. When examined as
discrimination above chance levels (50% of time with each object, regardless of familiarity),

only control females displayed novel object recognition significantly above chance levels (z =

2.696, p = 0.007). However, poly(I:C) + choline males trended toward above-chance
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performance (z = 1.920, p = 0.055) (Fig. 3.2). At P50, there were likewise no significant effects
of condition, sex, or the interaction between them. However, when analyzed as discrimination
above chance, both poly(I:C)-only (z = 2.260, p = 0.024) and poly(I:C) + choline (z = 4.146, p <
0.001) animals discriminated significantly above chance levels regardless of sex (Fig. 3.2). There
was no main effect of age on novel object discrimination, but there was a trend-level interaction
between condition and age (y%>= 5.036, p = 0.081). Pairwise analysis revealed that poly(I:C) +
choline animals, regardless of sex, had improved novel object discrimination at P50 over P28,
thus driving the interaction. However, this effect was only trend-level after adjustment for

multiple comparisons (z =2.322, p = 0.061). Point estimates are given in table 3.3.

P28 Novel Object Recognition

Male Female
Percent Lower  Upper Percent Lower  Upper
Time Cl ClI  p-value Time Cl ClI  p-value
Saline 51.8 43.2 60.4 0.681 59.8 52.7 66.5 0.007
Poly(I:C)  54.7 47.9 61.4 0.177 48.9 41.6 51.3 0.779
Poly(:C) 50 200 620  0.055 494 429 560 0859
+ Choline
P50 Novel Object Recognition
Male Female
Percent Lower  Upper Percent Lower  Upper
Time Cl ClI  p-value Time Cl ClI  p-value
Saline 51.0 42.1 59.8 0.830 53.8 46.4 61.1 0.317
Poly(I:C)  55.1 48.2 61.8 0.149 58.0 49.0 66.4 0.082
Poly(:C) 631 565 693 0.0001 581 506 652  0.034
+ Choline

Table 3.3: Percent Time Spent with Novel Object Compared to Chance

All values are given as percentages. Point estimates for the mean percent time spent with the novel object,
lower and upper bounds of the 95% confidence interval on that estimate, and the p-value associated with
the estimate.
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Cognitive Flexibility: Reversal Learning

Reversal learning was only examined at P50 due to the difficulty of the task, as the lab
has found that rats younger than P40 do not pass at sufficient rates for analysis. It was expected
that MIA animals would be impaired on this task. Trials to criterion and errors were analyzed via
mixed-effects generalized linear models fit with a Poisson distribution and random effects of
litter and rat ID to account for repeated measures and nested subjects within litters. Latencies
were analyzed using the average latency for each animal, a Gamma distribution to account for
positive skew, and a random effect of litter. Sexes were analyzed separately based on the lab’s
previous findings with similar tasks (Mali et al., 2023). For males, there was a significant
condition*phase interaction (6= 35.196, p < 0.001). Planned pairwise comparisons to examine
initial learning during the compound discrimination phase revealed that poly(I:C) males took
significantly fewer trials to learn than saline controls, though this was only significant for the
poly(I:C) + choline group (estimate = 0.566, SE = 0.182, z = 3.110, pagj = 0.009; non-choline
estimate = 0.415, SE = 0.179, z = 2.317, pagj = 0.082). However, when the first reversal was
presented, poly(I:C) males took significantly more trials to reach criterion than their initial
learning (non-choline estimate = 0.337, SE = 0.101, z = 3.340, pagj = 0.005; choline estimate =
0.440, SE =0.107, z = 4.114, pagj < 0.001), while control animals did not (Fig. 3.3A). Despite no
differences on the ID shift, the poly(I:C)-only males took more trials to complete the second
reversal relative to ID performance, while control and poly(I:C) + choline males did not,
indicating a continued reversal impairment (estimate = 0.288, SE = 0.106, z = 2.724, pagj =
0.045). Control males also trended in the same direction, but this appears to be more due to
improved ID shifting than a reversal learning impairment per se (estimate = 0.340, SE = 0.138, z

= 2.456, pagj = 0.084). In female poly(I:C) animals, there was also a significant poly(I:C)*phase
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interaction (y°¢= 14.457, p = 0.025), but there were no significant pairwise comparisons after

correction for multiple comparisons (Fig. 3.3B).
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Figure 3.3: Reversal Learning Trials to Criterion

(A) On the reversal learning task, male poly(I:C) animals displayed improved basic learning on the first
compound discrimination compared to controls (choline p.q = 0.013, non-choline pag = 0.123). However,
they performed worse on the first reversal phase with baseline performance taken into account. This
reversal learning deficit was present in the second compound discrimination-reversal combination only
for the non-choline poly(1:C) males (p = 0.045). (B) There were no differences in performance in the
female group. Error bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10. CD =
compound discrimination, R1 = reversal 1, ID = intradimensional shift, R2 = reversal 2.

In spite of the relatively subtle group differences, a significant sex effect (y°1=10.087, p
=0.001) and a sex*condition interaction (y°>= 7.778, p = 0.034) on total errors made during the
task were observed. When split into errors committed during the reversal phases and the non-
reversal phases, there were only significant differences by sex (7’1 = 8.763, p = 0.003) and
sex*condition (y%2= 8.958, p = 0.011) for errors on the reversal phases (non-reversal sex 7’1 =
0.013, p = 0.909, sex*condition y*>=0.551, p = 0.759). Based on this, errors committed during

reversals were further classified into two subtypes: perseverative and regressive. Perseverative
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errors were defined as all incorrect responses, excluding the first trial of a new phase (if
applicable), until the animal achieved three consecutive correct responses. All errors on the same
phase after three consecutive correct responses were classified as regressive. This analysis found
that males committed more perseverative errors during the reversal phases than females (7’1 =
14.863, p < 0.001). Pairwise comparisons revealed that the sex-mediated increase in
perseverative errors was only significant in the control group (estimate = 0.736, SE = 0.234, z =
3.140, pagj = 0.015) (Fig. 3.4B). For regressive errors, a main effect of sex was found where
males committed more regressive errors on the reversal phases of the task (y°1= 7.602, p =

0.006). A significant condition*sex interaction was observed (y>>= 6.976, p = 0.031), and
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Figure 3.4: Sex Differences on the Reversal Learning Task

(A) Males had significantly shorter latencies to choice than females (p < 0.001) and (B) made
significantly more perseverative errors (p < 0.001), especially in the control group (p = 0.007) on the
reversal phases of the task. However, (C) for regressive errors, there was only a sex effect in the
poly(1:C) group where males made significantly more regressive errors than females on the reversal
phases (p = 0.004). Error bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.
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pairwise analysis revealed that only in the poly(I:C)-only group did males commit more
regressive errors than females (estimate = 1.014, SE = 0.283, z = 3.579, pagj = 0.003) (Fig. 3.4C).
In addition to these sex differences in error rates and types, males had much shorter latencies to

choice than females across the whole task (y?1=21.196, p < 0.001) (Fig. 3.4A).

Motor Coordination/Learning: Rotarod Test
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Figure 3.5: Maximum Latency on the Rotarod Test and Improvement Over Baseline

On the rotarod test, (A) juvenile animals displayed no condition or sex differences in maximum latency
on the rotarod, but (B) at P50, poly(I:C)-only females had longer maximum latencies than controls (p =
0.027). (C) As with maximum latencies, there were no differences in improvement over baseline
performance between groups or sexes at P28, but (D) poly(1:C)-only females had improved performance
relative to baseline at P50 compared to controls, but this did not survive adjustment for multiple
comparisons. Error bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.
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To determine if MIA impacted motor performance on the rotarod, data were analyzed
with mixed-effects linear models with a random effect of litter to account for the nested structure
of the data. Maximum latencies were analyzed with a generalized linear model with a Gamma
distribution to account for skewness. Improvement over baseline was analyzed by subtracting
trial one latency from the maximum latency of trials two and three and square root transforming
to adhere to the Gaussian assumption of normally distributed residuals. These data were analyzed
with a linear mixed model. There were no differences in either maximum latency to fall off the
rod or improvement over baseline performance in either sex at P28 (Fig. 3.5A). At P50, however,
a condition*sex interaction was found for maximum latency to fall off the rod (> = 8.242, p =
0.016). Pairwise comparisons revealed that, after adjustment for multiple comparisons, only
poly(I:C) females had significantly longer latencies to fall off the rod, though this only survived
correction for multiple comparisons in the non-choline group (non-choline estimate = 0.874, SE
=0.307, z=2.844, p = 0.027; choline estimate = 0.681, SE = 0.292, z = 2.330, p = 0.099) (Fig.
3.5B).

When considered as improvement over baseline performance, poly(I:C) females,
regardless of maternal choline, trended toward improved performance over controls (estimate =
2.963, SE = 1.421, t35.04 = 2.086, pagi = 0.089) (Fig. 3.5D). Pairwise comparisons revealed that
this improvement was only significant in the non-choline poly(I:C) females, though this did not
survive adjustment for multiple comparisons (estimate = 3.693, SE = 1.720, t40.23 = 2.146, pag =
0.228). Surprisingly, there was no difference in maximum latency with age (1= 0.007, p =
0.935). There were also no significant interactions between age, sex, and condition for

improvement over baseline. Individual trial data are summarized in supplemental figure A.2.
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Anxiety-Like Behavior: Open Field Test (OFT)
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Figure 3.6: Center Zone Time and Crossings in the Open Field

(A, B) Percent time spent in the center zone of the open field. There were no significant differences in
time spent in the center zone of the open field at either P28 or P50. However, P50 animals as a whole did
spend more time in the center zone than P28 animals (p < 0.001). (C) P28 center zone crossings. At P28,
males crossed through the center zone more frequently than females, but (D) there was no such effect at
P50. As with time spent in the center zone, P50 animals crossed through the center zone significantly
more frequently than P28 animals (p < 0.001). Error bars represent SEM. ***p < 0.001, **p < 0.01, *p
<0.05, #p < 0.10.

For the OFT, which tests anxiety-like behaviors and general activity, total distance
traveled, time in the center zone, and crossings through the center zone were analyzed for group
and sex differences. Data were analyzed with generalized linear mixed models containing a
random effect of litter to account for nested data structure. Total distance traveled was analyzed

with a Gamma distribution, time spent in the center zone was analyzed as percent time spent in

the center with a beta distribution, and crossings through the center zone were analyzed using a
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Poisson distribution. There were no group or sex differences in total distance traveled at either
age (supplemental figure A.3). There were also no group or sex differences in time spent in the
center zone at either age when analyzed as percentage of time spent in the center (Fig. 3.6A and
B). Regarding crossings through the center zone, there were no group differences, but males
crossed through the center zone more than females at P28 only (1= 7.623, p = 0.006) (Fig.
3.6C). Despite very few differences within age groups, the older cohort of animals traveled
farther (y°1 = 88.883, p < 0.001), spent more time in the center zone (3’1 = 32.543, p < 0.001),

and crossed through it more often (3’1 = 153.185, p < 0.001) than did the younger cohort.

Anxiety-Like Behavior: Elevated Plus Maze (EPM)

EPM data were analyzed as both time spent in the open, closed, and center zones, as well
as entries into each zone, via generalized linear mixed models. Time spent in each zone was
analyzed as a percentage of total time with a beta distribution, and zone crossings were analyzed
with a Poisson distribution. All models contained a random effect of litter to account for the
nested structure of the data. Entries were defined as crossing of the anterior half of the body into
a zone, the default setting for the ANY-maze™ (Stoelting) software. There were no group or sex
differences at either age for time spent in any zone (supplemental figures A.4 and A.5). For zone
entries, there were no group differences, but there were sex effects in the number of entries into
the center zone at P28 only, where males entered the center zone more times than females did
(1=6.522, p=0.011). In the control group only at P28, males also made more entries into the
open arms than females, though this did not survive correction for multiple comparisons
(estimate = 0.307, SE = 0.120, z = 2.563, paqi = 0.093). There were no group or sex differences at

P50. Despite few differences within age groups, P50 animals spent more time in the open arms
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of the maze (3’1 =131.808, p < 0.001) and had more zone entries (y°1=19.483, p < 0.001) than

P28 animals in all groups.

Biochemical Results

Cytokine Expression

Cytokine expression was analyzed via Kruskal-Wallis tests with a predictor of condition,
and post-hoc testing was conducted with Dunn’s test. Sex was initially included as a factor, but
no significant effect of sex was observed for any molecules, so data are presented by condition
only. At P28, a significant condition effect was found only for IL-4 (°>= 13.969, p < 0.001).
Pairwise comparisons via Dunn’s test revealed that poly(I:C)-only animals at P28 had reduced
IL-4 expression compared to controls (estimate = 2.095, p = 0.036) and poly(I:C) + choline
animals (estimate = 3.728, p < 0.001). Despite no significant differences, trend-level differences
were observed in IL-6, where poly(I:C) + choline animals had higher PFC expression compared
to poly(I:C)-only animals (estimate = 1.679, p = 0.093), and IFN-y, where poly(I:C) + choline
animals had higher levels than both control (estimate = 1.680, p = 0.093) and poly(I:C)-only
(estimate = 1.742, p = 0.081) offspring. No significant or trend-level differences were observed
for IL-1pB, IL-10, IL-17A, and TNF-a (Fig. 3.7A). At P50, as with P28, a significant condition
effect was found for only IL-4 (%= 13.423, p < 0.001). Similar to P28, pairwise comparisons
with Dunn’s test showed that poly(I:C) + choline animals had higher IL-4 expression than
poly(I:C)-only animals (estimate = 2.146, p = 0.032) and controls (estimate = 3.640, p < 0.001).
Unlike P28, however, there were no trend-level differences in the levels of the other cytokines at
this age (Fig. 3.7B). Mean values and standard deviations for each cytokine at each age are given

in Table 3.4 for all groups.
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Figure 3.7: Relative Cytokine Expression in the Prefrontal Cortex

Fold changes in cytokine expression at P28 and P50, combined sexes. (A) At P28, poly(I:C)-only animals
had significantly lowered expression of IL-4 compared to controls (p = 0.036) and poly(I:C) + choline (p
< 0.001) animals. Maternal choline also tended to increase IL-6 levels in the poly(1:C) group (p = 0.093),
and the poly(1:C) + choline group had trend-level increases in IFN-y expression compared to both
controls (p = 0.093) and poly(1:C)-only (p = 0.081) animals. (B) At P50, only IL-4 was significantly
increased in the poly(I:C) + choline animals compared to both controls (p < 0.001) and poly(I:C)-only (p
= 0.032) animals. Error bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.

Despite the general lack of group differences within ages, there were some notable
differences in the expression of cytokines between P28 and P50. First, there were several main
effects and trends of age where, regardless of condition, the expression of IL-1f (3’s=9.689, p =
0.085), IL-17A (’s= 13.546, p = 0.02), and IFN-y (1°s= 14.961, p = 0.011) increased from P28
to P50 across all conditions. For IL-6, P50 animals had elevated IL-6 across all groups (y°s=
14.245, p = 0.014), but this was only significant in the poly(I:C)-only group (p = 0.047), with a
trend-level increase in the poly(I:C) + choline group (estimate = 1.717, p = 0.086). Similarly, IL-
4 expression significantly increased from P28 to P50 (y°s=33.47, p < 0.001), but this elevation
was only significant in the poly(I:C)-only (estimate = 3.473, p = 0.001) and poly(I:C) + choline
(estimate = 2.046, p = 0.041) animals, but not in controls (estimate = 0.170, p = 0.865). Lastly,
for IL-10, P50 animals displayed increased expression compared to P28 animals (3’s= 13.267, p

=0.021). However, this effect was only significant for the poly(I:C) + choline (estimate = 2.329,
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p = 0.020) and control (estimate = 2.209, p = 0.027) groups, but not the poly(I:C)-only group
(estimate = 0.643, p = 0.520). The only cytokine that did not have increased elevation at P50
over P28 was TNF-a, (°s= 5.446, p = 0.364), which was not significantly different in any group

between the two ages.

P28 PS0
Poly(I:C) Poly(I:C)
Saline Poly(I:C)  + Choline Saline Poly(I:C) + Choline
rg/ rg/ rg/ rg/ rg/ rg/

mg SE mg SE mg SE mg SE mg SE mg SE
IL-1p 308 41.1 287 36.8 314 249 364 212 361 346 421 334
IL-4 186 146 149 933 220 112 194 970 219 162 286 17.7
IL-6 3340 548 2836 324 3754 302 4181 403 4008 422 4936 417
IL-10 352 292 371 332 374 174 437 255 392 2777 459 227
IL-17A 803 113 728 943 830 623 989 65.7 1016 &1.8 1081 91.2
IFN-y 5762 1126 4779 896 7577 1136 8045 1069 9210 866 9474 873
TNF-oo 50.8 626 592 6.14 518 2.6l 469 489 477 410 428 333
Table 3.4: Cytokine Levels in the Prefrontal Cortex

Although there were relatively few group differences within each age cohort, there were several changes
between ages. Most cytokines increased in expression between the two ages, although there were some
group-specific differences in the magnitude of this trend for some cytokines. TNF-a was the only cytokine
without significantly different expression between P28 and P50.

Protein Kinase B (Akt) Phosphorylation

Protein Kinase B (Akt) phosphorylation downstream of the a7nAChR was analyzed as
the percentage of total fluorescent intensity attributable to the phosphorylated form of the protein
(pAkt) at Ser473 without stimulation. As with the cytokine data, no sex effects were found, so
data were analyzed by condition with both sexes combined. At P28, there was a significant

condition effect (%= 11.098, p = 0.003), and pairwise analysis via Dunn’s test revealed that
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Figure 3.8: Akt Phosphorylation in the Prefrontal Cortex

Results are presented as the percentage of fluorescent intensity attributable to pAkt relative to the total
Akt fluorescent signal. (A) At P28, poly(I:C)-only animals had reduced pAkt expression relative to both
control (p = 0.039) and poly(1:C) + choline (p < 0.001) animals. (B) At P50, the same pattern held where
poly(1:C) animals had reduced pAkt expression compared to both control (p = 0.018) and poly(1:C) +
choline (p = 0.010) animals. There was a significant decrease in relative pAkt expression between P28
and P50. Error bars represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.

poly(I:C)-only animals had significantly reduced pAkt expression than poly(I:C) + choline (p <
0.001) and control (p = 0.039) animals (Fig. 3.8A). Likewise, there was also a significant
condition effect at P50 (3?2 = 8.207, p = 0.017). Pairwise comparisons showed that, as with the
P28 animals, poly(I:C)-only animals had reduced pAkt expression compared to poly(I:C) +
choline (p = 0.010) and control (p = 0.018) animals (Fig. 3.8B). Beyond the increased pAkt
expression relative to total Akt protein, poly(I:C)-only animals at both ages had decreased total
Akt protein expression compared with poly(I:C) + choline animals (P28 estimate = 2.819, p =
0.005; P50 estimate = 3.204, p = 0.001). To examine the effect of age on pAkt expression, a
Wilcoxon rank sum test comparing the two age groups found that the P50 animals had reduced

pAkt expression relative to total Akt compared to the P28 group (W = 1249, p = 0.001). P50
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animals also had reduced total Akt protein expression than P28 animals, indicating decreased

reservoirs at this age in addition to decreased phosphorylation (W = 1638, p < 0.001).

Heme Oxygenase 1 (HO-1) Expression
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Figure 3.9: Heme Oxygenase 1 Protein Expression in the Prefrontal Cortex

(A) At P28, poly(1:C) animals had reduced HO-1 expression relative to controls (p = 0.041), while the
poly(1:C) + choline group did not. (B) At P50, despite no significant difference between groups, poly(I1:C)
animals, taken together regardless of maternal choline supplementation, displayed reduced HO-1
expression compared to controls (p = 0.048). ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.10.

Heme oxygenase 1 (HO-1) ELISA data were analyzed similarly to the cytokine data: by
Kruskal-Wallis tests followed by Dunn’s test post hoc. As with the other molecules, no
significant sex effects were observed, so data were analyzed by condition with both sexes
combined. At P28, poly(I:C)-only animals had reduced HO-1 expression compared to controls
(estimate = 2.046, p = 0.041), despite no overall significant effect of condition (3%, = 4.436, p =
0.109) (Fig. 3.9A). At P50, though, there was no effect of condition on HO-1 expression (3% =
4.125, p = 0.127) or any significant pairwise results, though both poly(I:C) groups trended

toward decreased HO-1 expression compared with controls (poly(I:C) + choline estimate =
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1.939, p = 0.053; poly(I:C) only estimate = 1.494, p = 0.135). Noticing this, a Wilcoxon ranked
sum test with both poly(I:C) groups combined was conducted which found that, regardless of
maternal choline, poly(I:C) animals had reduced HO-1 expression compared to controls (W =

432, p = 0.048) (Fig. 3.9B). As with pAkt expression, HO-1 expression declined with age across

all groups (W= 1863, p =0.004).
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Chapter 4 - Discussion

Behavioral

Object Memory: Novel Object Recognition Test (NORT)

The increased preference for the novel object found in this study replicates previous
findings of improved object memory in the MIA model during adolescence, despite commonly
observed impairments in adults (Gray et al., 2019; Guerrin et al., 2022; Ito et al., 2010; A.
Osborne et al., 2017; Shi et al., 2003; Su et al., 2022). In line with the findings here, a study
using both the NORT and an object location recognition task found that young adult MIA mice
demonstrated heightened sensitivity to novel objects compared to control mice, but not objects
placed in novel locations (Ito et al., 2010). This suggests that the MIA may have altered object
information processing, but not spatial processing. Further, they found decreased expression of
c-Fos, an activity-dependent neuronal gene product, in CA1 (a hippocampal subregion)
pyramidal neurons when mice were exposed to novel objects in the home cage, but not in mice
exposed to a novel environment. These results were obtained from animals between six and
eleven weeks old, suggesting that they may be generalizable to MIA studies in adolescence like
this one. Indeed, a different study identified enhanced novel object recognition in MIA rats at
P45 (mid-adolescence), more closely aligning with the paradigm of this study (Su et al., 2022).
However, no spatial processing was assessed in that study or the present one, so future research
should examine both of these domains of memory to replicate the results of Ito et al. and to more
firmly establish their biological underpinnings. Further, future research should examine the
effect of age on novel object recognition and hippocampal function in the MIA model to

reconcile the disparate findings between adolescents and adults.
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Prenatal choline supplementation, as in this study, has been found to improve
hippocampus-dependent memory processes, such as those used in the NORT, in a variety of
animal models (Meck et al., 1988; Waddell et al., 2020; Zeisel, 2006a). For example, in a rat
model of fetal-neonatal iron deficiency, choline supplementation to iron-deficient dams
ameliorated novel object recognition deficits in young adult offspring (Kennedy et al., 2014).
Rats from these dams also had increased bdnf-IV and myelin basic protein (mbp) gene expression
in the hippocampus to a level comparable with iron-sufficient control rats. The beneficial effects
of prenatal choline supplementation also extend to aging and are protective against age-related
declines in NORT performance (Glenn et al., 2008). This protection is associated with increased
expression of vascular endothelial growth factor (VEGF) in the female hippocampus and
increased cell proliferation in the male hippocampus. Since the maternal choline supplementation
paradigm of this study spanned E11-E18, the key gestational period for hippocampal
development in rodents, similar neuroprotective mechanisms likely acted synergistically with
MIA to produce strong object memory in the NORT used in this study (Bayer, 1980; Zeisel,
2006b). Based on the considerable body of literature suggesting that prenatal choline
supplementation is protective against age-related memory decline in rodent models of
Alzheimer’s disease, it is possible that prenatal choline supplementation taps into similar
protective mechanisms in neurodevelopment (Chartampila et al., 2023; Glenn et al., 2008;
Moreno et al., 2013). Future studies should aim to identify shared mechanisms of choline’s

neuroprotective effects between development and aging.
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Cognitive Flexibility: Reversal Learning

Reversal learning, which requires flexible adaptation to changing reward contingencies,
is often impaired in MIA animals (Amodeo et al., 2019; Han et al., 2011; Lins et al., 2018;
Meyer et al., 2005; Wallace et al., 2014; Y. Zhang et al., 2012). However, there are many types
of reversal learning tasks, many of which incorporate spatial learning components, and there is
thus considerable heterogeneity in reversal learning findings. Studies using the T-maze, Y-maze,
and Morris Water Maze for reversal learning often report conflicting findings, with some finding
reversal learning impairments, others reporting enhancements, and others reporting differences
by sex (Amodeo et al., 2019; Gogos et al., 2020; Han et al., 2011; Kleinmans & Bilkey, 2018;
Meyer et al., 2005). These versions of the task require spatial working memory, which appears to
be less affected by MIA, at least in adolescence (see discussion above). MIA animals are
impaired in reversal learning tasks without large spatial working memory components, like the
one in this study (Lins et al., 2019; Wallace et al., 2014). However, few MIA studies have used
the digging version of the task used here, and very few have examined reversal learning in
adolescence. The digging version of the task used in this study is a suitable way to examine
reversal learning without introducing a large spatial working memory component, meaning that
this version of the task can more easily isolate PFC-dependent reversal learning processes from
hippocampus-mediated spatial working memory (Tait et al., 2014, 2021). This version of the
reversal learning task is sufficient to recapitulate reversal learning impairments in adult MIA
rats, suggesting that it can also assay the same underlying cognitive processes in adolescents
(Wallace et al., 2014).

In the first compound discrimination phase of the task, male poly(I:C) animals, regardless

of maternal choline, demonstrated improved basic learning, but these animals took more trials to
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complete the reversal phase in reference to baseline, while saline controls took fewer. This may
be evidence of differential strategy in the task. Perhaps control male animals spent more trials
sampling each pot to learn the rule, and their subsequent improvement on the reversal is more
indicative of a flexible sampling strategy when reward conditions changed in the reversal phase,
whereas the poly(I:C) animals had difficulty in adapting to the rule change. This same
impairment was found on the second reversal only for the poly(I:C)-only animals. Especially
since the poly(I:C) + choline animals did not display the same impairment on the second reversal
phase, this suggests that prenatal choline supplementation may have modulated the reversal
learning impairment such that the animals are better able to learn over successive reversals.
Indeed, maternal choline supplementation has been shown to facilitate reversal learning in non-
MIA animal studies (Thomas et al., 2004; Waddell et al., 2020). Further lending credence to this
possibility, cholinergic circuits involving the basal forebrain, dorsal striatum, and prefrontal
cortex are known to function in cognitive flexibility (Bell et al., 2019; Prado et al., 2017; Tait et
al., 2021). Further, these cholinergic circuits are specifically engaged during reversal learning,
and not during initial rule learning (Bell et al., 2018). However, the exact role of these circuits in
cognitive flexibility is controversial, but the results observed here suggest that these circuits may
facilitate rule learning when successive reversals are presented.

In females, no group differences in reversal learning were found. The lack of female
impairments observed here may be due to a strain-specific sex effect in reversal learning, which
has been observed Long-Evans rats (the strain used in this study), regardless of poly(I:C)
exposure (Gogos et al., 2020). Further, a lack of modulation by maternal choline may be because
females, from development through reproductive age, have vastly different choline metabolism

than males (Tessitore et al., 1995; Zeisel, 2006b). This difference appears to extend to CNS
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cholinergic neurotransmission, as female rodents have differential cholinergic signaling in the
hippocampus and frontal cortex, as well as differential sensitivity to transgenic manipulation of
cholinergic tone (Kipp et al., 2021; Mitsushima, 2011; Tryon et al., 2023). Based on the
historical underrepresentation of female subjects in preclinical research, these sex effects should
be further examined in other strains and in clinical populations to determine if they are persistent

across different paradigms.

Motor Coordination/Learning: Rotarod Test

On the rotarod test, poly(I:C)-only females demonstrated significantly longer latencies to
fall off the accelerating rod compared to controls at P50, and they also trended toward improved
performance over successive trials. This contrasts with findings that people with ASD and
schizophrenia generally display impaired motor coordination, which has been replicated in MIA
studies (Fatemi et al., 2012; Monteiro et al., 2022; Walther & Strik, 2012; Z. Zhang & van Praag,
2015). However, many research groups using rotarod tests implement training over several days
so that all groups of animals learn the repetitive motor routines necessary to stay on the rod
before implementing tests of motor control specifically (Buitrago et al., 2004; Naviaux et al.,
2013; X. Zhang et al., 2021). The present study conducted trials successively on the same day
with only short breaks between trials, thus preventing long-term improvements in performance
due to motor learning. This suggests that these results may be more indicative of repetitive
behavior acquisition than motor learning, which may explain the blunting of MIA’s effect by
maternal choline.

Supporting the notion that short-term variants of the rotarod test like the one in this study

may be due to repetitive behavior acquisition, an elegant 2014 study by Fuccillo et al.
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demonstrated that improved performance on the rotarod over time is modulated by neural
circuits involved in repetitive and stereotyped behaviors instead of motor learning ones (Fuccillo
et al., 2014). Using conditional and total knockouts of neuroligin-3, a risk gene for ASD, Fucillo
et al. observed that total knockout mice and those with conditional knockouts in only ventral
striatal dopaminergic neurons had improved rotarod performance, which was correlated with
repetitive gait patterns on the rod. In contrast, those with conditional knockouts in cerebellar
Purkinje cells did not display improved performance or enhanced acquisition of repetitive gait,
despite the role of these cells in motor coordination and learning. Since striatal circuits are
involved in the acquisition of repetitive and stereotyped behaviors, and because they seem to be
involved in rotarod learning, it is feasible that the poly(I:C)-only females’ improved performance
on the rotarod is indicative of enhanced repetitive behavior acquisition (Abbott et al., 2018;
Curry-Pochy et al., 2020; Soghomonian, 2023). Especially since many striatal circuits involved
in repetitive behaviors are cholinergic, the modulation of rotarod performance in the poly(I:C) +
choline group may be indicative that, indeed, this study’s MIA paradigm acts upon these circuits
specifically, rather than on the classical motor learning ones, and that maternal choline
supplementation modulates the impact of MIA on those circuits (Bell et al., 2019; Williams &
Christakou, 2022). Future studies should examine gait patterns on the rotarod and separate out
the roles of cholinergic striatal circuitry and motor learning circuitry in facilitating acquisition of

the repetitive behaviors necessary for success on the rotarod.

Anxiety-Like Behaviors: Elevated Plus Maze (EPM) and Open Field Test (OFT)

Strikingly few behavioral differences were observed in the EPM or OFT at either age.

There are a few explanations why this might be. First, these tests are locomotion-dependent; that
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is, the amount that the animal moves greatly influences the measurable outcomes of these tests
(Borchers et al., 2022). Compared to younger animals, older animals explore and move more in
the EPM and OFT, leading to more opportunities to cross into open/center zones, which are the
most commonly reported outcomes of these tasks (Borchers et al., 2022; Lynn & Brown, 2010).
These trends were indeed seen between the two age groups where older animals traveled more
distance and crossed through the center zone more. However, the older animals may not have
been old enough for group differences, like those reported in other MIA studies in adult animals,
to become apparent, although some did find increased anxiety-like behavior in adolescent MIA
offspring with different gestational timing or OFT procedures (Li et al., 2021; Su et al., 2022; W.
Wu et al., 2015). Second, these tests, particularly the EPM, were originally developed to identify
and manipulate brain regions implicated in anxiety and to assess pharmacologic treatments (La-
Vu et al., 2020; Walf & Frye, 2007). Since this study used an environmental model with no brain
manipulations or drugs, it is possible that this further reduces the sensitivity of these assays.
Together, these explanations may account for this study’s general lack of replication of anxiety-

like behaviors in the MIA model.

Biological
Cytokines
There were few changes in PFC cytokine expression at either P28 or P50. Though
unexpected, this finding supports the idea that cytokine expression in the PFC is highly region-
and time-specific throughout development. Indeed, in a poly(I:C) model similar to the one used
here, Garay et al. identified decreases in PFC IL-1p, IL-6, and IL-17A expression at P30 in

poly(I:C)-only animals (Garay et al., 2013). However, the observed fold-changes in their study

58



were small, meaning that these subtle differences may be difficult to replicate statistically,
although the present study did replicate the directionality of the relationships they observed.
Notably, the changes in PFC cytokine levels in poly(I:C) animals found by Garay et al. were
largely opposite from the periphery at P30, where pro-inflammatory cytokines were generally
downregulated in the PFC and upregulated in the periphery (Garay et al., 2013). Therefore, the
lack of strong changes in the PFC cannot necessarily be interpreted as a failure to replicate MIA
and human studies that have observed increased levels of circulating pro-inflammatory cytokines
in adolescents (Cieslik et al., 2020; Rodrigues-Amorim et al., 2018; Zhao et al., 2021).

Despite the lack of differences in many cytokines’ expression, one cytokine whose
expression was persistently elevated at both P28 and P50 by maternal choline supplementation
was IL-4. IL-4 is a canonical anti-inflammatory cytokine that drives the polarization of
macrophages and microglia from the pro-inflammatory M1 state to the anti-inflammatory M2
state (He et al., 2020; Pu et al., 2023; Yu et al., 2020). M2 microglia scavenge debris, including
amyloid protein aggregates, and further secrete IL-4 and IL-10 to maintain homeostasis (Muto et
al., 2023; Onore et al., 2014). IL-4 is also upregulated following cholinergic stimulation of the
a7nAChR, suggesting that maternal choline supplementation was sufficient to activate the
cholinergic anti-inflammatory pathway (Q. Zhang et al., 2017). It is also known that choline
metabolism is critical for shifts between the M1 and M2 phenotype in macrophages and
microglia (Ghorbani et al., 2023; Okada et al., 2022). Although the mechanism has not been fully
worked out, it has been proposed that this is due to choline’s ubiquitous presence in membrane
lipids. Since cellular membranes must expand for effective phagocytosis, choline metabolism
dynamically changes based on the needs of phagocytic cells (Snider et al., 2018). Furthermore,

microglial phagocytosis plays a critical role in neurodevelopment through synaptic pruning and
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debris scavenging (He et al., 2020; Neumann et al., 2009). Therefore, the putative shift to an M2
phenotype by cholinergic signaling through the a7nAChR is consistent with the changes in IL-4
observed here and other studies using maternal choline supplementation (M. Zhang et al., 2016,

2018).

Interestingly, PFC IL-4 expression increased between P28 and P50 in the poly(I:C)
groups, regardless of maternal choline, but not in controls. Since poly(I:C)-only animals had
decreased IL-4 expression relative to other groups at P28, this increase only brought IL-4 to
control levels. Poly(I:C) + choline animals, on the other hand, further increased their already
elevated IL-4 levels between P28 and P50, suggesting a persistent, long-term anti-inflammatory
impact of maternal choline supplementation. Beyond IL-4, there were also a few noteworthy
trends in cytokine expression between the P28 and P50 poly(I:C)-only animals. This group
displayed significant increases in IL-6 expression between P28 and P50, while the control and
poly(I:C) + choline groups did not. Though not increased to levels above controls, this replicates
previously observed increases in IL-6 from P30 through development (Garay et al., 2013). IL-6
is a front-line pro-inflammatory cytokine that underpins the neurodevelopmental impacts of MIA
(Smith et al., 2007). It has also been found upregulated in humans with ASD and schizophrenia,
and it is associated with several neuroinflammatory pathologies (Goines & Ashwood, 2013;
Goldsmith et al., 2016; Wei et al., 2012). However, it has been suggested that the amount of IL-6
alone is not what drives neuroinflammation per se, but rather its amount relative to canonical
anti-inflammatory cytokines like IL-10 (Meyer et al., 2009; H. Ross et al., 2013). Supporting
this, while increases in IL-6 between P28 and P50 were observed in the poly(I:C)-only group,
this group was the only one not to have increased IL-10 expression at P50 relative to P28. This

suggests that, though there were not significant differences in the expression of IL-6 and IL-10
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between the poly(I:C)-only and control groups, an underlying process may have been driving

changes that would have been observable at later ages.

Cholinergic Anti-Inflammatory Pathway

Protein Kinase B (Akt) was assayed in the PFC as a measure of PI3K/Akt cell-survival
pathway activation. This pathway is also activated by cholinergic signaling through the
a7nAChR (Youssef et al., 2020). However, the PI3K/Akt pathway is activated by several
receptors and ligands, so the downstream product heme oxygenase 1 (HO-1) was assayed as well
to more specifically isolate the cholinergic anti-inflammatory pathway. As expected, the
phosphorylated (i.e., active) form of Akt was significantly decreased in poly(I:C)-only animals at
both P28 and P50 but was boosted to control levels by maternal choline supplementation. Akt-
mediated pathways have been implicated in schizophrenia and have been found downregulated
in the PFC of poly(I:C)-exposed mice (Bitanihirwe et al., 2010). Akt is also highly involved in
regulating the development of dopaminergic circuitry in the PFC, and its phosphorylation is
modulated by the antipsychotic drug haloperidol, further implicating it in schizophrenia
(Emamian et al., 2004). Furthermore, due to the role of PFC dopaminergic signaling in ASD and
schizophrenia, association studies have identified structural and functional differences in the
PFCs of people with polymorphisms in the AKT/ gene (Mandic-Maravic et al., 2022; Tan et al.,
2008). As such, future studies should work to identify and clarify the role of Akt-mediated
processes in the development of schizophrenia, especially in the context of cholinergic signaling.
This study provides evidence that dysfunctions in Akt-mediated processes may be evident as
early as adolescence, which carries implications for it as a candidate biomarker for disturbed
dopaminergic signaling, especially since its levels are also altered in the periphery of people with

schizophrenia (Emamian et al., 2004). Further, Akt’s modulation in adolescence by maternal
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choline supplementation is an exciting finding that further supports choline’s critical role in
proper neurodevelopment and anti-inflammatory signaling.

Downstream of Akt, HO-1 is an inducible antioxidant enzyme that converts heme into
bilirubin, free iron, and carbon monoxide. Bilirubin is a strong antioxidant, and carbon monoxide
exerts other protective effects (Salinas et al., 2004). In the context of cholinergic anti-
inflammatory signaling, HO-1 gene expression is upregulated by the PI3K/Akt pathway through
the transcription factor NRF2, which binds antioxidant response element enhancer binding sites,
whose downstream gene products negatively regulate NF-kB-driven inflammatory responses
(Saha et al., 2020). Since cholinergic anti-inflammatory signaling through the a7nAChR inhibits
NF-kB nuclear translocation through the JAK/STAT3 pathway and positively regulates NRF2
translocation via PI3K/Akt signaling, it was hypothesized that the basal expression of HO-1 in
the PFC would be decreased by MIA and modulated nearer to controls in the MIA + choline
group (Youssef et al., 2020). This was indeed observed, although marginally, at P28. As with
Akt, HO-1 protein expression was significantly decreased at P28 in poly(I:C)-only animals but
was modulated by maternal choline supplementation. At P50, however, the poly(I:C) animals,
regardless of maternal choline, had decreased PFC HO-1 protein expression with no evidence of
modulation by maternal choline.

The decreased expression of HO-1 in the PFC does not necessarily discount the role of
cholinergic anti-inflammatory signaling. HO-1 transcription is regulated by a number of
transcription factors, namely NRF2, AP-1, HSF, and NF-kB (Medina et al., 2020). Therefore,
other transcription factors beyond the control of the cholinergic pathway may have modulated
the relationship between the cholinergic anti-inflammatory signaling observed here and HO-1

protein expression. Akt can also phosphorylate HO-1 directly, thereby mobilizing a rapid cellular
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response to oxidative stress using existing stores of the enzyme, meaning that upregulation of
HO-1 gene expression per se may not be necessary for an antioxidant effect (Salinas et al.,
2004). Further, HO-1 can also translocate to the nucleus and to other cellular locations to
coordinate other antioxidant responses (Y. Wu & Hsieh, 2022). These mechanisms were
unexplored in this study but would be consistent with the increase in Akt and pAkt expression in
the poly(I:C) + maternal choline group and may explain the lack of difference between the
poly(I:C)-only and poly(I:C) + maternal choline group. Future studies should examine HO-1
activity and phosphorylation beyond what was conducted here to examine this noncanonical
mechanism, which may reconcile some of the disparate findings regarding the role of HO-1 in

neuroprotection and injury.

Conclusion

This study contributes to the understanding of the biological underpinnings of
neurodevelopmental disorders like ASD and schizophrenia in a number of ways. First, previous
behavioral findings observed in the poly(I:C) MIA model were replicated that are consistent with
neurodevelopmental disorders. Secondly, this study identified inflammatory outcomes in the
PFC that are consistent with those observed in ASD and schizophrenia, further highlighting the
MIA model’s translational validity for those conditions. The main contribution of this study to
the extant literature, however, is the evidence supporting maternal choline supplementation as an
effective means to counteract the neurodevelopmental insult of MIA. At the behavioral level,
maternal choline supplementation boosted object recognition memory in both sexes, modulated
reversal learning in males, and blunted the acquisition of repetitive behaviors in females

compared to non-choline supplemented MIA adolescents. Furthermore, maternal choline
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supplementation boosted the levels of IL-4 in the PFC and protected against significant age-
related increases in IL-6 while facilitating age-related increases in IL-10. This study also
provides evidence that this anti-inflammatory impact was exerted through the cholinergic anti-
inflammatory pathway via the recovery of Akt and pAkt expression, which is downstream of the
a7nAChR, to control levels in the PFC, although this was not strongly reflected by the further
downstream marker HO-1.

This study has several strengths. First, MIA and euthanasia procedures were standardized
to the same time of day so that circadian fluctuations in immune responses would not confound
the results. These measures are not widely reported in the literature. Second, this study controlled
the molecular weight of the poly(I:C) used to induce MIA, using only a high molecular weight
form, a measure only taken by a minority of studies despite evidence that it influences the
vigorousness of the maternal immune response (Kentner et al., 2019). Third, although within-
subject comparisons with this type of biological data are impossible, all P28 and P50 offspring
came from the same litters, such that all litters were represented in both groups. Furthermore, the
confounding effect of litter was controlled through mixed-effects modeling for behavioral data
and non-parametric comparisons in the biological data, thus limiting type I errors.

Despite the strengths of this study, there are also limitations. First, all data was collected
during development, making generalization to the larger body of literature using adult animals
difficult. Second, the strength of the maternal immune response or baseline immunoreactivity
were not considered here. Future studies should take this into account, as it has been
demonstrated that these factors greatly influence MIA outcomes (Estes et al., 2020). Third, the
maternal choline supplementation regimen used in this study did not begin until GD7 since

animals were not bred in-house. Therefore, maternal choline supplementation, though begun
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more than one week before MIA induction, was not truly conducted throughout pregnancy.
Lastly, no positive control group was included in this study due to practical constraints, making
it difficult to isolate the impact of maternal choline supplementation on MIA specifically from its
general impacts in development. However, there is considerable literature on this topic with
which the results of this study align.

In sum, this study provides strong evidence that maternal choline supplementation
modulates the impacts of MIA at both the behavioral level and biologically in the PFC. By
studying adolescent animals, this study also identifies developmental trajectories that add to the
current understanding of the impacts of MIA during adolescence. This is only the second study
to our knowledge that examines maternal choline supplementation in the MIA model, and the
first in rats. Therefore, more work must be done to identify the specific mechanisms by which
maternal choline supplementation bolsters neurodevelopment and counteracts the pathological
processes induced by MIA, especially at the structural and circuit levels. All told, the findings of
this study, in conjunction with the existing literature, provide strong evidence that maternal
choline supplementation is a cheap, simple, and effective intervention that bolsters
neurodevelopment in utero, especially in the face of inflammatory insults. Regulatory bodies
should carefully consider this evidence and develop public health guidance and interventions to

increase choline intake in children and the pregnant population.
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Appendix A - Supplemental Figures
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Figure A.1: Maternal Post-Injection Sickness Scores

Despite differences in maternal weight post-injection, there were no differences in symptom scores
between saline and poly(1:C) dams at either 0.5, 1, 2, 4, 6, 24, and 48 hours post-injection. Both groups
had increases in sickness behaviors (ptosis, lethargy, huddling, and piloerection) in the first six hours
post-injection, and both gradually decreased over the next 42 hours. Since injections were given late in
gestation (GD15), it is possible that typical pregnancy-related behaviors (e.g., lethargy) hampered our
ability to detect differences in sickness behaviors. Error bars represent SEM.

84



P28 Rotarod Latencies by Trial P50 Rotarod Latencies by Trial

604 754

404 504

04 04

604 754

404 504

01 n : 04 n +
1 2 1

2 3
Trial Trial

aleN
sleN

Saline
Poly(I:C)
Poly(l:C) + Choline

Latency

m
3
Latency
g

aeway
aewa

Figure A.2: Rotarod Latencies by Trial

Although differences were found in maximum latency on the rotarod, there were no significant differences
in latencies within each trial block. That is, there were no differences in latency on trials one, two, or
three when compared to other groups on that same trial. The lack of differences between trials may be
due to fatigue for those animals that performed better on trial two. Therefore, maximum latencies and
improvement over trial one performance were analyzed instead. Error bars represent SEM.
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Figure A.3: Distance Traveled in the Open Field

There were no significant differences between groups in either sex in total distance traveled in the open
field at either P28 or P50. However, P50 animals did travel significantly farther than P28 animals (1 =
88.883, p < 0.001), and there was a visual trend where poly(1:C)-only animals of both sexes traveled less
total distance. Perhaps differences would be detectable on a variant of the task where animals spend
more than 10 minutes in the open field. Error bars represent SEM.
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Figure A.4: Time Spent in Elevated Plus Maze Zones

There were no differences in time spent in either zone of the EPM at either age group, although
differences between ages in these parameters were observed (see chapter 3). Error bars represent SEM.
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Figure A.5: Elevated Plus Maze Zone Entries

Although there were limited sex differences in entries into EPM zones, there were no differences by group
at either P28 or P50 in either sex. Error bars represent SEM.
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