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Lay Abstract

Autism spectrum disorder (ASD) is a condition ti@taccompanied by challeng@s social
interactionand repetitivebehaviors.ASD is a complicated condition because we do not fully
understand all the details of how it works in the b&tydying ASD is important as it is the most
challengingconditionin children and it is becoming more common, especially in the last two
decades.While scientists are developing molecular tools to improve ASD diagnosis and
understand its biology, these tools are not widely used in clinics for ASD diagnogidspethe
approvedmedications available can only help with managing some of the behlasyonptoms

like selfharming behaviorDespite the pressing need to find a solution, our recent advancements
have not yet brought us closer to a cure for ASD, mainly because of the complexity of the disorder.
Therefore, identifying the specific ASi2lated mechanisms at the molecular level tbatribute

to ASD-related behaviors is crucial for gaining a deeper understanding ditese.

In ASD, there are problems with how brain cells communicate with each other. This
communication is controlled by certain molecules in the brain, such asder@aned neurotrophic
factor(BDNF) and its receptor, tropomyosialated kinase BI{tkB), along with othemolecules

There is evidence suggesting a link between these molecules and ASD, but we have not fully
understood their precise roles because most of the current knowledge is based on observations and
correlations, rather than on establishing cearsgeffect relatioships. To bridge this gap, our
research focused on understandiinkB's role in ASD. We required reliable mouse models. Since

we aimed to induce ASIke behaviors in mice usingn ASD-causing chemical, it was crucial to

ensure they were healthy beforehawée needed to confirm that any social deficits or repetitive

behaviors were not due to other factors, such as adverse infancy experiences or impaired



interactiors between mother and infakife discovered that sexually mature dams aged between 3
to 6 months, with a history of previous pregnancies and motherhood, give birth to healthier litters.

These litters can serve as a more dependable source for our animal behavioral studies.

Many cases of ASD in humans are caused byg@metic factors such as environmental influences
like pesticides, air pollution, and the use of certain drugs during pregrancgses of human

ASD triggered by nomgenetic factors, there is an increase in proBDNF, the precursor of BDNF.
However, this proBDNF does not efficiently convert to BDNF. With insufficient BDNFTakB
receptors, molecules likAkt (protein kinase B, also PKBand Erk (Extracellular Signal
Regulated Kinasewhich are crucial for nean communication, are also less active downstream.
This imbalancelisrupts neuron connections, leading to ASD behaviors. In our research, the ASD
causing chemical which we used is valproic acid. It is originally arsaiture medication. When
pregnant women took valproic acid, the chance of their child having ASDagedé&cientists

used this information to inject pregnant mice with valproic acid, and as a result, all the offspring
showedASD-like behaviorsWe anticipated that by isolating the brains of these offspring and
measuring protein levels of BDNFrkB, Akt, andErk, we would observe a similar pattern to that
seen in humans with negenetic ASD casedVe focused on studying the cortex, a region of the
brain responsible for regulating social behaviors in both mice and humans. Since ASD is associated
with challenges in social behaviors, we isolated the cortex from mouse brains to analyze protein

levels.

A chemical known as LM224 with a structure resembling BDNF can bind'tkB and activate
it. We expected that the offspring of pregnant dams injected with valproic acid, which led to
reducedTrkB axis activation in their brains, would show improvement in ASD behavior. This

anticipation stems from the understanding that LM2RAactivates theTrkB axis, thus



compensating for its reduction, which is thought to be causingik&behaviorsThe offspring

of mothers injected with valproic acid exhibited ASKe behaviors, unlike the control mice.
Control mice were offspring of pregnant dams injected with a solution containing only the
substances used to dissolve valproic acid, typicallyeate salt (salineMice prenatally exposed

to valproic acid YPA) exhibited ASDIlike behaviors, but treatment with LM224 helped
alleviate these behaviors, promoting more typical behavior patterns. LiM2@Aactivating TrkB
receptors, helped to protect the brain from harm caused by exposure to valproic acid tibfore bi
This could mean that valproic aeilduced changes in TrkBelated molecular mechanisms are
involved in social behavior difficulties and increased repetitive behaviors seen in autism.
Nevertheless, the levels of TrkB, BDNF, proBDM$kt, andErk in the cortex of offspring from
mothers injected with valproic acid wdilee those in the offspring from mothers injected with the
saline solution. Therefore, the BDNF and TrkB signaling pathways remained unchanged in the
cortex of our valproic acid model in this study, and they differ from those observed in human

idiopathic ASD.

We also speculated thatpeotein, called NURRActing upstream of BDNF antfkB might be
involved in the procesdNURR1 acts as aegulatoryprotein that binds to thBDNF, increasing

the production of copies from tlEBDNF. We also used a small RNA that targets a specific region
in the Nurrl and inhibits its protein productiowe anticipated a reduction Murrl levels. As
NURRZ1acts as an upregulator BDNF, lower levels ofNurrl would resultin decreased BDNF
production. ActivatingNURRL1 resulted in increased BDNRRNA levels. However, when
NURR1 was reduced, BDNFMRNA levels remained unaffected. This led us to conclude that if

NURRL1levels decrease, other proteins may step in to maintain BBRINA levels. Therefore,



in the cortex, unlike in some other brain regions, the presenBBJBR1 is not essential for

regulatingBdnf

In summarypefore inducing ASElike behavior in mice using valproic acid, it is crucial to ensure

the health of the mice. We used sexually mature mothers with prior pregnancy experience to
provide a healthy baseline. We showealpvoic acid induced ASibke behaviors in mice
offspring We also observed that LM22Atreatment alleviated ASlike behaviors of offspring.

In our study, we demonstrated that the levels of BDNKB, Erk, andAkt proteins in the cortex

of mice exposed to valproic acid were nffeeted. For this reason, our mouse model does not
resemble human negenetic ASD. FinallyNURRZ2s role in BDNF regulation varies by brain
region. Lowering NURR1 did not affect BDNF mRNA levels suggesting compensatory
mechanismur findings suggest new directions for further research to better understand the roles
of TrkB and BDNF in norgenetic ASDOverall, this study provides valuable knowledge that can

contribute to advancing our understandingdadpathicASD-related molecular mechanisms

Vi



Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterizeallbypges in
socialinteractiors and repetitive behaviors. Prevalence of ASD is estimated to be 1 in 54 globally
and is rising recently in many countries including Canada. ASD affects individuals differently,
making diagnosis challenging. At present, no molecular diagnosis of ASDilabéeaFurther,

available medications only manage some symptoms of the disease and have adverse side effects
in children. Therefore, there is a need for accurate molecular diagnostic tools to aid in molecular
detection and treatment of ASD. To this entbetter understanding of the underlying molecular

mechanisms that link ASD etiology &SD-relatedbehavior is crucial.

While genetic factors contribute to syndromic ASD, most cases of ASD are idiopathic with
unknown causes, influenced by a combination of epigenetic and environmental factors. TrkB and
its downstream signaling pathways, suclAksandErk, are hypesactivated in syndromic ASD

and hypeactivated in idiopathic cases. Therefore, drugs like rapamycin that inhibit the mTOR
pathway downstream of TrkB are beneficial for syndromic ASD but not idiopathic cases.
Additionally, insulinlike growth factor 1 (IGFL), which mitigates ASDBrelated synaptic
disruptions via Akt and Erk signaling, shows unchanged mRNA and protein levels along with its

receptor in the idiopathic ASD fusiform gyrus.

In ASD with either genetic orepigeneticdnvironmental causes, disruptions in synaptic
connectivity are observed. Synaptic function is regulated by signaling pathways involving brain
derived neurotrophic factor (BDNF) and its receptor, tropomycsated kinase BI{tkB), as well

as their downstream signaling cascades such as MAPKI&nd he existing literature suggests

that there is an association between BDNF &rkB signaling pathways and ASD. However, a



serious gap in knowledge about the precise molecular rdlek8fin ASD pathology is that our

current understanding is correlational in nature and based on observational studies that lack causal
experimentsThis underscores the importance of further research to understand the causative role
of TrkB and its related molecular events in idiopathic ASBe present work aims to provide a
deeper understanding about the causative role of molecular mechanisms undé@ilkihg

signaling in ASD.

ASD mouse models exhibit behaviors and molecular features resembling those observed in human
ASD. Therefore, these mouse models are helpful tools for studying ASD. However, understudied
physiological confounding factors, such as maternal age and pantintoaduce biases and add

to data variability, thus negatively impacting the reproducibility and translational value of ASD
mouse models. To achieve a reliable mouse model of ASD, we conducted our first study that
examines the impact of maternal age aadty on pregnancy complications, neurodevelopment,

and social behavior in mice. Results demonstratedldar maternal age and prior motherhood
interact to ensure a normal, steady developmental rate and provide protective effects against

anxiety, social impairment, and olfactory deficits.

Given the current lack of clarity regarding the causative impa€tikd on ASD pathology, our
subsequent investigation sought to establish a causal relationship between TrkB signaling and
ASD. We used the TrkB agonist, LM22Atreatment in a validated ASD mouse mo@elr results
demonstrat¢hat treatment with LM22A4 effectively rescues the core symptoms associated with
ASD (social impairment and repetitive behavidrhese findings indicate thanpaired TrkB
signaling is responsible f&SD-like behavior ofvalproic acid YPA)-exposed miceHowever

unlike TrkB-related molecular events occurrimgthe fusiform gyrus of idiopathic ASO;rkB

isoform protein levels, BDNF specieskt, andErk total protein levels and activation remained



unchanged in VPAXxposed cortices compared to healthy control mice. Since our VPA mouse
model does not replicate human idiopathic ASDr, studycannotdraw a conclusion orhow
disruptions in these signaling pathways may contribute to the development and manifestation of

ASD symptoms.

Cortex is responsible for various aspects of social behavior that are impaired in ASD. However,
regulatory mechanisms that are involved in ASD upstream of cofuk&8 and BDNFare not

well known.BDNF expression is highly celind tissuespecific and is regulated by different sets

of transcription factors in specific tissues. WhN&JRR1, the BDNF regulator in midbrain
neurons, is associated with ASD pathology, its specific role in regulation of cortical BDNF is not
yet wellestablished. Our third studyn@ed to understand the role S{JRR1in regulating BDNF
specifically in the cortex. We showed thatresting and depolarized neurons, wiNlbRR1 is
knocked down, BDNF mRNA levels remained unchangemjgesting thaNURR1 does not

regulate BDNF in cortical neurons and highlighting the tisspexificity of BDNF regulation.

In summary, we address the understudied effects of maternal factors on mouse models, which
enhances the reliability of ASD researdhurther, our studies significantly enhance the
understanding of ASD by elucidating the roleTokB and its downstream signaling pathways in

the behavioral aspects of the disorder. We also contribute to the knowledge of BDNF regulation
in the cortex, a brain tissue with crucial rolevarious aspectsf social behavior. In a forward
looking approach, the results of our studies provide valuablghts intomouse modeling of

idiopathicASD andthe potential role of TrkB in ASD behavioral symptoms.

Vi



Preface

This doctoral dissertation is presented as a sandwich thesis that includes three manuscripts
prepared for publication during the authoros
and the other two manuscripts are prepared for publication dmilission Chapters2 and 3).

Each manuscript is presented as a separate chapter.

Chapter 1 presents a comprehensive overview of my three studies in a logically coherent manner.
| have provided a comprehensive background, as well as my hypothesis, research goals, and
objectives. Chapter 2 of my reseattdghlightshow my findingshighlight the need to improve
research techniques in mousased ASD modeling. | demonstrate the significance of considering
mouse strain, maternal history, and precise behavioral evaluations to enhance the accuracy and
reproducibility of ASDrelated research. Chigpp 3emphasizestudiedropomyosinrelated kinase

B (TrkB) signaling and downstream pathways in ASD, especially the involvemehittadnd

Erkl/2 as key proteins that act upstream and downstredirkBf | demonstrate that LM22A4,

theTrkB anagonistrescuedASD-like behaviors irthevalproic acid YPA) mouse model without
affecting brainderived neurotrophic factoBPDNF) and TrkB isoform protein levels and their
downstream signalin@rgetsncludingAkt andErk. Chapter 4 investigatd$URR1's significance

in BDNF regulation, as a potential upstream regulator particularly in the éodmarea relevant

to ASD in mice. Chapter 4 highlights the importance of investigating key signaling molecules in
ASD in a tissueandcontextdependent manner, as the nature of theaedis and regulation of such
molecules arecomplex A concluding chapter (Chapter 5) summarizes and concludes this

dissertation and discusses promising future directiofdltow up on the findings presented here.



The literaturecited within Chapter 4 is consistent with the requirements of the corresponding
journal. Literature cited elsewhere uses AA style and is included in a separate References
section following each chapter. Appendices are included at the end of Chaptersrifaining

unpublished data related to the presented graphs in the text.

To ensure consistency in formatting throughout the thesis, | adhered to the guidelines outlined in
the APA Formatting and Style Guide (7th Edition). APA style offers clear directives for formatting
research papers, encompassing regulations for decimatue significance levels, and the
presentation of numerical data. However, in the supplementary tables, the values were directly

extracted from the SPSS statistical package, resulting in minor deviations from APA style.
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Chapter 1
Introduction



Autism Spectrum Disorder

1. Definition

Autism spectrum disorder (ASD) is a heterogeneous group of lifelong neurodevelopmental
disorders with diverse sympton#SD is caused by both hereditary and epigenetic/environmental
factors(Jick and Kaye, 2003; Landrigan, 2018¥hile there isrobust evidencesupporting the
genetic component of ASD, the exact proportional contribution of epigenetic/environmental
factors to its aetiology is still uncleéick and Kaye, 2003; Landrigan, 201Tyo terms often

used to describe certain types of ASD are "syndromic" and "idiopathic" (Casanova et al., 2020).
Syndromic ASD refers to cases where ASD occurs due to known genetic factors (Casanova et al.,
2020). Idiopathic ASD is a type of ASD that haskmown cause and mausediy a combination

of genetic andepigenetic/environmental variabl¢€asanova et al., 2020When modeling
idiopathic ASD in animal models using approaches based on environmental or epigenetic factors,
the appropriate terms are "ASD environmental animal models” and "idiopathiclikeSD
(Casanova et al., 2020SD environmental animal modedsethe preferred term because we are
aware of the environmental/epigenetic factors that lead to-W®DOphenotypes when modeling

the disorder in the animals, such as prenatal exposure to drugs. The differences between idiopathic
autism and syndromic (genetiautism are not limited to their underlying causes. Idiopathic ASD

is more complex and heterogenous in representation of symptoms due to its multifactorial nature.
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2. ASD corecharacteristics

Although disorders classified as ASD differ in course, symptom pattern, and level of functioning,
they are alcharacterizedby two core symptoms: (1) sociakeractionand social communication
challenges and (2) restricted and repetitive patterns of behavior/interests/activities. Other related
symptoms observed in both syndromic and idiopathic ASBclude anxiety, seizures,
hypeadivity, sleep disruptions, and intellectual disabiljeraset al., 2010; Polyak et al., 2015;

Rivet and Matson, 2011; Van Naarden Braun et al., 2015; Zeidan et al., 2022)

Socialinteraction challenges Children with ASD frequentlyace difficulties in modalities like
attention, eye contact, expressing distress, and developing and maintaining friendships. This
combination of essential abilities enables social engagement, and its impairments pose difficulties
in creating and maintaining socialtercalations making it the most challenging issue faced by
children with ASD(GoldsmithandKelley, 2018) Children with ASD often present with a wide
range of social skill deficiencies, requiring interventions that are targeted, individualized, and
flexible (Kasariand Patterson, 2012Although sociabifficulties can improve slightly with age
(Pandina et al., 2020), adolescents with ASD continue to struggle with engaging with peers in

unstructured situation&oldsmithandKelley, 2018)

Repetitive behaviors and interegiepetitive behavior is an umbrella term used to describe a wide
range of behaviors that may appear to be unrel@dher, 1999) Repetitive behaviors include

hand flapping, lining up things, and strict adherence to roufin@mer, 1999) Some repetitive
behaviors can also be observed in normally developing children. Children with ASD, on the other
hand, exhibit more intense and frequent repetitive behaviors. For example, stereotyped movements

and repetitive item arrangement may be paldidy important in theASD. However, there are
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some other classes of repetitive behavior that are related to locomotor activities, such as
spontaneous dyskinesias, tics, or repetitive-isgifious behavior which are not especially

prevalent, severe, aharacteristicef ASD.

Presentation of repetitive behavior in ASD is less noticeable compared to the social behavior
difficulties and appears to be persistent and stable over time. Repetitive behavior is a major source
of distress forpeople living with ASDand interferes with their daily functioning. Therefore,
understanding the underlying molecular mechanisms is important in diagnosipgoamating

ASD behaviordHoney et al., 2007; Turner, 1999)

3. Prevalence

The prevalence of ASD in United States is recently 1 in 36 (Staff, 2023). In recent decade in
Canada, especially in Southeastern Ontainie prevalence of ASD is rising and is currently 1 in

66 (Chiarotti and Venerosi, 2020; Nohr Dawydiuk, 2021).

4. Brain anatomy in ASD

Both syndromic and idiopath&SD arecharacterized bgimilar structural and functional changes
of various brain regions including, amygdala, and cortical regions like fusiform gydgsiperior

temporal sulcus (STS), midbrain, and cerebellum (Nomi et al., 2015).

The amygdala is involved iemotional expression perception (Waegal., 2014). In ASD,
structural and functional differenc@s cortex notably fusiformgyrus,and STSare related to
difficulties inface discriminationtheory of mind perception, identjtgnd expression recognition

(Pessoa et al., 2014). Theuctural and functional differences midbrain ventral tegmental area
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(VTA) are associated with repetitive behaviors in ASD (Subramanian et al., 2017). Further, various
symptoms of ASD includingifficulties in motor learning, motor coordination, and language and
executive functions are related structural difference®f cerebellum (Becker et al., 2013).
Structural and functional differencesother cortical areas including the orbitofrordiahygdala

circuit (Girgis et al., 2007)anterior cingulate cortefdgam et al., 201Q)and medial prefrontal
cortex (Gilbert et al., 2008may contribute to the social and langualiiculties observedn

individuals with ASD.

Oneimportantcorticalregion that is implicated in ASD is fusiforgyrus (Hadjikhani et al., 2004;

Oblak et al., 2010; Van Kooten et al., 2008). A key function of the fusifgyms is facial
recognition(McCarthy et al., 1997)in ASD, reduced activation of fusiform gyrus is associated
with diminishedability of individuals in recognizing and interpreting facial expressions that
contributesto social communication difficulties (Bolte et al., 2006). From Ag@stmortem

brains, it has been revealed that different cellular architecture of fusiform gyrus may be responsible
for ASD-related facial recognitiodifferences (Hadjikhani et al., 2004; Oblak et al., 2010; Van
Kooten et al., 2008). For example, reduced neuensitly and manperikaryal volumes in specific

layers of the fusiform gyrus were observed in ASD brain (Van Kooten et al., 2008).

It is essential to emphasize that structural differences in the brains are not consistent across all
individuals with ASD, and they may be specificstageof life rather than present throughout all

age rangeqEcker et al., 2015 or example, a study built on structural analysis of brain images
stored in the ABIDE (Autism Brain Imaging Database Exchange) revealed that enlarged brain and
gray matter volume in ASD that was also reported by other st{CiéeperandCourchesne, 2005;
Courchesne et al., 2001, 20@#% specific to childhood and absent in adult ASD bffiddle et

al., 2017) This brain enlargement is most prominent in specific brain ardas i -geardld 4
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ASD children including frontal and temporal lobes and the amyg@@daper et al. 2002;

Courchesne et al. 2001; Sparks et al. 2002)

Implicated brain structures in human ASD and ASD animal models may differ, warranting caution
when designing experiments to ensure appropriate translation of findings. Mice show some levels
of social behaviors that are like those in humans since thepeaed animalgHui et al., 2020)
However, the brain areas orchestrating these behaviors may differ in human and mice. Fusiform
gyrus, for example, isnot welldefined in norprimate mammals, including rodents. In mice,
interactiors between a network of different brain regions are responsible for social recognition of
another mouse. Olfactory bulb and several areas of the cortex including piriform (Eacieter

et al., 2005)prefrontal cortex, perirhinal cortex, and the entorhinal cortex are part of this network.
Results from ASD rodent models highlight that these brain areas are involved in ASD (Hui et al.,

2020).

5. Sex differences

In ASD, there is a sex difference in the prevalence of the condition, vghichlebiased (Schaer

et al., 2015). ASD is more prevalent in males than females, with males havingpld higher
occurrence rate (Redfield et al., 2019). Therefore, it is likely that sex differences play a role in the
development and symptomatic peagation of the cases of ASD (Schaer et al., 2015; Schuck et
al., 2019). Some studies showed that males exhibit higher levels of externatelaBiol
behavioral differences (for arple, repetitive and social behavior difficulties) and females
present with more internalizing symptoms (for example, language and communication difficulties)

(Werling and Geschwind, 2013). As a result, because some ASD symptoms can be disguised in
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females due to their less disruptive expression, there is a gender bias in diagnosis (Schuck et al.,
2019). Conversely, theiis a body of evidence suggesting that there are biological differences in

sexes including segpecific gene expression profiles, proteins involvehflammation (Vargas

et al., 2005), and hormonal signaling (Werling and Geschwind, 2013). In addition, there are
reports, especially from studying twins, that suggest sex differences also affect brain structure in
ASD and cause a subsemt sexspecific clinical severity of certain symptom domains of ASD
(BaronCohen et al ., 2005; Cauvet et al., 2019, 2
femde ASD childrerbut not males, show reduced volume of temporal and frontal cortices (Craig

et al., 2007; Ecker et al., 2017).

Worthy to mention thatrom animal studies, we know that males may be more vulnerable than
females to epigenetic changes that play a role in ASD path@tegs et al., 2018)However, the
number of such studies is limited due to historical use of male animals in research because they
were thought to generate more consistent data than fe(iéddd andCorinna, 201Q)However,

as it is important to understand sex differences in ASD, the present work included both sexes to

contribute comprehensive insights into this complex disorder.

6. Diagnosis

Diagnosis of ASD, whether stemming from genetic causes or epigaraticinmental etiology,
is primarily based on assessment of behavior and functional abilities of the individual. However,
due to a lack o$tandalonemolecular diagnostic techniques, an accurate diagnosis of the disease
is challenging as symptoms of ASD differ from one individual to the other and due to changes in
symptoms across the lifespan. Although there is currently no cure for ASD, early detétten

disease can improve the quality of life for ASD individuals in terms of the medical and social
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services they may receiyBaird et al., 2003)A behavioralbased diagnosis can be made at the
age of 23 yearqBaird et al., 2003)Therefore, there is an urgent need for development of accurate
molecular diagnostic tools like biomarkers to aid ASD diagnosis and treatment. However,
development of such diagnostic tools is iniiigial stages andfuture efforts are needed for

validation of the biomarkers that have shown promising preliminary evidence (Jensen et al., 2022).

7. Etiologyof ASD

SyndromicASD has been shown to be associated with hundreds of genes, including those involved
in synaptic function, neuronal development, neurotransmitter systems, and neurodevelopmental
pathways, which have been identified as potential contributors to syndrobi¢Mhle et al.,

2004) Recent studies have revealed that 65 genes (includingdbatbvoand lossof-function
mutations) arecausativein syndromic ASD(Sanders et al., 2015Df note, syndromic ASD is
causedy the interplay of multiple genes includibd-GN3 NLGN4 SHANK3 FMR1, NRXN1
CNTNAP2GABRB3HOXA], RELNandMET (Muhle et al., 2004; Persico and Napolioni, 2013;
Szatmari et al., 1998)n addition, copy number variations and single nucleotide polymorphisms
have also been linked to syndromic ASMuhle et al. 2004; Persico and Napolioni 2013).
However, by further exome sequencing studies, it is estimated th&d 480eral hundred genes

are involved in syndromic ASD vulnerability (Gilman et al., 2011; Ronemus et al., 2014).

Several environmental risk factors that are linked to idiopathic ASD include maternal exposure to
chemicals, air pollution, viral infections, maternal stress, and immunolafyisdinction during
pregnancy (Bolte et al., 2018; Szatmari et al., 1998; Taylor et al.,, 2020). Cddsses of
medication use (for example antiepileptic drugs) during pregnancy have also been linked to an

increased risk of idiopathic ASD in offsprirf@aylor et al., 2020)In summary, the etiology of
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ASD is complex, involving a combination of genetic factors and environmental influences that

contribute to the development of the disor@éaisuda et al., 2023)

8. Mouse models of ASD

ASD genetic animal model\SD genetically modified animal models are useful for studying
the genetic mutations or variations linked to the disorder, as well as potential treatments that target
a specific ASBassociated signaling pathwgBrown et al., 2018)However, ASD genetic animal
models may not adequately capture the disorder's heterogeneity and complexity of human disease
(Ergaz, Weinsteitudim, and Ornoy 2016). However, they are helpful to understand the effects

of a specific genetic manipulation ancontrolledenvironment (Ergaz et al., 2016).

ASD environmental animal modelEhe most common ASD environmental animal models that
mimic idiopathic ASD include maternal immune activation, maternal exposure to drugs (like
valproic acid), and early postnatal exposure to stffesgaz et al., 2016)Jn maternal immune
activation animal models, pregnant animals (rodents anchnoran primates) are injected with
immunestimulating compounds like lipopolysaccharides or pathogens (viruses or bacteria).
Neurobiological research investigates the impact afermal immune activation on ASlixe
symptoms and fetal brain development in these animals' offspring. This model mimics the effects
of maternal immunological activation during pregnancy, as found in some cases of human

idiopathic ASD(Careaga et al., 2017)

Animal models induced by valproic acid (VPA) are considered relevant for studying molecular
mechanisms associated with idiopathic ASD. VPA is a stimined fatty acid (propylpentanoic
acid) used as a mood stabilizer and an antiepileptic @ogld et al., 2002)VPA consumption

during pregnancy increases the risk of neurodevelopmental implications including idiopathic
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ASD. This condition, also known as fetal valproate syndrome, is manifested by
neurodevelopmental changes such as craniofacial anomalies, neural tube defects, and major organ
malformations, as well as social behawdficulties (Ornoy, 2009)It is confirmed thatn utero

exposure to VPA is responsible for 10% of idiopathic ASD c@Shgstensen et al., 2013)

The choice of ASBike mouse models indeed hinges on the specific research question at hand.
For instance, as elaborated further in this chapter, VPA mouse models have been utilized in
previous studies to investigate the role of TrkB®gomyosinrelated kinase Bin the context of

idiopathicASD andwere preferred over the immune activation madels

9. Pharmacological treatments

Currently, there is no universally efficient treatment for ASD available (Ming et al., 2008).
Medication treatments currently available for ASD do not cure theat@meacteristicof ASD.

There are some available FDA ([US] Food and Drug Administraappyoved ASD drugs for
general use that manage symptoms such as insomnia and nightmares (Chen et al., 2021; Ming et
al., 2008), attention difficulties/hyperactivity (Antshel and Russo, R@&Eing disorders (Beygui

and Cascio, 2022), irritability and aggression (Bartram et al., 2019; Owen et al., 2009), and
hypercholesterolemia or hyperlipidemia (Osterweil et al., 2013). Howthese medications are
accompanied by undesired side effedtso r e X selecpvie serotonin reuptake inhibitors
including fluoxetine, luvoxamine, and citalopram have been shown to be effective in managing
anxiety and irritability in adu#t living with ASD, but they were accompanied by adverse side
effects in children with ASD (Genovese and Butler, 2020). Other examples include oxytocin
(Guastella et al., 2022; Huang et al., 2021), bumetanide (Crutel et al., 2021psamilessin

(Parker et al., 2019athavebeenshown to be beneficiah promotingsocial skills(but not ASD
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related stereotypyin ASD. These medications cause some side effiacedults,including Gl
problems, anxiety and sleep problems that limit their therapeutic applications in different age
groups(Parker et al., 2019; Crutel et al., 2021; Aishworiya et al., 2022; Stepanova et al., 2022).
Therefore, there is an urgent need to focus on finding potential treatments wittahenima side
effects that can target core symptom domains including repetitive behavior and social behavior

difficulties (Hong and Erickson, 2019).

Another significant aspect often overlooked in the field of ASD pharmacological intervention is
the significant variation in underlying genetic and molecular mechanisms between syndromic and
idiopathic ASD. These differences can result in varied respdogesatment. Targeting specific
molecular signaling pathways for ASD treatment necessitates a nuanced comprehension of these
distinctions. For instance, a particular molecular pathway may be upregulated in one type of ASD
and downregulated in another. Hendistinguishingbetween ASD types and comprehending the
molecular underpinnings of each subtype are critical stages in the development of targeted and
efficacious pharmacological interventiond notable example is rapamycin, which has
demonstrated beneficial effects in alleviating symptoms of ASD including social difficulties and
anxiety (Sato et al., 202Z&Rapamycin functions by inhibiting the mechanistic target of rapamycin
(mTOR) pathway, downstream of TrkBince TrkB and its downstream signalingthpvays are
hyperactivated in syndromic ASngoing trials are currentfpcused on targeting mTORKt-
mammalian target of rapamyciffJAPK (mitogenactivated protein kinase, also knownEag),

andRAS (Rat sarcoma) signaling pathwdBsribeau and Anagnostou, 202Bpwever, in cases

of idiopathic ASD, where mTOR is hygaxtivated (Nicolini et al., 2015), targeting mTOR with

drugs like rapamycin may not be effective or could potentially be harmful.
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IGF-1 (Insulinlike Growth Factor 1) isratherrelevant example in thisontext. IGF1 and its
receptors play crucial roles in the regulation of synaptic events by modulating signaling pathways
such asAkt (protein kinase B) anérk (extracellular signategulated kinasejBramham and
Messaoudi, 2005IGF1, which has been shown to increase synaptic protein |e@se&lew linked

with promoting therapeutic outcomes of ASD (Linker et al., 2020; Riikonen, 2At&nalogof

the IGF1 molecule is currently FDA approved for therapeutic applicati@tisi€alTrials.gov

identifier: NCT01253317) (Chapleau et al., 2013). However, mRNA and protein expression levels
of IGF-1 and its receptor remain unchanged in the fusiform gyrus of individuals with idiopathic

ASD (Cioanaet al.,2020).

10. BDNF, TrkB, and their downstream signaling pathways in ASD
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Role of BDNF species in healthy brain

BDNF hasa widespread expression in the developing and adult mammalian(btaier et al.,

2001) particularly in regions with a high degree of plasticity, such as the hippocampus and the
cortex(TapiaArancibiaetal.,,2008) Ther e are strong | ines of evi
roles in neuronal growtfDumanandMonteggia, 2006)developmen{Dumanand Monteggia,

2006) plasticity (Luikart et al., 2008; McAllister et al., 1999; Vaynman et al., 2088)vival
(JohnsorFarley et al., 2007), repaiBawari et al., 2019hippocampal neurogenesis, and neural

circuit formation(Baroncelli et al., 2011; Porcher et al., 2Q18)

Mature BDNF 119 amino acids, 14 kDa), is generated from a precursor protein called proBDNF
(32 kDa) by the action of proteolytic enzymes including furin, matrix metalloproteases or plasmin
[Fig. 2]. ProBDNF is highly expressed in the dorsal root ganglion and cortical neurons (Zhou et
al., 2004). ProBDNF can also be processed to a truncated form (28 kDa) by mammalian
subtilisin/kexin isozyme (SK1) (Mowla et al., 2001; Seidah et al., 1999). Trunc&88dNF6 s
precise biological role is still the topic of active research (Carlino et al., 2011). It is not further
processed to mature BDNFhus truncated BDNF is considered as a true final proteolytic product

of proBDNF (Carlino et al., 2012).

Mature BDNF like other neurotrophins, binds to two different kinds of receptors: tropomyosin
relatedkinase (Trk) family with a high affinity and pRE'R parneurotrophin receptor (p5)

with a lower affinity(Klein et al.,, 1991) BDNFO&6s maj or recept the , Tr k
regulation of neuronal survival, differentiation, and plasti¢idginhardt and Chao, 2014j is

primarily expressed in neurons of the central and peripheral nervous systems (Muragaki et al.,
1995). TrkB is abundantly expressed in neurons of the hippocampus and cortex of the brain
(McAllister, 2002; Meng et al., 2019; Seil and Dre@umann, 200; Vega et al., 2003).
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ProBDNF and mature BDNF are both secreted molecules but with distinct and opposite functions
(Fig. 1) (Borodinova and Salozhin, 2017; Koshimizu et al., 2009; Sun et al., 2012). BDNF
positively regulates neurite outgrowth and neuronal survival (Sun e2(dl2). proBDNF is
responsible for synapse elimination (Sun et al., 2012). ProBDNF has a high affinity for p75NTR
receptors and inhibits neurite outgrowth by activating downstream signaling through a small
GTPase protein, RhoA (Ras homolog gene family meiband its effector ROCK (Rho kinase)

(Sun et al., 2012). ProBDNF is required for letegm depression (von Bohlen und Halbach and
von Bohlen und Halbach, 2018), neuronal apoptosis (Teng et al., 2008ggatation of dendritic
pruning(An et al., 2008)Longterm depression and dendritic pruning shape neuronal circuits in
response to environmental changes, most notably during postnatal brain develgfeneanh et

al.,, 2017) as well as experienadependent process like learning and memory throughout
adulthood (Piochon et al., 2016). Dysregulatadnprotein synthesis and processing in neurons
causes an imbalance between synaptic strengthening and weai&liegerandBear, 2008)

This phenomenon is known to be a common mechanism undeblyihgyndromic and idiopathic

ASD (Chao et al., 2007; Cline, 2005; Dani et al., 2005; HaaswoiMadison, 2007)Conversion

of proBDNF to mature BDNF is highly regulated, since a proper concentration of both mature
form and proBDNF are crucial for normal brain functi¢@srcia et al., 20125ince both mature
BDNF and proBDNF have biological roles in function of normal brain, imbalanced ratio of these
molecules leads to incorrect concentrations of them and contributes to dysfunctional neuronal
circuits (Egan et al., 2003; Hariri et al., 2008ading to neuropsychiatric disorders such as ASD

(Garcia et al. 2012)or example, excess amosiof proBDNF and insufficient amoustf mature
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BDNF lead to bias toward biological functions such as synaptic pruning and weakening (Egan et

al., 2003; Hariri et al., 2003).

In summary, BDNF binds to TrkB and g¥5 receptors with high and low affinity, respectively

TrkB plays a key role in neuronal regulation. proBDNF and mature BDNF have distiotons,

and a balance between them is required for normal functioning of neuronal circuits. Truncated
BDNF's precise role is still unclear. This work includes detection and assessment of truncated
BDNF, as well as proBDNF and the mature isofoimprovide a better understanding of roles of

BDNF isoforms in different contexts (syndromic and idiopathic ASD).

Dysregulation of BDNF imdiopathicASD

BDNF isoformsOur labhasshownincreased proBDNF levels and unchanged mature BDNF
in fusiform gyrus of individuals with idiopathic ASas well as decreasdduincated BDNF
(FahnestockndNicolini, 2015; Garcia et al., 201y urther, preliminary results suggest tB&i-
1 (the enzyme responsible for processing of proBDNF to truncated BDNF) mRNA is decreased in
idiopathicASD fusiform gyrus versus controls, while there is no significant change in furin mMRNA
levels (unpublished data). These findings suggest dysregulation of BDNF speiciepathic

ASD at posttranslational levels

In summary, BDNF dysregulation idiopathic ASD involves an imbalance between different
BDNF isoforms through potential pesanslational changes that negatively impact normal brain
functions. These findings, in general, suggest that proBDNF processing may be the key player in

idiopathicASD etiology.

BDNF mRNA Garcia et al. 2012 showddat there are no changes in BDNF mRNA levels in

fusiform gyrus between healthy controls grebple withidiopathicASD (Garcia et al. 2012)n

39



line with this human study, ianvironmentaASD mouse modelthat resemble idiopathic cases

of ASD, in uteroexposure to VPA caused an increase in mRNA levels of BDNF in fetal whole
brain shortly after exposuf@lmeida et al., 2014a; Konopko et al., 201HMpwever, there was a
decrease in BDNF mRNA observed in the somatosensory cortex of young adult VPA mice, but
not in the hippocampy®oullet et al., 2010)n VPA rats, increased levels of hippocampal BDNF
MRNA and activation of its upstream transcription factor phospR&B (cCAMP response
elementbinding protein)was reportedGao et al., 2016)BDNF has a complex structure with
multiple exons, regulatory sites, and promoters each responding to different sets of regulatory
proteins in specific tissues in a contebdpendent mannéBishop et al., 1994; TapiArancibia et

al., 2004; Timmusk et al., 1993)herefore, the inconsistency between these findings may be due
to the tissuespecific nature oBdnfregulation (Aid et al., 2007). In summary, BDNF mRNA levels

in ASD show inconsistency across brain regions, species, and developmental stages, reflecting

complex regulation.

NURR1 Also known as NR4A2 (HZB, RNR1, NOT, and TINUR) is one of the three
members of the orphan nuclear receptor subfamily 4, group A (nuclear receptor subfamily 4A; or
NR4A). The NR4A family members are considered as orphan nuclear receptors because the
endogenous ligands of these receptors are not identified. NURRL1 is crucial for the neurogenesis
(Chen et al., 2001), differentiation and maintenance of gene expression ofimétipaminergic
(mDA) neurons (Lallier et al., 2016), both during development and in adult life (Bannon et al.,
2004; Eells et al., 2002; Zetterstrom et al., 1997a). NURRdIso expressed in brain regions
unrelated to DA neurons, including the hippocamaund cerebral cortex (both important in
learning and memory). This suggests tHBRR1 may play functional roles beyond those in DA

neurons(Xiao et al.,, 1996; R. Zetterstrom et al.,199Recent studies suggest tid/RR1
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expression, especially in the hippocampus, is critical for synaptic plasticity and other
hippocampugiependent cognitivieinctions (Bridi et al.,2013). Altogetheéhese findings support

the role oNURR1for normal brain function and development.

Only a few NURR1 regul ated genes have been i d:¢
rel ated genes, notably BDNF (Hawk et al ., 201
wide expression profiling in primary cultures of rat midbrainjicied in DA neurons which

control movement and emotional behaviero | | owi ng u pNURRL gxpresaigdnibp n o f
depolarization transcriptional profiling ofNURR1and BDNF expressionn vitro andin vivo

revealed that midbraiBDNF mRNA increases folloing theNURR1expression peaWolpicelli

et al. 2007) Also, in rat midbrain neuron$ollowing NURR1specific gene silencing, BDNF

MRNA and protein expression levels are reduced, suggesting that in these neurons BDNF is a
downstream target dlURR1 (Volpicelli, Caiazzo, Greco, Consales, Leone, Pera@ano,
Colucci D6éamat o, e tshavedthaBdaf@pBegu)ation idanconsdyence dft udy
CREB-dependenNURR1 activation in primary cultures of rat cerebellar granule cells (CGCs)

and thatNURRL1 is responsible for imethytD-aspartic acid (NMDAJmediated increases in

BDNF (BarnedaZahonero et al., 2012QIso, NURR1expression is regulated by CREB in Aon

neuronal and in neuronal ce{Barragh et al., 2005; McEvoy et al., 2002; Ravnskjaer et al., 2007)
Treatment of CGC cultures with NMDA produces a tidependent increase in the
phosphorylation levels of phospf#**3CREB andCREB binding to theNURR1promoter.
Equally,reducing CREB levels leads to a reductionNWRR1promoter activity as well as
decrease®lURR1protein expression in NMDAreated neuronBarnedaZahonero et al.,2012)
Silencingof NURR1 eads to a decrease in BDNF protein

neuroprotective effectAccordingly, these observations provide support for the model that
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NMDA promotes the binding oNURR1 to certainBdnf promoters(BarnedaZahonero et al.,
2012)

In general, these findings indicate tiNiURR1 is an upstream regulator of BDNF in midbrain
dopaminergic neurongindcerebellar granule cell$lowever,BDNF expression is highly cell

and tissuespecific and is regulated by different sets of transcription factors in a specific tissue
(Aid et al., 2007) While NURR1 is associated with BDNF regulation in midbrain neurons, the
specific role oNURRL1in regulation of BDNF in the cortex is not yet webtablished. The present
work attempts to expand our understanding of the regulatidBdof by NURR1 in cortical
neurons. Recent data support the involvemeMNWRR1in syndromicASD (Guo et al., 2019)
emphasizing the need to further explore the interplay betwdéRR1, BDNF, and ASD,
particularly in cortical neurons, to gain a betterderstanding of the underlying molecular
mechanisms.

The midbrain, caudate nucleus, and striatum play important roles in the dopaminergic pathway
(Hu et al. 2014)StriatalNURRL1 is related to both types of ASDhere are differences in the
structure and function of the striatum in individuals with A@Iccillo, 2016) For example, in
ASD, weaker connections are formed between the striatum and several regions of the cortex
involved in socialcommunication (Langen et al., 20)1 In idiopathiclike VPA-exposed mice

and associated with ASEelated social deficitsstriatal NURRL1 is increasd@im et al., 2022)
Further, individuals with syndromic ASD have larger striatal volumes as they age, with the
increased volume of the caudate nucleus associated with repagitisreior (Langen et al., 2011).
There are also links between NURRBDNF, and ASD pathology within midbrain and
cerebellum NURR1 regulatesbdnf expression in dopaminergic neurons, which are located

primarily in the midbrain ventral tegmental argo et al., 2015)andcerebellar granule cells
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(BarnedaZahonero et al.,, 2012). The evidensaeggests a role of cellular and molecular
imbalances both in midbrain and cerebellum in ASD patho{Bggmbilla et al., 2003)Several
functional and structural studies have suggested a role for midbrain and cerebellum in ASD
(Becker and Stoodley, 2013; Freeman et al., 2018; Hashimoto et al., Fa@figularly, the
midbrain ventral tegmental area plays a key role in the processing of social reward such as social
interactionand affiliation(Gil et al., 2013)

Striatum, midbrain, and cerebellum communicate with cortex and hippocampus through afferent
(incoming) and efferent (outgoing) neural pathwégsitz, 1982; Fabbro, 2000; Smith et al.,
1994) Altered connectivity between different brain regions and cortical areas has been reported
in ASD (Rane et al., 2015)ndividuals with ASD have reduced activity in certain regions of their
cortex when processing social information such as fag@aessions and eye gaze (Hadjikhani et

al., 2017; Zilbovicius et al., 2006). The role of NURRL1 in the regulation of BDNF signaling
pathways and ASD in cortical neurons has not been investigated.

In summary, from recent studies, we know tHRtRR1transcription factor plays functional roles
beyond those in DA neuroif¥oss et al., 2013; Xiao et al., 1996; Zetterstrom et al., 1996) and in
different brain regions, including cortex (Rojas et al., 20D@gpite the importance of cortex in
ASD and ASD mouse models, the roleNdJRR1in tissuespecific regulation of BDNF has not

been investigated previously. Investigating the regulation of BDNF in cortical regions is required
to provide a better understanding of htlWRR1 may contribute to ASBelated symptoms and
behaviors through regulation of potential downstream sigmakithway such &DNF and TrkB.

The present work attempts to address this critical knowledge gap by investigating the role of

NURRL1 in inBdnfregulation specifically in cortical regions.
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Role ofTrkB species and downstream signaling in healthy brain

TrkB has different splice variants, including fi#hgth receptors (TrkiL) and the truncated
isoforms, TrkBT1 and TrkBShc (Cao et al., 2020). Bindingf BDNF to TrkB-FL leads to
autophosphorylation of the receptor and exposure of the bimtingins for phospholipase C
gamma ( PL Co-9pncogeaentytosipprotein kinase Src homology 2 domain containing
(Shqg, suctassociated neurotrophic factor target (SNT) protein, and growth factor rebeptat
protein 2 (GRB2) (Cao et al., 2020)and downstream signaling pathways including
PI3K/Akt/mTOR,Erk, and Eps8 [Fig. 1{Fresno Vara et al., 2004; Hers et al., 2011; Wang et al.,
2017). Theruncated forms of TrkB (TrkB'1 and TrkBShc) lack kinase activity, cannot bind to
PLC, and do not activate canonical downstream signaling pathways includingAlRi 3d
MAPK cascades (Eide et al., 1996; Haapasalo et al., 2001). Formation ofFTtkB T4TXk B
heterodimer does not lead to cr@agophosphorylation of TrkiEL. However, TrkBT1 and
TrkB-Shc ca bind andnternalizeBDNF (Eide et al., 1996; Haapasalo et al., 2001). TfdBcan
sequester BDNF and store it in transport vesicles. Therefore, the truncated isoforms act as negative
regulators of TrkBFL signaling in response to BDNF binding (CafTradd et al., 2009; Vidaue

et al., 2012). However, findings suggest TrkB truncated isoforms may mediate digpeddent
signal transduction via unknown neanonical signaling pathways (Baxter et al., 1997). TrkB
Shc is the least investigated TrkB specM®g and Garner, 2012). Howevekistingfindings
suggest thatrkB-Shc encoding mRNA is decreased in the fetal brain of -A®mouse model

(Almeida, Roby, and Krueger 2014)

Changes inTrkB isoforms manifest in downstream signaling pathwayduding PI3KAkt and
MAPK/Erkthat play crucial roles in brain development and neuronal functions (Fig. 1). The PI3K

Akt signaling pathway regulates cellular processes such as survival, proliferation, growth, and
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motility in response to extracellular signals and is essential in brain ndewalopment (Fresno

Vara et al., 2004; Hers et al., 2011; Wang et al., 200/hen PI3K is activated, it catalyzes the
phosphorylation of the phosphatidylinositol (PI) lipids and generatié (¥4) P2 andPI (3,4,5)

P3 in the cell. Increased concentration®bf3,4) P2 and P3,45) P3 creates a gradient of these
phosphoinositides thaécruit proteinghat have a pleckstrin homology (PH) domain suchkds

and PDK1(3phosphoinositidelependent protein kinase (Bresno Vara et al., 20Q4Activated

Akt plays a key role in neuronal growth by phosphorylating and inactivating different substrates.
For example Akt phosphorylates and activates a downstream signaling molecule, mTOR (the
serine/threonine protein kinase mammalian target of rapamyniiQR regulates a variety of
neuronalbprocessessuch as size of neurons, protein synthesis in dendrites, and synaptic plasticity

(Jaworski et al., 2005).

MAPK/Erk signaling pathway is crucial in neurodevelopment due to its key roles in regulation of
neurogenesis and neurite outgrowth (Bluthgen et al., 2017; G&afiagun et al., 2014). Upon
binding of BDNF to TrkBFL, Erk/2 as the major protein hub of the cascade is activated (Innocenti

et al., 2002). TrkBFL phosphorylation promotes thliocking of guanine nucleotide exchange
factors such as SO%$Ihnocenti et al., 2002RAS s then activated by the docked SOS1 via GDP

GTP exchangeRAS causes the phosphorylation of downstream targets in the MAPK signaling
pathway, RadMEK1/2-Erk. Raf phosphorylates and activates MEK1 and MEK2, which are dual
specificity kinases that can be phosphorylated at serine/threonine and tyrosine residues. MEK1/2
then activate&rk1/2. WhenErk1/2 is activated, it can phosphorylate a Ser/Thr residue followed

by a proline in a variety of targets including several transcription factors, signalchatans, and

protein kinasegPearson et al., 2001kErk1/2 controls a variety of neurodevelopmental and
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physiologic activities including neuronal differentiation, plasticity, cell proliferation, and neuronal

survival by acting on different downstream molecifldstman et al., 2000; Iroegtat al., 2021)

Another signaling molecule that is activated downstream of TrkB and PI3K is epidermal growth
factor receptor substrate 8 (EPS8). EPS8 is abundantly expressed in the prefrontal cortex,
hippocampus, amygdala, and cerebellum é8Bekva et al., 2007). Through protgmotein
interactions, EPS8 forms protein complexes that transduce signal&rka/2 and PI3K signaling

to the downstream molecules such as RAC (Innocenti et al., 2003). EPS8 binding sites for protein
protein interactions include an-tdrminal phasphotyrosinebinding domain, a central Src
homology 3 domain and a-t&rminal effector domair{Di Fiore and Scita, 2002) EPS8is
necessary for a variety of neuronal functions including dendritic spine formation, formation of
axonal filopodia, and activitynediated synaptic plasticifMenna et al., 2009; Stamatakou et al.,

2013)

In summary, truncated and fuéingth variants offrkB receptor regulate brain development.
BDNF activates PI3K&kt/mTOR, Erk, andEPS8pathways througfirkB-FL, while truncated
forms modulatelrkB-FL signaling. These pathways play vital roles in neuronal functions and

neurodevelopment.

Dysregulation offrkB and its downstream signaling in ASD

Imbalance infrkB downstream signaling molecules correlates Wwath syndromic and idiopathic
ASD prevalence and severitit. has been shown that inactivating mutations of the negative
regulatorsof mMTOR and the MAPK pathways, such as FMRP, NF1, PTEN, and TSC1/2 are
responsible for high prevalence of syndromic ASD (Kelleher and Bear, 28@@8)larly,

hyperactivation of some other proteins belonging to these signaling pathways inchedifdp
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rpS6,Erk1/2, and pMNK1 correlate positively with severitgf symptomsn humangRosina et

al., 2019) Furthermore, genetic mutations of proteins belonging to the RKBKATOR signaling
pathway (such aBTEN PIK3CA PIK3R2 mTOR CCND2 andPPP2R5D are associated with
brain volume overgrowth, also observedsimdromicASD (Yeung et al., 2017)n contrast to
syndromic ASD TrkB signaling pathways through BDNF is deased in idiopathic ASBDur lab

has also shown thdrkB and the effector molecules of the PI3iKt/mTOR signaling pathway
downstream offirkB and BDNF are downregulated in idiopathic AgRicolini, 2016; Nicolini
andFahnestock, 2018We showed that in fusiform gyrus of idiopathic ASD individuals, reduced
protein levels offrkB-FL isoform are preserfNicolini et al. 2015) This decrease is at the post
transcriptional level, suggesting that molecular mechanisms like RNA binding proteins and
MiRNA may play a role infrkB-FL regulation in ASD. Beside the changesTokB isoforms

TrkB downstream signaling is also dysregulated in human ASD as well as animal (hactgisi

et al. 2015) The findings of our lab showed that PI3Kkt, phosphorylated and total mTOR,
p70S6 kinase, and elF4B were reduced at the protein level in the postmortem fusiform gyrus of
individuals with idiopathic ASO(Nicolini et al. 2015) Furthermore, phosphorylated, and total
Akt, mTOR, and 4BP1, as well as phosphorylated S6 protein, were decreased in the VPA
exposed rat neocortgNicolini et al. 2015) Also, the results showed the BDNF/TrkB signaling
changes present in postmortem idiopathic ASD fusiform gyrus are associated with reductions in
PSD95 and EPS8\Yenna et al2013). PSO5 is an excitatory postsynaptic marker and EPS8 is
an actincapping molecule that controls spine stability and filopodial motility in response to BDNF
(Hertzog et al., 2010; S. Kim et al., 2006). Rodent models of ASD have similar TrkB sggnalin
changes as human ASMice deficient in the signaling molecUl > S8exhibit ASD-like behavior

as well as synaptic deficits (Menna et al, 2013). In WXfosed rats decreasedAkt/Akt
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expression ratio was reported when whole brain was used (Gao et al., 2016). -exjps&d

mice, increased-pkt levels in the cerebral cortex and hippocampus compared to control group
were reported (Yang et al., 2016). The differences in results between these studies could be
attributed to several factors, including different brain tissues and species diffefdresstudies

in general indicatéhat TrkB and its downstream signaling cascades are involved in idiopathic
ASD, affecting synaptic function drbehavior. The study of altered TrkB downstream signaling

in the mouse VPA cortex is of utmost importance for understanding ASD pathogdesis
investigating the alterations in TrkB downstream signaling pathways within specific cortical
regions affected by VPA exposure, we can uncover important contributors to ASD pathogenesis

and potentiallydentify novel therapeutics, such as specific agonists targeting the TrkB receptor.

In summary, the role of TrkB downstream signaling molecules suétktad?13K, mTOR, and

Erk1/2 has been revealed from studying the idiopathic ASD brain (Nicolini 2016; Nicolini et al.
2015). Nevertheless, our acquired knowledge from idiopathic ASD human brains and ASD
environmental rodent models is limited when it comes to the role of TrkBlisigrand its
regulation at different levels including molecular (e.qg., fi@stslational mechanisms like isoform
processing and involved transcription factors)lutar (e.g., synaptic morphology, cell typend
tissuespecific regulation of BDNF and@irkB), andbehavioral (correlation between ASD/ASD

like behavior and involved molecular and cellular mechanisms). Overall, these gaps in knowledge
highlight the need for further research to explore the molecular, cellular, and behavioral aspects of

TrkB signaling inidiopathicASD.
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| nvestTirgkaBt iimg VPA mouse model s

In response to VPAN utero exposure, axonal remodelling and several signaling pathways,
includingAKT/ mT OR, \&teRinRAS®Erk-p21, and GABA signaling pathways, are also
dysregulateqTaleb et al., 2021lkading to altered synaptic plasticity and connectivity, as well as
changes in neurotransmitter signaling. Further, \MiRduced oxidative stress and inflammatory
responses may contribute to the developnoérASD-related behaviors (Matsuo et @020).
However, not all VPAexposed children with idiopathic ASD will develop these differences. The
risk and severity of outcomes of VPA exposure may be affected by factors such as VPA dosage
and timing during pregnancy, as well as individual genetic and emvénotal factors (Zhang et

al., 2012).

In rodents, all offspring in the litter that were prenatally exposed to VPA show-lik§&D
phenotypes including sociadteractionchallenges and stereotyped, repetitive behgarolini

and Fahnestock, 2018)PA rodent models exhibit both face and construct validity (resemblance
to human idiopathic ASD in underlying causes and symptoms). Like all the other animal models
in general, VPA rodents do not completely mirror the human disease. However, theseamodels
essential to perform experimental manipulations (e.g., test of drugs) that cannot be carried out in
human subjectéNicolini and Fahnestock, 2018n our lab, a VPA mouse model was generated

by applying 500 mg/kg VPA intraperitoneal injection in young primiparous CD1 hic®lini,

2016) The data extracted from this study were accompanied by technical and methodological
issues. The maternal challenge with VPA did not negatively impact sociability inoffegeing
(threechamber sociability testy digging activity/repetitive behavior famale offspring (marble
burying test) Therefore, to achieve reliable results, it is important to detect and subsequently

resolve confounding factors that may influence the success of the VPA mouse model as a platform
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to study idiopathic ASD. In summary, VPA use during pregnancy increases idiopathic ASD risk
in human offspring, affecting neurodevelopment and signaling pathways, but outcomes vary due
to dosage, timing, genetics, and environment. Similarly, prenatal Xpdsare in rodents leads

to ASD-like behaviors, but further refinement of VPA mouse models is necessary for reliable

results.

Besides wetknown factors such as the strain of mice and dosage of treatment, there are less
studied confounding effects that can pose a threat to successful autism mouse modeling.
Adolescenpregnancy and lack of parity is associated with poor maternal care, small litter, and
overfeeding of offspring that may negatively impact offspring physiology and beliooney

Leber and Brummelte, 2017; Salari et al., 2018; Tanaka, 199&se factors can complicate
reliable ASD mouse modeling with VPA due to unknown effects on health and behavior. Despite
the importance of maternal factors, the topic is neglected when modeling human disorders in mice
which represent a significant knowlige gap in the field of ASD, highlighting the need for further
investigation and exploratiorThe present work attempts to optimize Nicolini 2016 work by
modulating a variety of factors including strain, VPA dosage, maternal factors including parity
and age, as well as using more sensitive behavioral tasks to assay social bEhetier, we

include both sexes to better understand the presence or absence of sex differencetikea ASD

behavior and BDNF an@irkB signaling pathways.

For years, understanding the connection between the etiology of ASD andeks®El behavior

and symptoms has been an interest of researchers in the ASD field of study. In ASD brain, there
are observedlisturbances in synaptic connectivity and functions (Grabrucker, 2013). Synaptic
processes in the brain, including formation, differentiation, repair, connectivity, and function are

regulated through different signaling pathways but are heavily depengentneurotrophies,
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notably BDNF (Bramham and Messaoudi, 2005). Dysregulati®@DNF, its receptor TrkB, and

their downstream signaling pathways are related to the altered neural connectivity, and brain
development characterized in individuals with A@Betman et al., 2000; Linker et al., 2020;
Miyazaki et al., 2004; Poduslo and Curran, 1996; Robifsgnamonte et al., 2022; Sahay et al.,
2020) Binding ofBDNF to TrkB receptors supports brain connectivity via PI8ki-mTOR and

Erk signaling pathwayélLinker et al., 202Q)

Correcting TalkstBegrnaatliionngs poaft hmday: role of LM22A

TrkB is a receptor tyrosine kinase that binds to bdarnved neurotrophic factor (BDNF) (Klein

et al., 1989). LM22A4  ( ( Notritl 2-hyNroxyethyl]}1,3,5benzene tricarbeamide) is a
BDNF loop 2 domain mimetic and partial TrkB agonist. LM22/phosphorylates TrkB and
activates multiple downstream targets biotlvivo andin vitro (Kajiya et al. 2014a; Massa et al.
2010; Pardridge, Kang, and Buciak 1994). The loop 2 domain of BDNF is the binding domain for
TrkB (Fletcher and Hughes, 2006). LM22Amimics BDNF loop 2 and can selectively and
specifically target thelrkB receptor at nanomolar affinity, without binding to TrkA orkT
(Massa et al. 2010)Iinduction of prosurvival processes through MAPK akkt signaling
pathways by LM22A4 in neurongMassa et al. 2010; Yu and Wang 20&aB) norneuronal cells
(Kajiya et al., 2014; Nguyen et al., 20189as been reported previously. LM22Aincreases
survival of TrkB-transfected cells and cultured moigegpocampal neurons through activation of
MAPK andAkt signaling pathways (Massa et al. 2010). RTT or Rett syndrome is also known as
a prototypical neurodevelopmental disorder that can provide general information about both
syndromic and idiopathic ASD (Neul, 2012; Percy, 2011). RTT is classified as oneoform

syndromic ASD but shares similarities to idiopathic ASD such as heterogeneity in symptoms
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(Neul, 2012; Percy, 2011) and impaired TrkB signaling pathways (Schmid et al., 2012). In
hippocampi of LM22A4-treatedRTT-like mouse model (Mecp2 heterozygous mice), MAPK and
PLCo2 cascade s(Lietale 20L7pThesegmolecalar endinges are also consistent with
increased hippocampal BDNF, hippocamgependent memory, and rescue of hippocampat long
termpotentiation (Li et al., 2017Comparable resulre reported in mouse models of spinal cord
injury (Yu and Wang, 2015). Beside increased neuron survival through AiBand MAPK
phosphorylation, LM22A4 also reduced apoptosis by suppressing the expression of cleaved
caspase and increased the expression of-aptptotic protein BC{2 (G. Yu and Wang, 2015).

In summary, from Mecp2 heterozygous mice, we know that LM22¥%as already demonstrated

its potential to activate TrkB and its downstream signaliimgivo) (Kajiya et al. 2014). However,

the effects of this TrkB agonist on TrkBignaling pathways is missing the context of
environmental ASHike mouse models that mimic human idiopathic ASIbe present work
investigates the effects of LM22An VPA mouse model to obtain better mechanistic insights
about the causative role dirkB and its signaling pathways in neyndromic ASDIncluding
LM22A-4 inidiopathicASD research allows us to investigate the specific molecular mechanisms
through whichdownregulated TrkB signaling causes Agdated behavior. Further, if LM22A
proves tdbe effective in improving ASBelated behavior such as social behavior difficulties and
excess repetitive behavior, it opens new windows to development of novel pharmaceutical
interventions that modulate TrkB signaling pathways. Also, assessing the effebt22A-4 on

TrkB signaling in idiopathic ASD helps us to better understand the complex interplay between

molecular signaling pathways and the behavioral manifestadfohSD.
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Purpose and Scope of the Present Work

Besides wetknown factors such ahe strain of mice and dosage of treatment, there are less
studied confounding effects that can pose a threat to successful autism mouse modeling.
Adolescent pregnancy and lack of parity is associated with poor maternal care, small litter, and
overfeeding of offspring that may negatively impact offspring physiology and beligooney
Leberand Brummelte, 2017; Salari et al., 2018; Tanaka, 1998gse factors can complicate
reliable ASD mouse modeling with VPA due to unknown effects on health and belizespite

the importance of maternal factors, the topic is neglected when modeling human disorders in mice
which represent a significant knowledge gap in the field of ASD, highlighting the need for further
investigation and exploratiorThe present work attempts to optimize Nicolini 2016 work by
modulating a variety of factors including strain, VPA dosage, maternal factors including parity
and age, as well as using more sensitive behavioral tasks to assay social bEhetier, we
include both sexes toelter understand the presence or absence of sex differena&Ditike

behavior and BDNF an@irkB signaling pathways.

Purpose and Scope of the Present Work

1. Hypotheses

(1) Offspring of fully sexually developed dams with a previous history of pregnancy and
motherhood compared to the offspring of young and primiparous mothers have advantageous
developmental, and healttharacteristicshat promote their normal social behaviéurther,
comparing offspring of sexually developed dams with and without previous pregnancy and
motherhood experience can provide valuable insights into the effects of maternal parity on

offspring development, social behavior, and health outcomes.
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(2) LM22A-4 restores ASHike behavior and alterations in BDNF/TrkB signaling pathways in

the VPA mousenodel.

(3) NURRL1 has a role in ASD by regulating cortical BDNF.

2. Specific aims

Specific aim 1Determines the influence of maternal age and parity on neurodevelopment, health,
and behavior of offspring. The result of this study is specifically important in the context of
obtaining reliable mouse models, especially for studying disorders thatdo@eial behavior,
including ASD. By ruling out the role of potential confounders such as maternal age and parity,
we can identify the optimal conditions for breeding mice that will yield healthy offspring usable
for mouse modeling. Undesstding the influence of maternal age and parity on
neurodevelopment, health, and behavior of offspring is also crucialifoiext specific aims and
studies similar to our work, mainly for two reasons. It helps establish a reliable and valid control
group of healthy mice whose health and behavior are not masked by the negative confounding
effects of maternal factors. Since thesiee serve as a reliable baseline for comparison with the
VPA groups, we can accurately assess and interpret the social batefidits observed in the
ASD-like groups. Further, specifically in the case of VPA administration, the findings from this
specific aim enable the creation of accurate AfRE mouse models that exhibit behavioral and
neurodevelopmenta@haracteristicassociated with VPA and not solely as an artifact of maternal
factors. In general, we specifically aim to examine gestational outcomes in different age and parity
groups of mice, evaluate offspring development during early postnatal days, and assass vario

behavioral parameters such as anxiite behaviors, locomotor activity, social and repetitive
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behavior, and olfaction in the offspring. The ultimate goal is to understamidehactiors between
maternal age and parity to consider them as confounding factors when breeding mice for
behavioral studies. Our results enhance the translatability and relevance of findings in ASD mouse

modeling studies.

Specific aim 2Investigate the effect of LM224 on ASDlike core behaviors and on the BDNF
and TrkB downstream signaling pathways in the VPA mouse mbuestigates the effect of
LM22A-4 on alleviating ASElike core behaviors and on BDNF/TrkB signaling pathways in the
offspring of VPAinjected dams. Given the differences in the etiology of syndromic and idiopathic
ASD, investigating its underlying moleeul mechanisms is crucidin syndromic ASD, TrkB
signaling pathways are hypactivated, while in idiopathic ASD, ¢y are hypeactivated.
Rapamycin has shown promising results in improving AiR®behaviors by inhibiting abnormal
activation of the mTOR pathwajownstreanof TrkB. In contrast, rapamycin use in idiopathic
ASD cases may not yield positive outcomes. In cases of idiopathic ASD where mTOR signaling
may be hypeactivated, targeting mTOR with drugs like rapamycin may nafteetive or could
potentially be harmful. Similarly, IGE has been shown to improve symptoms associated with
syndromic ASD by acting tbugh theAkt and Erk signaling pathwaydt has been shown that
MRNA and protein expression levels of KkRnd its receptor remain unchanged in the idiopathic
ASD fusiform gyrus, a brain region important in the regulation of social behaviors, notably face

recognition, related in ASD.

TrkB is a prime candidate that is involved in idiopathic ASD. The links between TrkB and
idiopathic ASD are deduced from correlational studies. For example, TrkB and its downstream
signaling pathways are hyjaztivated in the idiopathic ASD fusiform gyrdsherefore, activating

TrkB with its agonist, LM22A4, expands our understanding about the causative role of TrkB in
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idiopathic ASD pathology. By exploring the efficacy of LM22Ain mitigating ASDIike
symptoms and molecular mechanisms in the cortex VPA mouse model, our study aimed to
establish a causal link between TrkB signaling deficits and idiopathic ASD. Unlikégerouse
models of ASD, VPA mouse models are built on environmental/epigenetic causes that resemble
idiopathic cases of ASD in etiology. We chose to study the -Fetited molecular events within

the cortex of these mice as the fusiform gyrus is noteedlhed in rodents.

To this end, pegnant C57BI/6N mice are injected intraperitoneally (i.p.) with valproic acid or
saline on embryonic day 12.5. At weaning (PD22), offspring from different litters are allocated to
four experimental groups, differing in prenatal and postnatal treatmergsatal exposure
includes VPA (600 mg/kg, i.p.) or the vehicle (saline). Postnatal exposure intM@2#\ -4 (50
mg/kg, i.p.)or vehicle galing once daily from weaning dayntil sacrifice.Previously, in RTF

like Mecp2 deficient mice, it weashown that a dose of 50 mg/kg LM22AactivatedltkB and its
downstream signaling proteiAkt, accompanied by improved phenotypic representation of RTT,
including respiratory function (Schmid et al., 2012). FurtiNdcolini (Nicolini, 2016, doctoral
dissertation) demonstrated that in mice, 50 kgpgiM22A-4 treatment (15 days: PDCBb)
restored sociability and reduced repetitive and, in combination with behavioral enrichment,

improvedTrkB signaling deficits.

Behavioral assays include tests of anxiety (steyn test on postnatal days [PD] 29), repetitive
behavior (marbldurying on PD31), sociability and locomotor activityq®amber test on PDs
32-33), and olfaction (buried foeskeeking test on PD34). BDNF @iirkB isoforms, as well as
the levels of phosphorylated and totdt andErk proteins, are analyzed via Western blotting in
the temporal/parietal neocortices on PDB/& expected to observe thatk and Akt signaling to

be downregulated in cortices of XRxposed mice. Studies using animal models exposed to VPA
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have revealed extensive brain structural differenceslatlarlevels(Nicolini et al., 2018) For
example, exposure to VPA at day 12.5 of gestation led to a reduction in neuronal cell number in
the prefrontal and somatosensory cortices in murine embryos (Kataoka et al., REs3).
alterations serve as indicators awnregulation of neurotrophic factors including BDNF and
dysregulatedlowrstream signaling pathways, suchkag and Akt (Kim et al., 2006) Of note,
Nicolini et al., 2015 reported that VPé&xposed rats exhibit decreased activation of key proteins
involved in theAkt/mTOR pathway, includind\kt itself, mMTOR, 4EBP1, and S6. LM22A4,

being aTrkB agonist, was anticipated to activate Th&B receptor and subsequently stimulate
downstream signaling pathways, includikt andErk. By activating these pathways, LM22A

treatment may counteract the adverse effects of VPA exposure on neuronal signaling and function.

The goal of this specific aim is to investigate the behavioral effects of VPA prenatal exposure and
the potential rescue of these effects through the administration dfkBeagonist LM22A4.
Additionally, the study analyze&rkB signaling pathways, includingrk and Akt, to understand

the molecular mechanisms underlying the observed behavioral changes in response to VPA
prenatal exposure and the potential rescue by LM22#&atment. The goal is to determin&rikB

agonist treatment can mitigate the &eloral and moleculathangegTrkB signaling pathways)
induced by VPA exposure, providing insights into the causative rol€rk signaling in
idiopathic ASD. By investigating the effect of LM22Aon BDNF andl'rkB and their signaling
pathways, we aim to understand how the activation or modulatibrkBfinfluencesASD-related
behavior. Since LM22A4 is a specific agonist dirkB, the result of this aim helps us to understand

the role of TrkB signaling at molecular and behavioral levelsidiopathic ASD, beyond an
association found in previous studies. This specific aim involves the assessment of protein levels

of TrkB signaling hub molecules, includifgykl/2 andAkt.

57



Specific aim 3Investigates the relationship betwedldRR1 and BDNF expression in mouse
primary cortical cell culture: This aim seeks to elucidate the molecular mechanisms that regulate
the BDNFTrkB pathway inidiopathic ASD. We aimed to understand the potential role of the
NURRZ1transcription factor in cortical BDNF regulation and its effects on BDNF expression under
different conditions. Specifically, we investigated the correlation between catiit@R1 and

Bdnf expression in response to both actihdgpendent (nmmabrane depolarization) and
independent (resting membrane potential) states. Additionally, we treated primary cortical neurons
with amodiaquine (AQ), a known stimulator 8SURR1's transcriptional function, to explore the
causal relationship betwe®&URR1and BDNF and asseBRJRR1s potential regulatory role on
BDNF expression. SilencinlURR1 allowed investigation of the specific effects NURR1
downregulation oBdnfexpression. We employed siRNA to sileNlgRR1expression in cortical
neurons. The resulenabled us to gain a comprehensive understanding of the relationship between

NURR1andBdnfexpression at the transcriptional level.
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Abstract

Introduction: The common practi ce o0 {weelkdd) migginanimall i par o
studies for breeding may lead to pregnancy complications and negatively affect offspring
development. Further, the lack of maternal experience could potentially affect mategmahd

influence the social behavior of offspring. The present study aimed to investigate the impact of
maternal age and parity on pregnancy complications, neurodevelopment, and social behavior in

mice.

Methods. Three groups of C57BL/6N mice included offspring of young primipara (<3 months

ol d) , andounthold) p(indipar@, and adult secundipara. In mothers, gestational outcome
including success of copulations, gestation period, litter size, and miscaniagesassessed.

Offspring development (tail length, weight gain, and-epening onset) were assessed on
postnatal days ® 7 1 9. Behavior al assays for -bkefsprin
behaviors by the stegoown test on B29 and marbldurying test on B31, locomotor activity and

social behavior by the-Bhamber test onB82-33, and olfaction by the buried foee@eking test

on FD34.

Results First time pregnancy in young dams was linked with complications including high rate

of failed copulations, premature birth, smaller litter size, and litter loss. On early postnatal days,
offspring of young primiparous dams showed delayed developmergared to the offspring of

older primiparous and secundiparous dams. However, these differences disappeared as
development progressed. Parity did not influence body weight or tail length of young offspring of

older dams, but older offspring of youpgmipara were significantly bigger than those of older
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secundipara. Offspring of young primipara exhibited significantly more olfatspgnxiety, and
repetitive behaviors compared to the offspring of older secundiparous dams, but no locomotor
difficulties. Sociability was impaired in offspring of young primiparous mice. Interest in social

novelty was also impaired in these mice, as alin female offspring of older primipara.

Conclusions Older maternal age and prior motherhood provide protective effects against anxiety,
social impairment, and olfactory deficits. In contrast, yeagg pregnancy and nulliparity are
associated with gestational complications and delayed offspring developrhenefore, when
breeding mice for behavioral studies, it is important to consider the impact of parity and maternal

age as confounds.
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Introduction

In mouse modeling applications, confounding effects introduce misinterpretations of findings
that can challenge the translational value (Canales and Walz, 2019). Data variability due to
physiological confounders negatively impacts the reproducibility atapdity, and replicability

of animal behavioral studies which has been an acknowledged concern for decades (Farine and
Whitehead, 2015; National Academies of Sciences, 2019; Schellinck et al., 2010). Detecting and
ruling out the sources of confoundersespecially crucial in research that studies the social
behavior of mice, including autism spectrum disorder, social anxiety disorder, and schizophrenia
(Silverman et al., 2010; Yee and Singer, 2013). For example, anxiety decreases sociability and
explorabry activity in mice, and thus, making the data from behavioral assays-tikar8ber

sociability task unreliable (Silverman et al., 2010).

To improve the quality of the study and reduce data variability, researchers usually plan their
experiments considering different variables including physiological factors such as species,
strain, age, and sex, as well as estrous cycle of mammalian féBi@lendDebrabant, 2020)

Most importantly, using inbred strains of mice, notably the most used strain C57BL/6 (also
referred to as ABlack6," "B6," or "C57Bl ack),
neurobiology of social behavior, to reduce the variabilityhefrtdata. C57BL/6 mice are widely
considered as the gold standard inbred strain for genetic, pharmacological, and behavioral
experiments, as well as for human disease modeling and as a background for creating knockout
and transgenic mice in various fiel@=oldi et al., 2011; Mekada et al., 2009; Zurita et al., 2011)
However, not only do inbred strains differ genetically from one another, but also individual mice

within a strain may show interlitter and intralitter differences in behavioral assays, regardless of
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their identical genetic background (Gridgeman et al., 1951). One example that introduces such
variations is the effect of parental physiological condition on offspring behavior and health,
notably maternal age and parity. Notwithstanding the impact of mateao@rs including
maternal age at pregnancy and parity on several aspects of offspring development and behavior,
both in humans and rodents (Banik et al., 2017; Denenberg et al., 1962; Ehrenthal et al., 2013;
Kagohashi et al., 2005; Richetto and Ri2@]14), maternal early pregnancy and parity have been
relatively understudied in animal behavioral reseanmtt mouse modeling of neuropsychiatric

disorders.

While pregnancy can occur after the onset of puberty in both humans and rodeetsential

to distinguish between the ability to reproduce and the optimal conditions for offspring support.
An optimal pregnancy is supported by a fully developguroductive system (Kapadia et al.,
2021; Wahyuni and Miftahussurur, 2020). Adolescent pregnancy (defined as younger than 20
years old in humans and younger than 3 months old in mice) (Kapadia et al., 2021; Wahyuni and
Miftahussurur, 2020) is often accoampedby gestational complications in humans and rodents
(Yang et al.,, 2021Gaeva et al., 2019; Shaklychesampanets, 2011; Yang et al., 2021).
However, pregnancy effects on physical health are not only limited to the length of parturition
but rather last for a significant period posproduction (Deems and Leuner, 2020). Adoknt
pregnancy is associated with shand longterm effects on health of mothers and offspring and

is mainly a topic of interest in human studies. In rodents, the effects of advaatdal age (>

8 months) on offspring development, growth, health, maptoduction (Holmes et al., 2005;
Khurana et al.,, 2022; Kokorudz et al.,, 2023) has attracted relatively more attention than
pregnancy at a young age. In fact, when it comes to the impact of pregnancy at young age on

offspring health and behavior, thereediew studies available in the literature. One study,
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conducted in mice, showed that adolescent pregnancy is linked to high levels of cortisol and low
levels of brairderived neurotrophic factor (BDNF) in newborn mice, a condition that leads to
apoptosis of neuror(Bayo et al., 2023Considering the key roles of BDNF in brain growth and
cognition (Sahay et al., 2020), it is possible that adolescent pregnancy hasriongegative

impacts on offspring social behavior (Berry et al., 2015; Sahay et al., 2020).

It is also known that a single pregnancy in mice, rats, and humans provides lifelong physiological
advantagesuch as modified gene expression profiles and resilience to injuries and insults
(Boulanger et al., 2004; Breyere and Barrett, 1961; Dall et al., 2017; Deems and Leuner, 2020).
A successful pregnancy can reduce the risk of mammary cancer due to horntmalahaes
(Boulanger et al., 2004). Since mice are an altricial species, pup survival is highly dependent on
the ability of mothers to care for thditters. Dammediated behaviors such as cannibalism and
neglect can result in litter loss shortly after birth (Elwood, 1991). Poor mateghavior (for
example, nest building) caaiso lead to hypothermia or malnutrition in the offspriNgwak et

al., 2000; NowalkandLévy, 2010) Such adverse earlife experiences are associated with short

and longterm negative effects on offspring behavior in rodéidesva et al., 2006; Holmes et al.,
2005; Pallarés et al., 200&0d in humangDube et al., 2003; GilmemdMcKinney, 2003; Scott

et al.,, 2010; Skeer et al., 2009Ve hypothesized that young nulliparous dams experience
pregnancy complications, leading to delayed development and poorer social behavior in their first
litter compared to offspring of older dams withpr@vious experience of pregnancy and

motherhood.
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Methods

Animals

Eightweekold C57BL/6N mice were purchased from Charles River Laboratories (Cuebec,
Canada) and subjected to breeding at 12 weeks of age to maintain a colony. Male mice were
housed singly, and female mice were grbwpised in plastic cages (4 per cagefer standard
lighting (12hour light/dark cycle, lights on at 6:00 am), ambient temperatui2®C), and
humidity (40% 70%) with ad libitum access to food and water at McMaster Central Animal
Facility (Hamilton, ON, Canada). The Animal Research Ethicar® at McMaster University

approved all animal research in this study (#12237).

Ex per i me n tThelcurrgnt studyp used three groups of mice to investigate the
impact of maternal age and reproductive history on outcomes in the offspring (explained later in
this section). The first group compeekoslled of f
The second group consi sted of -monthbld) pulliparogs of f L
dams. These mothers had never been pregnant or given birth, allowing us to investigate the
potential impact of maternal age when compared tditstegroup on behavioral outcomes and
healthcharacteristicsf the offspring. Finally, the third group included offspring of fully sexually
mature dams that were coupled for breeding at the same age as the second group but had
previously undergone one pregnancy and motherhood. Offspring of these mothers weeel inclu
to determine the impact of a previous maternal reproductive experience on offspring of
subsequent pregnanci€®r behavioral assessments of offspringneimum of two animals per
sex was ged from each litter per group to avoid litter effects. The number of animals used in

each experiment is specified in the figure legends 8 9 ) .
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Br eedi n g Fopbreeding,demhle mice were paired with male mice of the same
age. When we assessed the gestational complications in dams, we categorized mice in three
groups. Youngulliparousdamsreferringto young dams that have not given birth before and
were paired for breeding. This group were pai
of age). The sexwually fully matured (adul t)
Adult dams intude two groups based on their historypoégnancy: (1) Adulbulliparous dams,
indicating older dams that have not given birth before and were paired for breeding for the first
time; and (2) Adult Primiparous dams, indicating older dams that have given birth once and were
paired for breeding a second time. Femaleemiere exposed to the bedding from male cages
and evaluated daily for vaginal opening. Stages of the estrous cycle were determined by vaginal
morphological observatiofAjayi and Akhigbe, 2020) When female mice were at proestrus
phase (the vaginal entrance appears large, swollen, and moist with pink tissue and striations on
the vulva's dorsal and ventral lips) or at the initial onset of estrus phase (a wider opening
compared to the proestrusgse, but less pink/swollen/moist tissues, and more visible striations),
one female mouse was moved to each male cage for breeding overnight (16 hours). We checked
the presence of a copulatory plug 2, 4, and
separated from males and caged individually upon detection of the copulatory plug or 16 hours
after pairing. We further confirmed a positive pregnancy by measurement of weight gained after
copulation and during the gestational period, 5,7,10, and 13 days@fulation. We considered
animals to have had a miscarriage if there was a significant weight gain from gestational day 5 to
13 (GD5 13) relative to their preopulation state, followed by weight reduction. A missing
sperm plug, and no weight gainl3 days postopulation indicated a failed mating event. We

kept the mice in theitages for 23 days after pairing to ensure there were no pups in the cage.
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Furthermore, each episode of copulation resulting in a pregnancy was counted as a successful

copulation, regardless of whether it resulted in the birth of a litter or a miscarriage.

Assessment of neurodevelopmentaharacteristics

Mouse growth curves were generated by analyzingspgeific traits, including mouse body
weight during infancy, the juvenile stage, and young adulthood, as well as postnatal tail length
and onset of eye openir{@®heesand Atchley, 2000; Roubertoux et al., 198%jor maternal

weight gain analysis, we further measured the weight of pregnant mice at GD13 and after birth
and lactation on weaning day (PD22). We verified the presence of a litter and counted the number
of pups at postnatal day (PD) 0.5 to determine the litter sisecducted the assessments at
9:00 am, 2:00 pm, and 6:00 pm to ensure that the dams had already given birth by the time of our
observation. We counted the number of viable pups in each litter upon detection of the litter in
the cage. We meared the weight of each pup in the litter and used the average weight per litter
to calculate the weight of the offspring. We also calculated and reported the average weight per
litter normalized to the maternal weight at conception. Eye opening onseteeassired based

on daily observations from PD10 to 19, twice per day at 9:00 am and 6:00 pm.

Behavioral assays

Animals underwent a-Bay habituation period involving handling by both experimenters' hands

and an enrichment tube, with each habituation session lasting 2 minutes per mouse.

Stepdown test (PD29)This test quantifies acrophobia, an anxiethated behavior in mice

(Anisman et al., 2001). Mice were individually placed on a raised platform (12.5 x 8.8 cm
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high). The platform was positioned in the center of a dark box (46 x 463dnem high). The
tests were conducted under dim light. Hmire session was video recorded anddtency for
all four paws to step down from the platform was measured. The duration of the test was set at
15 minutes. Mice thadid not pass the test were excluded from subsequent tests and substituted

with a littermate.

Marble burying test (PD31)I'he marbleburying test measures digging repetitive behavior, was
conducted following a previously described protocol (Kraeuter et al., 2019). Briefly, the cages
were filled with clean bedding material (3.5 cm height). To prevent anxiety induction Nging

and Handley, 1991), mice were habituated to the cage setup for 5 minutes before temporarily
being placed in another cage. In the absence of mice, fifteen cleaned and dried glass marbles in a
3 x 5 arrangement were laid on tdftlee bedding. Flat lids were used to cover the cages during
5-minute habituation and duration of experiments. We observed that using flat lids to cover the
cages during marble burying tests helps reduce competitive repetitive behaviors, including
jumping.The total duration of the test was 30 min. A marble was considered buried if more than
75% of its surface was covered by bedding material. To ensure unbiased assemsenent,
experimenter conducting the test was blind to the experimental group, minirpiziegtial
influences on the interpretation of resuksirther, pictures were taken of the cage setup with
marbles laid on top of it using a camera fixed on a tripod from a specific distance. After the test,

a second picture was taken from the same distance of the lens to the surface of the cage. The 75%
covaage requirement of a marble to be considered buried was confirmed based on the surface of
the marble calculated from the before and after test pictlies. blinded experimenter's

interpretation of thelata and the surface calculation matched in our experiments. However, if
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discrepancies had arisen, involving a second blinded assessor to independently evaluate the data

and images would be a prudent approach.

Threechamber test (PD333). To assay social behavior, we followed a procedure of the 3
chamber sociability test called the thygedh a s e TR8wvwel aBoci al 6 protocol
2019). Briefly, the test consists of four trials each lasting for 10 minutes. Trials 1 and dwere
habituation and were not video recorded. Trials 3 and 4 were used to test sociability and social
novelty and were video recorded. In trial 1, the focal mouse was habituated to the apparatus
containing an empty pencil cup each side of the apparatus. In trial 2, the mouse was allowed

to interactwith identical inanimate objects placed under each pencil cup. In trial 3, the mouse
was allowed to interact with a stranger mouse (same strain and sex; similar age and weight) as a
social stimulus, and a novel object as a-soaial stimulus in the otheup. In trial 4, the novel

object from trial 3 was replaced with another stranger mouse. Therefore, the focal mouse was
free to interact with the novel mouse and now the familiarsadrtom trial 3. We reversed the
location of the novel object/novel mouse (trial 3) and novel mouse/familiar mouse (trial 4)
between right and left sides of the apparatus between mice. The time spent in each chamber, the
distance moved, and the velocityrmbvement were quantified by EthoVision software (version

6.1, Noldus, Netherlands). Moreover, the data analysis extracted from trials 3 and 4 using
EthoVision software includes locomotor activities, specifically total distance moved and average
velocity. This entails the cumulative measure of the distance covered by the mouse during trials
3 and 4, serving as an indication of the overall activity level of the mouse. The mean speed of
movement exhibited by the mouse during these trials offers insighte@typical pace at which

the mouse navigates the environment. Since the analysis was conducted using software without

the involvement of a human experimenter, blinding was not deemed necessary for the experiment.

91



Buried foodseeking test (PD34Animals were habituated to palatable food (Marshmalldwy,
NameBrand) in their cages for 5 days before testing. Animals were monitored during habituation
to the palatable food to ensure they exhibited a tendency to eat the food. Importantly, we did not
observe any animal in our study showing aversion to the paldtadule This test measures the
ability of mice to use their sense of olfaction for foraging. Animals were deprived of food for 5.5
hours prior to the test but thad libitum access to water. The test mouse was allowed to explore
the cage containing 3.5 cm of clean bedding for 5 minutes. Subsequently, the test mouse was
transferred to a new cage with a lid and covered with a black cloth. The palatable food
(marshm#dow with a 2 cm diameter and 1 cm height) was buried 2 cm beneath the bedding
material of the original cage. The test mouse was then returned to the cage and the time measured
until it uncovered the hidden food. The duration of the test was 15 minutsssshsents were

conducted by experimenters who were blinded to the conditions, ensuring unbiased evaluation.

Statistical analysis

Statistical analyses were performed using SPSS software (Version 26, IBM Corp, Armonk, NY).
GraphPad Prism (Version 9.0.0, GraphBaftware, LCC, San Diego, CA) was used to generate
graphs. A power calculation using G*Power (version 3.1.3) was performed when trends were

evident in the data. We provided comprehensive details of the power analysis within the context.

Homogeneity of wvariances wa dVikaestooenermaity wasy L ev
used to test the normal distribution of dat¢hen homogeneity of variances was confirmed, we
employed ANOVA analysis to discern distinctions among groups. Upon detecting significant

differences, we pursued either Tukey's post hoc analysis, in instances of equal sample sizes, or
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Gabriel's test, when sample sizes varied across groups. Conversely, when homogeneity of
variances was not met, ANOVA's assumptions were deemed violated, leading to the adoption of
Welch analysis as a more suitable alternative. Subsequently, to identifficaigt group
disparities, the Gamdsdowell post hoc test was employed, accommodating both unequal sample

sizes and variance heterogeneity.

Repeated measures ANOVA was conducted where the same mouse was assessed for
neurodevelopmentaharacteristicat different time points during postnatal period. To analyze
eyeopening data, we performed a thieay ChiSquare statistical analysis, considering the
independent variable as the counts associated with the binary outcormapéeyeg). The
analysis exained theinteractionof group, eyeopening status, and postnatal duration. Further,

we conducted a Fishé&reemarHalton (FFH) Exact Test (2x3 ctingency tables) to detect an
association between the egpening status of mice and teperimental groufor each postnatal

day. The FFH Exact Teptvalue determines whether there is statistically significant association

between the groups.

The marble burying data entails counting the number of marbles animals bury, represented as
non-negative integers, with values bounded below by zero and above by the total number of
marbles present. Due to this inherent characteristic, we refrained fragmoesmal linear models

like thet test and ANOVA. These models assume unbounded data and constant variance between
groups, making them susceptible to generating misleaduadues (Lazic, 2015). This decision

was based on analysis that showed these imygadd misleading fvalues in this context (Lazic,

2015). Instead, we employed generalized linear models (GLMs), specifically utilizing either

Poisson regression or a negative binomial distribution based on goodness of fit (Lazic, 2015;
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Zuur et al. 2009). This approach is suitable for count data and effectively addresses the specific

characteristicef marble burying data, as recommended by Lazic (2015).

Given the small groupizes and natural variation in this animal study, we did not exclude the
outlier values from the analysis to maintain the integrity of our dajasetO. wais considered

statistically significant.

Results

1. Young age pregnancy and nulliparity was accompanied by gestational

implications

Maternal age and parity jointly increase tHiéelihood of successful copulation

Before exploring the developmental and behavioral aspects related to offspring, we initially
investigated the influence of parity and young age pregnancy on parameters in pregnant dams.
Our study involved three distinct experimental groups: (1) Young &infy nulliparous dams):

This group comprised young dams that had not given birth before and were paired to give birth
to their first litter. Notably, the number of dams paired in this group that failed to achieve
pregnancy was significantly higher compatedhe older primiparous dams. (2) Adult P1 (adult
nulliparous dams): This group consisted of older dams that had not given birth before and were
paired for breeding for the first time. (3) Adult P2 (Adult Primiparous Dams): This group included
older damghat had given birth once and were paired for breeding a second time. We paired these
three different groups of dams at their early estrous or proestrus phases withageamade

animal for 16 h. To understand if maternal factors and the outcome d&ttopwvere associated,
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we conducted a twtailed FisheifFreemarHalton Exact Test (Fig. 1). The outcome of copulation

was represented as a binary variable, with 0 indicating copulations that did not result in pregnancy
and 1 indicating copulations that did lead to pregnambg. strength of observed associations
was determined based on Cramerds V test anal
explained (Akoglu, 2018). We found a significgmt .015) and anoderate t@trong association
(Cramer 6s V c o etivden the autcame of copuatoB8 and group. Using the
Bonferroni correction(§ = .008), it was revealed that adult dams with a previous history of
pregnancy had a significantlg € .005) smaller number of unsuccessful copulations and a larger
number of copulations that led to pregnancy compared to the young dams without a previous
history of pregnancy. As presented in Tableydung dams that were paired for their first
pregnancy had a greater percentage of failed copulations versus successful cofutiéns

failed vs. 26.9% successful). Similarly, the portion of failed copulatory events in older mice for
their first pregnancy was still larger than the percentage of successful copulations (63.6% failed
vs. 36.4% successful). In contrast, most copulatepnts for older dams with a previous history

of pregnancy and motherhood led to pregnancy (14.3% failed vs. 85.7% successful).
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Tabll ePercentages of successful andekxpéefethenbalul at
groups.

Copulatory events Groups Total
Young P1 Adult P1 Adult P2
Failed Count 19 7 1 27
% within total failed copulations| 70.4% 25.9% 3.7% 100.0%
% within Group 73.1% 63.6% 14.3%
% of Total copulations 43.2% 15.9% 2.3% 61.4%
Successful Count 7 4 6 17
% within total successful copulations | 41.2% 23.5% 35.3% 100.0%
% within Group 26.9% 36.4% 85.7%
% of Total copulations 15.9% 9.1% 13.6% 38.6%

Perinat al mortality was hi gdompareditmyouagkrudams, d a ms

but no significant association was found between pregnancy outcome and group

Perinatal mortality rate in embryos of adult dams experiencing their first pregnancy wastwo
higher than in those of younger nulliparous dams (Table 2, 40% versus 20%). Further, the chance
of spontaneous pregnancy loss in young and adult dams exjegi¢heir first pregnancy was
greater compared to adult primiparous dams-{dldl and 2.8fold, respectively) with 14.3%

failed pregnancy events.

Tab2l ePerinatal mortality rate and preterm pregne:é
Group N Successful Miscarriage

Young P1 15 12 (80.0%) 3 (20. 0%)

Adult P1 5 3 (60. 0%) 2 (40. 0%)

Adult P2 7 6 (85. 7 %) 1 (14. 3 %)
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Young primiparous pregnant dams exhibited shorter gestational periods than adult pregnant

dams,irrespective of parity

A FFH analysis found a significanp € .024) and a stron@¢r amer 6 s = @.580)rassociation
between pregnancy length and group on GD18.5 (Fig. 2). Young primiparous mothers had shorter
pregnancy lengths compared to the adult pregnant dams, regardless of parity. As shown in Table
3, 53.8% of pregnant dams in this group gavéhkas early as GD18.5, while 25.0% of older

first-time mothers and 33.3% of adult parous mothers gave birth a day later, on GD19.5.
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Exact(pFesD24) foll owed bwn&€rambB80g WVMndioedfi
strength of. tlhrer aBEMan at i M n)

Tab3dl eFrequency of pregnancy outcome on each gest a

Group GD18.5 GD19.5 GD20.5 GD21.5

Pregnant Partum Pregnant Birth  Pregnant Birth Pregnant Partum
Young P1 46.2% 53.8% 7.7% 92.3% 0.0% 100.0% 0.0% 100.0%
Adult P1 100.0% 0.0% 25.0% 75.0% 0.0% 100.0%  0.0% 100.0%
Adult P2 100.0% 0.0% 33.3% 66.7% 16.7% 83.3% 0.0% 100.0%

* Pregnant: mice were stil]l pregnant at a spe
their |itters at a specific gestational day.

Young dams had lower weights at conception compared to older parous dams

We found a significardifference between the groups for maternal weigh at conceptiorOQL,
oneway ANOVA,; Fig. 3). The weight of young dams at the time of first conception was
significantly lower than that of older dams with one previous history of pregnancy and
motherhood f§ < .00L, Gabrieldbs test; Fig. 3) . We found
adult primiparag=. 151, Gabriel s test; Fig. 3) por adu

=.101, Gabrielbés test; Fig. 3).

During pregnancy, the gained weight at dé@yand 13 did not differ between the groupsofo

= .244, Welchest; Fig. 4a anfep1z= 0.923 oneway ANOVA,; Fig. 4). As depicted in Fig. 5,
body weight of dams in three groups remained unchanged on weaning daygRR283, Welch

test Fig. 5. Therefore, the initial weight difference between young primipara and adult

secundipara groups was no longer observed after tdayAursing and lactation period.
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Maternal age and parity influenced litter size, with larger litters observed in adult

secundiparous mothers compared to the young primipara

In our study, advanced maternal age and parity had no effect sexthatio of offspring
=.444 oneway ANOVA,; Fig. 6a). In our studyno sex ratio distortions at birth were observed
in offspring of young or old primiparous dams. Our power analysis=D.8) suggests that the
actual power of our analysid € 0.802) was adequate to reach the conclusion. Additionally, the
observed medium effect size (F 8380 using Cohen's (1988) criteria, indicates that a small
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effect may achieve statistical significance with a sufficiently large sample size (N = 147).
However, increasing the sample size does not guarantee an increase in practical significance,

since the observed effect size is small.

In contrast, maternal factohsid a considerable effect on litter sipe=(041, oneway ANOVA;

Fig. 6b). | n refars to #he numblerioftoffspring bern im @&single birth event, often
referred to as a littemhe litters of adult secundiparous mothers at bughe substantially larger

than the litters of young firdstme mothersg=.036¢ Gabr i el ). sloweverswe founBi g. 6
nodifference in litter sizes between young and adult primiparous g@8.60Q Gabr i el 6s

Fig. 6D or between adult primipara and secundippra.542 Gabr i el §.s t est ; F i
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2. Young primiparous mothers' offspring had delayed neurodevelopment on early

postnatal days, followed by an abnormal rapid growth in adulthood

Young primiparous mothers' offspring had lower body weight initially but recovered by PD11

To gain a more complete understanding of a mouse's developmental progress, we monitored a
combination of developmental factors, including body weight, tail length, and eye opening

(Rhees et al., 2000).

Significant body weight differences appeared from PD7 to PD10 between the experimental
groups, as it is shown in Fig. The results of theepeated measure ANOVA analysis
(Greenhousé&seisser)indicate that there is a significant effect of time on body weighte =

.008), suggesting that body weight changes over the postnatal period. However, there is no
significantinteractionbetween time and grouge x group= .471), indicating that the rate of
change in body weight over time does not differ sigantly between the three groups of mice.

In simpler terms, it means that as the mice progress through the postnatal period, their body
weights change significantlifhis change is not influenced differently by the group they belong

to. However, performing a on@ay ANOVA for each day clarifies whether there are significant
differences in body weight among the three groups of mice at each specific day of the postnatal
period. This information can provide more detailed insights into yinardics of body weight
changes over time and how they differ between the grdupneway ANOVA followed by

Ga b r i efbuddssigrifieast differencebetween the groudsr specific postnatal days (PD7,

8, 9, and 10; Fig. 7 and Table 4) between theigsdOffspring of young primiparous mothers

showed significantly lower body weight compared to the offspring of adult secundiparous
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mothers at this early stage of postnatal developnéigt 7 and Table 4)No significant
differences were observed between the two groups of offspring of primiparous dams (young and
adult mothers) during development, regardless of their difference in maternal age. However, due
to increasing weight gain of young primipara offeg, the observed differences between the

groups disappeared on PD11 and remained unchanged a{H®.12 and Table }
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P1: offspring of adult primiparous mot hers
mot hre(r&Gr.oup size) indicates the number of
Group sizmesund=m®liuderd ,mander3d (Tapl© SQH. *
*p O. .Brlr oSEMar s: N

Table4. Comparative body weight measurement during developmenonéivay ANOVA
andGabrielposthoctest results from PD7 to PD10.

Experimental Groups PD7 PD8 PD9 PD10
Young P1  Adult P1 0.296 0.665 0.935 0.770
Adult P2 0.049 0.006 0.028 0.044
Adult P1 Young P1 0.296 0.665 0.935 0.770
Adult P2 0.484 0.044 0.096 0.227
Adult P2 Young P1 0.049 0.006 0.028 0.044
Adult P1 0.484 0.044 0.096 0.227

* The provided values in the table repregentlues.
** The bold numbers are statistically significanvalues.

Young primiparous mothers' offspring had short tail length initially which recovered by PD10

In mice, tail length can be a factor considered in assessing development, particularly during the

early stages of life (Rhees et al., 2000).

Repeated measure ANOVA analysis found a significant difference between the groups for tail
length measurements over time<(.001).However, there is no significamtteractionbetween
time and group (e x group= 0.988), indicating that the rate of change in tail length over time

does not differ significantly between the three groups of mice.

Similar to body weight changes, significant tail length differences between the groups were

observed in early postnatal development, from P&7and9 (p = .014,p= .013,p = .048,
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respectively, onavay ANOVA,; Fig. 8). However, after PD9, tail length of the three groups of

mice did not differsignificantly ppi0=.437,ppp11= .247,ppp12= 0.695, respectively, ongay

ANOVA; Fig. 8). Offspring of young primipara had significantly shorter tails compared to those

of adult primipara (Table 5) ddaD7 o= . 015, Gand8 AtD9fHps t 688) Gabri
test). \e detected an increasing trend in the tail length measurement of young primipara offspring
when compared to the aduyltimipara groupf=.067, Gar i el 6 s tWhenthetailabl e
length was compareoketween the offspring of young primipara and adult secundipara on PD8,

we observed a significant differenge . 02 7, Ga b r i Nobighificart differencest a b | e
were observed for tail length measurements between the groups during development, regardless

of their difference in maternal age (Table 5).
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Tabb% e Comparati ve

tail

Gabri éhlocpadasetst results

|l ength
from PD7

Experimental Groups PD7 PD8 PD9
Young P1  Adult P1 0.015 0.038 0.067
Adult P2 0.105 0.027 0.101
Adult P1 Young P1 0.015 0.038 0.067
Adult P2 0.598 0.996 0.981
Adult P2 Young P1 0.105 0.027 0.101
Adult P1 0.598 0.996 0.981

* The numbers in the table represpatalues.
** The bold numbers are statistically significanvalues.

Eye-opening onset showed a strong association with maternal age and parity on postnatal days

11 and 12, particularly in offspring of adult secundipara

To investigate whether the onset of @pening (categorized into three levels: both eyes closed,

only one eye opened, and both eyes opened) varied between the groups during postnatal

development (PD1@9), a threavay ChiSquare statistical analysis (gmu eyeopening status

x time) was performed. The Pearson -Shuare analysis revealed that the-egening was

significantly differed between the groups across postnatal developone0().

For each postnatal dayewseda threeway ChiSquare statistical analydisst for PD14, and

the 2taile FishefFreemarHalton Exact Test for other postnatal days (as the assumptions-of Chi

Square test were not met on these days) to understand if there is any association between eye

opening onset and maternal age and parity. (Figrable S2). We founthoderateassociation

between ey®pening onset and group on PD11 (.397) and PD12 (.316).
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Using the Bonferroni correction (calculateddss .006), our results showed that the offspring of
adult secundipara significantly differed from the other two groups in terms -@fp&yeng onset

on PD11. The number of adult secundipara offspring opening their eyes on PD11 were 20% of
the total numberfaffspring. None of the offspring of the other two groups opened their eyes on
PD11. 2.9% of offspring of adult primipara, aB®% of young primipara, opened one dge

the first timeon PD12 padutr1 = .007 andpyoungr1= 0.8).

12.0% of offspring in the adult secundipara group opened both of their eyes oiTRB hAmber
of mice in the young primipara offspring group that opened both of their eyes was 80.7% of the
total number of mice in this group on PD12. However, offspring of adult primipara opened both

of their eyes later than these two groups (PD13, 38.2%).
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Offspring of young primiparous dams were significantly heavier after the lactational period

compared to the offspring of adult secundiparous dams

We used average weight of all offspring in each litter on weaning day (PD22) for multiple
comparison analysis between the groups (Edg and c). Walentified a significant distinction
among the groups concerning body mass measurements ustagap@NOVA in males p =

.034 Fig. 10a). We also found a trend in females (048 oneway ANOVA, Fig.10c). Further,

we normalized offspring wean weight to the maternal weight at conception (Fig. 10b and d). This
method, provides insights into the influence of maternal factors present at the beginning of
pregnancy on offspring growth and development, allowing for a mormpehensive
understanding of the interplay between maternal conditions and offspring outdeondbe
analysis of normalized weaning weight of male offspring, significant differences between the
groups were observersing the Welch tesp .005), and for females, differences were detected

by oneway ANOVA (p =.003).

Our data show that the male offspring of young primiparous dams were significantly heavier than
those of adult secundipana£.0 3 5, G tedt Fig. £0h. 8l differences between offspring

of young and adult primipara or adult primipara and secundiparade¢eeted in malep(=

275,p = 0.722, respectively Gabr i e | a). Follewsngnprmaiizatopn to maternal
weight atconception, we observed a discernible impact of maternal advanced age at conception
on the litter weight of the primipara gro(ffig. 10b) Offspring of young primiparous dams were
significantly heavier than offspring of fully sexually matured secundiparous dams04],

GamesHowel | 6 sl0h).est ; Fi g.
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Female €fspring of young primiparous dams were significantly heavier than offspring of fully
sexually matured secundiparous damten their body mass were normalized to maternal body
massat conception=.003, oneway ANOVA; Fig. 10d. There were no discernible differences
betweenthe offspring of primiparap(= .145,Ga b r i e;IFi§.sl0d}oreoffspring of adult

primipara and secundipama€.143,Ga b r i e Figh 80d)t e s t

d.
*p=035
15+ ‘ p=.275
r= T I
) 00 p=0.722
s | \
25 v [ T |
N o] + o
O
Q=
98 *
o
Q
2
0' n=9 n=3 n=3

Young P1 Adult P1 Adult P2
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Offspring of young primiparous dams wegggnificantly heavier at young adulthood compared

to the offspring of adult secundiparous dams
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3. Advanced maternal age and parity had @ositive effect on offspring behavior

Young primiparousmale offspring exhibited increased anxietljke behavior compared to the

offspring of adult secundipara

We examined acrophoblike behavior, a form of anxiety in mice [and humansjng the step
down test (Fig. 12; Table S3)Ve found significant differences between thalegroups(Fig.

12a)using oneway ANOVA analysisbut not infemales (Fig. 12apfnaies= .039,premales= . 052).
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A power analysis (b = 0.8) for female data, suggests that the actual power of our andlysis (
0.821) is adequate to predict statistically significant differences or effects with a high degree of
confidence, given the chosen sample size and effectfsi3®& medium according to Cohen's
(1988) criteria). Adding 6 more samples to the young P1 and Adult P2 groups, and 5 more
samples to the Adult P1 group may lead to statistically significant differences between the groups.
Male offspring of young primiparous mothers spentarine on the platform before descending
compared to the offspring @dult secundipargdpmaes= .091, T u k e ¥Fi@.129. A posvér ;
analysis (1b = 0.8) suggests that the actual power of our analgsisQ.811) was adequate to
reach the conclusion. Additionally, the observed medaifect size { =.376) using Cohen's
(1988) criteria, indicates thadding onesampleto each groupmay lead toa statistically

significantp value.

In male offspring of primiparousiothers, advanced maternal ajgnificantly reduced anxiety
(p=.047, Tuk ey 6.9Nosigaificant differéences viel abserved between the offspring

of the two groups of adult mothergnges= 0933 Tukeyds test ; Fig.12a) .
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before descending compared to adpmai£s088cundi g

PFema¥F 52 I n male offspring of primipara, adv:
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Locomotor activity was not affected in offspring by maternal factors

Two main features of locomotor activity mice that were measured in thi@d@mbers taslre
thetotal distance moved in a specific duration of time (thteamber social taskiial 3 and 4,

20 min) and the averagelocity of walking (Table S4).

We did not observe any significant differences between the groups when we measured the total
distancemoved by malesp(= 0820, oneway ANOVA; Fig. 13a) and femalep € .192 Welch

analysis Fig. 13b).
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No significant differences were detected between the groups in terms afdtage walking

velocity of malesf = 0.741, oneway ANOVA; Fig. 14a) and femalep & 0.170, oneway

ANOVA,; Fig. 14b) based on our data extracted from trial 3 and 4 of-th@mbers task.
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Offspring of young primipara showed olfaction deficit compared to the offspring of adult

secundipara

Among males, we identified significant differences between the groups during the assessment of
latency to uncover the palatable food in the hidden food seeking testéyn&NOVA analysis,

p = .05, Table S5)As depicted in Fig. 15a, olfactory sensitivity was decreased in the offspring
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of young primipara&compared to the offspring edult secundipargp= . 045, TRk ey 6s !
15a). Nosignificant differences were detected between the offspring of young and adult
primiparap= . 200, Tukeyds test; Fig. l15a) , or bet

secundiparap= 0. 681, Tukeybs test; Fig. 15a) .

In females, also, aotable distinctionamong the groups emerged during the evaluation of
olfactory sensitivity 1§ = .025, Welch analysis, see Table SBlfactory deficits were observed

in the offspring ofyoung primiparacompared to the offspring @fdult secundipargp(= .037,
GamesHowell test; Fig.15b). Howeverno changes were detected between offspring of young
and adult primiparap(= .100, Game$lowell test; Fig. 15b) or offspring of adult primipara and

secundiparap= .271, Gameslowell test; Fig. 15b).
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Maternal lack of parity induces repetitive behavior in male and female offspring

Repetitive behavior was tested using the malbiying task for both sexes (Fig. 16 and Table
S6). In male groups, we found a significant main effect of group (Figp %a,001) by using a
generalized linear model (GLM) with negative binomial regression. The fithess of the model was
evaluated through the Ghguare test, yielding an appropriate vaioelegreesof-freedom ratio
(value/DF) of 0.678. Male offspring of adskcundipara dams buried significantly fewer marbles

(p < .00Y), indicating a 27.1%eduction compared to offspring of adult primipara. Same results
were obtained when this group was compared to male offspring of young primipara, they buried
significantly fewer marblegp(< .00)), reflecting a 27.1% reduction compared to male offspring

of young primipara. The buried marble performance between offspring of young primipara and

young secundipara was comparable.

Similarly, in female groups we found a significant main effect of group (Figp #,001) by

using a GLM test with Poisson regression. The fitness of the model was evaluated through the
Chi-square test, yielding an appropriate value/DF of 1.298. Offspring of adult secundipara dams
buried significantly p = .014) fewer marbles (40% reduction) than the female offspring of adult
primipara. They also buried significantlp € .002) fewer marbles (50% reduction) than the
female offspring of young primiparah@& buried marble performance between offspring of young

primipara and young secundipara were comparable.
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Offspring's sociability is adversely affected by maternal nulliparity and young age at

pregnancy

We observed a significant difference among the groups wbmparing the time spent in the
chamber containing a novel object and the chamber containing a novel mouse in botp males (

.024, tweway ANOVA,; Table ST and femalesp(= .040, two-way ANOVA; Table S8).

Sociability in male offspring appeared unaffected by maternal age or parity, as all mice displayed
a greater inclination towardsteractionwith the stranger mouse compared to the novel object.
This preference for the novel mouse was significant in the offspring of adult primipara and adult
secundiparaphdutt 1 < .001, padurt P2 = .002, 2tailed independent samplesest; Fig. 17a)We
observed an increasing trend in the time spent in the chamber with a novel mouse compared to
the chamber with a novebgect formaleoffspring of young primiparous mothens € .069, 2

tailed independent sampletest; Fig. 17a). A power analysisfE 0.8) suggests that the actual
power of our analysisd(= 0.811) was adequate to reach the conclusion. Additionally, the
observed mediuno largeeffect size { = 0.455)using Cohen's (1988) criteriéncreasing the
sample size to 10 samples in this group may leadstatistically significanp value.
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In females, offspring cddult primiparag = .004, 2-tailed independent sampletest) and adult
secundiparag(= .003 2-tailed independent sampleest)did not exhibitsociability deficits (Fig.
17b). However, offspring ofoung primiparous mothers exhibited no inclination toward either
the novel object or the novel mouse, suggestowgability deficits p = .05, 2tailed independent

sampled test;Fig. 17b).
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The results of social novelty assessments are shown in Fig. 18 (also Table S9 Gmphifidgant
differences between the groups in males-(019) but not femalegp(= .261)were observed

when comparing the time spent in the chamber with a familiar mouse and the novelTh@use.
means that, collectively, the groups of female mice do not show consistent and significant
differences in their behavior across the different chambers. However, as we show later by
conducting independent samplésst, thisloes nopreclude the possibility of finding differences

within specific groups when analyzed separately.

It was found that both male and female offspring of young primiparous mothers exhibited no
preference towards either the novel mouse or the familiar mpuge$ 0.525,premales= 0.678,

2-tailed independent sampletest; Fig. 18a and bln both sexes, offspring of adult secundipara
exhibited a preference for the novel mouse over the familiar mouse, suggesting the absence of
social behavior deficitgfales= .007,premales= .05, 2-tailed independent sampletest; Fig. 18a

and b). In male offspring of adult primipara, no social deficits were obsgned(3, 2tailed
independent samplegest; Fig. 18a). Conversely, in females, this group showed no preference
towards either the novel mouse or the familiar mouse, unlike mples 348, 2tailed

independent samplésest; Fig. 18a).
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Discussion

We demonstrated thatfluence of maternal factors including pregnancy at young age and lack
of parity goes beyond gestational implications and offspring delayed developmemaétang

impact of these maternal factors negatively shape offspring social behavior.

Our data suggest that the physiology of a young nulliparous dam is not optimized for a successful
pregnancy or for supporting a large litter. Young nulliparous dams are more vulnerable to
gestational complications in their first pregnancy, including failof conception, loss of
pregnancy, and premature birth, compared to older and parous dams. Pregnancy at a young age
and nulliparity compromise sexual receptivity and the success of pregnancy due to several
reasons including an immature reproductive systéamg et al., 2021Hill, 1932; McCallum et

al., 2018) hormonal imbalanceg®arbu et al., 2020)and nonreceptive mating behavi&utter

et al., 2016; WalandFrye, 2008) Our data demonstrate that most sexual encounters in young
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nulliparous dams do not result in a pregnancy. Also, the percentage of embryonic mortality is
significantly elevated in these mice. Our results are consistent with those studies using larger
sample sizes that showed maternal factors like age and paritynednlate the chance of
successful pregnancy. For example, Weber et al., showed that nulliparous C57BL/6 dams have a
higher rate of first litter loss (about 39%+= 111), compared to parous dams (for example, 27%

in mice with one previous successful pragay,n = 90) (Weber et al., 2013)A low rate of
conception and successful pregnancy has been also reported in youtigdingtegnancies in

rats (Zemunik et al., 2008).

One reason for neaptimal conditions for supporting the litter is that young dams are
underweight at conceptidBiggers et al., 1962)n our study, the dams that were not sexually
fully developed were smaller at the time of conception compared to the adult parous dams.
Similar results were observed in rgfBhame et al., 2010)Further, in accordance with the
previous findingsYang et al., 202)1 our data indicate that pregnancy at a young age is associated
with shorter gestation length. Pregnancy in laboratory mice (Mus musculus), including C57BL/6
mice, is 19 to 21 days (Finlay et al., 2015; Rosenfeld et al., 2003). Gestational lengthri;longe

laboratory rats (223 days) (Su et al., 2015).

Compared to older pregnant mice, more than half of the youndifirstpregnant mice gave

birth a day earlier, on GD18.5. This finding suggests a potential difference in the timing of birth
between the young primipara and the adult groups (primiparaeanddipara). Premature birth

in rodent models (PD15.5 21.5) i's associatec
postnatal developmental delays, and impaired cognition in offsf@ihgwandAgustin, 1966;
Schmiedecke et al., 2023; Su et al., 20Hg)wever, to our knowledge, there are no studies that

compare the molecular, structural, or behavioral profiles of rodent offspring born on GD18.5 and
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those born on other days as a result of maternal factors. Therefore, it is unclear whether there are

any differences in development or letegm behavioral outcomes due to premature birth.

Some studied mice (Rosenfeld and Roberts, 2004; Finlay et al., 2015), but not all (Balough et

al., 2021; Rugh and Wohlfromm, 1967; Suntzeff et al., 1962; Wang and Vom Saal,fad0q),

maternal age at conception can influence the sex ratio of the offspring. Possible reasons for the
inconsistency in the literature may be due to a multitude of confounding variables, such as strain,
pari ty, di et , t he mo torh @reserce op ani aojacent mate rdariogt e r i |
conception), maternal stress level and the time and mode of conception (whether mother was in
lactational stage when being paired for the peagnancy) (Krackow and Burgoyne, 1997, 1997;

Rosenfeld and Roberts, 2Q04andenbergh and Huggett, 1994).

In agreement with previous repofBiggers et al., 1962; Elwood, 1991; KrackewdHoeck,

1989; Mouse et al., 1967; RugimdWohlfromm, 1967; Whitaker et al., 2016ye also found

that a combination of advancing maternal age and previous history of pregnancy leads to the birth
of larger litters. Litter size is not a basic feature; it is affected by several environmental (light,
temperature, nutrition), genetic (strgi maternal (age, parity, ovulation rate, proportion of
fertilized eggs, and fetal absorption after successful implantation)fedsianaternal factors
(placental hormones) (Biggers et al., 1962; Drickamer, 1977; Falconer, 1971; Finn, 1963;
Kennedy and Kenedy , 1 %&gan; andGmime t1960). Previostsidies in rodents,
including C57BL/6J mice, have found an association between maternal \gaigbt during
pregnancy and litter sizéinlay et al., 2015) Regardless of the differences in weight at
conception and litter sizes, in our study, young primiparous dams did not differ in the weight
gained during pregnancy compared to the older dams. Although we are unable to determine the

causes with certaintyt is possible that maternal cannibalization shortly after birth is the cause
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rather than unsuccessful implantation. For a better understanding, additional studies with a large
sample size are needed to measina&racteristicéike the number of implantation sites, viable

foetuses, and corpora lutea from GD13 until shortly before birth.

The number of viable pups in each litter regulates shadt longterm physiological processes.
Small litters are accompanied by overfeeding of offspring due to the greater availability of breast
milk (ParraVargas et al., 20205mall litters result in reduced competition for milk during the
suckling period, which leads to increased food intake and faster growth, whereas big litters result
in more milk competition and slower growth rgtearraVargas et al., 2020)in our study,
offspring of young primipara were smaller during early infancy compared to offspring of
secundipara. Interestingly, significant differences in body weight and tail length that were
observed on early postnatal days disappeared after PDdd), &ffspring of adult secundipara
opened their eyes earlier compared to the offspring of primipara. Similar to our (e®visys
studiesshowed that small litter sizes are accompanied by rapid weight gewborns (Habbout

et al., 2013; Parrgargas et al., 2020; Salari et al., 2018; Ye et al., 2012). The results of such
research have shown that small litter size and fast growth rate are associated with several health
problems later in life like obesity, higher levadé anxiety and social deficits in offspring

(Habbout et al., 2013; Salari et al., 2018; Souza et al., 2022; Tanaka, 1998; Ye et al., 2012).

We foundthat a combination of early age pregnancy of dams and a lack of previous experience
of pregnancy and motherhood is associated with increased ahixé&behavior in offspring in

a sexdependent manner. Compared to the offspring of young primipamice, male offspring

of adult primipara, but not females, showed reduced anhieybehaviors, suggesting a
protective role of advance age alone. Also, in the presence of physiological factors like stressors

and psychiatric diseases, females are marieerable to develop higher levels of anxiety
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compared to the males (Luine et al., 2007; Schulz et al., 2011; Szabd et al., 2023; Veenema et al.,
2007). Besides small litter size (Habbout et al., 2013; Salari et al., 2018)mpdemal care
(Pedersen et al., 2011; Priebe et al., 2005; Wei et al., 20b0also be considered as possible
causes of higher anxiety in offspring of young primiparous mice compared to the offspring of
older secundiparous mice. Both in humans and rodents, raffepringinteractiors are related

to the dopaminelependent reward system in the br@@dimampagnendCurley, 2012)and are

under the regulation of hormones like oxytofflMumanandSheehan, 1997The link between
maternal care, parity, and oxytocin in mice has been studied exter{§laelyplo, 1971; Guoynes
andMarler, 2021; Pedersen et al., 200B6xytocinrdopaminenteractiors regulate motivational
aspects of postpartum, while oxyto@arotonininteractiors regulate other aspects of maternal
responses including nursing, aggression, and anxiety manag@amigitand Lonstein, 2022)
Impaired serotonin and dopamine metabolism in brain has been linked to poor maternal care in
mice (AngoaPérezand Kuhn, 2015; Gammie et al., 2008; Girirajand Elsea, 2009)low
reproductive fitness, and giving birth to small litté@rirajanandElsea, 2009)Similar deficits

are also observed in rgRinconCortésandGrace, 2021)Further studies are needed to measure
oxytocin, serotonin, and dopamine in adult and young primipara and adult secundipara. It is
possible that young and inexperienced young mothers do not provide sufficient care to nurse their
first litters because threquired hormonal system for proper maternal care is not fully developed

in their brains. Therefore, neglect of their offspring leads to higher anxiety in their offspring.

When animalgJones et al., 201 cluding mice(Wurbeland Stauffacher, 1997are deprived
of their mothers earlier than the normal weaning time, they exhibit high levels of stereotypic

behavior. One majareason is separation anxiety (Kikusui et al., 2004). However, another key
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factor contributing to this phenomenon is that these animals are not receiving sufficient maternal

care and nursing (Kikusui et al., 2004; Langen et al., 2011).

We detected sex differences in repetitive behavior. A combination of advanced maternal age and
parity provided protection for male offspring but not females from developing increased
stereotypic behavior that exists in offspring of young and older priouganothers. In our study,

the sole effect of maternal previous history of pregnancy and motherhood was sufficient to protect
the offspring from development of stereotypic behavior. Based on our finding, it is possible that
better maternal behavior proviiby experienced mothers plays a protective role. Another factor
that induces repetitive behavior in mice is overnutrition. A recent study in C57BL/6J mice found
a relationship betweeavernutrition and excessive repetitive behavior in mice (Wang et al.,
2023). Therefore, overfeeding of mice in small litters can contribute to offspring of young

primipara metabolic dysfunction (obesity) and increased stereotypic behavior.

In this study, sociability (preference toward a novel mouse versus a novel object) was impaired
only in female offspring of young primipara. However, when assessing social novelty (preference
toward a novel mouse versus a familiar mouse), we found impatitno¢h in male and female
offspring of this group. Further, social novelty was also impaired in female offspring of older
primiparous mothers. Therefore, female offspring were more prone to social deficits due to
maternal factors. Sespecific changes isocial behavior of mice due to early life adverse
experiences has been reported before, with a stronger influence on females compared to males
(Bondar et al., 2018)Social behavior of offspring is tightly linked to early life nutritional,
sensory, and communicational experiences. Postnatal overfeeding and adult obesity are
associated with reduced social play behaviors in rats and mice (Carvalho et al., 2016; Wang et

a., 2023). Maternal care and somatosensory contacts between littermates are crucial factors in
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regulation of offspring social behavior (Bell, 2018; Branchi et al., 2013; Champagne and Curley,
2009) (Branchi et al., 2013). Poor bonding between mothers and their young and development of
social deficits in offspring have been reported previously maatl mice (Branchi et al., 2006;
Linossier et al., 2021; Ragan et al., 2012). In rats, such interaction is responsible for offspring
social novelty behavior (preference toward a novel rat versus a familiaturaty adulthood
(Ragan et al., 2012urthermore, higher levels witeractionwith littermates (common in larger
litters) promotes social behavior (Branchi et al., 2013). Therefore, the social behavior deficits
observed in the offspring of inexperienced, young dams can be attributed to various factors
stemming from adverse infan@xperiences such as insufficient maternal care and limited

interactiors with littermates.

Limitations and future directions

While this study provides valuable insights into ther&aching impact of maternal factors,
including young age at pregnancy and nulliparity, on diverse aspects of offspring development
and behavior, it is crucial to recognize its limitations. The ssualyility to generalize findings,
particularly regarding the influence of maternal age and parity on pregnancy outcomes, could
benefit from increased sample sizes. For instance, our analysis, based on data from 44 monitored
copulatory events, suggests apiwe association between a history of previous pregnancies and
reproductive success. However, the relatively small sample size in this analysis differs from the
norm, where studies typicalipvolve sample sizes reaching several hundred (Hori et al., 2005;
Kokoci Bska et al ., 2017; Mi | | er et al ., 196 .

Therefore, largescale investigationand more extensive cohorts are necessary to confirm our
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results.Based on our literature review and power analysis conducted using our own data (as
described in detail in the results section), we anticipate that a sample sizel@iOlgi@bjects per

group will be necessary for assessing gestational capacity and reliéte@d. These criteria
notably include the number of failed conceptions, instances of preterm pregnancy, and any
deviations in sex ratios among litter group sizes. For behavioral assesspaeticularly in
evaluating anxiety and novel sociatyilpreferences, we find that adding 5 to 6 samples per group

should be sufficient to achieve a conclusive result with a satisfactory effect size.

Our study primarily investigates the effect of maternal age and parity, but various other factors
can influence offspring development. Depending on the nature of the research, it is important to
consider complexnteractiors between genetic, environmental, and epigenetic factors when

interpreting the observed outcomes.

Our study identifies differences in offspring behaviors without investigating the underlying
mechanisms and molecular pathways. There is a need for future studies to explore underlying
molecular mechanisms and signaling pathways that are influenced lsiraddeaternal factors
including adolescent pregnancy and lack of pa8pecifically, investigating pathways involved

in hormonal regulation, such as those related to oxytocin, dopamine, serotonin, and
corticosterone, is encouraged. These pathways piagat roles in maternal behavior, stress
response, and offspring development, making them particularly relevant for understanding the

impact of maternal factors on offspring outcomes.

Finally, in our study, we have focused on the early postnatal period, juvenile stage, and early
adulthood. Our study does not provide a comprehensive analysis etelomglevelopmental
outcomes. Investigating the persistence of these effects into aduitloadd be a valuable area

for future research.

142



Conclusion

Our findings reveal that maternal factors, including pregnancy at a young age and nulliparity,
lead todevelopmental delays in offspring and letegm adverse effects. Based on our findings,
such longterm effects manifest as impaired social behaviours in adulthood. In mouse modeling
and behavioral research, when studying relevant human behaviors like lsdwaior and
anxiety in a murine system, it is essential to consider maternal factors as key variables to avoid

introducing data variability and obtaining misleading results.
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Appendix

Tablle Body weight and Tai l l ength dat a.
Postnatal day  PD7 PD8 PD9 PD10 PD11 PD12
Body weight (g) Mean SEM | Mean SEM | Mean SEM | Mean SEM | Mean SEM | Mean SEM
Young P1 3.83 0.115| 4.45 0.085| 4.99 0.091| 5.47 0.081| 6.12 0.202| 6.49 0.300
Adult P1 4.18 0.105| 4.62 0.112| 5.08 0.177| 5.61 0.153| 6.02 0.787| 6.41 0.192
Adult P2 4.48 0.245| 5.19 0.221| 5.57 0.132| 5.97 0.156 | 6.38 0.299| 6.59 0.377
Tail length (cm) Mean SEM | Mean SEM | Mean SEM | Mean SEM | Mean SEM | Mean SEM
Young P1 2.12 0.039| 2.28 0.076 | 2.49 0.081| 2.72 0.056 | 3.00 0.142| 3.16 0.101
Adult P1 2.48 0.107| 2.64 0.045| 2.91 0.090| 3.11 0.075]| 3.32 0.011| 3.57 0.152
Adult P2 2.36 0.079| 2.67 0.115| 2.87 0.127| 3.11 0.163| 3.30 0.207| 3.45 0.379

* Groups include offspring of young primiparous dams

during postnatal devel opment.
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Table S3. Anxiety-like behavior data from stegiown test.

Female offspring Male offspring

Latency to descend (s) | Young P1 AdultP1 Adult P2 | Young P1 AdultP1 Adult P2
Litter #1 301 75 90 799 545 702

900 210 107 360 436 621
Litter #2 630 900 435 900 77 105

651 114 351 656 84 158
Litter #3 420 188 90 422 296 221

493 N/A 151 570 230 137
Mean 565.8 297.4 204 617.8 278 324
SEM 85.6 152.6 61.4 85.8 76.8 108.3
Group Size 6 5 6 6 6 6

Tablde ISocomotor activity dat a.

Female offspring Male offspring

Total distance moved (cm) Young P1 AdultP1 Adult P2 Young P1 AdultP1 Adult P2
Litter #1 4827.9 5370.3 45325 4715.3 3384.2 3684.9

4967.2 5551.2 4731.7 5192.4 6308.4 4491.4
Litter #2 5469.8 6206.0 4213.2 4703.0 3960.0 5172.6

5200.0 42454  4775.3 5672.5 4740.9 4139.7
Litter #3 3178.3 5238.4 5158.6 4095.7 4867.6 3983.2

2556.8 N/A 4482.0 3411.7 4250.5 4717.7
Mean 4366.7 5322.3 4648.9 46318 4585.3 4364.9
SEM 489.0 316.4 130.9 325.9 409.0 220.0
Group Size 6 5 6 6 6 6

Average velocity of movements (cm/s)
Young P1 AdultP1 Adult P2 Young P1 AdultP1 Adult P2

Litter #1 4.08 4.68 3.89 4.21 2.88 3.11
4.19 491 3.99 4.59 5.33 3.76
Litter #2 4.66 5.24 3.72 3.94 3.34 4.35
4.45 3.56 2.70 4.78 4.00 3.48
Litter #3 2.70 4.40 4.38 3.47 4.08 3.34
2.15 N/A 3.80 2.89 3.57 4.01
Mean 3.70 4.56 3.75 3.98 3.87 3.67
SEM 0.419 0.285 0.229 0.289 0.343 0.186
GroupSize 6 5 6 6 6 6
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Tablse Assessment of ol factory function dat a.
Female offspring Male offspring
Latency to uncover the hidden fo¢ Young Adult Adult Young Adult Adult
(s) P1 P1 P2 P1 P1 P2
Litter #1 61 112 52 215 51 300
109 201 30 900 132 312
Litter #2 377 39 16 518 812 117
413 122 87 491 190 49
Litter #3 342 87 89 469 133 138
370 N/A 92 442 365 135
Mean 278.7 112.2  61.0 505.8 280.5 175.2
SEM 62.2 26.4 135 90.5 1146 434
Group Size 6 5 6 6 6 6
Table Bepetitive behavior dat a.
Female offspring Male offspring
No. of buried marbles Young P1  AdultP1  Adult P2 | Young P1 Adult P1 Adult P2
Litter #1 4 1 1 3 3 1
4 3 1 2 4 0
Litter #2 1 2 0 3 2 0
0 2 0 3 3 2
Litter #3 8 3 0 2 1 0
2 N/A 0 3 3 0
Mean 3.17 2.20 0.333 2.67 2.67 0.500
SEM 1.17 0.374 0.211 0.211 0.422 0.342
Group Size 6 5 6 6 6 6
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Tabl7ieccBambers test (sociability) data of male gro

Novel object chamber Stranger mouse chamber
Duration in chambers (s) Young P1 Adult P1 Adult P2| Young P1 Adult P1 Adult P2
Litter #1 170.4 63.3 146.7 326.7 316.4 270.5
157.0 63.2 140.0 343.3 455.2 253.3
Litter #2 99.2 103.7 85.7 388.2 308.3 156.2
53.8 84.1 163.0 369.2 358.9 222.3
Litter #3 371.7 130.2 181.8 62.4 275.4 310.0
127.3 35.7 121.4 3014 483.8 279.3
Mean 163.2 80.0 139.8 298.5 366.3 248.6
SEM 45.1 13.7 13.7 48.9 34.6 21.9
Group Size 6 6 6 6 6 6
TablBe-cBambers test (sociability) data of female g
Novel object chamber Stranger mouse chamber
Duration in chambers (s) Young P1 Adult P1 Adult P2| Young P1 Adult P1 Adult P2
Litter #1 283.0 127.6 211.7 193.3 224.2 245.4
439.2 126.2 191.8 98.6 267.4 293.3
Litter #2 147.0 168.1 122.2 250.1 263.5 236.5
137.5 77.7 100.1 268.6 205.2 329.8
Litter #3 161.9 75.8 116.3 205.3 402.1 179.1
66.3 N/A 121.0 179.3 N/A 376.8
Mean 205.8 115.1 143.9 199.2 272.5 276.8
SEM 54.8 174 18.8 24.5 34.5 29.0
Group Size 6 5 6 6 5 6
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Tabl9e-cBambers test (social novelty) data for male

Familiar mouse chamber Stranger mouse chamber
Duration in chambers (s) Young P1 Adult P1 Adult P2 | Young P1 Adult P1 Adult P2
Litter #1 139.9 93.7 133.1 232.6 303.1 346.7
285.8 152.1 98.6 143.3 346.2 3334
Litter #2 198.2 91.3 77.4 205.5 366.8 263.6
55.4 254.1 208.4 397.2 138.4 114.1
Litter #3 241.6 103.7 44.6 88.6 308.3 476.3
145.5 84.1 163.9 213.6 358.9 293.5
Mean 177.7 129.8 121.0 2134 303.6 304.6
SEM 335 26.8 24.4 42.7 34.7 48.4
Group Size 6 6 6 6 6 6
Tablld cshambers test (soci al novelty) data for f ema
Familiar mouse chamber Stranger mouse chamber
Duration in chambers (s) Young P1 Adult P1 Adult P2 | Young P1 Adult P1 Adult P2
Litter #1 273.8 176.0 212.1 183.0 183.0 232.5
266.7 144.6 159.0 131.7 227.3 327.2
Litter #2 130.1 137.8 222.4 261.1 235.1 184.9
76.8 229.1 88.3 379.6 119.7 229.8
Litter #3 366.0 167.1 192.0 51.3 223.8 364.9
138.6 N/A 120.6 71.3 N/A 170.9
Mean 208.7 170.9 165.7 179.6 197.8 251.7
SEM 45.0 16.2 21.7 50.7 21.5 31.8
Group Size 6 5 6 6 5 6
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Chapter 3
TrkB Involvement in ASD-Like Behavior: Insights from an
idiopathic-like ASD Mouse Model
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Abstract

Background: Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition
characterized by challenges in sogrékractiors and the representation of repetitive behavior,
with underlying causative pathways that remain unclear. While genetic factors contribute to
syndromic ASD, most cases of ASD are idiopathic, with unknown causes influenced by a
combination of epigenetic amshvironmental factors. Signaling pathways, including bdarived
neurotrophic factor (BDNF), its receptdropomyosinrelated kinaseB (TrkB), and their
downstream signaling cascades i (protein kinase BandErk (extracellular signategulated
kinase are involved in synaptic function and connectivity. Synaptic dysfunction, a prominent
feature common in syndromic and idiopathic ASD, is caused by both abnormally increased and
decreased signaling pathways, includiig andErk. signaling pathways are hypactivated in
syndromic ASD and hypactivated in idiopathic cases. i§hexplains whydrugs like rapamycin

that inhibit the mTOR pathway are beneficial for syndromic ASD but not idiopathic cases.
Similarly, IGF-1 mRNA and protein levels remad unchamged in the idiopathic ASD fusiform
gyrus.Existing research that has found a relationship between BDNF, TrkB, and their downstream

pathways and idiopathic ASD pathology is correlational.

Methodology. Pregnant C57BI/6N mice were injected intraperitoneally (i.p.) with valproic acid
or saline on embryonic ddy2.5. Offspring of both sexes received either daily i.p. injections of the

TrkB partial agonist LM22A4 or vehicle (saline). BDNF and TrkB isofornas well as the levels
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of phosphorylated and totédlkt and Erk proteins, were analyzed via Western blotting in the

temporal/parietal neocortices on PD37.

Results: The findings highlight significant pathological alterations in valproic acid (VPA)
exposed mice: VPA&xposed mice, compared to the control group, demonstrated notable
neurodevelopmental delays, including delayed@yening, smaller tail length, reductiandody
weight, and litter weight persisting into the juvenile stage. Specifically, on postnatal day 22
(PD22), there were significant differences in females, and males, and on PD37. Additionally, mice
exposed to VPA exhibited core ASBe behavors, particularly repetitive behaviors and impaired
sociability and social novelty. These observed behavioral deficits were not influenced by
confounding effects such as anxiety, locomotor deficits, and olfactory deficits. LM22A
treatment effectively nigated repetitive behavior in female VPA mice and male VPA mice, as
well as sociability deficits and impaired social novelty behavior. Protein analysis revealed
unchanged levels of fulength TrkB, truncated TrkB isoforms, proBDNF, truncated BDNF, and
mature BDNF in VPAexposed mice compared to controls. Interaction between VPA and LM22A

4 resulted in a reduction of mature BDNF in males. However, LM22#&atment led to increased

Akt activation in females and Erk1/2 activation in males, demonstratingpaingful effect size.
These findings suggest that the modulating effects of LM22% TrkB downstream signaling

are contextlependent, requiring the presence of VPA pathology in our model and are influenced
by sex differences. Our protein analysis waaftatted by changes in the housekeeping gene

GAPDH protein, remaining consistent across all experiments among the groups.

Discussion We did not observe any changes in cortical BDNF, TrkB, and Akt phosphorylation in

our VPA mouse model. This contrasts with molecular events seen in human idiopathic ASD,

165



especially within the fusiform gyrudn human studies, decreased BDNKkB activation,
indicated by reduced BDNFTrkB full-length (TrkBFL) to truncated TrkB isoformsatio,
alongsideAkt hypo-activation, were noted. Therk protein levels remained unchanged in both the

cortex of VPA mice and the fusiform gyrus of humans with idiopathic ASD.

Conclusion Discrepancies in BDNFIrkB, andAkt signaling between our model and human
idiopathic ASD fusiform gyrus highlight our VPA model's limitatioims representing TrkB
complexities in idiopathic ASD, particularly within the cortex. The observed promoting effect of
the TrkB agonist, LM22A4, on tte alleviation of ASBlike core behavioral symptoms suggests
that deficits in TrkB signalingwithin the whole brain system has a causative role in ABD

pathology.
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Introduction

Autism spectrum disorder (ASD) is a heterogeneous group of lifelong neurodevelopmental
disorders (Lord et al., 2000). Core symptoms of ASD include disturbances in social
communication and repetitive activities (Lord et al., 2000). The prevalence of ASbchessed

by over 120% in the recent two decades, making it a major public health concern (Maenner et al.,
2023). The diagnosis of ASD is primarily based on the assessment of the individual's behavior and

functional abilities (Saral et al., 2023). Curtgnthere is no cure for ASD (Saral et al., 2023).

ASD is caused by genetic factors is known as
2010). Recent studies have revealed that 65 genes, includingéotbvoand lossof-function
mutations, that areausativan syndromicASD (Sanders et al., 2015)hese genes are involved

in synaptic functions, neuronal development, neurotransmitter systems, and neurodevelopmental
pathways (Muhle et al., 2004). In addition, exome sequencing studies have estimated that several
hundred genes are involvedspndromicASD (C Yuenet al., 20¥; Hamzicet al., 2@4). On the

ot her hand, Ai di opat hi c inBfuSnbetlby b eombination ok gereticn ¢ a u
and epigeneticgnvironmental factors (Casanova et al., 2020). The precise proportional
contribution ofepgeneticénvironmental factors to the etiology of idiopathic ASI3ti# unclear

(Jick and Kaye, 2003; Landrigan, 2010). However, there are several environmental risk factors
that are known to contribute to idiopatiASD (Taylor et al., 2020). These risk factors include
maternal exposure to chemicals, air pollution, viral infections, maternal stress, and immunological
dysfunction during pregnancy (Bdlte et al., 2018; Szatmari et al., 1998; Taylor et al., 2020). For
exanple, certain classes of medicati@eusuch as antiepileptic drugs, during pregnancy have also

been linked to an increased riskidiopathic ASD in offspring (Taylor et al., 2020). Of note,
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valproic acid (VPA), an antiepileptic and mood disorder drug, poses a rigidpathic ASD
(Loscher et al., 2002). Maternal exposure to VPA at the time of neural tube closure increases the
incidence ofdiopathicASD in humans (Arndt et al., 2005; Chomiak and Hu, 2013; Christensen

et al., 2016; Rodier et al., 1996) and causes ADsymptoms in rodents (Roullet et al., 2013;
Schneider and Przewlocki, 2005; Stanton et al., 2007). Studies link maternal VPA exjposur
increaseddiopathicASD prevalence up t@0% in offspring (Rasalam et al., 2005). It is known

that VPA, by inhibiting histone deatylases, leads to increased levels of acetylated histones H3
and H4, which induce ASIelated behaviors (Kataoka et al., 2013). This highlights the role of

VPA as a modulator of epigenetic mechanisms that may contribute to the idiopathic form of ASD.

The differences between idiopathic ASD and syndromic ASD are not limited to their underlying
causes. Idiopathic ASD, which compromise®st cases of ASD, is more complex and
heterogeneous in the representation of symptoms due to its multifactorial Matlee €t al.,

2005. Theelevated levelsf diversity observed in idiopathic ASD align with the idea that distinct
molecular mechanisms, which are not currently wetlerstood, may impact the development of

brain circuits at various levels of complexity (Hammock et al., 2006). In ASD, disrupted synaptic
connectivity in the brain emerges as a prominent feature common across all cases (DeRosa et al.,
2018; Zimmerman «tl., 2008). Numerous studies have identified differences in synaptic structure
(Zieger et al., 2021), neurotransmitter systems (Eltokhi et al., 2020; Guastella et al., 2016; Cetin

et al., 2015), and neural circuits associated with the disorder (Wang2&1s).

Receptor tyrosine kinases (RTKs) play pivotal roles in orchestrating synaptic functions such as
connectivity, maturation, and plasticity, and in neuronal survival, differentiation, and neurogenesis

(Peng et al., 2013RTKs are membrankound proteins that facilitate the transmission of signals
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from the extracellular environment to the nucleus and cytoplasm (Robinson et al., 2000). The
signals transmitted through RTKs regulate developmental and postnatal physiological processes
(Peng et al., 2013). Identifying specific RTKs that are causal f&aotoASD pathology can be a
critical step toward understanding the underlying molecular mechanisms that are involved in ASD
(Hevneret al.,2015. So far, no single RTK has been definitively identified as a causative factor
for idiopathic ASD. Thereforegcent research has focused on finding such connections between
specific RTKs and ASD pathology. There are several lines of evidence linking ASD to
Tropomyosin receptor kinasetBopomyosinrelated kinase BTrkB), the corresponding RTK of
brainderived neurotrophic factor (BDNF). In fusiform gyrus of individuals with idiopathic ASD,
there is a notable decrease in the protein levels of the grgnatucing fullengthTrkB (TrkB-

FL) isoform (Nicolini et al., 2015). Additionally, two truncatdadkB isoforms(TrkB-T1 and
TrkB-Shc) show a trending increase (Nicolini et al., 2015). Trunchted isoforms lack kinase
activity but sequester BDNF (Eide et al., 1996; Haapasalo et al., 2001). The decreased ratio of
TrkB-FL to truncated rkB isoforms, along with the sequestration of BDNF, contributes to various
adverse effects associated with the pathology of ASD (Fahnestock and Nicolini, 2015). BDNF's
central roles in neuronal growth (Duman and Monteggia, 2006), development (Duman and
Montegda, 2006), survival (JatsonFarley et al., 2007), neuroprotection (JohnBanley et al.,

2007), repair (Duman and Monteggia, 2006), neurogenesis, and neural circuit formation, and
synaptic plasticity (McAllister et al., 1999; Vaynman et al., 2003) is-twedwn. BDNF binding

to TrkB-FL initiates receptor autophosphorylation, activating downstream signaling pathways
such asAkt (protein kinase Band Erk (extracellular signategulated kinase)which regulate
dendritic spine protein synthesis, stability, and functions (Correia et al., 2010; Fahnestock, 2015;

Fahnestock and Nicolini, 2014; Tsai, 2006). In the bk js responsible for circuit connectivity
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through the regulation of axonal growth and protein synthesis (Kumar et al., 2005; Kwon et al.,
2006; F. Wang et al., 2022). Hyaativation ofAkt signaling pathways is observed in the frontal
cortex and fusiform gyrus of individuals wiitiopathicASD (Sheikh et al., 2010, Nicolini et al.,
2015). FurtherAkt hypo-phosphorylation correlates with the severity of some ASD symptoms,
including language deficits (Russo, 2015). Further, HEnle signaling pathway is crucial in
neurodevelopment due to its keya® in the regulation of neurogenesis and neurite outgrowth
(Bluthgen et al., 2017; Ortuf®ahagun et al., 2014). ReducEdk signaling induces social
memory and preference impairments in human ASD and-B&Dmouse models (Pucilowska

and Landreth, 2018). Therefore, disrupted BDNF arkB signaling through these pathways

could be a significant factor in the pathogenesis of ASD (Fahnestock and Nicolini, 2015).

In the fusiform gyrus of individuals with idiopathic ASD, an increase in the levels of the BDNF
precursor protein, proBDNF, has been observed (Garcia et al., 2012). In contrast to mature BDNF,
which has a high affinity folfrkB receptors, proBDNF exhibits a higher affinity for p7%
receptors rather thafirkB (Kaplan et al., 2000; Roux al., 2002). The downstream signaling
pathways triggered by the binding of proBDNF to PH5include the involvement of the small
GTPase protein RhoA (Ras homolog gene family member A) and its effector ROCK (Rho kinase)
(Sun et al., 2012). These signaling pathways coordinate the reduction of dendritic spines, initiation
of apoptosis, and inducticof longterm depression in cultured neurons (Koshimizu et al., 2009).
Further, immunoreactive BDNF levels (sensitive to both BDNF and proBDNF) are increased in
the blood, serum, and brain of individuals withiopathic and syndromi&SD in most studies
(Garcia et al., 2012; Correia et al., 2010; Miyazaki et al., 2004; Zheng et al., 2016). Furthermore,
single nucleotide polymorphisms (SNPs) BDNF and TrkB gene (Ntrk2) are involved in

syndromicASD pathology (Nishimura et al., 2007). These findings provide valuable insights into
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potential molecular mechanisms both types ofASD, involving BDNF, TrkB, and their
downstream signaling pathways, includigt andErk. However, the correlational nature of these
associations does not establish causation. Therefore, there is a knowledge gap requiring
investigations to validate the causal roles of BDNF &k in ASD developmentWe aimed to
establish a causal lidketween TrkB deficits and idiopathic ASD pathology using the TrkB partial
agonist, LM22A4, in a relevant VPAexposed mouse model. This is important given the fact that

a significar portion of current ASD research relies on transgenic mouse models with cspecifi

mutations in single genes associated with the disorder or related developmental disorders.

While transgenic mouse models are valuable for understasgimdyomicASD pathology, they

may not fully capture the complexity of idiopathic cases, where the disorder arises without a clear
genetic mutation (Ergaz et al., 2016). However, environmental mouse models provide a more
relevant representation for idiopathic A&Bhose without a known genetic basis (Ergaz et al.,
2016). Since prenatal exposure to VPA induces transient hyperacetylation of H3 and H4 histones
in the embryonic mouse brain (Kataoka let 2013), VPAexposed mice serve as a fit model for
epigenetic changes. Consequently, they may better represent idiopathic ASD cases than transgenic
mice with single ASBlinked genanutation (Ornoy, 2009). ASBike rodent models, induced by
prenatal exposure to VPA, exhibitetharacteristicsresembling those observed in human
idiopathic ASD. Findings from Nicolini et al. (2015) indicate that rats exposed to VPA exhibited
diminished activation of critical proteins within tikt/mTOR pathway, includingikt itself,

MTOR, 4EBP1, and S6. Further, administering VPA on day 12.5 of gestation led to a decline in
the number of neuronal cells within the prefrontal and somatosensory cortices in embryonic mice
(Kataoka et al., 2013). These observed changes are suggdshe suppression of neurotrophic

factors, such as BDNF, alongside disrupted downstream signaling pathways that include not only
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Akt/mTOR but alsdrk cascade (Ma et al., 2010; Kim et al., 2006). This led us to the hypothesis
that VPA-exposed mice exhibit ASIke behavior and possess deficits in BDNIKB, as well

as their downstream signaling hub proteins, includitky and Erk, like those observed in
individuals with idiopathic ASD. Additionally, we hypothesized that inducimgB with its

selective agonist, LM224, may rescue ASIhke behavior and TrkB signalingathway deficits.

Methods

Animals

C57BL/6N mice were purchased from Charles River Laboratories (Quebec, Canada) and
were subjected to breeding ab3nonths of age. The dams had one prior pregnancy experience
before being used for thabjectives of this study. Male mice were housed singly, and female mice
were grouphoused in plastic cages (4 per cage), under standard lightiigp( 2ight/dark cycle,
lights on at 6:00 am), ambient temperature 25C), and humidity (409a’0%) with adibitum
access to food and water at McMaster Central Animal Facility (Hamilton, ON, Canada). The
Animal Research Ethics Board at McMaster University approved all animal research in this study

(# 2212-37).

Mouse modelThe dams were paired with male mice during the late proestrus/early estrus
phase. After confirming pregnancy by the detection of a sperm plug and observing significant

weight gain during the gestational period, they were administered an intraperitqgnpeaijéction
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of 600 mg/kg freshly prepared VPA (valproic acid; Sigma, Oakville, ON, Canada) or vehicle

(0.9% NaCl solution, AKA [normal] saline) on embryonic day 12.5 (E12.5) (Fig. 1).

Repetitive Behavior
Marble burying test

Social Behavior

3-chambers social approach task

VPA
600 mg/kg Amiet Olfaction
nxie : .
Copulation 'j Birth Weaning Step-dowz SB:;LT:gf::i Endpoint
—
> ol N ®
Development |
; i ; - \ 50 mg/kg LM22A-4 S —
EO E12.5 PO P7 P22 P29 P31 P32-33 P34 P37
(T 1]

e ¢ & » & T

Figure 1. Battery of behavioral assays and ex

Groups At weaning (PD22), pups (2 per litter per sex) were allocated into 4 experimental
groups depending on prenatal and postnatal treatments:-sakbed salin@xposed controls
(Saline), salindreated VPAexposed (VPA), LM22AMd-treated salinexposed (LN22A-4), and
LM22A-4-treated VPAexposed mice (VPA+LM22A1). We analyzed the results of male and
female offspring separately, resulting in four groups of females and four groups of males, each
compared independently. Mice received an i.p injection of 5&kgngM22A-4 or the vehicle
(saline) daily from postnatal days (PDs)-22 (15 days). LM22AM  ( ( N, -triN[@-, N 6
hydroxyethyl]}1,3,5benzene tricarbeamide) was synthesized at Ricerca LLC in Concord, OH,

under the direction of FML, gereviously described (Massa et al., 2010).

173



Assessment of neurodevelopmentaharacteristics

The assessment of neurodevelopmental traits involved measuring body weight during infancy
(PD7i 12), the juvenile stage (PD22), and young adulthood (PD37), and onset of eye opening
(PD1019), following established procedures (Rhees and Atchley, 2000; Roubertoux et al., 1985).
Additionally, we measured tail lengtRID7 12), a significant somatic trait providing insights into

broader growth patterns and the development of skeletal structures in rodents (Eilam, 1997).

Behavioral assays

Animals underwent a-Bay habituation period involving handling by both experimenters' hands

and an enrichment tube, with each habituation session lasting 2 minutes per mouse.

Stepdown test (PD29)This test quantifies acrophobia, an anxie®yated behavior in mice
(Anisman et al., 2001). Mice were individually placed on a raised platform (12.5 x 8.8 cm

high). The platform was positioned in the center of a dark box (46 x A@tram high). The tests

were conducted under dim light. The entire session was video recorded and the latency for all four
paws to step down from the platform was measured. The duration of the test was set at 15 minutes,
and mice failing to descend frorfnet platform within his periodwere excluded from the study. It

is important to note that in our study, a comparable number of mice from both the VPA and control
groups failed the test. Given that the assessment of behavior relied on recorded videos for
measuring latency to descend pteEst, potential biases were not anticipated to be introduced by

the experimenter's awareness of the experimental group.
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Marble burying test (PD31)The marbleburying test measures digging repetitive behavior, was
conducted following a previously described protocol (Kraeuter et al., 2019). Briefly, the cages
were filled with clean bedding material (3.5 cm height). To prevent anxiety induction @Nging

and Handley, 1991), mice were habituated to the cage setup for 5 minutes before temporarily being
placed in another cage. In the absence of mice, fifteen cleaned and dried glass marblesina 3 x5
arrangement were laid on top the bedding. Flat lids were used to cover the cages during 5
minute habituation and duration of experiments. We observed that using flat lids to cover the cages
during marble burying tests helps reduce competitive repetitive behaviors, including juiiy@ng.

total duration of the test was 30 min. A marble was considered buried if more than 75% of its
surface was covered by bedding material. To ensure unbiased assessment, the experimenter
conducting the test was blind to the experimental group, minimgtgntial influences on the

interpretation of results.

Threechamber test (PD333). To assay social behavior, we followed a procedure of the 3
chamber sociability test called the tigdh a s e TNS8wvel alSoci al 6 protocol
2019). Briefly, the test consists of four trials each lasting for 10 minutes. Trials 1 and were
habituation and were not video recorded. Trials 3 and 4 were used to test sociability and social
novelty and were video recorded. In trial 1, the focal mouse was habituated to the apparatus
containing an empty pencil cup each side of the apparatus. In trial 2, the mouse was allowed to
interact with identical inanimate objects placed under each pencil cup. In trial 3, the mouse was
allowed to interact with a stranger mouse (same strain and sex; similar age and weigbtjals a
stimulus, and a novel object as a rsmtial stimulus in the other cup. In trial 4, the novel object

from trial 3 was replaced with another stranger mouse. Therefore, the focal mouse was free to

interact with the novel mouse and now the familiar asoftom trial 3. We reversed the location
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of the novel object/novel mouse (trial 3) and novel mouse/familiar mouse (trial 4) between right
and left sides of the apparatus between mice. The time spent in each chamber, the distance moved,
and the velocity of movement were quantified by EthoVisidtwsoe (version 6.1, Noldus, The
Netherlands). Moreover, the data analysis extracted from trials 3 and 4 using EthoVision software
includes locomotor activities, specifically total distance moved and average velocity. This entails
the cumulative measure tife distance covered by the mouse during trials 3 and 4, serving as an
indication of the overall activity level of the mouse. The mean speed of movement exhibited by
the mouse during these trials offers insights into the typical pace at which the mdgatesdhe
environment. Since the analysis was conducted using software without the involvement of a human

experimenter, blinding was not deemed necessary for the experiment.

Buried foodseeking test (PD34Animals were habituated to palatable food (Marshmallgw,
NameBrand) in their cages for 5 days before testing. Animals were monitored during habituation
to the palatable food to ensure they exhibited a tendency to eat the food. Importantly, we did not
observe any animal in our study showing aversion to the paldtaide This test measures the
ability of mice to use their sense of olfaction for foraging. Animals were deprived of food for 5.5
hours prior to the test but ¢had libitum access to water. The test mouse was allowed to explore
the cage containing 3.5 cm of clean bedding for 5 minutes. Subsequently, the test mouse was
transferred to a new cage with a lid and covered with a black cloth. The palatable food
(marshm#ow with a 2 cm diameter and 1 cm height) was buried 2 cm beneath the bedding
material of the original cage. The test mouse was then returned to the cage and the time measured
until it uncovered the hidden food. The duration of the test was 15 minutessshsents were

conducted by experimenters who were blinded to the conditions, ensuring unbiased evaluation. It

176



is noteworthy that in our study, all mice successfully located the hidden food, and no mice were

excludedbecause oblfactory deficits.

Protein analysis

Sample preparationOnly animals not subjected to behavioral testing were used for Western
blotting. Cortical tissue samples were extracted from mice. In nmteractiors between a
network of different areas within cortex are involved in A®Ii et al., 2020; Richter et al., 2005)

The cortex in mice is critical not only for social deficits but also for repetitive behaviors, which
are hallmark features of ASD. In migeteractiors between a network of different cortical regions

are responsible for social recognition of another mouse (Hui et al., 2020). We collected the whole
cortex as the olfactory bulb, piriform cortex, prefrontal cortex, perirhinal cortex, and the entorhinal
cortex are part of this network (Richter et al., 2005). Results from ASD rodent models in previous
studies also highlight that these brain areas are involved in ASD (Hui et al., 2020). Mice were
euthanized by cervical dislocation on PD37. Their brains wemielyaharvested, weighe&nd
dissected to isolate cortical tissue for protein analysis. Animals were sacrificed 24 hours after the
last LM22A:-4 injection. Brain tissue samples were sfragen and stored a80°C for subsequent

use. Tissue samples, weighing between 0.8 to 1 greerge sonicated for 8 seconds (setting 3,
Invitrogen, Burlington, Canada) in homogenization buffer and then incubated for 15 minutes on
ice. Homogenization buffer (0.05 M Tris pH 7.4, 0.5% Tw&én 10 mM EDTA) contained
protease @d phosphatase inhibitor cocktails as described previal&padia et al.,, 2021)
Following incubation, centrifugation (12,000xg, 15 min) was employed to precipitate any

insoluble debris. Subsequently, protein concentrations were determined using'therb@in
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assay (BieRad Laboratories, Mississauga, Ontario, Canada), in accordance with a previously

established protocol (Nicolini et al., 2015).

Western BlottingFollowing established protocofslicolini et al., 2015) samples containing 50

eg of total protein were r es opolyaerdamadegelsinhder s odi L
reducing conditions. The gels were electroblotted onto PVDF membranes (Imrrgbjlon
Millipore, Billerica, MA, USA) at 4 °C. Membranesefe blocked with commercial blocking
solution (Odyssey® Blocking Buffer, Cedarlane, Burlington, ON, Canada) and TBS (1:1) for 1 h

at room temperature and incubated overnight at 4°C with the following primary antibodies: total
Akt (Cell Signaling TechnologyDanvers, MA, USA; #9272; diluted 1:1000), total pt2IMAPK

(Erk1/2) (Cell Signaling Technology, Danvers, MA, USA, #9102S; diluted 1:1000), GAPDH (Cell
Signaling Technology, Danvers, MA, USA, #97166 and #2118; diluted 1:100KB(Cell
Signaling Technology, Danvers, MA, USA, #4603; diluted 1:700), and BDNF (Abcam, Toronto
ON, Canada, #ab108319; diluted 1:1000). The membranes were also incubated for 48 hours at 4°C
with phospheAkt, Ser473 (Cell Signaling Technology, Danvers, MA, USA; #4051 and #4056;
diluted 1:2000) and phospipd442 MAPK (Erkl/2, Thr202/Tyr204), (Cell Signaling
Technology, Danvers, MA, USA, #9106, diluted at a 1:2000 ratio). The subsequent steps,
including washing, incubation with secondary antibodies IRDye® 680RD GoaRabtit (LF

COR Biosciences, Lincoln, NE, USA, #92@221; diluted 1:8000) and IRDye® 800CW Goat
Anti-Mouse (LFCOR Biosciences, Lincoln, NE, USA, #922210; diluted 1:8000), as well as
scanning and densitometry, were conducted as previously degétibelini et al., 2015)Optical

density determination for quantification was carried out using Image Studio Lite (version-5.2, LI
COR Biosciences, USA). This software allowed us to draw a region around the band of interest

and a nearby background region to calculate the bagkdrsignal.
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Normalization of data Phosphorylated Akt @Akt) and phosphorylated Erk {prk) were
normalized to the total protein levels of Akt and Erk, respectively, in Western blotting. This
normalization approach is employed to correct for variations in protein expression between
samples When analyzing protein levels of nonphosphorylated targets, we employed
glyceraldehyde -phosphate dehydrogenase (GAPDH) for normalization in Western blot analysis.
This normalization to a housekeeping protein like GAPDH ensurasrate and interpretable
results by accounting for variations in protein loading and experimental conditions, thereby
providing a reliable basis for comparing protein expression levels across different samples or
experimental treatmentk each Western blot experiment, the protein levels of the target protein
were normalized to the corresponding levels of GAPDH. The consistency of GAPDH protein
levels was confirmed to be unchanged between different treatments within one experiment (one
way ANOVA) and acros different experiments (twaway ANOVA [experiment x treatment]).
Detailed data for each Western blot experiment are not shown, but an example is provided in the
appendix section for reference. This normalization strategy using GAPDH ensures reliable and
consistent comparisons of target protein expression levels across various experimental conditions

and experiments.

Within-Replicate Normalization: We analyzed data separately for male and female subjects. Each
western blot comprised 12 samples from one sex (either male or female). Specifically, within each
western blot, we used 3 samples per treatment, totaling 12esammll. Each sample consisted

of protein extracted from the right cortex of an individual mouse. We selected 2 mice per sex from
the same litter, each born to a different mother. Each sample was run on 2 separate western blots.
We calculated the meamale of the 3 samples per treatment for each western blot and normalized

the data between the two western blots using the ratio of means. The protein levels between the
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two western blots did not exhibit significant differences (data not shown). The normalized values

of the two western blots are reported in the Appendix section under 'R’ in tables, denoting repeat.

Within-Experiment Normalization: For each treatment, we conducted 2 to 4 repeats (R1 to R4; see
appendix section). The mean value for each repeat (R) was calculated, and the ratio of means was
used to normalize the data across different repeats. Throufieuext, we referred to the
normalized values across different repeats (R) as 'experiments’. Our final analysis involved a two
way ANOVA considering the main effects and interaction of two independent variables:

experiment and treatment.

Statistical analysis

Statistical analyses were performed using SPSS software (Version 26, IBM Corp, Armonk, NY).
GraphPad Prism (Version 9.0.0, GraphPad Software, LCC, San Diego, CA) was used to generate
graphs. A power calculation using G*Power (version 3.1.3) was perforrhed wends were

evident in the data. We provided comprehensive details of the power analysis within the context.

Levenebds test was used to assess +AWMilkaestwasmo gene
employed to evaluate the normal distribution of data. Upon confirming homogeneity of variances,
ANOVA analysis was applied to detect differences among groupsases of significant
differences, either Tukey's post hoc analysis (for equal sample sizes) or Gabriel's test (for varying
sample sizes across groups) was conducted. Alternatively, if homogeneity of variances was not

met, violating ANOVA's assumptions, \I¢b analysis was employed as a more appropriate
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alternative. Subsequently, to identify significant group disparities, the Gdoesll post hodest

was used, accommodating both unequal sample sizes and variance heterogeneity.

Repeated measures ANOVA was conducted where the same mouse was assessed for
neurodevelopmentaharacteristicat different time points during postnatal period. To analyze the
onset of eympening data, we performed a thngay ChiSquare statistical analysis. The analysis
examined thenteractionof group, eyeopening status (both eyes closed, one eye opened, both
eyes opened), and postnatal duration. Further, we conducted a-FHisberarHalton (FFH)

Exact Test (2x3 contingency tables) to detect an association between -thgepyey status of

mice and the prenatal treatment (saline vs. VPA exposure) for eattafad day. The FFH Exact

Testp-value determines whether there is statistically significant association between the groups.

The marble burying data entails counting the number of marbles animals bury, represented as non
negative integers, with values bounded below by zero and above by the total number of marbles
present. Due to this inherent characteristic, we refrained froarg nsrmal linear models like the

t test and analysis of variance (ANOVA). These models assume unbounded data and constant
variance between groups, making them susceptible to generating misleadihgep (Lazic,

2015). This decision was based on analffsas showed these models yield misleadingjues in

this context (Lazic, 2015). Instead, we employed generalized linear models (GLMs), specifically
utilizing either Poisson regression or a negative binomial distribution based on goodness of fit
(Lazic,2015; Zuur et al. 2009). This approach is suitable for count data and effectively addresses

the specificcharacteristicef marble burying data, as recommended by Lazic (2015).

When we were required to examine th&eractiors between two factors simultaneously, such as
analyzing the effects of two independent variables on a dependent variable, we utilizesag two

ANOVA. Oneway ANOVA was used to compare the means of three or more groups to determine
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if there are statistically significant differences between them. Gumpparisons included
unpaired 2tailed Student'stest as a followup to ANOVA to explicitly verify the noted significant
difference between the two groups. When we had a specific directional hypothesis (e.g., based on
previous studies), we used a @adedt test. When we explored differences regardless of direction,

or when we did not have an expected direction of changes evident by existing literature, we
typically used a twaailedt test. For other experiments when we have more than two groups to
compare to each other, we used Tukeyds test

sample sizes) gmost hocanalysis following ANOVA.

We implemented a twetep approach for identifying outliers in our dataset. Specifically, we first
applied Tukey's rule with a threshold parameter (gravitational constantabue) of 1.5 to label
potential outliers including marginal and critical outigTukey et al., 1977). Afterward, we
checked if those identified outliers are extreme by using Hoaglin's criteria with a different
threshold parametgr= 2.2 (Hoaglin and Iglewicz, 1987). If a data point met Tukey's criteria but
not Hoaglin's, we clagsed it as a mild outlier. Conversely, if a data point met both Hoaglin's and
Tukey's criteria, it was classified as an extreme outlier. We excluded the outliers that had altered
the outcomes of our initial analysis conducted on the complete datasetoAaltit to enhance

the transparency and reproducibility of our analysis, we explicitly detailed the specific vajues of
value and the corresponding statistical approach within the context of each analysis. In the results
section, we addressed situatiomsere outlier removal altered the direction of changes between
groups, affected outcomes, or influenced result interpretation. Otherwise, we retained the entire
dataset. However, detailed information regarding outlier detection and management for

neurodevlpmental assessment data (Table S30), behavioral data (Table S31), and signaling
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pathways (Table S32) can be found in the Appendix (Supplementary Tables spcti®d5 was

considered statistically significant.

Results

1. Assessment of neurodevelopmental somatic features in response to prenatal exposure to
VPA
VPA mice showed delayed eye opening during postnatal period compared to thexyatised
control group
To investigate whether the onset of @pmening(categorized into three levels: both eyes closed,
only one eye opened, and both eyes opened; Fig. 2, Table S1) varied between texsadiee
control and VPAexposed groups during postnatal development (PDI)) a threavay Chi
Square statistical analis (group x ey®pening status x time) was performed. The Pearson Chi
Square analysis revealed that the-egening onset was significantly different in VPad saline
exposed mice across postnatal developmert@01). The strength of observed assaooiet was
determined based on Cramerds V test analysis
(Akoglu, 2018) We found a moderate association betweeropgning onset and group on PD13

(.385) and PD1518 (PD15: .340, PD16: .333, PD17: .389, PD18: .315).

Based on our results, none of the offspring of the other two groups opened their eyes on PD10.
The results for PD11 (the firsime mice opened their eyes) were comparable between the groups.
On this postnatal day, none of the mice exposed to saline opetiedf their eyes. However, one

out of the 17 VPAexposed mice (5%) opened both eyes on PD11. Also, 15.2% ofeajpinsed

mice, and 10% of VPAxposed mice, opened one eye for the first time on PO41PD13, we
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observed a significant difference in the onset of eye opening between the groups. Specifically,
27.3% of mice exposed to saline and 60% of mice exposed to VPA still had both eyes closed.
Additionally, 21.2% of mice exposed to saline and 25% of mice exgos€BRA prenatally had
one eye opened. Furthermore, 51.5% of saxy@osed mice and 15% of VP&posed mice had

both eyes opened on PD13.
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VPA mice showed reduced weight and shorter tails during postnatal period compared to the

saline-exposed control group

We found a statistically significant reduction in the body weight of the -€¢lgosed mice

compared to the salirexposed control mice across postnatal day? fp <.001; 2way repeated

measures ANOVA, sphericity assumed Fig. 3a, Table S2}tallél independent samplegest

revealed that on postnatal days 8 and 9, \@Rposed mice exhibited significant reduced body

mass compared to salieposed miceppps = .031,prpe = .032, Fig. 3a). Since the presence of
significant differences on each day betwélge groups may vary, as reported in previous studies
(Ahmed et al ., 2023; Chomiak et al., 2010; Pod

we used a-Bidedt test.

VPA-exposed mice had shorter tails compared to the sakpesed controls across postnatal days
71 12 (p <.001, 2way repeated measures ANOVA, HuyRe&ldt correction, Fig. 3b, Table S3). A
2-tailed independent sampletest verified the significant difference in tail length of \4@Rposed

and salineexposed control mice is significant on each postnatal day from PD7 to BRIZ(Q).
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We used Zidedt test given the variability in significant differences between groups reported in

previous studies (Ahmed et al., 2023; Fan et al., 2016; Tartaglione et al., 2018).
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VPA mice showed reduced weight at juvenile stage (PD22 and PD37) compared to the-saline

exposed control group

In both male and female VR&xposed groups, the average weight of the litters was smaller
compared to the salirexposed control groups at the juvenile stage, measured on weaning day,
PD22 (Fig 4, Table S3)-thiled independent sampletest showed that the observed differences

between the groups were statistically significgitrfaies= .011, pmaes = .042; Fig. 4a and 4b,

respectively).
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t test, Fig.5, and Table S5).
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2. Assessment of ASHlike behaviors in response to prenatal exposure to VPA and

LM22A -4 treatment.

Prenatal exposure to VPA induced repetitive behavior, which was rescued by LMR2A

treatment

Repetitive behavior was tested using the malbiying task for females (Fig. 6 and Table S6)
and males (Fig. 7 and Table S7). In females, we found a significant main effect of group (Fig. 7,
p = .027) by using a generalized linear model (GLM) with Poisson regression. The fitness of the
model was evaluated through the Ghuare test, yielding an appropriate vaioelegreesof-

freedom ratio (value/DF) of 1.164.

We showed that salifeeated VPAexposed mice buried more marbles compared to the saline
treated salinexposed controls (80.0% more), suggesting that VPA exposure increased digging
behavior. LM22A4-treated VPAexposed mice buried fewer marbles thannsedlieated VPA

exposed mice, indicating a decrease in repetitive digging behavior (20% less).
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In males, we identified a significant group effect (Figp % .034, GLM with negative binomial
regression). The model's fithess was assessed using Hse@ine test, revealing an appropriate
value/DF of 1.226. Our findings indicate that satireated VPAexposed mice exhibited a higher

marble burying compared &alinetreated saline@xposed controls (78.8% more), suggesting an
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increase in digging behavior due to VPA exposure. Further, LM2B&ated VPAexposed mice
demonstrated a reduction in marble burying compared to the -taated VPAexposed group

(18.1% less), consistent with a decline in repetitive behavior.
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Sociability was impaired in VPAexposed mice and wasscued by LM22M

We assessed sociability in mice using the tiotg@mber social approach task in females (Fig. 8a;
Table S8) and males (Fig. 9; Table S9). Sociability refers to the focal mouse preference to engage
more with a typically conspecifics (members of the sameiaspethe stranger mouse) compared

to a nonsocial cue (a novel object) (Fig. 8b).

A two-way ANOVA revealed that mice, in response to their respective treatments, distribute their
time differently among the various chambers within the teteember apparatupremales<.001
andpwales < .001). This discrepancy in time allocation is contingent upon whether a novel object
or a novel mouse is present in the chamber-tail2d independent sampletest revealed, within

a specific group and across different chambers, where the significant differences from-the two
way ANOVA analysis lay, prading a more nuanced understanding of how the treatment affects
behavior in distinct contexts. Our data showed that sociability was intact inegfinsed control
groups in femalesp(= .006, Fig. 8a) and malep € .019, Fig. 9). LM22A4 treatment did not
induce social impairment in females or males. Sadxy@osed mice receiving this treatment tended

to spend more time with a stranger mouse than a novel object (female@02 and malegp =

.001, Fig. 8a and 10, respectively). Prenatal exposure £oI|®Pto increased time spent in the
chamber with a novel object compared to the chamber with a stranger mouse in fpmal2s(

Fig. 8a) and malesp(= .048, Fig. 9), indicating sociability impairments. Further, impaired
sociability caused byn utero exposure to VPA was reversed by administration of LMZ2A
treatment in female$(<.001, Fig. 8a) and malep €.001, Fig. 9). This indicates that LM224
treated VPAexposed mice exhibited a significant preference for spending time in the chamber

with astranger mouse rather than with a novel object.
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Social novelty was impaired in VRAxposed mice and was rescued by LM22A

We assessed social novelty in mice using a tbhheenber social approach task in females (Table

S10) and males (Table S11). Social novelty refers to the preference of a focal mouse for spending

195



time with a novel (stranger) mouse over a familiar (previously encountered) mouse (Fig. 10b). A
two-way ANOVA test showed that mice spend their time differently in the {bineenber setup
based on their treatments and whether there is a novel mousanuliarfimouse is present in the
chamber ffremales< .001 an@®males< .001). Further, a-Pailed independent samplest confirmed

that in both femalep(= .020, Fig. 10a) and male control salygosed grouppE .033, Fig. 11),

the focal mouse spestgnificantly more time intading with the novel mouse compared to the
familiar mouse, indicating intact social novelty behavior. Female mice prenatally exposed to VPA
exhibited the opposite, a significant preference for spending time with a familiar mouse rather than
a novel mousep(= .011, Fig. 10a). Male VP&xposed mice did not distinguish between familiar
and novel social stimulp(=.180 Fig. 11). Salinexposed female(= .009, Fig 11a) and malp (
=.009, Fig 12) mice¢hat received LM22A4 displayed a preference for the stranger mouse over
the familiar mouse. Further, impaired social novelty induced by exposure to prenatal exposure to
VPA was rescued by administration of LM22Atreatment in femalegp €& .001, Fig. 10a) and

males p = .014, Fig. 11).
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VPA and LM22A4 did not impact locomotor activities

We assessed the locomotion of mice in the toremmber social approach task (trial 3 and 4; see
methods), specifically by examining two parameters: the total distance moved and the average

velocity of motion (females: Tables S17 and males: Table S18).

A oneway ANOVA test revealed that VPA prenatal exposure did not affect the distance moved
in females p = .188, Fig. 12a) or malep € 0.804, Fig. 13a). Further, we found no significant
differences LM22A4 in the average velocity of locomotion in females (120, Welch test, Fig.

12b) or males = 0.694, onavay-ANOVA, Fig. 13b) LM22A4.
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(b) the average vetity of locomotion. By conducting aneway ANOVA test, we found no
significant differences among the groups for the total distance mpwed §8) A Welch test also
revealed that there were no significant differences observed in females for the average pelocity (
= .233). The measurements were conducted for 4 litters of mice for-galated groups (saline
exposedn = 6 mice and VPAexposedn = 6 mice) and 3 litters of LM224-treated groups
(salineexposedn = 5 mice and VPAexposedn = 5 mice). Each litter was born from a diffeten

mother Error bars: + SEM.
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y-axis representsa) the total distance moved by the animals aodtlle average velocity of
locomotion. For the total distance movgd=(0.804) and the average velocity of locomotipr (
0.694), onewvay ANOVA found no significant differences between the groups. The measurements
were conducted for 3 litters of mice for salitneated saline@xposed groupn(= 5 mice), 4 litters

of mice for salindreated VPAexposed groupn(= 6 mice), and 3 litters of LM224-treated
groups (salineexposedn = 6 mice and VPAexposedn = 5 mice). Each litter was born from a
different mother. Error bars: SEM

There was no significant difference observed in anxidiige behavior between the groups

We examined the anxietike behavior using the stegown test in females (Tables S15) amales
(Table S16). A oneavay ANOVA test revealed no differences across the groups in female (

.398, Fig. 14) LM22A4 or male micefd = .258, Fig. 15).
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Olfaction was not affected by VPA and LM224A

We used the buried foegkeking test to assess the female (Table S17) and male (Table S18) mice
for their olfactory sense. Ongay ANOVA revealed no significant differences across the groups

in female p = 0.924, Fig. 15) or male mice LM224 (p = 0.546, Fig. 16).
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3. Investigating BDNF species;TrkB isoforms, and their downstream signaling pathways

including Akt and Erk within the cortex

GAPDH remained unaltered in response to VPA and LM22A

We used glyceraldehydeghosphate dehydrogenase (GAPDH), a housekeeping gene product,
which exhibited consistent stability across all experimental groups throughout the entire set of
experiments (Table S17). In our protein analysis using Western blaitingistent with previous
researcliBanu et al., 2017e detected a band of 37 kDa that corresponds to the molecular weight

of GAPDH (Fig. 19a, Supplementary Fig. 4).

A 2-way ANOVA (group x western blot experiment) showed no main effect of experipremnii§
= 1.00,pmale = 1.00; Tables S1@nd nanteractionbetween experiment and groygedmale= 0.909,
pvae = .462). We did not also observe a significant main effect associated with the experimental

groups(premale= 0.936,pmale = .295, Fig. 19b and c).
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TrkB isoforms protein levels remained unchanged in response to VPA and LM22A

In our protein analysis using Western blotting, consistent with previous research (Claire Gage,
2023, unpublished; Nicolini, 2016), we detected a band of 140 kDa that corresponds to the
molecular weight of the fullengthTrkB receptor (TrkBFL), and a large diffuse band at 90 kDa
corresponding to both TrkB1 and TrkBShc isoforms (Fig. 20a and 21a; also see Supplementary
Fig. 5). These truncated isoforms of TrkB migrate together due to their comparable molecular

weights Wong et al., 2013).

For TrkB-FL/GAPDH, a twoway ANOVA (group x western blot experiment) showed no main
effect of experimentpgemaie= 1.00,pmale = 1.00),n0 interactionbetween experiment and group
(Premale= .395,pmaie= 0.901) and @ main effect of groufpremale= 0.738,pmale = 0.903, Fig. 20b

and 21b; Tables S20 and S21).

For thetruncated TrkB isoform@l'rkB-T1 +TrkB-Shc)/GAPDH ratio, we observed no main effect
of the experimen{premae = 1.00, pmaie = 1.00), nointeractionbetween the experiment and the
groups (premale = .199, pmale = .188). We also observed th@tkB-T1 + TrkB-Shc/GAPDH

remained unchanged between the grqpgsnae= 0.564,pmae = 0.845; Fig. 20c and 21c).
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Figure 20. Western bl ot tTirnigd afnarl mss i mr atnedii nc alt e
GAPDH in the cortices dqad Rebeesmeatabdcrves WealkE
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No changes in BDNF isoforms across the groups; combinatorial effect of VPA and LM22A

on reduced mature BDNF in males

Using Western blotting, we detected BDNF species including proBDNF at 32 kDa, truncated
BDNF (BDNFT) at 28 kDa, and mature BDNF (mBDNF) at 11 kDa (Fig. 22a, 23a, and
Supplementary Fig. 6). We employed hunransombinant BDNFas a reference standard for
mature BDNF, evident at 11 kDa, and a recombinant proBDNF produdedcoii, identified at

28 kDa. The disparity in size observed in our Western blot findings between the bacterial
recombinant proBDNF and mouse samples might be attributed to eukaryotitapsttional
modifications, introducing additionadlassand modifying the protein's migration pattern. Further,

as previously reported (Esvald et al., 2023), minimal proBDNF processing to mature BDNF occurs
in murine spleen tissue, in a low detectable signal at the total protein concentration used in our
study (50 ug total protein). This was demonstrated by the absence of a signal (Fig. 23a) or faint
signal at 11 kDa (Fig. 22a), serving as a negative control for mature BDNF. According to the
Genevestigatr (ver. 9.5.0, Nebion AG, Zirich) database, proBDNF processing to truncated BDNF

is naturally attenuated in murine spleen samples (frormar&hold male C57BI6/J mouse). Due

214



to proBDNF accumulation resulting from attenuated processing to truncated BDNF and minimal
processing to the mature BDNF isoform, the murine spleen sample also served as a positive control
for proBDNF, evidenced by a strong signal (on average at leagin&® stronger than cortical
proBDNF) at 32 kDa and a weak signal (on average at least 10 times weaker than cortical BDNF

T) at 28 kDa, serving as a negative control for truncated BDNF.

In female mice, BDNF isoforms were normalized to GAPDH across all experiments (Tables S22).
A two-way ANOVA analysis (group x western blot experiment) indicated no significant main
effect of the experimenpgroeonFicapon= 1.00,peonF-T/cappH = 1.00,pmeonFiearor= 1.00) and no
interaction between experiment and grouppréeonricappH = 0.579, peonFTicaPDH = 264,
pmeonricappH = 0.690). We also did not detect a main effect of grgupepnricaron = 0.822,

PeoNF-T/cAPDH = 0.605,pmepnFicarpH=.154; Fig. 2Bi d).

d.
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In male mice (Tables S23), a tway ANOVA analysis (group x western blot experiment)
indicated no significant main effect of the experim@pbéonricaron= 1.00,peonk-T/cappH = 1.00,
pmeonF/cappH = 1.00) and nanteractionbetween experiment and groumrésonricarpH=.135,
pPeonF-T/cAPDH = 078, pmeonFicappH = .272). Additionally, there was no detectable main effect of
group for proBDNF/GAPDH and BDNF/GAPDH (pproeonFicaPbH= 403, PBDNF-T/GAPDH =.222,;

217



Fig. 23). The observed trend fioteractionbetween experiment and group was influenced by the
presence of a mild outlier in the salitieated saline@xposed data. Despite the removal of this
outlier eliminating the observed trend, since it had minimal value in the interpretation of overall

resuls, we retained the complete dataset (see Table S33 for details).

We observed a main effect of group for mBDNF/GAPOH=(.019) identified by a -Zvay

ANOVA, and this was subsequently confirmed by the results efvaylLANOVA (p = .015; Fig.

23d). Afollomup Tukeyds test (Table 1) revealed a si
LM22A-4 treated VPAexposed males compared to the satreated VPAexposed groupp(=

.012; Fig. 23d), indicating that LM22A treatment resulted in a reduction in mature BDNF levels

due to drugnteractionwith VPA (refer to the discussionaen). In contrast, we did not observe

any changes between LM22Atreated salinexposed mice and saliteeated salinexposed

group p = 0.776; Fig. 23d), indicating that LM22&treatment did not induce any changes when
administered to the healthy control. Further, we did not observe any changes between saline
treated VPAexposed mice and saliieeated salinexposed micep(= .271; Fig. 23d), indicating

that prenatal VPA exposure alone did not affect mature BDNF protein levels. However, mature
BDNF showed a decreasing trerqul< .099, Fig.23d) in the LM22Al-treated VPAexposed group
compared to the LM22Al-treated salinexposed group. We found a medium to large effect size

(d] = .296; f = . 310 a guidelined 1988y The obsetvedretfent&ize f ¢
suggests a meaningful difference between the groups beyond what would be expected due to
chance alone. A power analysid /0.835 [strong], and-b = .8), anticipated that the addition of

8 samples in each group could result in adteally significant decreased mBDNF/GAPDH in
LM22A-4-tretead VPAexposed group compared to the LM22Aretead salinexposed

controls.
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Representative Western blot showing BDNF isof
truncated BDNF (28 kDa), mat ure BDNF -wagy¢ KkDe
ANOVA, no significant differendbespweBRNKHenelcad
GAPDKHW=( . 403)t,ruincated BDNF pr=el.aZ2@2v)dVet(@ b SAPDE
significant decrease in mature pBDNBP1O¢l a’Ai seb
Tukeyobs test Il ndicated a notmgl le M&d2icrrecaatseed 1V
exposed mal es cotmpaateak pOWRA dpeg s@UL@nNEe The mea
were conducted for a maximum of two mice per
= B=(9 mice per group) . Each |LLTwavay ~EOVA,0ran
way ANOVApo STtaklegicyps iOs , Br5r o3SEMaS:s:sall i né rexadg egde
VVPAXposed realtienle xpossd#dlLM@athed e x\plo:s edRIA M2 2 A
treated mice.

Tabl e 1. Pair comparison (Tukeyos test) for
MBDNF/ GAPDH i n mal es.
Group #1 Group #2 Std. Error  Sig.
Saline VPA 0.042 0.271
LM 0.042 0.776
VPA-LM  0.042 0.499
VPA Saline 0.042 0.271
LM 0.042 0.815
VPA-LM  0.042 0.012
LM Saline 0.042 0.776
VPA 0.042 0.815
VPA-LM  0.042 0.099
VPA-LM Saline 0.042 0.499
VPA 0.042 0.012
LM 0.042 0.099
Not e. The mean difference is significant at the 0.05 | evel.

Saline:expabiederealtiende e ¥XPAsedPA
sal-timeat ed, -elxoo s e d-é-iLMRa2tAe d , VPA
LM: -¥RAOSed4tLrM2a2tAed mi c e .
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AKT expression and activation remained unchanged in response to VPA; LM22ausedAKT

activation in only female VPA mice

We successfully detected bands at 60 kDa for Béthtotal protein and phosphorylatédkt (p-
Akt; Fig. 24a and Fig. 25a; also see Supplementary Fig. 2, 7, and 8). After normalizing data from

different experiments for females (Table S24) and males (Table S25).

We performed twavay ANOVA analysis incluohg both group and western blot experiment as
factors. Our results revealed ti#t total protein levels remained consistent across the groups in
females jp =.160, Fig. 24b) relative to GAPDH. Furthermore, no main effect of the Western blot
experiment or amteractionbetween the experiment and group was detected in either fgmrale (

1.00,p = .111, respectively).

Regarding the ratio of phosphorylatéét to total Akt protein in females, a twawvay ANOVA

analysis detected no main effect for experin{prit 1.00) and no significamhteractionbetween

group and experimeip = .124). We observed a main effect of gropp(.003), confirmed by a
subsequent oaway ANOVA. Aposthocanal ysi s using Tukeyds met h
significant increase in phospi#kt/Akt in LM22A-4-treated VPAexposed mice compared to the
salinetreated VPAexposed groupp(= .020; Fig 24c). Further, we observed an increase in
LM22A-4-treated VPAexposed mice compared to the salireated salinexposed groupp(=

.003). However, comparing these two groups is not beneficial in our study, as neither the prenatal

exposure nor the daily treaent is similar.
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Representative W&kdoerah proteshoWwb0g kDa-Akfgpann
Akt 60 kDa, channel 800), and GAPDH OO3knnkDat i ¥
to GAPDH 1(6WaytANOVA)-Aparnedl gt | WE(pt o. O OB ay t AVNOVA)
A s ubs e gwaeyn t A NoOnNVeA , foll owed by TukeyoOos4trsat ec
VPAXposed mice compaerad decktipdd Behdp=gsr.adph)e(. The me
were conducted for a maximum of two mice per
(nh= 9 mice per group). Each | ptOerPwassbdans fr

Table 2.Pair comparison T u k e y 6 s-Akv/Aktintfejnalels.or p

Group #1 Group #2 Std. Error  Sig.
Saline VPA 0.029 0.879
LM 0.029 0.239
VPA-LM  0.029 0.003
VPA Saline 0.029 0.879
LM 0.029 0.643
VPA-LM 0.029 0.020
LM Saline 0.029 0.239
VPA 0.029 0.643
VPA-LM 0.029 0.239
VPA-LM Saline 0.029 0.003
VPA 0.029 0.020
LM 0.029 0.239
Not e. The mean difference is significant at the 0.05 | evel.
Saline: sal i nter eax pds eed¥ P& & le id/nPA

sal-timeat ed, -elx:oo s e d-U-iLMRa2tAe d , VPA
LM: -¥RAoLsM2ddAreated mice.

In males(Fig. 24), a tweway ANOVA showed no significant difference observed between the
groups forAkt/GAPDH (pExperiment: 1.00,pGroup x Experiment— 0.568,pGroup = 0939, F|g 24b)
Comparable resultwerefound forphospheAkt/Akt (pexperiment= 1.00,Pcroup x Experimen= 0.868,

Paeroup= 0.699; tweway ANOVA, Fig. 24b).
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Erk protein expression levels and activation remained unaltered in response to VPA in both

sexes; causeltrk activation in only male VPA mice

We successfully detectddnds at 44 kDaerkl or MAPK44) and 42Krk2 or MAPK42) for both
total protein and phosphorylated proteinHgk1/2) in our analysis (Fig. 26a and 28a, also see

Supplementary Fig. 3, 9, and 10).
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In females, after normalizing the data (Table S26 and S27#yay 2ANOVA test, incorporating

both group and Western blot experiment as factors, was performed. We observed no significant
main effect of the experiment-grkl/Erkl: p = 1.00, pErk2/Erk2: p = 1.00, pErk1/2/Erk1/2: p

=1.00) or anynteractionbetween the experiment and grougEHixl/Erkl: p = .377, pErk2/Erk2:

p=.315, pErkl/2/Erk1/2: p=.371). Also, VPA and LM22A4 did not affecErk activation among

the groups (fErkl/Erkl: p=.319, pErk2/Erk2: p = .133, pErk1l/2/Erk1/2: p = .100).

S v 8§ v § V L VvL L VL L VL

p-Erk1 (44 kDa)
p-Erk2 (42 kDa)
" Erk1 (44 kDa)

m Erk2 (42 kDa)

M GAPDH (37 kDa)

o

0.6+
—— O
= o
|.|h.| 0.4
—
T -
| . © { —— o®
0.2+ o o1 O e mal
I.IIJ id)— 8 o) © 8 <
o e © : o ©
0.0 °
Saline LM22A-4
In utero exposure
Saline
VPA

227



0

1.5

N
=
-
L 1.0+ o
—
N [e] O o)
< S e o o
m 0.5 ig—& (Core v nQO
| | o) 00 o
Q- o © © o ©
0.0
Saline LM22A-4
In utero exposure
VPA
0.6
N
P o]
k> o
ren e}
L 047 o
: 00 -O_?_o 'O_‘Pi 80
; OOO ¢© e
My 0.24
e o © 00
L o
o
0.0
Saline LM22A-4
In utero exposure
Saline
VPA
FigurEer&kz3 i vati on remained unaltered in femal

and L-M22Aeda mBepresentati ve West erbBrlkk2l optr os hea
(42 and 44 kEalk2chaonmd!l p&8®G)e,in (42 and 44 kD
kDa, from the same gel ). TheEriloncc cpuHEadkp wai ¢ et

228



42 kbDa rEerpared embEs2kp WM f ound no significant di
f o) -Eprlk e | atEirfpe= t.o3d 9Bp2k € | atEir2kp= t .01 3 3d) Eprdkn2d (

rel ateEirikep=t(o. 100). The measurements were condu
l'itter for each group. nihe muombepenofgltoaprr st
from a different mot-threegat &de xspélsianteA seaxtpeousee dL :s a
exposed-4LME@athed,e x\WLo:s edPAAL M2 2 Ae d -vma yc eA N OWo, er
bar SEMN

In females, totaErkl to GAPDH remained unchanged between the gr{ugsp= .112,pPexperiment
= 1.00, andpexperiment x group= .337; tweway ANOVA, Fig. 27a). Further, a twoway ANOVA
revealed that totdrk2 (peroup= 0.662,pexperimen= 1.00, an@experiment x groug= -108; Fig. 27b) and
Erk1/2 (peroup= 0.690,pexperimen= 1.00, antPexperiment x group= .223; Fig. 27¢) relative to GAPDH

remained unchanged between the groups.
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In male mice, we did not detect a main effect of the experimeBrkKpErkl: p = 1.00, p
Erk2/Erk2: p = 1.00, pErkl/2/Erk1/2: p = 1.00). We also did not detect aimgeractionbetween
the experiment and the groupEpk1l/Erkl: p = .349, pErk2/Erk2: p = .146, pErkl/2/Erkl/2: p
= 0.653). No changes were foundark proteins activation (Erkl/Erkl: p = .253, pErk2/Erk2:

p = .246; tweway ANOVA, Fig. 28k d).

A two-way ANOVA test found a trend for main effect of group regardisgykd/2/Erk1/2 (p =

. 083) . A me di U=m312 fhddiani suggesied anductihg pairwise comparison
analysis can be informative for the purposes of power analysis. The observed trend in main effect

of group (confirmed by onway ANOVA, p = .054), is influenced by an increasing trend in p
Erk1/2/Erk1/2 in LM22A-4-treated VPAexposed mice compared to the salireated groupp =

253, Tukeyposthocanal ysi s). A power analysids312hdicat |
=.328 [large]d = 0.860 [strong], and-b = .8), anticipated that the addition of 2 samples in each

group could result in a statistically significant increase-trkil/2/Erk1/2 in LM22A-4-treated
VPA-exposed mice compared to the salireated group. However, this large effect size, as per
Cohenbdés guidelines (1988)isunaffacted loyagtogp sizdinia t t he
significant effect size implies a notable difference beyond what would be anticipated by chance

alone, negating the necessity for enlarging group sizes.

When normalizing theerk total protein data, relative to GAPDH, a tm@y ANOVA test

revealed no significant main effect of the experim&nkl/GAPDH: p = 1.00,Erk2/GAPDH: p =
231



1.00, Erkl/2/GAPDH: p = 1.00) or anyinteraction between the experiment and group
(Erkl/GAPDH: p = 0.510,Erk2/GAPDH: p = 0.914 Erkl/2/GAPDH:p = 0.725). Further, we did
not detect a main effect of groufcrkl/GAPDH: p = .226, Erk2GAPDH: p = 0. 388,

Erkl/2/GAPDH:p = .248; Fig. 29).
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Discussion

Studying RTKs that regulate synaptic functions, neural connectivity, and brain development
through signaling pathways that are related to idiopathic ASD incltikaextracellularsignat

regulated kinase) amtkt (also known as protein kinase B or PKB) has garnered research attention

in the recent decade (Fahnestock and Nicolini, 2014; Rosina et al., 2019; Ganesan et al., 2019). A

variety of RTKs belonging to different families, such as the platidated growtHactor receptor
(PDGFR), insulinlike growth factorl receptor (IGFLR), epidermal growth factor receptor
(EGFR), and the neurotrophic receptor tyrosine kinase (Trk) family, regulat&kthend Erk
signaling pathways (Cao et al., 2019; Chen et al., 20®idover et al., 2020; Cui et al., 2007;

Numakawa et al., 2023; Shi et al., 2017).

Among these RTKs, those belonging to the {G&nd brairderived neurotrophic factor (BDNF)
families have been the core of ongoing research due to their relevance {elat&d synaptic
dysfunctions (Sgritta et al., 2023; Qi et al., 2022; Ogundele eP@l8), impaired signaling
pathways (Cioana et al., 2020; Fahnestock and Nicolini, 2015; Ogundele et al., 2018; Chen et al.,
2014), and presentation of ASBlated behavior (Kyzar et al., 2012; Ma et al., 2023; Li et al.,
2021; Steinmetz et al., 2018)he protein and mMRNA levels of both I&Fand IGF1R remained

unaltered in fusiform gyrus afliopathic subjectsompared to the healtloontrol (Cioana et al.,

237



2020). Thus, the exact role of the IGFn idiopathic ASD is not evident. BDNF and TrkB stand

as a primary candidate for potential involvement in ASD due to their crucial functions in central
nervoussystem (notably synaptic functions), genetic association to ASD, isoform imbalance and
altered protein levels in ASD individuals, and involvement in the retesignaling pathways

including Akt andErk (Fahnestock and Nicolini, 2015).

Given the current lack of clarity regarding the causative impattik® on ASD pathology, our
primary objective was to investigate whether there is a causal relationship between TrkB signaling
and idiopathic ASD. To achieve this, we initially aimed to model idiopathic-Al8Dpathology

in mice through prenatal exposuceMPA. Subsequently, we administered TrkB selediyenist,
LM22A-4 to the VPAexposed mice and the control group daily to investigate whether the ASD

like behavior could be alleviated tiye treatment.

To activateTrkB, we avoided using BDNF treatment because dlinigations, including short
half-life and restricted permeability through the bldwain barrier and may lead to undesirable
effects by activating the p5® neurotrophin receptor (Poduslo and Curran, 1996). To date, only
a limited number offirkB agonists are available, including LM22Aand 7,8&dihydroxyflavone
(7,8DHF) which have been reported to activate TrkB and induce the phosphorylation of TrkB and
its downstream targefskt andErk in vitro orin vivo (Jang et al., 2010a; Jang et al., 2010b; Longo

and Massa, 2013; Cazorla et al., 2011).

LM22A-4 functions as a mimetic of the BDNF loop 2 domain induces the phosphorylatickBof

and triggers the activation of various downstream targetamwetho andin vitro, as demonstrated

in studies by Kajiya et al. (2014), Massa et al. (2010), and Pardridge, Kang, and Buciak (1994).
We chose LM22A4 over 7,8DHF for several reasons. 7[¥HF binds toTrkB receptorin vitro

and stimulates receptor dimerization, a functike BDNF and LM22A4 (Jang et al., 2010).
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However, findings related to administration of-DBIF in vivo should be interpreted cautiously

as 7,8DHF hasunfavorable pharmacokinetic properties (Pankiewicz et @21 For example,
7,8DHF has a very rapid elimination process (Pankiewicz et al.,, 2021). Further, post
administration peripherally, 7-BHF was not detected in all the brain regions (Pankiewicz et al.,
2021). Also, in mouse hippocampus and frontal corie8DHF does not activatdrkB
(Pankiewicz et al., 2021). To examine whether LM22/&duces a beneficial effect atiopathic

ASD pathology in VPA mouse model, we conducted experiments spanmitg&cular and

behavioral levels.

VPA-induced ASDIike traits: repetitive behaviors, sociability impairment, social avoidance,

and delayed neurodevelopment

At behavioral levels, we successfully induced Ald® symptoms in mice through exposure to
VPA. Since the core behavioral symptoms of ASD in humans include social behavior difficulties
and stereotyped, repetitive activitiélsord et al., 2000)we used relevant behavioral assays
including the threehamber social approach task and marble burying task to assess these behaviors
in our mouse model. The absence of confounding factors such as locomotor deficits, olfactory
impairments, and anxiety,rehgthens the validity of the results obtained from both the-three
chamber social approach task (Yang et al., 2011a; Rodgers et al., 2002; Holmes et al., 2003; Moy
et al., 2004; Crawley et al., 2007; Chang et al., 2017) and the marble burying task (derBrou

al., 2018; Kalueff et al., 2006; Depoortere et al., 2021). In general, our findings indicate that

prenatal VPA exposure in mice causes social behavior differences mirroring human ASD behavior.
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As mice naturally tend to approach unfamiliar conspecifics, the low direct social approach in mice
strongly reflects the socialteractiondeficits (Crawley, 2007; Moy et al., 2007, 2008; Silverman

et al., 2010)Like previous research (Chaat al., 2017; Kim et al., 2019; Zappala et al., 2023;
Huang et al., 2019), in our study, prenatal exposure to VPA resulted in mice spending more time
in the chamber containing a familiar mouse rather than the chamber containing a novel mouse
(social novely impairment) The observed changes in social novelty behasereminiscent of

the challenge that individualgith ASD face in processing novel social informati@ourchesne

et al., 1985)Similarly, when mice encountered the familiar mouse on one side of the chamber and
the novel object on the other side, both VPA males and females exhibited a lack of tendency to
spend more time with the social cue (sociability impairment). The obsegfiedsin attention to
socially salient stimulus closely paraltaracteristicseen in human ASD (Pasciuto et al., 2015;

Crawley et al., 2004).

Another behavioral hallmark of ASD is restricted and repethieaviors (Leekam et al., 2011).
Altered neuronal structure leading to disruptions in network connectivity and manifesting as
repetitive behaviors occurs in both rodents and humans (Engeln et al., 2021). Stereotypies in ASD
is regulated through the cortiestiriatatthalamaecortical circuitry, which consists of multiple

reverberatory loops (Alexander et al., 1986).

In our researcHike previous studies (Baronio et al., 2015; Choi et al., 2016; Huang et al., 2019),
VPA-exposed mice exhibited repetitive behavior when subjected to marble burying task (Leekam
et al., 2011). Marble buryinig a locomotion observed in rodents, such as rats and mice, and it is
often associated with repetitive behavidosnd in individuals with ASD (Ango®érez et al.,

2013; Dixit et al., 2020). In humans, repetitivehavior is an umbrella term used to describe a

wide range of behaviors dh may appear to be unrelatéturner, 1999) Repetitive behavior

240



includes hand flapping, lining up things, and strict adherence to routines. Some repetitive
behaviors can also be observed in normally developing children. Children with ASD, on the other
hand, exhibit more intense and frequent repetitive behaviors. &g, stereotyped movements

and repetitive item arrangement may be particularly important in the ASD. However, there are
some other classes of repetitive behavior that are related to locomotor activities, such as
spontaneous dyskinesias, tics, or repaditselfinjurious behavior which are not especially
prevalent, severe, or characteristic of ASD. Therefore, ¥Rgosed mice burying more marbles
compared to the salirexposed controls confirms exhibition of ASiRe traits in our mouse
model. Collective}, our behavioral data indicate that prenatal VPA exposure inducedike&D

traits in mice, mirroring human social behavior differences and repdigivaviors

At the somatic level, we observed alterations in mice prenatally exposed to VPA, laying the
foundation for the reported ASIlike behavioral outcomes above. Since ASD is a
neurodevelopmental disorder, neurodevelopmental delays are an integral part afditienco
(Nevill et al., 2017; Takahashi et al., 2020). Neurodevelopmental delays refer to as when formation
of neurons and establishment of synapses in the brain progress slower compared to what is
considered normal rate for a person's age (Kolb et dl4)2Brain development starts three weeks
after conception and continues throughout infancy, childhood, and adolescence (Kolb et al., 2014;
Rice and Barone, 2000). In humans, VPA monotherapy during first trimester of pregnancy
increases the risks of devploental delay andliopathicASD in offspring (Bescob¥Chambers

et al., 2001). The most prominent effect of VPA on developmental delays in humans, is verbal
intelligence quotient (MuthAlbayrak et al., 2017). Neurodevelopmental delays in humans and
mice @n differ due to the inherent biological and genetic differences between the two species

(Hemberger et al ., 2019) . Humansd® neurodevel
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aspects, including language and multisensory processing deficits (Beker et al., 2018; Landa and
GarrettMayer, 2006). ASEike mouse models do not fully replicate the entire range of human
neurodevelopment yet offer valuable insights into disease pathdlegio partial developmental

trait similarities.

Proper brain development is necessary for normal metabolic regulation including appetite, energy
expenditure, and nutrient utilization, related to the weight gain and growth rate during postnatal
period (Bouret, 2009; Udagawa et al., 20Q0ke others (Ahmed et al., 2023; Chomiak et al.,
2010; Podgorac et al., 2016; Schneider and Pr:
smaller body mass during infancy. Our findings indicate that VPA exposure during pregnancy may
have an impact on thadevelopmenof the mice's offspring. Furthdike previousreports (MA et

al., 2012; S. Jiang et al., 2022), the lower body mass of VPA mice during infancy was accompanied

by a longterm effect of VPA on altered metabolism, manifesting as underweight through the

juvenile stage (PD22) and persisting closer to yaogthood (PD37).

In human valproate syndrome inhibition of somatic skeletal growth is commonly observed (Fan et
al., 2016). We demonstrated that mice exposed to VPA prenatally had shorter tails during infancy
compared to the control mice. Our findings align with priorassdeon VPA mouse and rat models
(Ahmed et al., 2023; Fan et al., 2016; Tartaglione et al., 2018). Further, consistent with previous
studies (Ahmed et al., 2023; Ruhela et al., 2019; Tartaglione et al., 2018), we showed that VPA
exposed mice had delayedeeypening onset. The onset of eye opening is connected to the overall
maturation of sensory system and the underlying neural circuits in the brain (Tartaglione et al.,
2018; Tian and Copenhagen, 2001). Similar findings have been reported in VPA ratsalCéiomi

al ., 2010; Schneider and Przewgocki, 2004).
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Demonstrating ASBike behaviors and neurodevelopmental delays in mice exposed to VPA
provides evidence that the mouse model in our study replicateshegcteristicoof ASD
pathology at both behavioral and somatic levels. This ensures the relevance of our mouse model
and provides context for interpreting tleéfects of the TrkB agonisat both behavioral and

molecular levels.

The causal involvement offrkB in idiopathic ASD pathology is suggested by LM2:2s

mitigating effects on ASElike behaviors

This study investigated the impact of LM22Aon the behavior of VP&xposed mice. We
demonstrated that LM22A significantly mitigated VPAnduced repetitive behavior, improved
sociability, and social novelty preference by reversing impairments. Importantly, the effects of
LM22A-4 on ASDIlike behaviors remained unaffected by confounding factors such as anxiety,
locomotor issues, and olfactory deficits. Thi#sdings suggest thaignaling downstream dirkB

may play a crucial role in regulating core syoms of ASD, including repetitive behaviand

social behavior challenges.

Despite presenting ASIDke behaviour, the VPA mouse model challenges the premise of

studyingidiopathic ASD-related TrkB signaling deficits within the cortex

Given our observation that LM22A treatmentpreventsASD-like behavior of VPAexposed
mice, we aimed to investigate whether Afk® behaviors were linked to disruptions in the

cortical TrkB pathway components within in VPA model of idiopathic ASD. We investigated
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alterations in the protein expression of BDNF and TrkB isofpraieng with the protein

expression and activation Akt andErk, in the cortex in response to VPA and LM22A

1. Unchanged BDNF isoform protein levels in response to VPA:

Using Western blotting, we did not observe any alterations in protein levels of proBDNF, truncated
BDNF, and mature BDNF in female mice. Similarly, proBDNF and truncated BDNF remained
unaltered among the groups in males. However, a significant main dgfeapveas observed for
mature BDNF in VPAexposed males treated with LM22Acompared to VPAxposed males
treated with vehicle and salkexposed males treated with LM22A We did not detect any
changesn TrkB protein expression levels in responsentateroexposure to VPA in mice. Also,

we observed that VPA inducétk activation oAkt only in females compared to the salineated
VPA-exposed group, whil&rk protein expression and activation remained unchanged in both

Sexes.

Building upon existing literature concerning both hunstadies (Nicolini et al 2015 and
dissertation, 2016; Garcia et al. 2012nd idiopathic ASHike VPA mouse models, our
expectation was to observe an elevated proBDNF and reduced truncated BDNF in our chosen
mouse model. ProBDNF plays a pivotal role in synaptic elimination, primarily through its
interactionwith p73'™R receptors, triggering downstream signaling involving RhoA and ROCK
(Sun et al., 2012). proBDNF is crucial for loteym depression, neanal apoptosis, and dendritic
pruning, contributing to the shaping of neuronal circuits during postnatal brain development and
throughout adulthood in response to environmental changes and learning processes (von Bohlen

und Halbach, 2018; Teng et al., BQ@\n et al., 2008; Henson et al., 2017; Piochon et al., 2016).
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Physiological roles of truncated BDNF, a proteolytic product of proBDNF, remains a subject of

active research (Carlino et al., 2011, 2012).

In human ASD, existing literature show increased levels of BDNF immunoreactivity in serum of
individuals with ASD (Barbosa et al., 2020; KatBkemba et al., 2007; Miyazaki et al., 2004).
Notably, Garcia et al. (2012) reported elevated BBidFunoreactivityin the postmortem
fusiform gyrus of subjects with idiopathic ASD compared to controls. Protein concentration of
BDNF isoforms is assayed by techniques such as ELISA and Western blotting. ELISA detects
both mature BDNF and proBDNF. There is also proBEdgécific ELISA that can measure only
proBDNF and not the mature isoform. Western blotting, on the other hand can distinguishes BDNF
isoforms including proBDNF, truncated BDNF, and mature BDNF. Garcia et al., (2012), using
Western blotting showed an increaseroBDNF and a decrease in truncated BDNF in fusiform
gyrus of idiopathic ASD individuals, while mature BDNF wasxhangedAdditionally, BDNF
immunoreactivity (total BDNF) was shown to be increased in idiopathic ASD brains compared to
healthy control gsups (Armeanu et al., 2017; Bryn et al., 2015; Zheng et al., 2016; Garcia et al.,

2012).

In idiopathic ASD reduced activation of fusiform gyrus is associated with diminished ability of
people in recognizing and interpreting facial expressions that contributes to social communication
difficulties (Bdlte et al., 2006). Fusiform gyrus, relevant to human ASDoisvelldefined in
nonprimate mammals, including rodents. In migggeractiors between a network of different
brain regions, notably cortical areas are responsible for social recognition of another mouse

(Richter et al., 2005).

The impact of VPA inidiopathic ASD-like mouse models showed dedependency. Prenatal

administration of a low VPA dose (450 mg/kg; Maisterrena et al., 2022) left mature BDNF
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unchanged, while higher doses (600 mg/kg) elevated it. For instance, in different brain regions
including the striatum, the nucleus accumbens, the motor cortex, or the cerebellum of VPA mice,
no changes in BDNF protein levels were observed (C57BL/6J, 4BkgmMaisterrena et al.,

2022). In contrast, other studies reported a reduction in BDNF protein levels within the anterior
cingulate cortex of mice exposed to higher dose of VPA (C57BL/6J, 500 mg/kg; Qi et al., 2022)

at PD7.

Our results reveatlno differences in proBDNF and truncated BDNF protein levels in both sexes
and mature BDNF in females. Given that protein levels of proBDNF and truncated BDNF were
not previously explored in VPA mice, distinctions between our findings and those in huchas st

may arise from tissue or species variations. In our mouse model, BDNF levels in the entire cortex
remained unchanged in response to prenatal exposure intsaéited miceHowever, in males,

the administration of VPA and LM22A together but not alone reduced the levels of mature
BDNF in male mice. Therefore, the reduced levels of mature BDNF could be a consequence of
theinteractionbetween VPA and LM22A4, rather than a direct effect of VPA on mature BDNF.

It is known that when two drugs are-administered and target the same pathways, there is a
potential forinteractionbetween them (Grabovsky and Tallarida, 2004). Furthermorespsific
susceptibility to environmental factors can explain the sex differences in the egpotie
LM22A-4 and VPA drugnteractionin our study. At environmental levels, specific drugs and
compounds affect males and females differentially (Mezzelani et al., 2015). For example, males
are more susceptible to ochratoxin, a mycotoxin that induces neural tube defects (Mezzelani et al.,
2015). This susceptibility is due to synergistic effect between altered BARX1 and SOX9 gene
expressions in males (Barrionuevo and Scherer, 2010). SOX9 i&mvo@lh for contributing to

the increased risk of ASD in nes (Ghahramani Seno et al., 2011).
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Our collective results regarding BDNF isoforms differed from expected patterns and deviating
from prior ASD research in human idiopathic ASD (proBDNF and truncated BDNF) and VPA

mice (mature BDNF).

2. TrkB isoform protein levels in VPA&xposed mice differ from human idiopathic ASD:

Currently, there is a lack of research specifically investigafind isoform levels in VPA
exposed mice. We observed no differences in the protein expressionlehfil and truncated

TrkB isoforms in the cortices of mice in response to either VPA or LM22Notably,Nicolini

et al. showed fullength TrkBprotein levels were reduced, whereas truncated isoforms protein
levels showed a trend toward increased trunchtied isoforms in in fusiform gyrus of idiopathic

ASD individuals. Additionally, they found no changes in TikBform mRNA levels in this brain
region. Thee findings suggest that examining BDNF protein levels in the context of idiopathic
ASD using the cortex of VPA mouse models may lack relevémcstudying BDNF as the
BDNF-related molecular events observed in the fusiform gyrus of idiopathic ASD cases were not
replicated. This is noteworthy to mention that prenatal exposure to VPA was not a risk factor in
the individuals whose postortem brains were studiedukhanidiopathicASD is characterized

by a multifaceted interplay of epigenetic predispositiod diverse environmental influences,
resulting in a heterogeneous spectrum of symptoms (Bélte et al., 2018; Szatmari et al., 1998;
Taylor et al., 2020). lkontrast VPA mouse models primarily focus on a singular environmental
insult, lacking the genetic variability and additional environmental factors present in human
idiopathicASD. Consequently, while these models have provided insights into specific aspects of
idiopathic ASD pathology related to prenatal VPA exposure, they may not fully capture the

comgexity and variability observed in humatopathicASD.
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The alterations in protein expressioh TrkB isoforms has not been investigated in the whole
cortex of VPAexposed mice, which as a network shares functional similarities with the human
fusiform gyrus tissue in the context of idiopathic ASD (Hui et al., 2020; Richter et al., 2005).
However, arr findings align with previous research indicating that TrkB prdmimels remained
unchanged in various brain regions, including the striatum, nucleus accumbens, motor cortex, and
cerebellum of young adult VPA mice (Maisterrena et al., 2022). Almeiala €014 also reported

no changes ifrkB protein expression in fetal whole brain samples of &Xposed mice. The
absence of changes in TrkB isoform protein expression in murine brain does not necessarily mean
that TrkB and its downstream signaling pathways are not activated by LM22AenC57BL/6J

mice (2monthold and wildtype) were administered LM22A (50 mg/kg for 7 weeks), an
increase in striatal TrkiEL phosphorylation was observed without a change in the total protein

level. Thus, LM22A4 canactivate TrkB without altering the overall expression of TrkB protein

Conclusively, our study adds to the reseamshTrkB protein levels in idiopathic ASD and VPA
exposed mice. We showed unchanged TrkBoisofprotein levels in VPAexposed mouse cortices

under our experimental conditions.

3. LM22A-4 inducedAkt activation solely in VPAexposed female mice cortices, potentially

affectingidiopathicASD-like pathology;Erk1/2 showed a similar pattern

Akt andErk signaling pathways act upstream and downstream of BDNH duidand are crucial
in neurodevelopment due to their key roles in regulation of neurogenesis and neurite outgrowth
(Bluthgen et al., 2017; Ortuf®ahagun et al., 2014; Wang et al., 208Kt and Erk signaling

pathways are also crucial in regulation of synaptic activities including synaptic protein expression
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and functions (Wang et al., 2003). Notali#tyk regulates translation of synaptic proteins including
elF4E and RPS6 (Fahnestock, 2015; Nicolini, 2016; Shahbazian et al., 2006). FAkthier,
required for postsynaptic density protein 95 (PE3) delivery to dendrites and synaptic plasticity

(Wang et al., 2003).

There is consistency in the literature indicating #kt/mTOR andErk signaling pathways are
upregulated in syndromic ASD and similarly in ASD genetic models. For example, increased
phosphorylation oAkt in various brain regions of individuals with syndromic ASD, including the
striatum, hippocampus, and cerebellum, is associated with diversered@Bd behaviors
(Hevner, 2015; Onore et al., 2011).ASD genetic mouse models that mimic human syndromic
ASD, activation ofAkt andErk have been reported in various brain regions including striatum,
hippocampus, and cerebellufghninger et al., 2008; Zhou et al., 2009; Murari et al., 2023).
Implications in these brain regions are associated with -Added motor control deficits
(striatum), intellectual disabilities (hippocampus), and challenged motor coordination

(cerebellum)Delong, 2008; Fatemi et al., 2012; Fuccillo, 2016; Zamarbide et al., 2019).

In contrast to syndromic ASD, decreagdd andErk signaling pathways have been reported in
idiopathic ASD. For example, Nicolini et al. (2015) demonstrated reduced phosphorylaiikin of
in the postmortem brain fusiform gyrus in individuals with human idiopathic ASD. Further, in
Ni colini &s st Aktdhypoacivitian in norreatece@bBl mice (both sexes, 500
mg/kg VPA). Our data aligns with ASlke mouse models and findings from the human
idiopathic ASD fusiform gyrus (Nicolini et al., 2018hce VPA did not affecAkt andErk total
protein levels. However, the differences between our findings (unchakigealctivatior) and
Nicolini's research (which reported decreagdd activation) could potentially be attributed to

differences in strain and VPA dose. The most significant difference lies in the treatment protocol
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of our studies. Mice in their study were Atveated, whereas when they were treated daily with
saline, like our mice, it eliminated the observed differences. This ssdghgatthe sensorimotor

stimulation may have influencekkt phosphorylation.

In terms ofErk activation, Chatterjee et al., 2020, showed decreased activaiokilé? occurring

in the prefrontal cortex of VPA mice (male C57BI/6J, 600 mg/kg). Furthermore, our results
contrast with those of Chatterjee et al.,Ek activation remained unchanged in our study.
However, our findings agree with those of Maisterrena et al., (2022) that observed no changes in
Erk1/2 activation and total protein levels across various brain regions, such as the striatum, nucleus
accumbens, cortex, and cesbm, in response to VPA (male C57BI/6J, 450 mg/kg). Similarly,
Nicolini et al. (2015) did not find a significant change in phosphorylation lev@éskohn the post

mortem brain fusiform gyrus in individuals with human idiopathic ASD. Differences between
findings of Maisterrena et al. and Chatterjee et al. may be due to different VPA dosages (450 and
600 mg/kg, respectively). Chatterjee et al.'s mouseeinexhibits similarities with ours in VPA
dosage, exposure timing, developmental stage, brain regidriechniques. Thus, identifying the
precise reasons for the contrasting resulkinactivation, especially in males, in their study and

ours poses a challenge. However, the observed differences may be attributed to difference in mouse
substrains (C57BI/6J in Chatterjee et al. and C57BI/6N in ours) and specific cortical regions
(prefrontl cortex in Chatterjee et al. and whole cortex in ours). Environmental variations in
housing may alsonpactErk activationresponses. Also, the differencelrk activation between

the human idiopathic ASD fusiform gyrus and the findings of Chatterjee et al. showing reduced

Erk activation may be attributed to species differences.

LM22A-4 is known to activat@rkB, and previous research has demonstrated its ability to activate

TrkB signaling pathway components includidigt andErk in neuronal cell cultures (Antonijevic
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et al., 2023; Gudasheva et al., 2013; Massa et al., 2010). However, we observed thatd.M22A
increasedAkt andErk activation in VPAexposed female and male cortices, respectively. Given
that we have natxamined changes ikt andErk signaling pathways in response to VPA and
LM22A-4 in other brain regions or within subcortical areas, understanding why bo®stiBg
signaling beyond typical levels in the cortex via LM22Areatment potentially improves ASD

like behavior might prove challenging. Howevénistparadoxical outcome could arise from the

involvement of other signaling pathways downstream of TrkB.

I n Nicolinids study, ( 2 0 4deadminidtaton, @ag \well asdhes s er t
administration of the vehicle alone, rescukkt reduced activation. This suggests a potential
normalization effect of daily sensorimotor stimulation rather than a true effect of LM22A
Further, the difference in results suggests that variations in mouse strain and VPA dosage may be
the underlying factors contributing to this discrepancy. The findings from neural disease mouse
models, coupled with our demonstration that LM22A&ducesAkt activation solely in VPA mice

and not in salinexposed control, suggest that the effect of LM2RAn TrkB dowstream
signaling pathways is highly contesdépendent in nature. Of note, in RTiKe mouse model,
LM22A-4 treatment increaseflkt phosphoryléion in Mecp2 (methyCpG-binding protein2)

deficient mice with decreasekkt phosphorylation but had no effect ikt phosphorylation of
wild-type control mice (Schmid et al., 2012). This potential dual functions of LMRRATrkB
signalling activation can be attributed to dsaracteristicas a partial agonisRartial agonists,
especially neurotrophin receptor ligands, are known for their pharmacological benefits in
pathological conditions where signaling pathways are dysregulated rather than ial norm
physiology (Longo et al., 2013; Maliartchouk et al., 2000). This suggests that L¥ 22k

activate TrkB to induce phosphorylation of Akt and Erk, particularly in pathological contexts.
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In summary, the study successfully induced Al traits in mice through prenatal exposure to
VPA. These traits included repetitive behaviors, sociability challenges, social avoidance, and
delayed neurodevelopment, mirroring sarharacteristicef human ASD. Further, administration

of LM22A-4, aselective TrkB agonisto VPA-exposed mice significantly mitigated VAAduced
repetitive behavior and improved sociability and social novelty preference. This suggests a crucial
role for theTrkB pathway defids in ASD at behavioral levels. At molecular levels, the role of
TrkB, BDNF, and their downstream signaling pathways in idiopathic-Al&Dpathologies within

the cortex of VPA mice cannot be conclusively determined based on our study. Drawing definitive
conclusions about the role of TrkB in the disorder requires a mouse model that exhibits decreased
activation of TrkB signaling, mimicking the pathology of human idiopathic ASD. Therefore, it is
possible that the behavioral consequences of prenatal expositieA and rescue of those
behaviors by LM22A4 treatment is a result of Trkénd its downstream signaling dysfunctions

occurring throughout the entire brain, not solely the cortex.

Limitations and future directions

Although our resultalignwith thepreviously established VPA mouse model, our findings related
to BDNF, TrkB, andAkt deviate from the molecular events observed within the fusiform gyrus in
human idiopathic ASD. This suggests tha VPA model may not be optimal for investigating
the causal role ofrkB in idiopahic ASD, particularly within the cortexihe differences between
human idiopathic ASD and VPA mouse models could be attributed to sggpeesic differences,
distinct brain structures or tissgpecificity, and the fact thabost human idiopathic ASD cases

are not induced by VPAzurther, differences in VPA mouse models may be due to the different
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strains of mice, VPA dosage, and the specific developmental stages. As a result, the results of our

studies are accompanied by limitations and should be interpreted cautiously.

Future research should consider studying BDINkB, and their signaling pathways including
Akt andErk in cortex of VPAexposed rats. Previous studies have indicated thaté&#pased
rats manifest decreased phosphorylatdd, mTOR, 4EBP1, and S6, suggesting potential
impairment inTrkB signaling pathways that may contributeidoopathic ASD-like pathology
(Nicolini et al., 2015). This implies that VRéxposed rats and mice may exhibit distinct molecular

responses to prenatal VPA exposure.

In our study, we focused AnkB signaling pathways, particularly in cortical areas. ASD involves

a network of brain regions, and dysfunctions in various brain areas collectively contribute to ASD
behavioral symptoms. Further, considering brain region specificity and the regulatignading
proteins like BDNF,TrkB, Akt, andErk, our study underscores the need for studying different
brain regions that (express BDNF amtkB) and are implicated in ASD to comprehensively
understandirkB's role inidiopathicASD pathology. Similarly, irhuman studies, investigating

the causal role ofrkB in idiopathic ASD may benefit from assessing other brain regions (with
BDNF and TrkB expression) beyond the cortex and the fusiform gyrus to identify potential
differences. While the cortex is significant for AS€&lated social deficits, the striatum plays a

crucial role in ASDrelated stereotypies due to its association with repetitinawbers.

Finally, in our study we did not investigatekB signaling pathways in specific regions within
cortex. However, it is important that futuigiopathic ASD research should consider including
such areas. Each specific region within cortex may exhibit distinct patterns in the expression and
activation of signaling molecules, since they are involved in a particular function related to ASD

behavior. Of notewe encourage subsequent investigations into the protein levels of BDNF and
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TrkB isoforms in the prefrontal cortex. The prefrontal cortex plays a pivotal role in decision
making based on information processing related to emotional, social memory, and learning

functions, all of which are relevant to ASD.

Conclusion

Our study highlights the successful induction of Al traits in mice through prenatal exposure

to VPA, manifesting as repetitive behaviors, social deficits, and delayed neurodevelopment.
LM22A-4, a selectiverkB agonist, significantly mitigated VR#&duced ASD core behavioral
symptoms, indicating a pivotal role for the TrkB pathway in regulating core symptoms of ASD.
We also showed the contedépendent effect of LM224 on Akt andErk activation. While our
findings align with established VPA mouse meld, discrepancies in BDNF, TrkB, amkt
signaling observed in the fusiform gyrus of human idiopathic ASD suggest that the VPA model
may not fully capture the complexities of TrkB involvemientdiopathicASD, particularly within

the cortex.
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