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Abstract

This thesis delves into the potential neuroanatomical and molecular characteristics of
a maternal hypothyroid model of autism spectrum disorder (ASD) and compares them
to those of control mice. We utilise advanced imaging techniques, such as X-
absorption micro computed tomography (UCT) scanning and immunohistochemistry
(IHC) analysis. Our focus is on examining the effects of maternal hypothyroidism,
which is induced by a pharmacological treatment involving 0.1% Methimazole (MMI)
in drinking water, administered from the start of gestation (EO) until the 13.5th day of
embryonic development (E13.5). Notably, the offspring of MMI-treated mothers
exhibit behavioural characteristics associated with autism during neurodevelopment
in a sexually dimorphic manner.

Chapter 2 focuses on the use of Micro-computed tomography (UCT) to assess large
white matter structures such as the corpus callosum (CC) and fornix, and examines
the deep cerebellar nuclei (DCN). However, the findings were inconclusive, with no
observable difference between control and MMI-treated mice, highlighting the
complex relationship between maternal thyroid function and ASD.

Chapter 3 delves into the molecular landscape of prenatal (E16.5) transient
hypothyroid mouse brains. We detected significant changes in T-box, brain, 1 (TBR1)
staining of the fastigial nucleus, and RAR-related orphan receptor alpha (RoRa)
staining of Purkinje cells. These findings suggest a role for early rhombic lip lineage
formation in the role of thyroid hormones (THs) in ASD.

Chapter 4 extends the molecular investigations of juveniles. P30 transient hypothyroid
mouse brains. Contrary to expectations, no significant enduring molecular changes
were observed, suggesting a differing underlying reason for the observed behavioural

changes in the model.

These results demonstrate the complex links between maternal thyroid status and
early cerebellar development that may lead to neurodevelopmental disorders such as
ASD. This study enhances our understanding of the network of genes potentially
involved in ASD and TH disruption, indicating a possible link between THs, ASD-

associated gene expression, and neurodevelopment.
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Chapter 1: Introduction and Literature
Review




1.1 THYROID HORMONE SECRETION AND METABOLISM

TH is a steroid that is important for normal brain development, such as neuron
development and the formation of neurotransmitters, with the maternal thyroid playing
an important role (de Escobar, Obreg6dn et al. 2004, Patel, Landers et al. 2011).
Thyroid receptors are present in the foetal brain beginning in the first trimester of
pregnancy, with the expression of the isoforms TRB1 and TRa1 starting as early as
the 8" week of gestation in humans. Despite this, the foetal thyroid gland does not
reach maturity until late in the first trimester, with the active section of TH only
commencing after 18 weeks in humans and beginning in mice around E16.5 (Iskaros,
Pickard et al. 2000, Fernandez, L6pez-Marquez et al. 2015).The TH plays a key role
in overall development, including helping normal brain development. Disruption of
normal TH function has been shown to lead to many neurodevelopmental disorders,
such as impaired cognition, behavioural issues, and abnormal cortical
morphology(Roman, Ghassabian et al. 2013, Pakkila, Mannistd6 et al. 2014,

Lischinsky, Skocic et al. 2016).

The production of TH is regulated by the hypothalamic—pituitary—thyroid (HPT) axis.
The purpose of the HPT axis is to control the levels of TH in circulation. TH production
starts at the hypothalamus, which secretes the tripeptide Thyrotropin-releasing
hormone (TRH) (Zoeller, Tan et al. 2007). TRH is then transported to the anterior
pituitary, where it binds to a G-coupled protein receptor in a thyroid-stimulating
hormone (TSH)-producing cell called a thyrotroph. G-coupled protein receptor binding
in thyrotrophs allows for the activation of phospholipase C, the hydrolysis of
Phosphatidylinositolphosphatidylinositol ~ 4,5-bisphosphatef  (PIP2) to Inositol
triphosphate (IP3), the generation of Diglycerol (DAG) and the release of Ca++. This

release of Ca++ then stimulates the release of TSH from thyrotroph cells(Shahid,




Ashraf et al. 2018). TSH is a heterodimer formed of an alpha subunit, which is
common to other hormones, such as follicle-stimulating hormone, and the beta
subunit, which is unique to TSH (Koibuchi and Yen 2016). TSH binds to G-coupled
protein receptors called TSH receptors located primarily on the thyroid. This ligand
binding increases the gene transcription of thyroglobulin and the sodium iodide
symporter (NIS). Thyroglobulin is a TH precursor that forms Triodothyronine (T3) and
Thyroxine (T4) when combined with iodine. The mechanism of action of anti-thyroid
drugs such as MMI or Propylthiouracilpropylthiouracil (PTU) acts to prevent the
iodination of thyroglobulin, preventing TH synthesis. The HPT axis is highly regulated,
with internal feedback loops within the axis. As shown in Fig. 1.1, high serum levels
of TH create negative feedback control over the release of TRH from the
hypothalamus and TSH from the pituitary, allowing for optimal levels of TH at all times

and overall homeostasis (Feldt-Rasmussen, Klose et al. 2018).




Hypothalamus m

Figure 1-1 Regulation of the HPT axis:

High serum levels of T4 and T3 exert hegative feedback effects on the release of TRH
from the hypothalamus and TSH from the pituitary. This is mediated through the
negative transcriptional regulation of genes for TSH and TRH by ligand-bound thyroid

receptors (Koibuchi and Yen 2016).




TH is released from the thyroid gland in its inactive form, the prohormone T4, or its
active form, T3. Approximately 95% of the TH released is T4, which allows for further
regulation of TH activity downstream. TH is formed from two phenolic tyrosyl rings,
which are then bound by iodine. The removal or addition of these iodine atoms
determines the form of TH. Therefore, TH activity and binding are regulated by T3
levels and T3 creation through the deiodination of T4 by 3 iodothyronine deiodinases
(Diol, Dio2, Dio3). Deiodinases act through the removal of an iodine atom through
outer ring deiodination (ORD) or from the inner tyrosyl ring by Diol and Dio3, causing
inactivation through inner ring deiodination (IRD). ORD facilitates the conversion of
T4 to T3, whereas IRD inactivates T4 to rT3 and T3 to T2 (Figure 1.2) (Bianco and

Larsen 2005).
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Figure 1-2 Effects of deiodinases on thyroid hormones:
T4 is modulated by either DIO1 or DIO2 to form T3 through the removal of an iodine
atom from, the outer tyrosol ring. DIO 2 modulates T4 through the removal of an iodine
atom from the inner tyrosol ring to form reverse T3. The removal of a second iodine
atom from either T3 or reverse T3 converts it into the inactive T2 form of TH (Luongo,

Dentice et al. 2019).




The conversion of T4 to T3 is facilitated by both DIO2 and DIO1; however, their
affinities for T4 differ. At physiological concentrations, T4 acts as a better substrate
for DIO2 than DIO1, with DIO1 requiring a much higher concentration of T4 (Luongo,
Dentice et al. 2019). In the cerebellum, deiodinase activity primarily involves DIO2
and DIO3. Specifically, DIO2 (Type 2 deiodinase) activity is low during the late fetal
stage and at birth but increases significantly during the first postnatal week. Moreover,
type 1 deiodinase (DIO1) activity remains notably prominent in the cerebellum
(Gereben, Zavacki et al. 2008, Barez-Lopez, Bosch-Garcia et al. 2014). Together,
both the HPT axis and regulation by deiodinases allow for control of the serum levels
of T3 and T4, which can then be transported across the Blood-brain barrier (BBB) to

the site of activation.

The transport of TH is an important regulator of TH circulation within the CNS as well
as a regulator of foetal levels of TH during development. This includes the transport
of TH across epithelial barriers such as the BBB or the placenta. Both the BBB and
the placenta act as semipermeable barriers to separate either the brain in the case of
the BBB or the foetus from the surrounding blood flow. Therefore, during pregnancy,
TH transporters are essential for the movement of THs from the mother to the foetus

and from foetal systemic circulation to the CNS.




The majority of TH is not free in circulation. Instead, a large amount is bound to carrier
proteins such as mammalian-specific T4-binding globulin (TBG), albumin, and
transthyretin (prealbumin, TTR) (McLean, Rank et al. 2017). TH that is bound to these
carrier proteins is not available for uptake into cells, as only TH in free circulation is
available for transport via membrane transporters. These membrane transporters
include monocarboxylate transporters 8 and 10 (MCT8/10), organic anion-
transporting polypeptide 1C1 (OATP1C1), and L-type amino acid transporters 1 and

2 (LAT1/2) (Heuer and Visser 2009).
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Figure 1-3 Factors affecting the bioavailability of thyroid hormones in the
foetus, placenta, and mother. Maternal Synthesis: synthesis of T4 and T3 hormones
in the mother, influenced by dietary intake and metabolic pathways. Transport
Mechanisms: transport of these hormones via transporters, specifically MCT8 and
OATP. Foetal Metabolism: Conversion of T4 into T3 in the foetus, mediated by

deiodinases. (Forhead and Fowden 2014).




Cellular responses to TH vary and are mediated by its binding to a variety of receptors.
Thyroid receptors belong to the nuclear hormone receptor superfamily type Il in
mammals, a family that contains TH receptors (TRa and B (RARa, B, and y)) and
Vitamin D receptor (VDR). TRs form heterodimers with RXR and, as such, bind to
target DNA at sites called T3-response elements (TRES). Two genes are responsible
for the coding of these receptors, Thra/THRA and Thr3/THRB, in mice and humans,

respectively (Flamant, Baxter et al. 2006).

TR expression changes in a spatial-temporal fashion, with many tissues expressing
multiple isoforms. During early brain development, the primary receptor expressed is
TRa1, which is expressed in the cerebellum at E13.5 and the neocortex at E15.5. In
later stages of development, such as the perinatal and postnatal periods, TRB1 is
expressed in specific neuronal populations, such as Purkinje cells and the

hypothalamus (Bradley, Towle et al. 1992, Flamant, Gauthier et al. 2017).

TRs are ligand-regulated transcription factors that bind to TREs on target genes in
the presence or absence of TH. In the absence of TH, TRs recruit corepressors and
histone deacetylases, allowing them to cause transcriptional repression of the target
gene. TH binding to the TR results in structural changes in the ligand-binding domain,
making the binding of repressors less favourable and allowing for the recruitment of
coactivators, therefore increasing transcriptional activation (Fig 2.5.3) (Koibuchi and

Yen 2016).
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Thyroid hormone receptors (TRs) play pivotal roles in regulating gene expression.
They function by forming either homodimers or heterodimers with the Retinoid X
receptor (RXR), and these dimers bind to specific Thyroid response elements (TRES)
located in the promoter regions of target genes (Lazar 2003) (Barra, Velasco et al.
2004). The regulation of these genes by Thyroid hormones (THs) can be either

positive or negative.

In positive regulation, the binding of THs to TRs acts as a switch, toggling between
the repression and activation of gene transcription. In the absence of THs, unbound
receptors recruit corepressors and histone deacetylases, which maintain chromatin in
a compact state, leading to a decrease in gene transcription. However, when THs
bind to TRs, they trigger a conformational change that displaces the corepressor
complex and instead recruits transcriptional coactivators. These coactivators interact
with various transcription factors and cofactors that possess histone acetyltransferase
activity, altering the chromatin conformation to make the gene more accessible to the
basal transcriptional machinery, thereby stimulating gene expression(Grgntved,

Waterfall et al. 2015).

In contrast to the well-understood mechanism of positive regulation by THs, the
mechanism of negative regulation remains elusive, with several models proposed.
One such model suggests a switch from coactivator recruitment to corepressor
recruitment on a ‘negative’ TRE upon the binding of THs(Ramadoss, Abraham et al.
2013). This intricate interplay between positive and negative regulation by TRs
underscores their crucial role in maintaining metabolic balance in the body.
Misregulation of these processes can lead to various thyroid disorders, highlighting

the importance of understanding TR function(Bernal 2007).
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However, not all the cellular activity of TH occurs through its binding to TRs. Cellular
T3 is thought to activate secondary messengers such as calcium ions (Ca++) and
cAMP (Cheng, Leonard et al. 2010). Indirect genomic actions can be mediated by the
prohormone T4, which binds to the plasma membrane receptor integrin av@3 and can
lead to changes in gene expression, resulting in cell proliferation and angiogenesis
(Davis, Goglia et al. 2016). These effects are similar to those of traditional TR binding,

suggesting a crossover between the direct and indirect genomic action of TH.
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Figure 1-4 Model of TR-mediated transcriptional regulation: Left: In the absence
of TH binding, TRs recruit corepressors, allowing them to cause transcriptional
repression of TREs. Right: TH binding results in a structural change to TRs, allowing
for the recruitment of coactivators to increase transcription at TREs (Flamant,
Gauthier et al. 2017).
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Thyroid Hormone disruption in neurodevelopment

Abnormal thyroid signalling has been found to have adverse effects on
neurodevelopment. This is due to the large number of important roles that THs play
during brain development. For example, THs stimulate vital processes such as the
growth of axons, synapse formation, and the myelination of neurons (Williams 2008).
Maternal hypothyroidism in rats has been shown to impact cortical progenitor cells
during foetal development, with a reduction in both neuronal progenitor proliferation
and neuronal differentiation. This was thought to be due to the initial downregulation

of Pax6, which was detected via RT-PCR (Mohan, Sinha et al. 2012).

Thyroid receptors are present in the developing brain from the first trimester, but the
foetal thyroid gland matures around the end of the first trimester and only begins to
secrete TH around week 16 or E16 in mice (Fernandez, Lopez-Méarquez et al. 2015).
TH is essential for healthy brain development and regulates processes such as
neuronal migration, neurite outgrowth, and synaptogenesis (Mohan, Sinha et al.

2012).

TR target genes, such as RELN, are thought to be responsible for their role in
neuronal migration and have been linked to ASD due to dysfunctions (Su, Yang et al.
2022). Maternal hypothyroidism was induced in MMI-treated rats at gestational day 6,
and a reduction in the expression of RELN was detected via both immunostaining and
PCR. The hypothyroid group also exhibited aberrant neuronal migration. Furthermore,
the defects observed could be rescued with TH replacement in the embryo between
E12 and E15 (Pathak, Sinha et al. 2011). As RELN has strong ties to cognitive
disorders such as ASD, understanding its disruption in hypothyroidism may help form

a causal relationship between hypothyroidism and an increased risk of ASD.

13



In humans, mutations of the MCT8 gene lead to neurodevelopmental cognitive
disorders, including the X-linked cognitive disorder Hendon Dudley, which is
characterized by severe intellectual disability and muscle hypoplasia (Kersseboom,
Kremers et al. 2013). Interestingly, knockout of the MCT8 gene in mice does not lead
to the adverse neurological effects observed in humans. However, double knockout
of MCT8 and another TH transporter, OATP1C1, led to a state of severe
hypothyroidism, suggesting redundancy between the two transporters. Unlike single
MCT8 knockout mice, which exhibit changes in neurodevelopment, both MCT8 and
OATP1C1 double knockout mice presented delayed cerebellar development and
myelination and compromised differentiation of GABAergic neurons within the
cerebellar cortex. This led to a similar phenotype to Hendon Dudley disorder in

humans (Mayerl, Muller et al. 2014).

Rat models have shown that treatment with a low dose of the antithyroid drug PTU in
drinking water during second-trimester pregnancy has adverse effects on fetal brain
development. Induced transient maternal hypothyroidism between gestational day 19
and perinatal day 2 resulted in cortical heterotopia and clusters of ectopic neurons in
the brain (Figure 1.5). These effects were shown to be related to a reduction in the
expression of Sonic hedgehog (SHH), an important developmental morphogen
previously linked to thyroid activity (O’Shaughnessy, Thomas et al. 2019). Short-term
administration of T3 has been shown to increase not only Shh mRNA expression but
also coreceptor Patched (Ptc) and Smoothened (SMO) expression, suggesting that

TH plays a key role in regulating this pathway (Desouza, Sathanoori et al. 2011).

14
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Figure 1-5 Perinatal exposure to the antithyroid agent PTU results in cortical
heterotopia formation: Neuronal nuclei (NeuN)-stained coronal sections from the
brains of adult rats born to control (left) or hypothyroid (right) mothers. Red arrows
indicate heterotopia (O’Shaughnessy, Thomas et al. 2019).
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1.2 DISEASE AND DIAGNOSIS OF AUTISM

ASD has been recognized since its earliest description as a condition characterized
by deficits in social interaction and unusual sensory—motor behaviours (Kanner 1943).
Kanner’s seminal work linked ASD to intellectual disability and social interaction
deficits, noting that affected children often related better to inanimate objects than to
people. However, Kanner’s perspective did not view ASD as a neurodevelopmental
disorder but rather as an emotional issue, with early theories suggesting a lack of

parental emotional warmth as a potential cause.

Today, ASD is understood to be a highly heritable neurodevelopmental disorder (Lai,
Lombardo et al. 2014). This shift in perspective, from viewing ASD as an emotional
disorder to recognizing it as a developmental disorder, has been largely influenced by
neuroanatomical research. Histological studies revealed abnormalities in certain brain
areas in individuals with ASD compared with controls (Bauman and Kemper 1985).
These areas presented decreased cell size but increased cell density, primarily in the
limbic system, a brain region closely associated with cognitive function (Kemper and

Bauman 1993).

Our understanding of ASD as a neurodevelopmental disorder has expanded, and
numerous potential biomarkers have been identified (Frye, Vassall et al. 2019, Shen,
Liu et al. 2020). However, many of these biomarkers are still in development and
require validation against clinically relevant comparison groups, and to date, no
disease-modifying therapies targeting the core symptom domains (social
communication impairment and restrictive/repetitive behaviour) are currently

available. The heterogeneity of ASD complicates biomarker development, as
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research has yet to find a one-size-fits-all approach to biomarker discovery. This lack
of reliable biomarkers means that ASD diagnosis currently relies on behavioural
analysis, and at present, there are no therapies designed to modify the core symptom
domains of ASD, specifically addressing social communication impairment and

restrictive or repetitive behaviour (Anagnostou 2018).

The current clinical diagnosis of ASD is based on criteria established by the American
Psychiatric Association in the 5th edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5 2013). This characterization outlines the disorder on the
basis of two primary areas: social-communicative impairments and restricted—
repetitive or stereotyped behaviours. Significant changes were introduced in the
DSM-5, including the requirement for the disorder to be noticeable from a young age,
even if the traits had not fully manifested. Additionally, disorders previously diagnhosed
separately, such as Asperger’s syndrome or Rett syndrome, were unified under the

umbrella term of ASD (Achkova and Manolova 2014).

Behavioural diagnosis is also used to determine the presence of ASD-like traits in
animal models of the disorder. Behavioural assays, such as the three-chamber social
approach task, serve as indicators of social avoidance, with a preference for
interaction with another animal suggesting normal behaviour (Crawley 2007).
Restricted/repetitive behaviours can be assessed through tasks such as marble
burying tests, which involve observing the frequency of spontaneous burying

behaviours displayed by the animal.

However, phenotyping via behavioural diagnostic assays has limitations. ASD is a
highly heterogeneous disorder characterized by variations in genotype and phenotype

between individuals (Lombardo, Lai et al. 2019). This complexity is often overlooked
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in current behavioural diagnoses (Anderson 2015), leading to increased research
aimed at improving the diagnosis and treatment of ASD. Considering these
challenges, leveraging modern work to further understand the physiological
processes underlying ASD may be beneficial. This approach could have significant
utility for both the diagnosis and monitoring of treatment progress. By focusing on the
physiological aspects of ASD, we may gain a more nuanced understanding of the
disorder and develop more effective strategies for diagnosis and treatment.
Therefore, understanding the genetic and environmental causes of this disorder and

the pathophysiology of its underlying mechanisms is essential.

1.3 AUTISM AND GENETICS

Epidemiological studies have indicated a clear genetic component of ASD, with
upwards of 80% of the causal variance for the disorder linked to inheritance (Sandin,
Lichtenstein et al. 2017). The heritability of ASD is demonstrated through relative
Recurrence risk (RR) scores, which indicate a greater risk for individuals with affected
siblings or close relatives (Sandin, Lichtenstein et al. 2014). Notably, monozygotic
and dizygotic twins presented higher RR scores than more distant relatives did,
underscoring the strong heritability of ASD. Recent studies involving monozygotic and
dizygotic twins, which are diagnosed on the basis of behavioural traits such as motor
coordination, social behaviour, and attention deficit, highlight the heritability of ASD.
Despite high heritability scores, features expressed within monozygotic twins were
uncorrelated, suggesting that ASD comprises independent developmental liabilities

(Pohl, Jones et al. 2019).

The genetic complexity of ASD is evident in the lack of common loci for ASD.

Genome-wide association studies (GWASSs) have opened avenues for further genetic
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insights, but unlike disorders such as schizophrenia, which has well-defined risk loci,
ASD heterogeneity presents challenges (Grove, Ripke et al. 2019). To address this,
gene-wide prediction studies have focused on the functional characterization of ASD-
related genes. Leveraging databases such as the SFARI Gene database, researchers
have utilized gene interaction network models to understand functional
interconnections. This analysis clustered genes on the basis of their functional
pathways, revealing disrupted molecular pathways linked to synaptic transmission,
neuronal function, and histone modification (Krishnan, Zhang et al. 2016). For
example, the Shank2 gene, which is involved in synaptic transmission, was found to
be disrupted in ASD (Zaslavsky, Zhang et al. 2019). Similarly, the RELN gene, which
plays a key role in neuronal migration, was also affected (Bonora, Beyer et al. 2003).
Additionally, the TET3tet (methylcytosine dioxygenase 3) gene , which is associated
with histone modification, has been shown to be altered in ASD (Beck, Petracovici et
al. 2020). These examples highlight the diverse molecular pathways affected by ASD

and underscore the complexity of this disorder.

ASD exhibits phenotypic pleiotropy, leading to a high comorbidity rate. For example,
RELN is also epigenetically implicated in schizophrenia (Guidotti, Grayson et al.
2016). Genetic overlap studies between ASD and other neuronal phenotypes
revealed strong correlations with schizophrenia, major depression, and epilepsy

(Grove, Ripke et al. 2019).
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Recent studies emphasize that the clinical variability and heterogeneous genetic
architecture of ASD make it difficult to elucidate its exact mechanisms (Di Giovanni,
Enea et al. 2023). While some ASD-related diseases have monogenic syndromes,
such as TSC1, which links genetic mutations of the mTOR pathway to epilepsy and
ASD, most ASD cases are idiopathic and involve disruption of various

neurodevelopmental pathways.

The complexity of the genetic foundations of ASD requires further elucidation. Despite
progress, more than 1000 different genetic causes of ASD have been identified. The
intricate interplay between genetic and environmental factors (see section 2.4) leaves

the etiology of 70% of ASD cases unknown (Chiurazzi, Kiani et al. 2020).

Advances in sequencing technology have identified potential ASD risk genes,
particularly those related to synaptic activity (Ebert and Greenberg 2013).

Molecular studies continue to explore the genetic landscape and mechanisms of ASD.
Whole-exome sequencing (WES), Whole-genome sequencing (WGS), microRNA,
long noncoding RNA, and CRISPR/Cas9 models are employed to uncover the
aetiology of ASD and develop personalized treatments (Gill, Clothier et al. 2021).
Genetic contributions to ASD involve various types of common and rare variants, with
more than 100 risk genes being implicated in rare, potentially damaging mutations
(Havdahl, Niarchou et al. 2021). In summary, the complexity of ASDs arises from their
heterogeneous nature and intricate genetic architecture. Advances in genomic
analysis, while revealing potential risk genes, highlight the need for further exploration
to understand their underlying mechanisms to create more effective strategies for

diagnosis and treatment.
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1.4 ENVIRONMENTAL FACTORS IN AUTISM AETIOLOGY

Prevalence

While ASD is a highly heritable disorder, genetics does not account for its entire
aetiology. While the exact aetiology is unknown, large population studies have
provided insight into the nongenetic factors that play a possible role in the risk
architecture of ASD. A good example can be seen in the proposed connection
between increased maternal age and ASD. A meta-analysis of 27 previous population
studies was performed. (Wu, Wu et al. 2017). Overall, advanced maternal and
paternal age was associated with an increase in ASD risk, with an 18% increase in

risk with an increase in age of 10 years.

Prenatal risk factors of ASD Risk:

Maternal nutrition during pregnancy, a prominent area of investigation for
understanding the environmental risk factors associated with ASD, has been shown
to be significantly correlated with ASD risk. Deficiencies in essential nutrients such as
vitamin D and folic acid have been of particular interest. An epidemiological study
conducted using comprehensive data from a Swedish whole population register
spanning nearly three decades (1972--2001) revealed potential links between
maternal vitamin D deficiency and increased ASD risk. The study by Magnusson and
colleagues (2016) revealed a noteworthy correlation between lifetime vitamin D
deficiency in expectant mothers and an increased risk of ASD in their offspring, a
correlation that did not extend to intellectual disability, underscoring the specificity of

the association(Magnusson, Kosidou et al. 2016).
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In addition to maternal nutrition, various elements of maternal lifestyle and exposure
have been investigated as prenatal factors that might play a role in the development
of ASD, which typically appears early in a child’s life (Bolte, Girdler et al. 2019). These
elements include changes in sex hormones, obesity, diabetes, and maternal
inflammation (Abdallah, Larsen et al. 2013, Baron-Cohen, Auyeung et al. 2015, Li,
Fallin et al. 2016). The potential impact of the maternal immune system on the foetal
Central Nervous System (CNS) is also a topic of interest, given that pregnancy
complications are associated with neurodevelopmental disorders (Bilbo, Block et al.
2018). Certain congenital viral infections, such as rubella and cytomegalovirus, which
are linked to brain calcification, microcephaly, and ASD, can disrupt brain
development (Shuid, Jayusman et al. 2021). Zika virus (ZIKV), known for causing
microcephaly, structural brain abnormalities, and neurological changes, is being
studied for its potential role as an ASD risk factor, given its impact on brain

development (Cranston, Tiene et al. 2020).

Drugs and pollutant exposure:

The relationships among drugs, toxic exposure, and the risk of ASD constitute a
multifaceted domain. One prominent avenue of research delves into the potential for
these factors to disrupt hormonal systems, thereby impacting foetal development.
This disruption is a focal point for understanding how certain substances may
contribute to ASD risk. Valproate, a pharmaceutical drug, is a prime example of a
known substance linked to an elevated risk of ASD in offspring (Christensen,
Grgnborg et al. 2013). Studies have revealed its potential to interfere with neural

development, thus raising concerns about its use during pregnancy.
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Environmental toxins such as polyhalogenated aromatic hydrocarbons (PHAHS),
including polychlorinated biphenyls (PCBs) and PDBEs, and polyfluoroalkyl
substances (PFASSs) are linked to altered neurodevelopment in humans. Prenatal
exposure to environmental contaminants that act as endocrine-disrupting chemicals
(EDCs) may be linked to an increased likelihood of ASD and the appearance of
behavioural defects (Panesar, Kennedy et al. 2020, Oh, Bennett et al. 2021, Sethi,
Keil Stietz et al. 2021). Findings from animal models have indicated that
neurodevelopment is sensitive to hormone action in a time- and dose-dependent
manner (Auyeung, Lombardo et al. 2013). A common mechanism observed from
prenatal exposure to these chemicals results in alterations in both T4 and TSH (Leijs,
Tusscher et al. 2012, Coperchini, Croce et al. 2021). While there is evidence that
these EDCs may affect T4 carrier proteins, their exact mechanism of action is still
unknown (Cesh, Elliott et al. 2010, Coperchini, Croce et al. 2021). This interference
could contribute to the risk of ASD (Diamanti-Kandarakis, Bourguignon et al. 2009,
Kalkbrenner, Schmidt et al. 2014). This could be a reason for the sporadic nature of
ASD.

Research is ongoing to elucidate the extent of their impact and the mechanisms
through which they might contribute to the risk architecture of ASD. In summary, the
exploration of maternal nutrition and drug/toxic exposure during the prenatal period
may identify possible reasons for the sporadic nature of ASD compared with genetic

effects alone.
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1.5 GENE-ENVIRONMENT INTERACTIONS

While ASD is strongly influenced by genetics, genetic factors alone cannot fully
account for its aetiology. As previously discussed, ASD is a highly heritable disorder
with identified causative genes, but no single gene or chromosomal defect can
comprehensively explain ASD, as it contributes to only a minority of ASD cases.
Research has increasingly underscored the importance of environmental factors in
ASD development. ASD occurs sporadically, suggesting that a combination of genetic
and environmental factors may offer a more comprehensive explanation. Although
the precise cause remains elusive, extensive population studies have illuminated
nongenetic factors that are likely to play a role in shaping the risk profile of ASD
(Saxena, Babadi et al. 2020). Moreover, hundreds of genes have been identified as
either causative or risk factors for ASD, and exposure to environmental chemicals,
including endocrine disruptors, has been linked to adverse effects on human health,

including neurodevelopmental disorders (Cheroni, Caporale et al. 2020).

An increasing body of evidence suggests that epigenetic processes play a significant
role in the development of ASD, with a growing number of studies highlighting the role
of epigenetic factors. Recently, the causal role of epigenetic dysregulation in ASD has
been underscored by the discovery of a specific mutation in genes related to
epigenetic regulation in patients with ASD (LaSalle 2023). Two primary molecular
epigenetic mechanisms are implicated in gene expression: DNA methylation and
histone modification. Additionally, noncoding RNAs are key components in the
regulation of chromatin structure and gene expression.

These mechanisms are highly sensitive to environmental factors and influence gene
function without altering the DNA sequence. Specifically, aberrant DNA methylation,
a key epigenetic process, has been implicated in shaping the developmental

trajectory of ASD (Keil-Stietz and Lein 2023, Stoccoro, Conti et al. 2023). A highly

24



studied epigenetic factor with strong links to ASD is Methyl-CpG binding protein 2
(MeCP2), which is both an activator and repressor of transcription. Specific
methylation of the MeCP2 promotor has been linked to ASD aetiology (Lu, Liu et al.
2020, Lax, Do Carmo et al. 2023). It has also been linked with the epigenetic
regulation of other causative genes, such as RELN and GADL1, within the cerebellum
(Zhubi, Chen et al. 2014). The influence of environmental factors on the aetiology of
ASD is believed to stem from intricate interactions between genes with low-risk
associations and various environmental influences (Chaste and Leboyer 2012).
These mechanisms are responsive to environmental cues and can modulate gene
function without altering the underlying DNA sequence through epigenetic regulation
(Stoccoro, Conti et al. 2023). This crossover between the environment and genetics
observed in epigenetic studies may provide insight into the spontaneous nature of the
disorder. Recent research has focused on the role of prenatal maternal environmental
factors in the development of ASD. One area of particular interest is the impact of
maternal folic acid deficiency. Studies have shown that this deficiency is associated
with alterations in the methylation levels of key ASD-related genes, including MECP2,

OXTR, and RELN (Gallo, Stoccoro et al. 2022).

Furthermore, these investigations shed light on the phenomenon of sexual
dimorphism in ASD. The methylation patterns of certain genes appear to differ
between males and females, adding another layer of complexity to our understanding
of this disorder (Stoccoro, Gallo et al. 2022). This evidence underscores the intricate
interplay between genetics and the environment in ASD and may pave the way for

future research into its spontaneous nature.

25



Studies employing models of environmental exposure in both humans and rodents
have revealed intergenerational epigenetic impacts that encompass neurological
traits and social behaviours, such as those observed in individuals with ASD (Escher,
Yan et al. 2022). These findings suggest that environmental exposure may have

generational effects.

1.6 THE CEREBELLUM

The structure of the cerebellar cortex is cytoarchitecturally diverse, with its
connectivity built from 4 different kinds of neuron granule cells, Purkinje cells, 2
inhibitory interneuron Golgi cells, and basket/stellate cells (D'Angelo 2018). These are
spread across 3 layers in the cerebellar cortex. The molecular layer comprises basket
cells along with dendrites from Purkinje and granule cells, the Purkinje layer, which
contains the cell body of Purkinje cells, the granule cell layer, which contains Golgi
interneurons, the cell body of granule cells, and the DCN (Fig. 1.6) (Voogd and
Glickstein 1998). The connectivity of the cerebellar cortex is regulated mostly through
Purkinje cells. Signals from other areas of the brain are relayed to the cerebellum from
the pontine nucleus to granule cells via mossy fibres. This allows glutamatergic
granule cells to send excitatory signals to Purkinje cells through parallel fibres. In the
cerebellar cortex, all inputs to the cerebellum come to Purkinje cells. The Purkinje
cell's singular output is to the DCN, which acts as the only output cell of the cerebellar
cortex. The DCNS forms at the rhombic lip and is indicated by the transcription factors
Pax6, Lhx9, TBR1, and TBR2 (see section 1.7 for gene function) and members of the
NeuroD family (Fink, Englund et al. 2006, Green and Wingate 2014, Pieper, Rudolph
et al. 2019). The number of DCNS varies between species, with all mammals having
3--5 DCNS and birds having 2 DCNS but lacking the dentate nucleus, which projects
to the dorsal thalamus and thought to be key for the cerebellum’s cognitive functions

(Kelly and Strick 2003). The volumes of the 2 DCNS, the fastigial nucleus and the
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interposed nucleus are significantly decreased in mouse models of Fragile-Xs

syndrome, suggesting a key role in the cerebellum's cognitive function (Ellegood,

Pacey et al. 2010).

Parallel

— |

Molecular
layer

cell layer

Y

/

& Granule
b4 cell
Cranule
I cell layer
v 0SSy
fiber

P
cerebellar
nuclear cell

To thalamus
{motor cortex)

!

From pontine nuclei
{cerebral cortex),
spinal cord, vestibular

system
Embryonic Embryonic Embryonic Perinatal Postnatal
E12.5 E14.5 E18.5 P1

RLS

ol

\'74

® CN Glutamatergic Projection neurons
e Granule cells

® CN GABAergic Projection neurons

® Purkinje cells

* GABAergic interneurons

27



Previous page: Figure 1-6 Connectivity of the cerebellar cortex: Organisation of
the cerebellar cortex inputs from parallel fibores converge onto Purkinje cells. The
Purkinje cells then regulate cerebellar output through modulation of the DCN (Purves,
Augustine et al. 2001).

Below the process by which different types of neurons develop within the
cerebellum. Initially, glutamatergic and GABAergic neurons emerge from distinct
regions—the Rhombic lip (RL) and Ventricular zone (VZ), respectively. They
subsequently migrate through intermediary zones, eventually finding their places
within the cerebellar architecture by postnatal day 14(Prekop, Delogu et al. 2023).

Cerebellar development and neurogenesis

The entire neurogenesis of the key cells of the cerebellum unfolds temporally from
two distinct progenitor zones situated on the dorsal side of the anterior hindbrain: the
rhombic lip and the ventricular zone (van Essen, Nayler et al. 2020). These zones,
which are specific to the cerebellum, are responsible for generating glutamatergic and
GABAergic cells, respectively. Initially, cerebellar neurogenesis is established along
the anterior—posterior axis of the developing brain, preceding the establishment of
these two distinct progenitor zones through dorsal-ventral patterning. These
progenitor zones subsequently initiate a temporal sequence of cell production,
characterized by cell migration and morphological rearrangements, to ultimately
integrate the glutamatergic and GABAergic cell types and form the functional circuits

of the adult cerebellar cortex and cerebellar nuclei (Hawkes and Consalez 2023).

In mice, neuron development timing varies significantly. The development of the
cerebellum involves a complex interplay of multiple cell types over an extended
timeline. Initial neurogenesis of the cerebellum in mice begins around Embryonic day
9-10 (E9-E10) with the formation of early cerebellar structures(Dalvand, da Silva Rosa
et al. 2022). During the initial stages of cerebellar development, the first cell types to
emerge are the cerebellar nuclei neurons and Purkinje cells, which develop between

embryonic days 10.5 and 13.5, with their birth dates influencing their eventual
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positioning in mediolateral clusters. GABAergic Interneurons (INs) in the cerebellar
nuclei are produced between E10.5 and E11.5. Later-born granule cells, produced
from E13.5 onwards, provide cues for Purkinje cell maturation(Hashimoto and
Mikoshiba 2003). The production of Golgi cells spans from E13.5 to postnatal stages,
peaking around E14-E16. Late-born GABAergic interneurons, such as stellate and
basket cells, arise from secondary precursors in the Prospective white matter (PWM)
from E13 to P5, peaking around birth. (Leto, Arancillo et al. 2016). This diversity
underscores the role of spatial and temporal identities in producing specific neuronal
subtypes. RL-derived glutamatergic neurons suggest a temporal shift in progenitor
identity, transitioning from CN neurons to GCs and UBCs(Leto, Arancillo et al. 2016).
Late-stage RL progenitors express markers for either GCs (PAX6) or UBCs (TBR2).
Cerebellar compartmentation begins around E10 in the VZ of the fourth ventricle. PC
subtype specification occurs during terminal mitosis between E10 and E13 in the
Ptfla-expressing progenitor domain. Birth dating studies reveal two PC populations:
an early-born group (E10-E11.5) that becomes Zebrin Il (ZII)+ and a later-born group
(E11.5-E13) that becomes ZIl-. Zebrin Il is a molecular marker distinguishing
different PC subtypes(Leto, Arancillo et al. 2016). The correlation between PC
birthdates and adult stripe locations indicates that subtype specification and positional
information are intrinsic to the cerebellum, independent of external activity or inputs.

Significant cerebellar growth occurs during the third trimester and early infancy in
humans, and the first two weeks postnatally in mice, driven by granule cell precursors
(GCPs). This growth increases the cerebellum’s surface area, forming lobules.
Foliation, the process of forming lobules, begins at embryonic day 16.5 (E16.5) in
mice with the sequential development of fissure bases, termed anchoring centres.
These centres, characterized by distinct properties of GCPs, PCs, and Bergmann glia
(BG), serve as origins for lobule extension The development of cerebellar foliation is

orchestrated by anchoring centres, which initiate at the base of each fissure. These
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centres are characterized by increased proliferation and inward thickening of granule
cell precursors (GCPs), indentation of the Purkinje cell layer, and radial projection of
Bergmann glial fibres (Sudarov and Joyner 2007). A tri-layer model suggests that
surface wrinkling may explain anchoring centre initiation and positioning (Lejeune,
Javili et al. 2016). The timing of granule cell production differs among cerebellar
zones, with delayed onset in the central zone contributing to distinct lobule
morphologies (Legué, Gottshall et al. 2016). Clonal analysis reveals that granule cell
precursors divide symmetrically and undergo oriented cell divisions, leading to
anteroposterior polarized growth. Fissure bases act as boundaries for GCP
dispersion, allowing each folium to develop as a unit. This modular development
enables differential regulation of cell division planes and numbers, ensuring
appropriate cell partitioning into each folium (Legué, Riedel et al. 2015). The timing
and positioning of these centres are critical, in determining the morphology of
intervening lobules and the allocation of cells for distinct long-range neural circuits.
This complex process transforms the cerebellum’s smooth surface into a highly folded

structure, enhancing its functional capacity.

Spatial patterning of rhombic lip production and ventricular zone production

The formation of the rhombic lib as well as the cells originating from it is dependent
on the expression of the basic helix-loop-helix transcription factor Atonall (Atohl)
(Machold and Fishell 2005, Wang, Rose et al. 2005). The early cerebellum produces
glutamatergic cells in the cerebellum in a spatial-temporal manner, including early
cerebellar development of granule cells and cerebellar nuclei as well as perinatal
formation of glutamatergic unipolar brush cells. Upon initial formation, progenitors of
the cerebellar nuclei migrate from the rhombic lip to form a transient pool of cells at

the lateral edge of the cerebellar anlage called the Nuclear transition zone (NTZ)
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(Fink, Englund et al. 2006). These progenitors then migrate into the white matter to

form distinct cerebellar nuclei within the white matter.

Unlike the glutamatergic cells produced from the rhombic lip, the GABAergic cells
produced at the cerebellar ventricular zone—Purkinje cells, small neurons of the
cerebellar nuclei, basket, stellate, and Golgi interneurons—migrate directly from the
ventricular zone radially into the cerebellum. Like the rhombic lip’s dependence on
the expression of Atohl, the ventricular zone is dependent on the expression of the

basic helix-loop-helix transcription factor Ptfla (Hoshino, Nakamura et al. 2005).
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Figure 1-7 Adapted from (van Essen, Nayler et al. 2020): Timeline of cell
production from progenitors in two germinal zones, the VZ and the uRL.
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Despite their important role in function, our understanding of Cerebellar nuclei (CN)
development remains incomplete. In the last decade, there has been a notable
increase in our understanding of (CN) development owing to gene expression and
genetic fate mapping studies at the turn of the century. Between embryonic days 10
and 12.5, a group of cells expressing Atohl in the Rhombic lip (RL) gives rise to
glutamatergic CN projection neurons. CN cells, which later develop into various types
of neurons, including granule cell precursors for the external granule layer (EGL) and
the DCN, begin travelling after E12.5. From E12.5 to E14.5, these cells migrate from
the rhombic lip (RL) across the dorsal surface of rhombomere 1 via a pathway known
as the subpial rhombic lip migratory stream (RLS). They accumulate at the NTZ, a
temporary region located at the edge of the cerebellar structure where nuclear

neurons mature with distinct, time-specific transcription factor profiles.

In mammals, the lateral dentate nucleus, like extracerebellar neurons, expresses the
LIM-homeodomain gene Lhx9. Both of these populations project to the thalamus,
suggesting a role for Lhx9 in specifying axonal projections(Green and Wingate 2014).
Following this, projection neurons in the interposed and medial nuclei, which originate
from the RL, are characterized by their expression of Tbr2 and TBR1, respectively
(Englund, Fink et al. 2005, Fink, Englund et al. 2006). These neurons extend axons

to various targets in the hindbrain, midbrain, and ventral diencephalon.
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Between embryonic days 14.5 and 16.5, CN cells within the NTZ moved into the white
matter. The exact mechanism of this movement is unclear; it could be due to active
migration towards the Ventricular zone (VZ) or displacement caused by significant
changes in cerebellar shape as granule cell precursors in the EGL rapidly proliferate.
These precursors eventually become the most numerous types of neurons in the

brain.

Gliogenesis in the cerebellum.

The cerebellum is a complex neural structure that houses not only an intricate network
of neurons but also a diverse population of glial cells, including astrocytes and
oligodendrocytes, which play pivotal roles. For instance, Bergmann glia, with their
radial extensions, guide granule cell migration, while velate astrocytes remain less
explored. Oligodendrocytes, responsible for myelin sheath formation, exhibit

intriguing external distributions, with hints of internal subpopulations.

Astrocytes, a crucial type of glial cell, are integral to brain function. During embryonic
development, Radial glia (RG) serve as neural progenitors. Initially involved in
neurogenesis, RG cells also possess gliogenic potential. Traditionally, it was believed
that gliogenesis began around embryonic day 14 (E14) in mice, following the
delamination of RG cells from the ventricular zone (VZ). However, recent studies have
shown that individual embryonic RG cells exhibit gliogenic properties as early as E12,
challenging previous assumptions and highlighting the complex spatiotemporal
pattern of astrocyte formation. RG cells originating at E12 mainly contribute to
astrocytes in the hemispheres, while those originating at E14 primarily populate the
vermis. Notably, gliogenesis during this phase occurs exclusively in non-neuronal

elements. The early origins of radial glial cells can be traced back to primitive bipolar
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cells in ventricular germinal zones (Buffo and Rossi 2013, Cerrato, Parmigiani et al.

2018, Cerrato and Buffo 2021).

The development of oligodendrocytes—the myelin-producing cells of the central
nervous system—remains a fascinating area of study. Early hypotheses suggested
that these cells arise from subependymal layers of the fourth ventricle, migrating into
the cerebellum via specific routes. Recent insights from avian studies indicate that
cerebellar oligodendrocytes emerge from the ventral midbrain, a region rich in neural
progenitors. During cerebellar embryogenesis, the transcription factor Ascll (also
known as Mashl) orchestrates their fate. Initially expressed in the Ventricular
neuroepithelium (VN), Ascll guides early oligodendrocyte specification, but as
development progresses, Ascll expression shifts to the PWM (Mecklenburg,

Garcia - Lopez et al. 2011). Around E14 in mice, oligodendrocyte precursors appear

within the cerebellar parenchyma, although they do not originate from local germinal
sites. Chick brains exhibit a similar timeline, with oligodendrocytes emerging around
E5 and subsequently invading cerebellar territory between E9 and E12. Despite these
observations, the precise extracerebellar source of mammalian oligodendroglia
remains an unknown. Recent fate-mapping studies propose the Olig2-expressing
neuroepithelial domain in the ventral rhombomere 1A as the primary source of
cerebellar oligodendrocytes. However, a second wave of precursors generated locally

by the cerebellar VZ plays a minor role(Hashimoto, Hori et al. 2016)..
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Cerebellar Morphology in ASD

The cerebellum was initially thought to be associated with only motor deficits in
individuals with ASD. As time has passed, the importance of the cerebellum in the
aetiology of ASD is slowly beginning to be understood, with research beginning to
state its importance after the turn of the decade; however, there are still many differing
opinions on its exact role in the disorder (Fatemi, Aldinger et al. 2012). Recent work,
however, has changed the understanding of the role of the cerebellum in individuals
with cognitive disorders such as ASD. Early evidence for the cerebellum's cognitive
role was observed in behaviour studies of human patients, with a cerebellar pathology
with strong changes in behaviour observed in patients who had suffered damage to
the posterior lobe of the cerebellum and vermis. These behavioural changes related
to cerebellar alterations were initially described as “cerebellar cognitive affective
syndrome”. The behavioural changes observed, such as a change in social behaviour
that fell under this banner, are similar to those observed in individuals with ASD

(Schmahmann and Sherman 1998).

During the critical developmental window of the first trimester, key output neurons in
the cerebellum, including Purkinje cells and Deep cerebellar nuclei (DCNSs), begin to
form. These neurons play a central role in the cerebello-thalamocortical pathway,

which regulates the cerebellum’s cognitive functions.

A notable change observed in the cerebellum of ASD patients is a reduction in the
number of Purkinje cells. Many ASD patients show this reduction in postmortem
observations of their cerebellar cortex (Skefos, Cummings et al. 2014). Purkinje cells
play important roles in the communication of the cerebellum with cortical areas of the

brain, such as the posterior parietal cortex and the prefrontal cortex. They take in
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synaptic signals from parallel fibores and regulate outgoing signals from the DCN

through inhibitory GABAergic signalling.

Animal models of ASD have associated cerebellar regions with the disorder,
specifically highlighting the impact of Purkinje cell-specific knockouts of the ASD-
related gene Tuberous sclerosis complex 1 (TSC1) in mice. This results in social
communication and repetitive behaviour traits commonly observed in ASD patients
(Tsai, Hull et al. 2012). Tuberous sclerosis complex, a disorder with a high rate of
comorbidity with ASD, can be observed in relation to Purkinje cell loss and ASD in
animal models. Localized knockout (KO) of TSC1 in Purkinje cells results in a
reduction in Purkinje cell number and retention of behavioural traits such as abnormal
social interaction, repetitive behaviour, and observed in full KO of the TSC1 gene

(Tsai, Hull et al. 2012).

Purkinje cell loss is also prominent in other animal models of ASD (Kelly and Strick
2003). For example, in mice that have been given the epilepsy drug valproate during
the early stages of pregnancy, when exposed to valproate during this stage of
development, animal models show impaired social behaviours and restricted,
repetitive behaviours akin to ASD, making them a valuable tool for research (Kim, Kim

et al. 2011).

Histological analysis of these models revealed a significant decrease in Purkinje cells
(Fig. 1.8) (Spisadk, Roman et al. 2019). The valproate model also provided further
insight into the role of Purkinje cells in the cerebrocerebellar circuitry via Blood-
oxygen-level-dependent functional magnetic resonance imaging (BOLD-FMRI).
BOLD-FMRI allows for the observation of brain activity by detecting the increase in

oxygen levels when a neuron is firing. Mice with fewer Purkinje cells exhibit lower
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neuron firing in the somatosensory complex in response to a sensory stimulus, and
the Purkinje number is inversely proportional to the BOLD response. This could be
interpreted as follows: 1. Purkinje cells are responsible for inhibitory or regulatory
projections to these areas or 2. Both Purkinje cell numbers and cerebral circuits are

typically changed by a common factor during neurodevelopment.

These studies highlight the nature of ASD as a connectivity disorder which is further
supported by the genetic mutations in knockout in synaptic-related proteins such as
the SHANK family of proteins. As such cell types such as the Bergmann glia—the
radial glia of the cerebellum, which form intimate functional connections with

cerebellar Purkinje neurons are possible candidates for ASD pathology.

Further insight into the interaction between Purkinje cells and Bergmann glia within
the cerebellum that may be relevant to ASD pathology can be seen in a recent study.
The study’s findings that Purkinje cells release dopamine, which then activates D1
receptors on Bergmann glia, underscore the importance of these glial cells in
modulating cerebellar function. This dopaminergic signalling pathway influences
Purkinje cell output and, consequently, cerebellar-dependent behaviours such as
motor and social activities (Li, Saliba et al. 2023). Additionally, elevated levels of
GFAP mRNA have been detected in the cerebellum of autistic individuals, suggesting

glial activation in this condition (Edmonson, Ziats et al. 2014).
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Given that individuals with autism exhibit alterations in Bergmann glia morphology
and elevated GFAP mRNA levels, the disruption of this dopaminergic signalling could
contribute to the cerebellar abnormalities observed in ASD. Thus, understanding
these cellular interactions offers a promising avenue for exploring the underlying

mechanisms of ASD and developing potential therapeutic strategies.

Furthermore, research indicates that individuals with autism show several changes in
BG morphology, including the loss of vertical processes and disrupted cell body
arrangement in the Molecular layer. These changes are associated with significant
disorganization of granule cells, as BG play a crucial role in granule cell

migration(Wegiel, Kuchna et al. 2013).
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Figure 1-8 Purkinje cell loss in response to valproate exposure: Calbindin D28k
(CB) immunostained sagittal section of the rat cerebellar vermis. Purkinje layers are
observed in untreated (C, D) and valproate-treated (E-H) exposed mouse brains, with

arrows indicating large areas lacking Purkinje cells (Spisék, Roman et al. 2019).
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Purkinje cells play an important role in the communication of the cerebellum with other

areas of the brain, such as the prefrontal and somatosensory cortex, in synaptic

signals from parallel fibres and the regulation of outgoing signals from the DCN

through inhibitory GABAergic signalling, with the ability to regulate cognition thought

to be regulated by the dentate nucleus (Figure 1.9) (Basson and Wingate 2013).
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Figure 1-9 Cortico-cerebellar closed loops for the modulation of cortical

activity: Cortical activity is predicted to feed into the cerebellum via the pontine

nucleus. The cerebellum from the dentate nucleus sends information back to the

cortical areas from the thalamus.
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Cerebellar circuitry changes in ASD

One of the first studies assessing this functional cortico-cerebellar connectivity in ASD
was by (Khan, Nair et al. 2015), who used Resting-state fMRI (rs-fMRI) and examined
the difference in cortico-cerebellar connectivity between children with ASD and those
with typical development. This study revealed that children with ASD presented
increased functional connectivity of the cerebellum to motor areas but reduced
connectivity to areas of the brain related to cognitive function, providing an argument
for the role of adverse cortico-cerebellar connectivity in ASD pathology. To explore
further whether disruption of cortico—cerebellar connectivity manifests within ASD,
large-scale fMRI studies investigating differences in cortico—cerebellar connectivity
between individuals with ASD and control individuals have been performed (Ramos,
Balardin et al. 2019). In a sample of 708 subjects, there was consistent atypical

cortical—-cerebellar connectivity in ASD patients.

Thyroid and the Cerebellum

TH has been shown to play an important role in cerebellar development via a
reduction in Purkinje cell dendrite branching (Heuer and Mason 2003)In cerebellar
cell culture T3 acts on Purkinje cells directly through localized TRa1 receptors. This
was also observed in chick studies in which the TH transporter MCT8 was knocked
down in Purkinje cell precursors. As in the cerebellar cell culture studies, this resulted
in a reduction in dendritic branching and poor differentiation of the Purkinje cell
progenitors. THs are vital for cerebellar development, particularly in the formation and
maturation of BG and the migration of granule cells. Research indicates that THs
accelerate BG formation and morphological development in hyperthyroid rats, while
hypothyroidism results in delayed BG maturation and an increase in cell numbers
(Seress 1978, Clos, Legrand et al. 1980). The TRa1 receptor, found in Purkinje cells

and BG, is crucial for normal cerebellar development and indirectly influences granule
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cell migration (Fauquier et al., 2014). THs stimulate astrocytes to secrete Epidermal
growth factor (EGF), which enhances granule cell migration and BG elongation via
the mitogen-activated protein kinase pathway (Martinez, Eller et al. 2011). This TH-
EGF signalling pathway is essential for proper cerebellar development, and its
disruption may lead to neuroendocrine disorders associated with migration deficits.
These findings underscore the intricate relationship between THs, BG, and granule
cells in cerebellar ontogenesis. Similarly, it results in nonautonomous effects, such as
a reduction in granule cell precursor proliferation. Notably, this mutation resulted in
the loss of Pax6, a DCN marker (Delbaere, Vancamp et al. 2017). Similar results may
be obtained through knockouts in other structures of the cerebellum. Like Purkinje
cells, cerebellar nuclei show a high presence of Mct8 mRNA during the first 2 weeks
of embryonic development. Colocalization studies of MCT8 with the DCN markers
TBR1, LHX9, and Pax6 revealed a possible role for T3 in the development of these

cells (Delbaere, Van Herck et al. 2016).
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1.7 INTRODUCTION TO THE MODEL

In our study, we utilized a maternal hypothyroid mouse model kindly provided by
Richard Wingate from King’s College London to investigate the link between maternal
hypothyroidism and ASD. This model involves administering 0.1% MMI, an antithyroid
drug, to pregnant mice in their drinking water (supplemented with 0.475% sucralose)
from EO to E13.5. The control mice received 0.457% sucralose. The induction of
hypothyroidism was confirmed through ELISA analysis, which revealed a significant
decrease in T3 and T4 levels at 14 days gestation in the MMI-treated group (Figure
1.10) compared with those in the control group. This treatment was applied to a total

of 16 litters.

Behavioural analyses of these hypothyroid mice revealed both similarities and
differences compared with their untreated counterparts. Notably, these differences
manifest in social responses and anxiety levels, as depicted in Figure 1.10. These
behavioural traits are key to our investigation, as they provide insights into the
potential effects of maternal hypothyroidism on offspring.

The brains of offspring from these mice are subsequently carefully harvested and
subjected to further morphological and molecular analyses, which form the core of
this thesis study. For detailed information on the harvested brain data, please refer to

the table presented in Supplementary Table 1.

In summary, our research model is based on maternal hypothyroidism induced by
early gestational antithyroid treatment in mice, resulting in the behavioural deficits
observed in juvenile offspring. This model will serve as a critical tool in our quest to
elucidate the complex relationship between maternal thyroid function and the

development of ASD.
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Figure 1-10 Impact of transient gestational hypothyroidism on offspring anxiety
and social behaviour: A. Transient gestational hypothyroidism was measured via
ELISA at T3 and T4 (leading to B) increased anxiety in male offspring and C) impaired
social responses in female offspring in a three-chamber preference test. Adapted from

(Pitsiani, Wilson et al. 2018).
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Table 1 T4 concentration comparison between breeder groups

MMI T4 pg/mi Control T4 pg/ml
1 158 447.7
2 215 487
3 239 504
4 271 549
5 302 562
6 329 613
7 449 636
8 746

1.8 AIMS AND OBJECTIVES

ASD represents a complex and diverse range of neurodevelopmental conditions that
have puzzled researchers and clinicians alike. Understanding the factors contributing
to the onset of ASD is crucial for both research and clinical practice. This aims to
investigate and analyse the neuroanatomical and molecular distinctions between the
brains of a control group of mice and a transient maternal hypothyroid mouse model
of ASD. To achieve this goal, we employed uCT technology to examine changes in
neuromorphology and molecular alterations were assessed through

immunohistochemistry.
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Chapter Il. Neuroanatomical Assessment: Large White Matter Structures and
Cerebellar Components

We aimed to assess potential variations in CNS structures implicated in ASD
pathology. Specifically, we examined large white matter structures such as the corpus
callosum, fornix, external capsule, anterior commissure, and arbour vitae. We
hypothesise that the transient maternal hypothyroid mouse model will exhibit
significant neuroanatomical differences in these structures compared with those of
control mice, potentially indicating a link between maternal hypothyroidism and ASD-

related neuroanatomical changes.

lll. Molecular studies in prenatal transient hypothyroid mouse brains

Chapter IIl delves into the molecular landscape of prenatal transient hypothyroid
mouse brains. This part of our investigation aims to uncover the underlying molecular
mechanisms and changes occurring in response to maternal hypothyroidism during
critical developmental periods. We hypothesize that there will be altered expression
of molecular markers associated with both hypothyroidism and ASD in prenatal
transient hypothyroid mouse brains. These findings may reveal the molecular
pathways through which maternal hypothyroidism affects neurodevelopment and
contributes to ASD. Our study is unique in its focus on the indirect effects of transient
maternal hypothyroidism, which is pharmacologically induced during the first trimester
of pregnancy. This is a departure from previous studies that investigated primarily

congenital or perinatal hypothyroidism.
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IV. Molecular studies of postnatal day 30 (P30) transient hypothyroid mouse
brains

Chapter IV extends our molecular investigations, shifting the focus to postnatal day
30 (P30) transient hypothyroid mouse brains. In this study, we explored molecular
alterations to better understand the long-term consequences of transient maternal
hypothyroidism. We hypothesize that P30 transient hypothyroid mouse brains exhibit
enduring molecular changes, potentially indicating persistent effects of maternal

hypothyroidism on neurodevelopment.

Common Experimental Aspects in Chapters 3 and 4

Within both Chapters 4 and 5, we undertake a common experimental aspect. This
involves conducting a comparative analysis of key molecular markers across different
developmental stages, aiming to identify patterns and changes that might provide
insights into the link between maternal hypothyroidism and neurodevelopmental
disorders such as ASD. The following genes were selected for analysis: RoRa, TBR1,

and Pax6.
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T-boxbrainl (TBR1), a transcription factor from the T-box family, plays a major role
in the development of various neurons, especially those in the cerebral cortex, and is
a high-confidence risk factor for ASD (De Rubeis, He et al. 2014). Notably, TBR1 is
highly expressed in the deep layers of the cerebral cortex, where it aids in differenti-
ating projection neurons. Specifically, TBR1 expression begins at the onset of corti-
cogenesis on embryonic day 10.5 (E10.5). Embryos show prominent TBR1 expres-
sion in the mantle zone and cortical plate of the telencephalic vesicle, as well as in
the olfactory bulb and cerebellum. After birth, TBR1 expression levels gradually de-
cline. Additionally, TBR1 is specifically expressed in the cells of the cerebellum’s fas-
tigial nucleus. The DCNs, which are generated between embryonic days 10.5 and
12.5, also express TBR1. TBR1 is linked to ASD, and patients with ASD often have
mutations in one allele of TBR1 (Huang and Hsueh 2015). TBR1 is highly expressed
in the cortex’s deep layers, where it aids in differentiating projection neurons (Barnard,
Jahncke et al. 2022). It is also known to regulate the expression of several ASD-re-
lated genes that are vital for cortical development (Chuang, Huang et al. 2015).In the
cerebellum, TBR1 is specifically expressed in the cells of the cerebellum’s fastigial
nucleus (Green and Wingate 2014). Additionally, TBR1 is stimulated in pyramidal
neurons treated with T3, a form of TH, suggesting its role in neuronal differentiation

and proliferation (Teng, Liu et al. 2018).
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Pax6, a paired homeodomain transcription factor, plays a pivotal role in various
developmental processes within the CNS. Its expression patterns change dynamically
during embryonic development, influencing neuronal fate specification and
maintenance.

During early embryogenesis, Pax6 is expressed primarily in proliferative
neuroepithelia. It persists in specific cell groups within the forebrain and hindbrain
(Duan, Fu et al. 2013). Notably, at E11, Pax6 exhibits robust expression in the
proliferative neuroepithelia of the ventricular zone in the forebrain and hindbrain.
Additionally, it is present in the floor and the Mesencephalic reticular formation (mRt)
in the midbrain. By E12, Pax6 expression emerges in the nucleus of the lateral
lemniscus in the rhombencephalon but disappears from the midbrain floor.

Beyond its spatial expression, Pax6 has multifaceted roles in CNS development. It is
essential for the development of all rhombic lip lineages, including granule cells
cerebellar nuclear neurons and unipolar brush cells (Engelkamp, Rashbass et al.
1999, Englund, Fink et al. 2005). This is highlighted through studies on the Pax6
mutant mouse (Pax6sey/sey) which underscore its role as a key regulator of cell
survival in cerebellar nuclear neurons (Yeung, Ha et al. 2016). Pax6 along with other
rhombic lip markers TBR1 and TBR2 is first detected in the rhombic lip and NTZ from
E11.5 to E12.5 but expression is lowered as development progresses.
Genome-wide microarray analysis has identified downstream genes regulated by
Pax6 in the developing cerebellum. Furthermore, Pax6 activates the expression of
TIx3, a homeobox gene, in cerebellar granule neuron progenitors starting at E15
(Divya, Lalitha et al. 2016)

Pax6. regulates processes such as proliferation, specification, differentiation, cell
death, migration, and cell adhesion (Manuel, Mi et al. 2015, Ypsilanti and Rubenstein
2016, Kikkawa, Casingal et al. 2019). Additionally Pax6 is considered an ASD risk

gene, influencing genes associated with ASD, including those involved in cell—cell
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adhesion, ion transport, and transcriptional regulation (Kikkawa, Casingal et al. 2019)
(Umeda, Takashima et al. 2010). It has been suggested that PAX6 for the mechanism
of action of ASD environmental factors such as the anti-epileptic drug valproate (Kim,
Lee et al. 2014). Genome-wide microarray comparisons between wildtype and Pax6-
null cerebellar tissue have identified numerous differentially regulated transcripts,

including those involved in the rhombic lip lineage (Ha, Swanson et al. 2012).

RAR-related orphan receptor alpha (RORa), a transcription factor, is expressed in
many populations in the developing central nervous system (Ino 2004, Vitalis and
Mariani 2018). It has a wide variety of functions in neural and nonneural tissues,
including the regulation of many genes, which results in RORa controlling many
physiological processes (Jetten 2009). In the developing cerebellum, RORa is
expressed in Purkinje cells (Wilson and Wingate 2006). RORa serves as a specific
marker for these cells. In mice, Purkinje cell precursors exit the mitotic cycle and the
ventricular zone during E11-E13, and they begin to express RORa by E12.5 (Gold,

Baek et al. 2003).

Studies have shown that RORa can bind to the promoter regions of more than 2,500
genes, 438 of which are included in autism gene databases (Hu, Sarachana et al.
2015). The consistent presence of Purkinje cell loss, abnormal neurotransmission,
underdeveloped deep nuclei, and chronic neuroinflammation has been documented
in patients with ASD (Fatemi, Aldinger et al. 2012, Stoodley, D’Mello et al. 2017).
These characteristics are also found in mice deficient in RORa, and the function of
RORa is known to be diminished in the brains of individuals with ASD (Sarachana,
Xu et al. 2011, Guissart, Latypova et al. 2018). Therefore, examining RORa staining

could increase our understanding of the role of the cerebellum in ASD and other
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disorders related to neurodevelopment. The TH on the early dendritic differentiation
process of Purkinje cells is known to depend on the nuclear transcription factor RORa

(Vitalis and Mariani 2018).

In this thesis, we embark on a multifaceted exploration of neuroanatomical and
molecular aspects, aiming to shed light on the intricate relationship between maternal
thyroid function and neurodevelopment, with implications for disorders such as ASD.
The subsequent chapters delve into specific objectives and methodologies to address
these aims. The effects of transient depletion of TH on the early development of the
avian cerebellum were previously examined. Early hypothyroidism in chicks disrupts
the formation of the nuclei that comprise the output of the cerebellum well before TH-
dependent events in cortical and cerebellar development (Delbaere, Van Herck et al.

2016).

Therefore, we hypothesized that thyroid-dependent cerebellar disconnection may
underlie cognitive deficits in late life. Hence, transient early gestational
hypothyroidism might result in discrete cerebellar functional and anatomical
consequences that are distinct from the cortical phenotypes associated with late

embryonic and early postnatal hypothyroidism.
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Chapter 2: Assessment of the large white matter
structures within a maternal hypothyroid
mouse brain using a modified staining
technigue and X-ray absorption computed

tomography (LCT).
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2.1

ABSTRACT

X-ray absorption computed tomography (UCT) has faced challenges in
neuropathology because of the low inherent contrast in soft tissues. In this study, we
employed the established iohexol protocol, which is known for enhancing soft tissue
contrast, to investigate neuroanatomical alterations in a maternal hypothyroid mouse

model of ASD in comparison with those in untreated mice.

Our primary research objective focused on the Corpus callosum (CC), fornix, and
deep cerebellar nuclei (DCNs) as potential structural biomarkers of ASD. Utilising
high-resolution pCT imaging, we aimed to identify and delineate subtle
neuroanatomical changes associated with ASD. Furthermore, we explored potential

associations between these structural alterations and maternal hypothyroidism.

The iohexol staining protocol, with as little as 3 days of immersion, allowed us to
achieve clear visualisation of white matter structures, which was further enhanced by
reducing the interpixel distance of the uCT scanner to 9 microns. This technique
enables precise imaging of brain structures, providing clear differentiation between

gray and white matter.

This research highlights the utility of uCT imaging for investigating neuroanatomical
changes associated with ASD, offering valuable perspectives on the potential effects
of maternal hypothyroidism on the developing brain. While our findings were
inconclusive, this research underscores the complexity of the relationship between

maternal thyroid function and ASD, emphasizing the need for further exploration.
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2.2

INTRODUCTION

ASD encompasses a group of neurodevelopmental disorders characterised by core
symptoms such as impaired social communication and repetitive behaviours (DSM-5
2013). Despite its high prevalence, ASD remains a behaviourally defined disorder with
no reliable biological markers, and its underlying pathogenesis remains poorly
understood owing to the involvement of a wide variety of possible risk factors. One of
these risk factors is the thyroid status of the mother during pregnancy, which has been
linked to an increased risk of developmental problems (Ahmed 2018, Andersen,

Andersen et al. 2018, Rotem, Chodick et al. 2020).

The most severe maternal hypothyroidism is associated with cretinism, a
neurodevelopmental disorder characterized by cortical and cerebellar atrophy (de
Escobar, Obregon et al. 2004). Additionally, evidence suggests that transient
gestational hypothyroidism, although not leading to overt brain structure changes
such as cretinism, is still associated with an increased risk of ASD (Perri, De Mori et
al. 2021, Bjoérnholm, Orell et al. 2023).Thus, transient gestational hypothyroidism
represents an intriguing ASD risk factor to investigate, as it bridges the gap between

possible environmental and genetic influences on ASD development.

To study the mechanisms linking transient maternal hypothyroidism to ASD, we
employed a mouse model in which pregnant dams received either 0.1% MMI (in
0.475% sucralose) or the control (0.457% sucralose) in their drinking water between
EO and E13.5. This model targets a critical developmental window, as the foetus relies
entirely on the mother for thyroid hormone during the first trimester of pregnancy in
humans and E16.5 in mice (Moog, Entringer et al. 2017). While this model

demonstrates behavioural pathology resembling ASD, the specific mechanisms
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responsible for these effects are not fully understood. Therefore, it is essential to
identify appropriate diagnostic studies to establish a link between the MMI group and
ASD.

Over the last decade, several MRI studies have been conducted to detect
neuroanatomical abnormalities in models of neurodevelopmental disorders, which
have utilized comparative imaging studies in diagnostic research (Steadman,
Ellegood et al. 2014, Stoodley, D’Mello et al. 2017). Although neuroimaging studies
on ASD have shown some inconsistencies, there is overall evidence supporting
alterations in white matter connectivity within the brain. However, these findings can
be contradictory, with both atypical reductions and increases in CC size observed,
depending on the age and the ASD clinical subgroup, mirroring the heterogeneity
observed in other aspects of ASD pathology (Pina-Camacho, Villero et al. 2013, Pua,
Bowden et al. 2017). Changes in white matter connectivity are likely contributing
factors to key behaviours in individuals with ASD, including impaired social
communication (Ameis and Catani 2015). In parallel, rodent studies have shown that
early TH deficiency can lead to malformations in white matter tracts, with the CC being
particularly vulnerable (Gravel, Sasseville et al. 1990, Ferreira, Pereira et al. 2007).
Multiple genetic and environmental factors have resulted in changes in cerebellar
morphology. Postmortem studies and responses to causal factors, such as ASD in
animal models, reveal losses of key structures such as Purkinje cells. Furthermore,
many disorders associated with malformations of the cerebellum, such as Joubert
syndrome, present issues in social and cognitive function, such as ASD (Holroyd,

Reiss et al. 1991).
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Owing to the nature of the disorder, neuroimaging of ASD patients has struggled to
account for the heterogeneity of genetic and environmental factors across individuals
with the disorder. To mitigate these issues, neuroimaging studies have been
performed on animal models with known ASD-linked genetic changes to reduce the
number of confounding factors. To categorize ASD-related genes by their action on
neuroanatomy, 26 genetic and behavioural models were examined (Ellegood,
Anagnostou et al. 2015). Effect sizes were then calculated against the relevant control
and compared across all models to attempt to create clusters. While changes were
heterogeneous across the models, there were consistent changes in the parietal—
temporal lobe, cerebellar cortex, frontal lobe, hypothalamus, and striatum (Figure

2.2.1) (Ellegood, Anagnostou et al. 2015).

A study examining three such models focused on morphological differences between
their genetic mouse models and WT cerebellar structures. The selected SNPs were
those in the Neuroligin-3 (NL3 KI) gene, an ASD-associated SNP that codes for a
synaptic adhesion molecule; MECP2, which is associated with Rett syndrome; and
Integrin B3 (ITGB3), a gene associated with serotonin transport and increased ASD
susceptibility (Steadman, Ellegood et al. 2014). While anatomical changes were
observed in all 3 models, all the changes were heterogeneous, suggesting differing
mechanisms of action between the genes to reach similar cognitive phenotypes.
Interestingly, changes were observed in ITGB3, where the DCN was bilaterally

smaller, suggesting a change to the cerebellothalamic pathway.
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Figure 2-1 Median absolute effect size across 26 models: MRI scans of coronal
brain slices showing the effect size of changes (based on Cohen’s d) across 26
models of ASD. A) Regional differences in areas with an effect score greater than 0.5
in areas such as the cerebellar cortex (far right). B. Voxel differences with an effect
score greater than 0.6 in areas such as the hippocampus itself (Ellegood, Anagnostou

et al. 2015).
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Furthermore, neuroimaging and histopathology studies related to ASD have
consistently suggested atypical cerebellar development (Kelly and Strick 2003,
Fatemi, Aldinger et al. 2012, Kelly, Meng et al. 2020). Similarly, in a chick model, early
transient hypothyroidism disrupts the formation of cerebellar nuclei before TH-
dependent events in cortical and cerebellar development (Delbaere, Van Herck et al.
2016). Therefore, neuroimaging studies can provide invaluable insights into the cause

of ASD-like behaviour within our model.

For diagnostic and developmental studies, high-quality three-dimensional imaging of
soft tissues at the micrometre scale has become essential. While MRI scanners have
been the gold standard for neuroimaging because of their ability to provide excellent
spatial resolution and soft tissue contrast between the grey and white matter of the
brain, they are not without drawbacks. MRI machines are expensive to purchase and
maintain and require up to 12 hours for image acquisition (Kircher and Willmann
2012). In contrast, Microcomputed tomography (LCT) has been widely applied in the
diagnosis of mineralized tissues such as bones or teeth. However, its applications for
soft tissues have been limited compared with those of MRI because of low X-ray
attenuation in low-density materials. Moreover, even the most advanced MRI scans
cannot achieve resolutions below 35 microns and may suffer from geometric
distortions, leading to inaccuracies in measuring anatomical structures (Fransson,
Merboldt et al. 2002). Researchers have used radio-opaque contrast agents to

overcome these limitations and enhance contrast (Chen, Arad et al. 2018).
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HCT can present a cost-effective alternative to MRI, which allows for rapid data
acquisition. uCT scans work on the principle of attenuation of X-rays as they pass
through an object (Boerckel, Mason et al. 2014). The attenuation of a sample depends
on its density, making it useful for imaging high-density materials such as bone but
poor at differentiating two objects of low attenuation. Therefore, uCT scans have
struggled to acquire contrast between soft tissues such as white and gray matter in

the brain due to the similar attenuation values of X-rays in low-density materials.

Micro-CT

Figure 2-2 Contrast between white and grey brain matter after nonionic
iodinated contrast agent staining: Coronal uCT image after 7 days in 150 mg/ml
nonionic iodinated contrast agent. The white matter structures of the a) corpus
callosum, (b) cingulum, (c) external capsule, and (d) anterior commissure are visible

(Saito and Murase 2012).
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To compensate for the lack of difference in this attenuation between tissue types,
tissues have been perfused with radio-opaque dyes such as Phosphotungstic acid
(PTA) or potassium iodide (Anderson and Maga 2015). Radio opaque dyes are water
soluble and therefore result in better attenuation of vascular structures. While ionic
iodine-based stains have proven successful for other tissues, they currently have not
been proven to be an effective alternative for MRI clinical neuroimaging. A better
contrast can be achieved via the use of nonionic, water-soluble contrast agents. As
these stains are nonionic, they have a lower chance of unwanted interactions with
biological structures such as peptides or cell membranes. Nonionic contrast stains
such as iohexol can provide soft tissue contrast to identify white matter changes within
the brain (Figure 2-2.) (Saito and Murase 2012, Miki, Sakuma et al. 2022). As staining
techniques improve, u-CT could be a reliable neuroimaging alternative to micro-MRI,

making neuroanatomical studies less expensive faster and more widely available.

In this study, the nonionic contrast stain iohexol was used to achieve superior
differential attenuation between grey and white matter. By employing this optimised
contrasting protocol, we aimed to identify detectable anatomical and white matter
structural changes in the MMI 14 mouse model compared with the control mice via

contrast-enhanced UCT coupled with image analysis software.
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2.3 METHODOLOGY

2.3.1 Contrast agents

The water-soluble nonionic iodinated contrast agent lohexol (Omnipaque, GE
Healthcare AS) has been used successfully by (Saito and Murase 2012) for soft tissue
visualisation. The concentration of the dye supplied by the manufacturers was 300mg
of lohexol per mL. lohexol was then diluted with 4% paraformaldehyde to the required
concentration of 150—-200 mg/mL. After rehydration, the brains were immersed in the
diluted iohexol solutions and left for periods of between 3 days and several weeks

before being scanned.

2.3.2 uCT scanning.

Forty-five mouse brains were scanned via a SkyScan 1027 scanner at 124 pA and 80
kV via a 1 mm aluminium filter. The brains were all scanned at 15x magnification,
corresponding to an isotropic interpixel distance of 19.14 um. Tomographic images
were obtained via the 3D imaging software Tomomask. The brains were also scanned
at isotropic interpixel distances of 9.0 um (N=3) and 4 um (N=4) on a SkyScan 1272
scanner, and the results were compared with those obtained using an isotropic

interpixel distance of 19.3 pym.
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2.3.3 Image processing

Skyscan NRecon software version 1.5.1.4 was used to reconstruct the projection data
(Tarplee and Corps 2008). Having obtained the projection data in the form of an image
stack of 2-D TIFF (tagged image file format) files, the data were viewed as a 3-D
model via DISECT software (www.disectsystems.com; (Greco, Bell et al. 2014). The
TIFF image stacks were loaded into the masking and segmenting software
"Tomomask' at full resolution (www. tomomask.com). The acrylic tube surrounding the
brain was 'removed' from the images. These image stacks were then individually

reloaded into Tomomask.

2.3.4 Quantitative image analysis and measurements

Corpus Callosum and Fornix

Volumetric measurements of the CC and fornix were taken from 20 (5 control females,
5 control males, 5 treated males, and 5 treated females) P30 juvenile brains, which
were scanned at an isotropic interpixel distance of 19.14 um. The CC and Fornix
borders were manually traced and filled via the Tomomask paint mask feature. The
sections were masked at the beginning of the first visible lateral ventricle, with every
fifth section masked until the corresponding section in the contralateral hemisphere.
The CC and fornix volume were obtained via Tomomask software by multiplying these
areas by the section thickness and the intersection distance and summing the results

of all the sections masked.
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Total Cerebellum Volume and Dentate Nucleus

The total volume of the cerebellum was calculated from a cohort of 46 brains (12
control females, 11 control males, 13 treated males, and 10 treated females) at 19
pm through the whole masking of the cerebellum via the Tomomask paint feature.
The criteria for masking the dentate nuclei were determined through comparison with
a stereotaxic mouse atlas (Paxinos and Franklin 2019). Brains of suitable quality and
contrast (n = 18; 7 controls and 11 MMI) were selected. The dentate nuclei on the
right and left sides were measured separately for each mouse. Dentate nuclei were
then masked via the paint mask feature of the Tomomask before the software was

used to calculate the volume.

2.3.5 Statistical analysis

To determine the effect of maternal thyroid disruption on neuroanatomy in our
experimental group. Differences in structure between treatment and sex were
computed via two-way ANOVA. Further analysis of single-variable comparisons was
performed via Student’s t test. Statistical analysis was conducted in the R statistical

environment. (https://www.r-project.org/).
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Table 2.1 Criteria for exclusion of scanned brains.

Criteria Description

- Check for significant distortions or squishing in brain images.

-Ensure intact brains.
Image

Integrity -Check for significant artefacts which may cover the area of interest.

- Evaluate distinguishability of white matter (axons) and grey matter (neurons).

White - Ensure that the staining has thoroughly penetrated the entire sample, allowing for
Grey

Matter Visibility

- Assess distortions in brain images.

- Verify alignment accuracy post-scanning.
Image

Distortions
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Figure 2.3: Artifacts Observed in Sections Post Micro-CT Analysis: Common artifacts
identified in sections, leading to their exclusion from further analysis. A shows an example of
tissue splitting along areas of interest. B illustrates compression artifacts, where tissue appears
squished. C demonstrates image warping, which affects the cerebellum. D depicts heavy spiral

artifacts.
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24 RESULTS

2.4.1 lohexol staining provides suitable white matter contrast.

lohexol staining resulted in a clear visualisation of large white matter structures such
as the CC,; structural demarcations of the cingulum, amygdala, fornix, and arborvitae
of the cerebellum (Figure 2.3 A, B, C). Furthermore, the scans followed these initial
scans at an interpixel distance of 9 um. While gross anatomical detail of large white
structures could be seen in both scans, the reduction of the interpixel distance to 9
um provided more detailed neuroanatomy and shaper outlines than those seen in the
scanned images at an interpixel distance of 19 um. This improved structural detail in
the 9 um scans allowed for the visualization of smaller neuroanatomical structures,
such as the Mammillothalamic tract (mt) and the Fasciculus retroflex (fr) (Figure 2.3

D, E, F).
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Figure 2-4: uCT scans of mouse brains after treatment with 150-200 mg/ml

iohexol for 7-14 days. Panels A, B, and C were scanned at a resolution of 19.3 pm;
panels D, C, and E were scanned at a resolution of 9 um. Panels A, D: Coronal view;
panels B and E: horizontal view; panels C and F: sagittal view. Many distinct white
brain matter structures are visible in all panels of the corpus callosum (cc), cingulum
(cg), external capsule (ec), anterior commissure (ac), fornix (f), mammillothalamic
tract (mt), fasciculus retroflexus (fr), Arborvitae of the cerebellum (av), medial
cerebellar peduncle (mcbp), superior cerebellar peduncle (scbp) and cerebral

peduncle (cp) .
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Figure 2-5 Comparative measurements of the total area of CC and Fornix using the
Tomomask software:

A: Masking of Corpus Callosum (CC) and Fornix (masked in blue) within the Tomomask
software on a 4 pym brain at three months old. The software measured masked pixels before
converting the measurements into microns. B: Histogram: representing the area of the Corpus
callosum (CC) and Fornix at the midbrain of 19 um brain scans between Controls n= 21 (10
Male,11 Female) and the progeny of mothers given the antithyroid drug MMI during the early
stages of pregnancy N= 22 (13 Male, 9 Female). Error bars represent the 95% confidence
interval. .No significant difference was seen between the groups when grouped by treatment

F=0.081 P=0.777 or Sex F=0.982 P=0.328
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Figure 2-6 Comparative measurements of the size of the CC and Fornix as a
percentantage of total brain volume using the Tomomask software: A):
Histogram representing the % total of the brain volume of the Corpus callosum (CC)
and Fornix 19 um brain scans between Controls, n= 9 (4 males, 5 females), and the
progeny of mothers given the antithyroid drug MMI during the early stages of
pregnancy, n= 9 (4 males, 5 females). The error bars represent the 95% confidence
intervals. The volumes of the corpus callosum and fornix were not significantly
different, with p values of 0.8017 and 0.1490 for treatment and sex, respectively. B):
Histogram representing the % total brain volume of the CC and Fornix between all
control brains (N=10) and all MMI brains (n=10). The error bars represent the standard
errors. The volumes of the corpus callosum and fornix were not significantly different

(p=0.3647 F=1.949)
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2.4.2 Comparative measurements of large white matter structures

Our initial analysis compared the total area of the CC and fornix between MMI and
control brains at three months of age via 19.14-micron CT. We next proceeded to
analyse the total volumetric difference in the CC and Fornix between MM1-14 and
control brains at three months, adjusting for total brain volume. For the total area of
the CC and Fornix, there was no significant effect for Treatment (F=0.081, p = 0.777)
or Sex (F=0.982, p=0.328). (Figure 2.4).

Analysis of ex vivo structural CT data at 19.14 pum revealed no significant effect of
treatment on the volume between MMI and control brains at three months (F=0.06
P=0.8017 and no significant effect was detected between the sexes (F=2.333, p=-
0.1490) )(Figure 2.5). To create a more statistically robust model, we performed a
Student’s t-test to compare the % volume of CC and fornix of all the MMI groups to
that of all the controls, and the results remained insignificant (p=0.3647 F=1.949)

Therefore our findings failed to confirm our initial hypothesis.
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Previous page: Figure 2-7 Anatomical measurements of the cerebellum
between MMI and control brains: (a) Measurement of the dentate nucleus through
masking in the Tomomask software at 9 um. (b) Bar plots representing the total
volume of the cerebellum between controls, n = 21 (10 males, 11 females), and the
progeny of mothers given the antithyroid drug MMI during the early stages of
pregnancy, n = 22 (13 males, 9 females). No significant difference was observed
between the groups when grouped by treatment (F=0.081, p=0.777) or sex (F=.0.982,
p=0.3287) (c, d, e). Bar plots represent the area of the dentate nucleus at the left and
right hemispheres and a combined average. The error bars represent the 95%
confidence intervals. No significant difference was detected between any of the
groups.

Left. Dentate: Treatment F=.208 P=.655 or sex F=0.113. P=0.742,

Right Dentate: Treatment F=0.402, P=0.536; sex F=0.427. P=0.524,

Average Dentate: Treatment F=0.180 P=0.678, Sex F=0.579. P=0.459
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2.4.3Comparative measurements of cerebellar structures.

A comparison of the total volume of the cerebella between control and MMI brains at
3 months of age via 19 um scans revealed no significant difference between the
groups (F = 0.081, P = 0.777; sex F = 0.982, P = 0.328; Figure 2.7). In addition, no
significant differences were detected between the left dentate nucleus (treatment F =
0.208, P = 0.655 and sex F = 0.113, P = 0.742), right dentate nucleus (treatment F =
0.402, P = 0.536 and sex F = 0.427, P = 0.524) and average dentate size (treatment

F =0.180, P =0.678 and sex F = 0.579, P = 0.459).
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2.5

DISCUSSION

MMI treatment significantly decreased the T3 and T4 levels of mothers at 14 days
gestation (Figure 1.10 Table 1.1). Further behavioural studies on the progeny of these
mice revealed significant differences in behaviour in an open-field test of anxiety and
a three-chamber test for sociability (Figure 1.10). These behavioural phenotypes are
sex-specific, with male offspring showing heightened anxiety and female offspring
showing reduced social interaction. These results are consistent with those of mouse
models of ASD, suggesting that this is a reliable, simple mouse model of human ASD
and that the first 13 days of pregnancy is a sensitive period for hypothyroidism.
Second, we were able to obtain relevant neuroanatomical information via the nonionic
contrast stain lohexol (Figure 2.4). This allowed for the visualization of larger white
matter structures such as the CC and fornix in low-resolution scans (Figure 2.5) and
the measurement of smaller systems such as the dentate nucleus in high-resolution
scans (Figure 2.7). This method's quick sample processing and size can provide an
efficient methodology for visualizing brain structures. These benefits may prove
helpful in reducing the cost and time needed for large-scale comparative studies in
neurological disorders where there are proposed abnormalities in the white matter of
the brain, such as ASD. However, this technique has not been without its critiques,
as it was argued that despite the ability of non-ionic contrast agents to fully penetrate
larger samples, such as adult brains, it did not provide as good contrast as other
contrasting agents, such as osmium stain or iodine, at 3.5—-4 um (Pinto, Matula et al.
2022). However, the utilisation of iodine and osmium as staining agents in the
examination of brain tissue samples poses significant obstacles. The application of
iodine has been observed to reduce the size of these samples, thereby compromising

their suitability for subsequent experimental investigations. On the other hand,

74



osmium, while effective, presents its own set of challenges due to its high toxicity and

cost, which limits its practicality in the clinical environment.

We did not find any anatomical differences in the measurements of the CC and Fornix
areas at the midline level (as shown in Figure 2.5). This contradicts some findings in
ASD studies, where variations are often observed in the CC on the midsagittal plane
compared with controls (Piven, Bailey et al. 1997, Hardan, Minshew et al. 2000).

However, studies focusing solely on area measurements are currently less common.

Our study investigated the sexual dimorphism in the volume of the CC and fornix
between male and female brains and between MMI brains and control brains. We
conducted two-way ANOVA to compare the volume of the CC and fornix as a
percentage of the total brain volume (Figure 2.6). Our results revealed no significant
difference for either treatment or sex treatment (F=0.081, p = 0.777 and sex F=0.982,
p=0.328). This finding suggests that there is no sexual dimorphism in the brain regions
that we examined. This lack of change in white matter development in a sex-specific
manner is inconsistent with previous data from early maternal hypothyroid mothers,
which revealed differing white matter changes between males and females
(Bjornholm, Orell et al. 2023). Other studies that investigated maternal hypothyroidism
and structures such as the corpus callosum revealed differences that lacked a sexual
dimorphism component (Samadi, Skocic et al. 2015). Therefore, to investigate
whether there was any change in the volume of the CC or fornix after MMI treatment,
compared with the % volume independent of sex, we grouped males and females to
create a more statistically powerful model. These results showed no significant effect,
as indicated by the F score and p-value (F=1.949, p = 0.3647). This lack of
significance suggested that a larger sample size or higher quality imaging, such as 9

um or 4 um scans, might have been necessary to achieve significant results using
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this protocol. This is especially relevant considering that other studies have observed
very small percentage changes with higher quality scans.; however, the priority should
be to first investigate other brain regions at this quality to determine if there are any
differences in sexual dimorphism. Overall, our study provides evidence that there is
no sexual dimorphism in the volume of the CC or fornix between male and female

brains and between MMI and control brains.

Our analysis does not account for the specific regional differences in CC size
previously reported in ASD comparative studies. Previous results have shown that
the anterior CC tends to be larger in ASD models, whereas the posterior CC shows
signs of shrinkage (Samadi, Skocic et al. 2015). Therefore, further regionalization of
our current measurements in the future would be of interest. We also need to account
for our narrow window of maternal hypothyroidism, which is likely to have the greatest
impact because, owing to the dependency of foetal thyroid hormone during this
period, changes in CC are greater in mothers with multiple trimesters of
hypothyroidism (Samadi, Skocic et al. 2015). In our study of white matter, the scope
may have been too broad. While we observed trends, the results were not statistically
significant. However, recent studies focusing on the microstructures of white matter
within areas such as the corpus callosum, cerebellum, and bilateral thalami have
revealed a strong correlation with hypothyroidism (Cooper, Kaden et al. 2019, Cao,
Chen et al. 2023). These studies have taken a more targeted approach, examining
specific subsections rather than the entire structure and showing results with
microscopic diffusivity. This suggests that if we refine our approach and narrow our
focus in future studies, we may uncover significant findings; however, to match the
results seen from something such as microscopic diffusivity, it is likely that the

experiment would need high-quality scans to remove artefacts. It would be beneficial
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to reference these studies in future work to provide a foundation for this more targeted

approach to data analysis.

We also failed to detect any significant differences in cerebellar volume between the
control and MMI groups or between male and female mouse brains. A fundamental
DCN in the dentate nucleus (Figure 2.7). The changes expected in these regions were
subtle, and it is of little surprise that no change was observed when a small sample

size was used.

This lack of significant difference in the anatomy of these brains suggests that the
behavioural phenotype results from relatively subtle cell number changes, physiology,
or connectivity. To further understand the link between maternal hypothyroidism and
ASD, it will be necessary to survey these brain structures at the molecular level.
Overall, we hope that future studies using this model will provide insight into the role
that maternal hypothyroidism may play in the development of ASD and provide data

that may be clinically useful in the future.

77



Chapter 3: Molecular studies in a prenatal transient
maternal hypothyroid mouse model of

autism spectrum disorder
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3.1

ABSTRACT

This chapter delves into the intricate relationship between thyroid hormone (TH)
disruption and autism spectrum disorder (ASD) in the context of early gestational
antithyroid treatment in mice. Immunohistochemical (IHC) techniques were used to
scrutinize the expression and localization of proteins related to ASD and TH disruption

in the developing mouse cerebellum.

This research focuses on protein expression patterns, particularly those of markers
such as TBR1, a distinguishing factor for fastigial nuclei (FNs), and RORa, which is
essential for the early dendritic differentiation of Purkinje cells (PCs). Pax6, a marker

specific to the granule cell layer, was also investigated.

This study involves IHC analysis of murine embryos, including those exposed to MMI,
a TH-disrupting agent, and control embryos for comparison. The accuracy of IHC
localization and quantification allows for a detailed examination of these markers,
providing insights into their roles in cerebellar development and potential interactions

with THs related to ASD.

This work serves as a link between THs, ASD-associated gene expression, and the
complex processes that govern early cerebellar development. These findings
illuminate the multifaceted factors contributing to neurodevelopmental disorders and
the associations between early gestational TH disruption and ASD-related

behavioural deficits.

By thoroughly examining the molecular landscape of embryonic mouse brains via
IHC, this chapter enhances our understanding of the network of genes potentially
involved in ASD and TH disruption. These findings emphasize the complexity of early
cerebellar development and underscore the pivotal role of our IHC method in

revealing the intricate molecular relationships involved in this process.
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3.2

INTRODUCTION

In the exploration of ASD aetiology, the traditional focus has been on the prefrontal
cortex and limbic system, but there is now a growing acknowledgement of the pivotal
role of the cerebellum (Schmahmann, Guell et al. 2019), where outwards connections
such as the cerebello-thalamocortical pathway orchestrate brain-wide inputs and
outputs (Ramos, Balardin et al. 2019, Kelly, Meng et al. 2020, Su, Xu et al. 2021).
While the primary output of the cerebellum’s cognitive function has traditionally been
thought to be the dentate nucleus, recent studies have provided further support for
the roles that the interposed and fastigial nuclei play in moderating cognitive effects
in the brain and mediating behaviours (Behnke, Stevenson et al. 2018, Carta, Chen
et al. 2019, Judd, Lewis et al. 2021). Intriguingly, studies in chick models have
revealed the consequences of direct thyroid interference in cerebellar nuclei and
Purkinje cell dendritic outgrowth (Delbaere, Vancamp et al. 2017). Epidemiological
studies have underscored the correlation between maternal thyroid status and ASD
(Andersen, Andersen et al. 2018), highlighting the importance of comprehending the
biological pathways at play. The presence of thyroid receptors in the foetal brain and
the role of THs in critical developmental processes such as neuronal migration and
synaptogenesis offer a compelling framework (Mohan, Sinha et al. 2012). The
cerebellum, a shared nexus in ASD and hypothyroidism, merits special attention,
given its role in the cerebello-thalamo-cortical pathway. Markers such as TBR1 and
PAX6, which are intimately linked to ASD pathology, prompted us to delve deeper into

their mechanistic involvement (Jeon, Kim et al. 2014, Den Hoed, Sollis et al. 2018).
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In this chapter, we aim to assess whether the cerebellar disruptions observed due to
direct thyroid interference in a chick model can be extrapolated to our transient
maternal hypothyroid mouse model (Delbaere, Van Herck et al. 2016). This
investigation holds the key to unravelling how hypothyroidism may underlie ASD-like
behavioural phenotypes during early brain development and sheds light on whether it
is divergent in early developmental pathways between chick and mouse models. Our
molecular analysis focused on examining markers associated with glutamatergic
neurons within the cerebellar nuclei and granule cells, including TBR1 and Pax6.
Additionally, we will investigate markers indicative of changes in cerebellar
morphology, such as those linked to Purkinje cells, such as RoRa (see section 1.8 for
marker descriptions). Expanding our analysis into the thalamus, we will employ PAX6
as a marker to investigate the projection targets originating from the cerebellum within
the cerebello—thalamo—cortical pathway. We anticipate that alterations in the
expression patterns of these markers will provide critical insights into how

hypothyroidism impacts cerebellar neurogenesis and its broader implications.
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3.3 METHODOLOGY

3.3.1 Sections

Tissue collection and preparation:

Fixed paraffin-embedded C57BL/6 MMI-treated mouse brain tissue at E16.5 was
provided by our collaborator, Dr. Richard Wingate, from King's College London.
Additionally, a set of control brains from C57BL/6 mice at E16.5 was also provided by

Dr. Richard Wingate.
Additional Control Group:

In addition to the brains provided by Dr Richard Wingate, we obtained another set of

six formalin-fixed untreated E16 C57BL/6 mouse control brains from Charles River.

Paraffin Embedding Preparation

Fresh paraffin was prepared on the day of embedding by melting paraffin wax at 80°C.
The melted paraffin was poured into clean plastic moulds of appropriate sizes and left
undisturbed to cool and solidify. The paraffin-embedded blocks were stored in an oven

at 80°C to maintain them in a molten state until further use.

3.3.2 Dehydration and clearing

The process of dehydration was carried out to remove water and prepare the samples
for embedding. This was achieved via the addition of a series of ethanol solutions on
a nutator with gentle rocking. The samples were first placed in 70% ethanol and left
overnight. This was followed by a one-hour immersion in 95% ethanol. The samples
were then subjected to another 30-minute immersion in 95% ethanol. The samples
were subsequently immersed in 100% ethanol for one hour and then for an additional

30 minutes. This sequential process ensured the effective dehydration of the samples.
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Following the dehydration process, the samples underwent a clearing process to
achieve tissue transparency. This involved placing the samples in Histoclear (National
Diagnostics NAT1330) in an incubator with gentle rocking for one hour. The clarity of
the tissues was assessed post clearing. If optimal transparency was not achieved, the
samples were returned to Histoclear for an additional 30 minutes. This clearing
process was repeated until satisfactory transparency was obtained.

After clearing, the tissues were ready for infiltration and embedding. The cleared
tissues were infiltrated with molten paraffin at 80°C. This infiltration process involved
two sequential one-hour immersions in paraffin. This ensured that the tissues were

thoroughly infiltrated and ready for the embedding process.

3.3.3Tissue Orientation

Cooling and orientation: To orient the tissues properly within the paraffin blocks, the
moulds were allowed to cool until a thin white bottom layer of wax formed. Flame-
polished pipette tips were used to carefully orient the samples to the desired position

before the paraffin solidified completely.

Tissue sections for immunohistology analysis were obtained via a microtome (Leica
Microsystems). Coronal sections, 16 um thick, containing the cerebellar nuclei and
thalamus were sequentially cut from paraffin-embedded blocks. The sections were

collected on positively charged Superfrost glass slides (Thermo Scientific).
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Deparaffinization

Sixteen-micron-thick paraffin sections were immersed in successive washes of
Histoclear (2x).

5 min), 100% ethanol (3 min), 90% ethanol (3 min), 70% ethanol (3

minutes), 50% ethanol (3 min), 30% ethanol (3 min), and PBS (2x 5

Minutes).

Heat-based antigen retrieval.

Antigen retrieval was conducted via a protocol adapted from (Zagout, Becker et al.
2020) using 0.1 M citrate buffer (pH 6). The container holding the slides was
microwaved at 800 W in an antigen retrieval solution for exactly 8 minutes.
Immediately after the solution started to boil, the container was left in the microwave
for an additional 3 minutes. The container and its contents were then transferred to
an ice box for cooling. For 10-15 minutes, the solution was allowed to cool to 50°C.
The temperature of the solution was monitored via a thermometer.

The container with the slides was then reheated in a microwave for another 3 minutes.
The container was then transferred to an ice box where the solution cooled to room

temperature for 30--45 minutes.
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Immunofluorescence

Following antigen retrieval, the sections were delineated via a liquid-blocking Super-
PAP pen and subsequently blocked in 5% BSA for one hour at room temperature.
Primary antibodies, including TBR1 (ABCAM ab31940), BIIIT anti-mouse (Sigma
T8660), -RELN (Developmental Studies Hybridoma Bank, catalogue #R4B), -RORa
(Developmental Studies Hybridoma Bank), -NeuroD2 (Developmental Studies Hy-
bridoma Bank), and monoclonal Pax6 (Developmental Studies Hybridoma Bank, cat-
alogue No. PAX6), were prepared. These antibodies were diluted in 1% BSA in a
permeabilization solution to a final dilution, as specified in Table 2.1. The diluted an-
tibodies were added to the corresponding slide, which was covered with parafilm to

prevent evaporation, and incubated overnight at 4°C.

After incubation, the slides were washed twice in PBS for 10 min and once for 10 min
in a permeabilization solution of 0.25% PBS/gelatin/Triton. The slides were subse-
quently incubated overnight at 4°C in 1% BSA with secondary antibodies and perme-
abilized with 0.25% PBS/gelatin/Triton solution containing 1/1000 DAPI (Sigma). The
secondary antibody Alexa 488-conjugated anti-rabbit was used for TBR1, and Alexa

568-conjugated anti-mouse was used for the remaining antibodies.

Following secondary antibody incubation, the slides were washed three times in PBS
for 10 minutes and once in a 10 mM CuS04/50 mM NH4CI solution for 10 minutes.
The slides were then mounted with a coverslip for long-term storage via Flouromount
(Fisher 00--4958--02). The sections were observed, and images were captured sys-
tematically at different magnifications ranging from 5X to 20X via an inverted fluores-

cence microscope (Zeiss, Axio Observer Z1).

85



Table 3.1 List of Antibodies used for IHC experiments.

Primary Stored 5ug/mlin As a Secondary antibody

Antibody concentration 200ul dilution
Pax6 30.5pg/ml 32.78ul 1/6 |Alexa Fluor Anti Mouse 548 Igg

61ug/ml (40ub 1/400

(DSHB)
NeuroD2 34ug/ml 29.4ul 1/6.8 |Alexa Fluor Anti Mouse 548 Igg
68ug/ml (40ub 1/400

(DSHB)

RoRa 21ug/ml 47 .6ul 1/5.6 |Alexa Fluor Anti Mouse 548 Igg
42ug/ml (50ul) 1/400

(DSHB)

TBR1 N/A N/A 1/200 Alexa Fluor Anti Rabbit 488
ABCAM 1/400
ab31940

86



3.3.4Semiquantitative analysis

For each strain, we established cell detection parameters. We selected standard-
sized areas based on the normal staining patterns of our region of interest from the
Allen Brain Atlas http://atlas.brain-map.org/. Within these areas, we counted cells that
tested positive via the positive cell detection command in QuPath software
(Bankhead, Loughrey et al. 2017). This process provided the total number of positive

cells within the annotated area.

To ensure no variance in measurement across all control samples of a stain, we
determined the standard parameters of the staining threshold, cell size, and Gaussian

sigma. This helped us remove potential artefacts and background.

We further classified tissue staining according to staining intensity. This was
accomplished by applying manually created thresholds using a minimum of three
slides per primary antibody of interest. To eliminate potential measurements of
nonspecific binding and staining artefacts that could influence the density percentage,
we utilized standard region sizes and regional areas. Specifically, we ensured that
any unwanted background staining or other artefacts, which might have inadvertently
been stained but were not our cells of interest, were excluded from our measured
data. The percentage represents the proportion of positive cells in relation to the total

cell count within the analysed area.

3.3.5 Statistical analysis

Statistical analyses were conducted via GraphPad Prism version 10.0.0 for Windows,
GraphPad Software, Boston, Massachusetts, USA, www.graphpad.com, as indicated
in the text and figure legends. We performed a 2-tailed Student’s t test to compare
the MMI-treated group with the control group. Differences were considered significant

when p < 0.05. The error bars in all the figures represent the + SEM.

87



3.4 RESULTS

3.4.1 Induced transient maternal hypothyroidism affects TBR1 expression in

the prepontine hindbrain of a 16.5-month-old mouse.

Our initial investigation focused on the effects of transient maternal hypothyroidism
induced by MMI treatment on TBR1 expression in the cerebellar precursors of E16.5
mouse brains. This phenomenon was examined through immunohistochemical

analysis of the E16.5 prepontine region, as illustrated in Figure 3.1.

The control group displayed extensive staining, primarily within the fastigial nucleus.
This finding contrasted with that of the MMlI-treated brains, which exhibited a
significant reduction in TBR1 staining. A semiquantitative analysis of the TBR1-
positive cells yielded noteworthy results. The data revealed a statistically significant
difference in cell density percentage (F=12.8, p = 0.0334). This finding was further
supported by the results of the cell count analysis, which also revealed a significant

difference (p = 0.0255, F=296.5).

3.4.2Immunohistochemical analysis of RoRa staining in early 16.5 embryonic

mouse brains.

We observed a specific pattern in the immunohistochemical staining of RoRa in early
16.5 embryonic mouse brains, with RoRa staining localising within the presumed
Purkinje layer and EGL (Figure 3.2). A semiquantitative analysis was conducted to
assess the density of RoRa positive cells in both the MMI-treated and control brains.
The analysis revealed a decrease in Purkinje cell density in the MMI-treated brains,
with a statistically significant p value (p = 0.0135), although the F value was not
significant (F=1.098). These findings suggest potential effects of MMI on Purkinje cell

development.
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3.4.3Pax6 remains unchanged within the granule-cell layer of transient

maternal hypothyroidism brains.

Immunohistochemical examination of the Pax6 marker in the E16.5 prepontine region
revealed no significant alterations within the granule cell layer of transient maternal
hypothyroidism brains. Consistent Pax6 staining was observed in both the control and
MMI-treated brains, indicating stable Pax6 expression.

Further validation was sought through a semiquantitative analysis. The results did not
reveal any statistically significant difference in the density of Pax6-positive cells (p =
0.5497, F=3.263) or in the level of Pax6 expression (p = 0.6924, F=4.396) between
the two groups. These findings suggest that transient maternal hypothyroidism does

not significantly affect Pax6 expression or the density of Pax6-positive cells.

3.4.4Pax6 levels remain unchanged in the embryonic prethalamus after MMI

treatment.

The examination of Pax6 staining in the prethalamus did not reveal any significant
difference between the brains of the MMiI-treated and control groups (Figure 3.4). This
finding was further confirmed by semiquantitative analysis, which revealed no
significant difference in Pax6 expression (p = 0.6640, F=23.77) between the two
groups. These findings suggest that transient maternal hypothyroidism does not

significantly affect Pax6 expression within the prethalamus.
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Previous page Figure 3.1 TBR1 staining in E16.5 cerebellum. (a): Section

position represented in allen brain atlas E16.5 Coronal section
http://developingmouse.brain-map.org/experiment/siv?id=100075063. (b)
Quantification of positive cells within the cerebellar vermis using QuPath
thresholding in the region of interest (ROI) (¢) Representative images depicting
TBR1 staining in the Fastigial Nucleus (FN) for the Control and MMI groups),
respectively N=3 mice per group, with n=5 sections per mouse Scale bars: 100 um.
(c) Quantification of TBR1 staining using image analysis with the Qupath program,
measuring the density of TBR1 expression in each group p=0.04 and the F=12.8. d)
Quantitative analysis of the number of TBR1 positive cells in the cerebella. The
percentage represents the proportion of positive cells in relation to the total cell
count within the analyzed area . The p=0.0255 and the F=295.1. Data are presented
as mean = SD. The asterisk (*) indicates a p-value < 0.05. Abbreviations: FN:

Fastigial Nucelus, IC: Inferior colliculus CP: Choroid Plexus.
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Previous page Figure 3.2 RoRa staining of Purkinje cells in 16.5 cerebellum.

a) E16 brain atlas of coronal section of the cerebellum highlighting ROI (Schambra
2008) (b) Representative images of RoRa staining in the granule cell layer and
Purkinje cell layer in the Control and MMI groups, respectively N=3 mice per
group, with n=5 sections per mouse Scale bars are 50 um. (b) Quantification of
RoRa staining image analysis with the Qupath programme, measuring the den-
sity of RoRa expression in each group, Quantitative analysis of the number of
RoRa -positive cells in the cerebella Data are expressed as mean £ SD *p value
p value < 0. P=.0.0135 F=1.098. Abbreviations: EGL: external granule layer,

PCL: Purkinje Cell Layer
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Previous page Figure 3.3 Pax6 staining in E16.5 cerebellum. Above: Section

position in E16.5 mouse brain represented in Allen brain atlas

http://developingmouse.brain-map.org/experiment/siv?id=100075063. (a)

Representative images of Pax6 staining in the granule cell layer in the Control

and MMI groups respectively N=3 mice per group, with n=5 sections per mouse
Scale bars, 100 um. (b) Quantification of Pax6 staining image analysis with

the Qupath program measuring density of Pax6 expression in each group p=0.5497
F=3.263 c) Quantitative analysis of the number of Pax6 positive cells in the
cerebella p=0.6924 F=4.396. Data are expressed as: mean + SD *p value 20.05;
Abbreviations: EGL: External Granule Layer, IC: Inferior colliculus CP: Choroid

Plexus.
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Previous page Figure 3.4 Pax6 staining in E16.5 Prethalamus. (a)
Representative images of Pax6 staining in the E16.5 Prethalamus in the Control and
MMI groups respectively N=3 mice per group, with n=5 sections per mouse . Scale
bars are 100 uym. (b) Quantification of Pax6 staining image analysis with

the Qupath programme, measuring the density of Pax6 expression in each group
Quantitative analysis of the number of Pax6-positive cells in the cerebella p=6640
F=23.77. Data are expressed as mean £ SD *p value 20.05. Abbreviations: TH:

Thalamus, PTH: Prethalamus 3V: Third Ventricle
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3.5

DISCUSSION

3.5.1 MATERNAL HYPOTHYRODISM VIA PHARMACOLOGICAL BLOCKADE
LEADS TO DISRUPTION OF RORa EXPRESSION IN E16.5 MICE
CEREBELLUM.

We explored the impact of transient maternal hypothyroidism on the development of
cerebellar neurons, with a particular focus on Purkinje cell staining via RoRa. This
nuclear receptor is important for Purkinje neuron survival and differentiation (Takeo,
Kakegawa et al. 2015). Our findings are consistent with previous research on mice
with disrupted RoRa, which resulted in abnormalities similar to those observed in an-
imals with hypothyroidism (Doulazmi, Frederic et al. 2001, Morellini, Lohof et al.

2023).

Our semiquantitative analysis revealed a statistically significant decrease in the den-
sity of Purkinje cells in the brains of MMI-treated mice (p = 0.0135), underscoring the

sensitivity of developing neurons to maternal thyroid dysfunction.

Although the F value did not reach statistical significance (F=1.098), it is crucial to
note that the p value was significant. This finding suggests that the reduction in Rora
staining in Purkinje cells is unlikely to have occurred by chance alone, even though
the effect size is not substantial. The diminished Rora staining in the Purkinje cells
may indicate disrupted Rora activity within these cells. Previous research has demon-
strated that such disruption results in abnormalities consistent with those observed in
animals with hypothyroidism (see Figure 3.2) (Boukhtouche, Brugg et al.
2010).Furthermore, connections among thyroid hormones, RoRa, and early Purkinje
cell dendritic differentiation in cases of congenital or perinatal hypothyroidism have
been established (Fauquier, Chatonnet et al., 2014; Yu, lwasaki et al., 2015). Given
the known influence of RoRa on early Purkinje cell dendritic differentiation, further

investigation into the functionality of these Purkinje cells with reduced Rora
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expression is warranted. This exploration will help determine whether their behaviour

remains consistent with that of other hypothyroid models.

The implications of our study extend beyond embryonic stages, echoing the behav-
ioural effects discussed in section 1.6. Here, it was established that the P30 mouse

model exhibited behaviours such as ASD.

Purkinje cells, which are integral to cognitive function, have been found to have sig-
nificant associations with ASD. Postmortem examinations of ASD brains have re-
vealed a reduction in the population of Purkinje cells (Skefos, Cummings et al. 2014,
Wegiel, Flory et al. 2014) Furthermore, impairments in social behaviour and vocaliza-
tions, as well as abnormalities in Purkinje cell function and structure, have been ob-
served in mouse models in which the ASD-related genes Tcsl1, Shank2, and Auts2
have been conditionally knocked out in Purkinje cells (Yamashiro, Hori et al. 2020)

(Tsai, Hull et al. 2012, Peter, Ten Brinke et al. 2016)

In addition to these genetic models, drug-induced models have also provided insights
into the role of Purkinje cells in ASD. For example, the valproate model of autism has
shown that anomalies in cerebrocerebellar circuits are correlated with the number of
Purkinje cells. This model has demonstrated that the loss of function of ASD-causing
genes, specifically in Purkinje cells, is sufficient to drive ASD-like behaviour and func-
tional deficits in forebrain regions traditionally implicated in social and cognitive control

(Spisak, Roman et al. 2019)

Our findings suggest that understanding this endophenotype at the prenatal level
could provide valuable insights into the behaviours observed in juvenile mice. The
potential connection between maternal thyroid dysfunction and ASD-related behav-

iours becomes more concrete as we continue to unravel this complex relationship.
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However, it is important to emphasize that additional studies are needed to fully un-
derstand the transition of the endophenotype from the prenatal stage to the late juve-

nile stage.

3.5.2 MATERNAL HYPOTHYROIDISM VIA PHARMACOLOGICAL BLOCKADE

EFFECT ON THE RHOMBIC LIP LINEAGE

Our investigation yielded significant findings when staining for TBR1-positive cells
(p=0.0255) F (295.1), a well-established marker for the fastigial or medial cerebellar
nucleus (Figure 4.1). Intriguingly, the temporal expression pattern of TBR1 aligns with
the early presence of the Thyroxine transport marker MCT8 during chick
development. This correlation highlights TBR1 as a compelling candidate for further
exploration into potential cerebellar abnormalities arising from maternal

hypothyroidism, as noted previously (Delbaere, Van Herck et al. 2016).

Despite its traditional association with connections from the spinocerebellar cortex to
the brainstem and its role in balance, posture, and motor control (Coffman, Dum et
al. 2011), increasing evidence suggests a significant role for the fastigial nucleus in
behavioural traits. Lesions directly affecting the fastigial nucleus have been linked to
disruptions in social behaviour and anxiety, which aligns with the behavioural effects
observed following MMI treatment in our previous study (Helgers, Al Krinawe et al.
2020, Helgers 2021). These findings suggest that the action of TH on elements
involved in fastigial nucleus development or transportation from the NTZ may play a

pivotal role in how maternal hypothyroidism contributes to these behavioural traits.
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Given that there was a reduction in the number of observed TBR1" cells, further
investigation of the possible mechanism of action of the maternal hypothyroid
condition during the development of the rhombic lip lineages is important. A reduction
in TBR1+ cells during rhombic lip development has been observed in the Pax6 null
Sey cerebellum mutant (Yeung, Ha et al. 2016). Therefore, our difference in Tbrl cell
count could have occurred early in rhombic formation during the Pax6-TBR2-TBR1
cascade. However, our IHC analysis of PAX6, with granule cell precursors, revealed
no discernible reduction in granule cell density or count (as illustrated in Figure 3.2) p
(0.6924) F (4.396). As a later expression of PAX6 is unaffected, this would initially
suggest that the mechanism of action of the model occurs later, temporally, during
TBR1 or Tbr2 expression. However, Pax6-null mice have been shown to have only
minor defects involving granule cells; the granules themselves are still produced from
the rhombic lip in the absence of Pax6, and their migration and terminal differentiation
is disrupted (Engelkamp, Rashbass et al. 1999, Swanson, Tong et al. 2005, Yeung,
Ha et al. 2016)). Therefore, to fully understand whether maternal hypothyroidism acts
at an earlier time point in the PAX6-TBR2 cascade, it may be necessary to look at
early embryos and investigate the nuclear transitory zone expression of PAX6 and

TBR2.

Given the known projection of the initial cerebellar output to the thalamus via the
cerebellum-thalamocortical pathway (Mosconi, Wang et al. 2015), an investigation
was conducted to ascertain whether the disruptions observed in the fastigial nuclei
had any adverse effects on Pax6 staining within the prethalamus. This investigation
also aimed to determine whether other areas of the thalamus, known to receive
projections from the dentate nucleus, the primary output of the cerebellar nuclei,
exhibited any indications of being affected. The aberrant staining observed in the

fastigial nuclei prompted particular interest in the lateral subregion of the Mediodorsal
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thalamic (MD) nucleus, which is known to receive projections from the fastigial
nucleus (Fujita, Kodama et al. 2020, Georgescu, Popa et al. 2020, Heck, Fox et al.
2023). Figure 3.4 presents the results of our immunohistochemical evaluation of Pax6
staining in the thalamus, shedding light on the interplay between disruptions in the

fastigial nuclei and Pax6 expression.

The comparison between MMI-treated brains and control brains revealed no
significant difference in Pax6 staining, with statistical analysis supporting this
observation (p = 0.6644) (F=23.77). Although there does not appear to be a reduction
in cell density within the prethalamus, a more precise future study should combine
this staining with RORa staining in the embryonic thalamus at this stage, which will
eventually form the thalamocortical nuclei. Initially, we planned to conduct this study;
however, the preliminary RORa staining in the thalamus showed poor contrast against

the background and could not be accurately quantified (Supplemental Figure 1).

We cannot then rule out that maternal hypothyroidism may be linked to ASD as a
connectivity disorder, with the focus shifting from a reduction in cells in the thalamus
to the impact of reduced connections received from the fastigial nuclei. In cats,
fastigial electrolytic lesions lead to the degeneration of fibres that project into and
through the midline thalamus towards the medial forebrain(Harper and Heath 1973).
Therefore, future investigations would benefit from investigating the disruption of
these fibres. A more accurate representation would expect us to see changes within
Rora within the embryonic thalamus which will proceed to form the thalamocortical

nuclei
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3.6

FUTURE DIRECTIONS

To fully understand the impact of maternal hypothyroidism on prenatal brain
development, assessing the expression of the dentate nuclei during this stage is
crucial. Unfortunately, owing to COVID-19 restrictions, we were unable to conduct

these measurements in our initial study.

Furthermore, the acquisition of TBR2 will allow us to investigate potential changes in
the interposed nucleus. This will provide insights into whether the observed effects
are confined to the output from the dentate nuclei or if juvenile social behaviour is a

result of combined effects from multiple nuclei.

While our initial study did not reveal any changes in the thalamic targets of the DCN
efferent, it would be intriguing to measure other targets, such as the nucleus
accumbens. Additionally, assessing any alterations in the output projections
themselves could provide valuable information. Furthermore, owing to the resources
used during the optimization period, we were not able to test for molecular reasons,
such as the sexual dimorphism in behaviour within our models, so | would like to run

more experiments to determine whether that trend continues molecularly.

Although cerebral cortical connections may not have fully formed at this stage, they
would have begun to reach the thalamus. Therefore, investigating whether aberrant
cerebellar dentate nuclei have influenced potential efferent projections into more
cognitive areas of the brain would be interesting. This line of inquiry could shed light
on the broader implications of maternal hypothyroidism on brain development and

function.
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While the changes in TBR1 and RoRa expression have provided valuable insights
into the anatomical defects, particularly in terms of the number of stained deep
cerebellar nuclei and Purkinje cells, we are still left with unanswered questions

regarding the functional impact on these cerebellar structures.

To further investigate both the internal and external functionality of the cerebellum, it
would first be of interest to use optogenetic methods through ChR2 expression in
Purkinje cells. This would allow us to investigate whether there is any loss in
functionality in the inhibitory axonal projections from the Purkinje cells to the deep
cerebellar nuclei. This would then allow us to investigate the firing rate of these
Purkinje cells through whole-cell patch recording as well as measure postsynaptic

calcium levels within the deep cerebellar nuclei.

We would also like to investigate the change in functionality of the Deep cerebellar
nuclei (DCNs) within cerebro-cerebello-cognitive loops. Optogenetic studies
investigating the axonal projections from the deep cerebellar nuclei to the VTA of the
thalamus have already shown success in measuring the output of the deep cerebellar
nuclei. Based on this study, it will be required to measure both dopaminergic output
and the projections to other regions of interest following up on the success of that

study.
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Chapter 4: MOLECULAR  STUDIES IN P30

TRANSIENT HYPOTHYROID MOUSE
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41 ABSTRACT

In Chapter 4 of this thesis, we delve into the enduring impact of early developmental
disruptions on the juvenile brain, particularly in the context of ASD. Building on our
established maternal hypothyroid model, we observed ASD-like behavioural traits in
our juvenile model. Previous investigations have highlighted significant changes in
the prenatal brain following MMI treatment, particularly in Purkinje cells and the

fastigial nucleus.

However, the subsequent effects of these prenatal changes on the pathophysiology
of juvenile brains remain unclear. While previous studies explored the impact on the
white matter volume of the adult brain, the evidence was inconclusive.

To address this gap, we investigated protein distribution in a juvenile brain via
Immunohistochemistry (IHC). We expanded our analysis to examine Pax6 expression
in the juvenile granule cell layer and evaluated RoRa expression in Purkinje cells. We
also quantified the development of deep cerebellar nuclei (DCNs), which are highly

expressed in juvenile P30 brains, through both RoRa and PAX6 staining.

Contrary to our expectations, we did not observe any significant differences in any of
our IHCs of the juvenile brains. This finding suggests a different underlying reason for
the observed behavioural changes in our model.

This holistic approach enhances our understanding of ASD pathology and the long-
term consequences of early developmental disruptions, thereby informing future

therapeutic strategies.
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4.2

INTRODUCTION

In Chapter 3, we established that changes in our E16.5 prenatal studies resulted in
changes within the fastigial nucleus and the Purkinje cell layer in our E16.5 prenatal
brains within the early stages of pregnancy. The fastigial nucleus has been found to
play a significant role in social behaviour. Studies have shown that alterations in the
fastigial nucleus can lead to less intense social interactions and more behaviours to
prevent social interaction (Behnke, Stevenson et al. 2018, Al-Afif, Krauss et al. 2019).
These findings suggest that changes within the fastigial nucleus could contribute to
the behavioural changes observed in individuals with ASD and within our model.
Furthermore, in ASD models, changes in Purkinje cells have been associated with
system-wide ASD-like behavioural deficits, including in models of thyroid dysfunction
(Heuer and Mason 2003, Sudarov 2013, Skefos, Cummings et al. 2014). These
changes could represent early signs of ASD pathology, providing valuable insights

into the disease’s onset and progression.

However, to identify potential biomarkers that could be used in the clinical setting and
to further understand the long-term impact of this change in the prenatal environment,
we need to understand how these changes in prenatal brains affect juvenile brains.
This is particularly important, as biomarkers should be able to account for late-stage

diagnoses of the disorder.

In mice, the initial neurogenesis of Purkinje cells (PCs) and deep glutamatergic
neurons occurs between E10 and E14 (Marti-Clua 2022). However, cerebellar
development extends far beyond this embryonic period, encompassing significant
growth during the perinatal and postnatal phases. Therefore, investigating how
prenatal environmental alterations, such as maternal hypothyroidism, impact this

process is important. A good example of single outside environmental effects within
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the early prenatal cerebellum leading to lasting changes can be seen in the well-
established valproic acid model of ASD. Prenatal valproic acid exposure results in
abnormal structural changes in the cerebellum as well as dysregulation of several

ASD-linked genes (Guerra, Medici et al. 2023).

Expanding on our research, it is important to highlight that while we initially observed
molecular results in E16 brains, our interest transcended the neonatal and perinatal
periods. We decided to conduct a comparison by examining the ages of P30 juveniles.
This decision was guided by the finding of ASD-like behaviours in juveniles (see
section 1.6), which prompted us to investigate how the changes we observed in the
E16.5 models during the critical initial stage might carry over into the late juvenile

stage.

It is well-documented that cerebellar development extends into the perinatal and
postnatal periods. There is clear evidence that abnormalities caused at the perinatal
stage of cerebellar development persist into the late juvenile stage (Wang, Kloth et al.
2014). However, it is unclear whether we will see a consistent change between our
foetal and juvenile brains from a restricted window of hypothyroidism (E0-13.5).
Postnatal development of the cerebellum is increasingly recognized as a highly
sensitive phase for acquiring cognitive functions and represents a significant
vulnerability linked to ASD. Therefore, investigating how prenatal environmental

alterations such as maternal hypothyroidism impact this process is valuable.

To investigate the long-term pathophysiology of our prenatal changes, we will use our
established staining protocols to provide deeper insight into the observed behavioural
changes. This becomes especially important, as many studies linking hypothyroidism

to ASD have focused primarily on thyroid levels during the neonatal stage and not the
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4.3

adult brain. However, our treatment-induced transient maternal hypothyroidism
concluded at E13.5, urging us to investigate whether any defects from this vulnerable

early stage of pregnancy endure into adulthood.

We will further expand our analysis to include an examination of Pax6 expression in
the juvenile granule cell layer. Additionally, we will evaluate RoRa expression in
Purkinje cells and quantify DCN development in juvenile P30 brains through both
RoRa and PAX6 staining, which are highly expressed in juvenile DCNs. This
approach provides a more holistic understanding of the enduring impact of early
developmental disruptions on the juvenile brain, thereby contributing to our

understanding of ASD pathology and informing future therapeutic strategies.

METHODOLOGY

4.3.1 Tissue Handling:

The detailed procedures concerning tissue handling can be found in "2.1 Animal

Tissue."

4.3.2 Embedding

The embedding process was executed in accordance with the methodology outlined

in "Methods Chapter 3."

4.3.3 Sectioning:

For immunohistological analysis, tissue sections were obtained from Leica
Microsystems via a microtome. The sections were sliced at a thickness of 6 um,
chosen because of the larger section size and the density of white matter observed
in juvenile tissues. This specific thickness was found to increase the stability and

decrease the susceptibility to tearing.
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4.3.4 Staining:

Protocols for staining were meticulously followed, following the guidelines provided in

"Methods Chapter 3."

4.3.5 Statistics and Semiquantitative Analysis:

Statistical analyses and semiquantitative assessments were performed via the

methods described in "Methods Chapter 4."

Three juvenile brains from both the control and MMI-treated groups were selected for

analysis. The selection criteria were as follows:

The cerebellum had to remain intact after previous experiments involving micro-CT

scanning.
All the brains were from different mouse pairs to prevent bias toward a single litter.

Given the limited number of brains meeting both criteria, we did not separate them by
sex to maintain a statistically relevant sample size. For immunohistochemistry (IHC)
and quantification, each brain was sectioned at 6 um, resulting in three sections per
slide. To determine the rostrocaudal levels for analysis, we combined information from
the Allen Brain Atlas with the cerebellar foliation as an anatomical landmark. Initially,
structures were assessed based on the shape of the white matter in the cerebellum
after sectioning. We subsequently compared these structures to slides within a similar

range, ensuring the best alignment for analysis.
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44 RESULTS

4.4.1Changes in Purkinje density is not consistent between E16.5 and P30

brains.

To explore changes in Purkinje cell density over time, we examined both E16.5
(embryonic) and juvenile (P30) brains. Interestingly, our findings revealed that the
alterations in Purkinje cell density observed at E16.5 were not consistent with the

patterns observed in juvenile brains.

As previously described in section 3.4.2, induced transient maternal hypothyroidism
led to a reduced density of RoRa-positive cells specifically at the E16.5 developmental

stage (Figure 3.2).

As shown in Figure 4.1, we investigated the differences in Purkinje cell density
between juvenile (P30) brains of the control group and those exposed to maternal
hypothyroidism (MMI-treated). Statistical analysis revealed no significant difference in
Purkinje cell density between the MMI-treated and control groups at the juvenile stage
(P30) (p=0.7505, F=2.4575), indicating a comparable density of Purkinje cells in both

treatment types.
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4.4.2Changes in DCN development are not carried to the P30 brain.

In addition to assessing Purkinje cell density, we conducted an immunohistochemical
analysis using the RoRa marker to investigate potential changes in the deep
cerebellar nuclei within the cerebellum of P30 brains.

Our analysis of P30 brains did not reveal significant alterations in the cerebellar nuclei.
The data in Figure 4.2 revealed no statistically significant difference between the MMI-
treated and control groups for interposed nuclei (p=0.1174, F=11.61) or fastigial nuclei
(p=0.1802, F=1.560), suggesting that induced transient maternal hypothyroidism did

not significantly impact the cerebellar nuclei at this stage.

4.4.3There was no change in the granular cell layer in the P30 brain.

We investigated potential changes in the granular cell layer following induced
transient maternal hypothyroidism. We conducted an immunohistochemical analysis
and examined the data presented in Figure 4.3. Our analysis revealed that no
significant changes were observed in the granular cell layer between the MMI-treated
and control groups. The data from Figure 4.3 demonstrated consistent granular cell
layer morphology and cellular density, with no statistically significant alterations

(p=0.5982, F=1.975).
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4.4.4The dentate nucleus was not significantly different.

The dentate nucleus was examined to investigate potential differences between the
control and MMI brains. Upon visual observation, there were notable differences
between the two groups, as depicted in Figure 4.4. However, to confirm the
significance of these observed changes, we conducted a thorough statistical analysis
via Qupath software. The statistical analysis revealed that the observed differences
in the dentate nucleus between the experimental (MMI-treated) and control groups

did not reach statistical significance (p=0.0851, F=13.44).
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Figure 4.1 RoRa staining of Purkinje cells in juvenile cerebellum. (a): Section

position represented in Allen brain atlas http://atlas.brain-

map.org/atlas?atlas=1&plate=100960520 (b) Representative images of RoRa

staining in juvenile Purkinje cells in the Control and MMI groups, respectively
N=3 mice per group, with n=3 sections per mouse Scale bars are 100 pm.

(c) Quantification of Pax6 staining image analysis with the Qupath programme
measuring the density of Pax6 expression in each group (quantitative analysis of
the number of Pax6 positive cells in the cerebella) p=0.7505 F=2.4575 Data are
expressed as mean + SD *p value 20.05. Abbreviations: PC: Purkinje Cells ML:

Molecular Layer, GCL: Granule Cell Layer.
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Figure 4.2 RoRa staining in the juvenile interposed and fastigial nucleus. A:

Section position represented in Allen brain atlas http://atlas.brain-

map.org/atlas?atlas=1&plate=100960520. RoRa staining in the juvenile interposed

and fastigial nucleus. (B) Representative images of RoRa- staining in the interposed
and fastigial nucleus in the Control and Methimazole MMI groups respectively.

N=3 mice per group, with n=3 sections per mouse Scale bars, 200 um. Outlines of
the cerebellar nuclei. The borders were determined using a mixture of brain atlases
and by distinguishing the nuclei from the surrounding arbour vitae. This approach
aimed to provide accurate identification and mapping of the cerebellar nuclei. In the
interposed nucleus (C), the percentage of positive cells was p=0.0974 and the
number of positive cells per mm? was p=0.1174 F=11.61. In the fastigial nucleus (D),
the difference in the percentage of positive cells had a p score of 0.2194 and the
number of positive cells per mm? was p=0.1802 F=1.560 Data are expressed as
mean £ SD *p value 20.05. Abbreviations: FN: Fastigial Nucleus, IN: Interposed

Nucleus PC: Purkinje Cell
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Previous page Figure 4.3 Pax6 staining in Adult granule cell layer. (A) Section position represented in

Allen brain atlas http://atlas.brain-map.org/atlas?atlas=1&plate=100960520. B. Image showing the mask
created to define the region of interest (ROI), ensuring only granule cells were included, excluding Purkinje
cells.

(C) Representative images of Pax6 staining in the granule cell layer in the Control and MMI groups
respectively. N=3 mice per group, with n=3 sections per mouse Scale bars, 100 ym.D). Quantification of
Pax6 staining image analysis with the Qupath programme measuring the density of Pax6 expression in each
group .The p score for the quantification of Pax6 staining is 0.5982. This was determined through image
analysis with the Qupath program, measuring the density of Pax6 expression in each group. The quantitative
analysis of the number of Pax6 positive cells in the cerebella is also included.Data are expressed as:

mean £ SD *p value 20.05; Abbreviations: PC: Purkinje Cells ML: Molecular Layer, GCL: Granule Cell Layer.
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Figure 4.4 Pax6 staining in the dentate nucleus of the cerebellum. A) Section

position represented in Allen brain atlas http://atlas.brain-

map.org/atlas?atlas=1&plate=100960520. B) representative staining pattern of Pax6

in the dentate nucleus for both the Control and Methimazole MMI groups N=3 mice
per group, with n=3 sections per mouse Scale bars are provided, indicating a length
of 100 um. C) Quantitative analysis is performed to assess the density of Pax6
expression in the dentate nucleus using the Qupath program. Additionally, the figure
provides quantitative data analysis, indicating the number of Pax6 positive cells in
the cerebella p=0.0851 F=13.44. Data are expressed as the mean + standard

deviation (SD). Abbreviations: DN: Dentate Nucleus
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45 DISCUSSION

4.5.1 Purkinje and granule cells

In our study, we observed significant changes in the Purkinje cells and fastigial nuclei
of E16.5 mice affected by maternal hypothyroidism. This led us to hypothesize that
similar alterations might be present in juvenile mice, potentially linking these changes
to ASD-like behaviours previously identified (see section 1.1 Aims). However, our
examination of Purkinje cells in P30 MMI-treated and control brains (as depicted in
Figure 4.1) did not reveal any statistically significant differences (p =0.7505)
(F=2.4575). This finding is noteworthy given that previous research associated
Purkinje cell loss in hypothyroid cases with ASD (Khan, Harney et al. 2014).
Furthermore, we observed reduced Purkinje cell density in E16.5 brains exposed to
the same environmental conditions. This finding diverges from prior research
suggesting that abnormal Purkinje cell growth in response to hypothyroidism often
results in poor dendritic outgrowth, particularly through the TH receptor Tra1 (Heuer

and Mason 2003).

One key factor contributing to this discrepancy may be our experimental design. Many
previous studies investigating the effects of hypothyroidism or thyroid knockout in
mice maintained a hypothyroid state throughout the entire duration of their
experiments. In contrast, our study focused on a specific timeframe, spanning from
pregnancy to E13.5, which corresponds to a critical developmental window in the first
trimester of pregnancy. This temporal limitation raises the possibility that intrinsic TH
production by the foetus, rather than reliance on maternal TH, could mitigate these
effects. This finding is supported by studies using longer exposure windows along

with melatonin, which may play a paracrine role in the regulation of thyroid activity
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and rescue of Purkinje cells (D’Angelo, Marseglia et al. 2016, Hidayat, Lail et al. 2020)
| attribute our differences observed in other hypothyroid models to two key factors in
our experimental design: first, the conclusion of our maternal treatment, and second,

the reduced dependency of the foetus on maternal TH.

Considering this, we can perform a similar study involving maternal subclinical
hypothyroidism induced by electrocauterization, which has shown similar behavioural
effects (Hu, Wang et al. 2022). Our initial study revealed a potential reduction in the
population of RORa-positive Purkinje cells within the prenatal mouse prepontine
hindbrain. However, our subsequent observations in this study indicate that this
reduction in cell density does not persist when it is measured in a juvenile model.
These findings prompt us to question the assumption that once the foetus achieves
independence in thyroid production or the cause of maternal hypothyroidism is
resolved, it can completely mitigate the effects observed during the earlier
developmental window. However, it is important to note that even when the foetus is
not fully dependent on maternal THs after the first trimester, there is still a substantial
degree of dependence, as foetus and maternal THs cooperate in various ways

(Forhead and Fowden 2014).

Notably, Purkinje cells have demonstrated regenerative capacity in response to injury,
particularly before postnatal day 5 (Bayin, Wojcinski et al. 2018). As our experimental
intervention was limited to the EO--E13.5 period, this left a window for potential
recovery from midgestation onwards. These findings suggest that studies where there
was early intervention of T4 or T3 treatment in a hypothyroid model would show
similar recoveries. An example of this can be seen in neocortical studies in which
maternal hypothyroidism at the earliest onset of drug-induced maternal

hypothyroidism, starting at e6, led to cortical changes; however, these changes could
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be reversed by TH replacement (Mohan, Sinha et al. 2012). Therefore, once mouse
brains regain access to the maternal thyroid, this may lead to recovery. The changes
we observed prenatally are not preserved in juveniles. However, despite the absence
of these initial changes in juveniles, we still see behavioural changes at P30. This
suggests that the initial prenatal changes may trigger a downstream cascade of

effects that lead to different but lasting impacts on juvenile behaviour.

4.5.2 DCN in Juveniles

Given the observed inconsistencies in changes between E16.5 and P30 brains, we
investigated whether a similar trend would emerge when the DCN was assessed, with
a particular emphasis on the fastigial nuclei, which exhibited significant differences in
the E16.5 cohort. Within our examined cerebellar nuclei populations, we found no
significant difference in cell density or cell number. (Figure 4.3, 4.4). Notably,
however, the dentate nuclei trended toward significance, with a p-value of 0.0851 and
an F value of 13.44. The interposed and fastigial nuclei did not show a similar trend,
with p values of 0.1174 and 0.1802 and F values of 11.61 and 1.560, respectively.
Despite this, visual differences were observed in the interposed and fastigial nuclei,
suggesting potential variations that may not have been captured by the statistical

analysis.

Therefore, while the dentate nuclei stood out as the most significant among them, the
interposed and fastigial nuclei did not show a strong trend toward differences. Further
research is needed to confirm these findings and explore their implications,
particularly considering the observed visual differences in the interposed and fastigial

nuclei.

The dentate nucleus has been strongly linked to the cerebellum’s role in ASD

cognition because of its role within cognitive circuits (Olivito, Clausi et al. 2017,
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Anteraper, Guell et al. 2019). It has rarely been suggested that any of the other
cerebellar nuclei are a target for hypothyroidism’s links to cognitive disorders, with
most of the focus on alterations within the Purkinje and Granule cell layers (Ishii,
Amano et al. 2021) (Koibuchi 2008). However, studies have shown that the thyroid
transporter MCT8 is heavily present within cerebellar neurons in chick models.

(Lépez-Espindola, Morales-Bastos et al. 2014).  Furthermore, a model of Allan—
Herndon—-Dudley syndrome, a disorder characterized by a deficiency in the thyroid
transporter MCT8, was shown in an early clinical study to exhibit decreased

myelination in the brain and impaired neuronal differentiation in the dentate nucleus.

If we consider that none of the cerebellar nuclei were significantly different in juveniles
and that the fastigial nuclei were different at E16.5, it could be inferred that the early
changes in cerebellar nuclei caused by maternal hypothyroidism may not have been
fully maintained into the late juvenile stage. Despite this, we still observed significant
changes in the behavioural studies of the model. These findings suggest that the early
prenatal impact of maternal hypothyroidism results in non-structural changes that
persist into the late juvenile stage. Therefore, understanding the pathophysiology of

these changes is important for future research.

Considering the potential impact of sex differences in individuals with ASD on our
findings is essential. Thus, having access to a substantial cohort to separate males
and females, as in Chapter 2, and delving deeper into potential sexual dimorphism
would be an ideal approach. Previous studies examining valproic acid exposure have
revealed differences in DCN cell counts between males and females, underscoring
the importance of this investigation (Mowery, Wilson et al. 2015). This is particularly
interesting because of the sexual dimorphism observed in previous behavioural

studies of the model.
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4.6 FUTURE RESEARCH DIRECTIONS

While investigations into the DCN revealed notable trends, particularly within the
dentate nuclei, but notably not the fastigial nuclei, which displayed significant
differences at the E16.5 stage, our analysis, unfortunately, did not produce statistically
significant results. As previously discussed in Chapter 3, the DCN has a well-
established connection with social behaviour. Nevertheless, the absence of clear
statistical significance in our findings leaves us with lingering questions about how the
early prenatal changes observed in maternal hypothyroidism correlate with the later
behavioural outcomes observed in the juvenile model.

Although our findings from juvenile brain studies have been largely inconclusive, they
have opened new avenues for future research. Further investigations using larger
sample sizes, or the identification of more specific juvenile markers are needed.

Our study, which focused on the morphology and count of cerebellar cell types, did
not reveal changes in Purkinje cells or significant changes within the dentate nuclei.
However, to gain deeper insights into our cerebellar nuclei, especially regarding
synaptic activity, further investigations with larger sample sizes or the identification of
specific juvenile markers—particularly glutamatergic markers—would be valuable.
Glutamate, the primary neurotransmitter for excitatory neurons in the CNS, plays a
crucial role. By examining these glutamatergic markers, such as Vesicular glutamate
transporter 1 (VGLUT1) and Vesicular glutamate transporter 2 (VGLUT2), we can
better understand the function and dysfunction of Deep cerebellar nucleus (DCN)

neurons.
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Interestingly, we noted an apparent change in Purkinje cell migration and
differentiation during our prenatal studies. It would be prudent to determine at what
stage these Purkinje cells recover. Research has suggested that Purkinje cells may
retain regenerative potential until P5. Therefore, incorporating a perinatal group into
our research could help ascertain whether our observed changes persist beyond this
point. In the future, it could be beneficial to have a cohort that receives extended
treatment. This group could then be compared to those who only receive treatment in
the first trimester. Furthermore, another valuable comparison could be made between
those who only receive treatment in the first trimester and those who receive extended
treatment for MMI during pregnancy, paired with T4 after the first trimester. This could
help to observe whether the rescue in Purkinje cells is similar to that seen in cases
where the treatment is limited only to the first trimester. Such a study could provide
further insights into the effectiveness of different treatment durations and methods on
foetal development, particularly in relation to Purkinje cells. However, as we would
expect to see behaviour changes in both cohorts, it would be interesting if the

underlying pathophysiology remained consistent.
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Chapter 5: General Discussion
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This study aimed to explore the mechanism by which maternal hypothyroidism
creates a behavioural model with changes in social behaviour akin to those in other
models of ASD. (Figure 1.10). This goal was achieved through neuroanatomical
studies of large white matter structures in late juvenile models as well as molecular
investigations in both E16.5 models and late juvenile models to provide further
information about any changes in structure and relevant protein expression in Purkinje
cells and deep cerebellar nuclei.

The white matter studies were largely inconclusive, with no changes observed across
either treatment or sex in the juvenile models. While the results of white matter studies
in patients with ASD can contradict each other, our results are still unexpected
compared with those of previous studies. While we can consider our results at facial
value, there are many limitations to our anatomical study, which may account for
errors or artefacts in the data. However, excellent contrast was observed at both the
9-micron and 4-micron levels. Most of the work has been performed at 19 microns,
which is suitable for studying the area of the corpus callosum at the midline of each
brain; however, this could have led to inconsistencies when moving to volumetric
work. This was emphasized by the large cohort of the samples which had to be
removed from the data when moving from area studies to volumetric studies, which
decreased the sample size (Table 2.1). In the future, a larger cohort of brains scanned
at higher resolutions could help us gain a better understanding of how neuroanatomy

is affected in this maternal hypothyroid model.

In our exploration of staining for important markers in the embryonic and juvenile
mouse brain, we observed significant changes in the staining for the marker TBR1,
which has been traditionally associated with staining populations of fastigial cerebellar
nuclei. We also observed data suggesting that there was a reduction in the number

of Rora-positive cells in the early Purkinje cell layer within these sections. These data
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contrast with our findings from the stains of the juvenile tissue sections, which showed
no difference in staining in either the Purkinje cell layer or the cerebellar nuclei. While
we did observe differences in the embryonic brain for TBR1 and, to a lesser extent,
Rora, it is still unclear why we observed this reduction in staining. This could have
occurred due to a complete absence of the cells themselves an issue with the cells
specifying into the cerebellar nuclei or Purkinje precursors as they migrated from the
rhombic lip or even just lost the ability to express TBR1 or RORa.

While the observed differences in staining in our embryonic model present a
promising avenue for future research, several limitations of this study must be
acknowledged. First, the small sample sizes across both embryonic and adult brains
represent a significant limitation, potentially leading to an overestimation of the
observed effects. Future studies should aim to reconfirm these findings through
larger-scale investigations, which would help eliminate outliers and reduce the impact
of errors. The limited scale of this study was due primarily to the restricted timeline
imposed by the COVID-19 pandemic. Additionally, the small sample size hindered our
ability to explore sex differences within the model, as previous experiments involving
CT scans or optimization processes reduced the available cohort of undamaged,
treatable brains.

Second, while we observed changes in protein expression, these findings do not
provide insights into the functional roles of these proteins within the cerebellum,
thereby obscuring potential links to the behavioural effects observed in MMI progeny.
This issue is further compounded by the semiquantitative nature of the data
acquisition. Despite efforts to ensure accurate data collection, it is important to
acknowledge that certain aspects require human interpretation, such as the
identification of regions of interest and threshold set within the measurement software.

To more accurately clarify the observed trends and results, follow-up studies
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employing more quantitative methods, such as planned in situ hybridization studies,
would be beneficial in providing a more reliable foundation for our findings.

Within the constraints of this study, the significant alterations in the expression of key
markers such as TBR1 and Rora in the embryonic brain suggest potential disruptions

in the development of the fastigial nucleus and Purkinje cells at this early stage.

More importantly, the changes in the expression of these markers are not conserved
into the late juvenile stage, indicating that the initial disruptions may either resolve
over time or lead to compensatory mechanisms that normalize marker expression.
This discrepancy between the embryonic and juvenile stages underscores the
complexity of neurodevelopmental processes and highlights the need for further
investigation to understand the long-term implications of these early changes. Future
studies should focus on longitudinal analyses to track these markers across different
developmental stages and explore their functional consequences concerning
behavioural outcomes.

These findings contribute to our understanding of the underlying mechanisms that
may lead to the behavioural changes observed in ASD models. Furthermore, the data
gathered from this study lay a foundation for future research, highlighting the need for
larger-scale studies and more quantitative methods to validate and expand upon our

results.
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The Interaction of Environment and Genetics: Transient Gestational
Hypothyroidism”

ASD is a set of neurodevelopmental conditions characterized by enduring
impairments in social interaction and communication, along with repetitive patterns of
behaviour, interest, and activities. Given the idiopathic nature of most cases, it has
become important to deepen our understanding of the potential risk factors for ASD,
the molecular and cellular mechanisms that influence brain development and how

these mechanisms translate into observed behavioural changes.

The aetiology of ASD is multifactorial and involves intricate interactions between
genetic and environmental factors. The clinical diversity and complex aetiology of this
disorder have hindered the development of reliable biomarkers for early detection and
have constrained our comprehension of the disorder. In recent years, the prevalence
of ASD diagnosis has increased steadily, and we can probably attribute most of the
increase to better public response and improved diagnosis of ASD; we cannot fully
account for this increase in the prevalence of these factors (Presmanes Hill,
Zuckerman et al. 2015). Hence, it is vital to understand how epidemiological studies
associate environmental factors with ASD and how environmental triggers such as
exposure to pollutants might account for the sporadic occurrence of ASD, especially
when coupled with genetic risk factors. Transient gestational hypothyroidism presents
a compelling example of the interaction between the environment and genetics in
ASD. In early pregnancy, the embryonic brain relies entirely on the mother for thyroid
hormone, which in turn is contingent on adequate dietary iodine intake. Pregnancy
places a demand on thyroid status, making it vulnerable to environmental organic
toxins such as PCBs, PBDEs, and PFASs, which are known as inhibitors of TH

receptors and/or the thyroid synthesis pathway (Boesen, Long et al. 2020).
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Our research confirmed that blocking thyroid hormone signals at the early stages of
development distinctly affects a specific time-bound group from the rhombic lip
lineage. This group is instrumental in the formation of the TBR1 fastigial cerebellar
nucleus (Figure 3.1). We verified that a reduction in TBR1-positive cells within the
fastigial cerebellar nucleus is a consequence of maternal hypothyroidism, although
the exact mechanism of action remains unknown.

Our maternal hypothyroid treatment did not affect the development of Pax6-positive
granule cells. Pax6, TBR2, and TBR1 are expressed sequentially from the rhombic
lip to the NTZ (Fink, Englund et al. 2006). As previously mentioned, the role of PAX6
in ensuring the survival of TBR1+ glutamatergic CN neurons has been identified
(Yeung, Ha et al. 2016). However, in the Sey cerebellum, there is only minor
disorganization of the EGL with foliation defects and no apparent GC loss
(Engelkamp, Rashbass et al. 1999, Swanson, Tong et al. 2005, Ha, Swanson et al.

2015).

The cells that leave the RL become cerebellar GCPs from E13.5 onwards, which
coincides with the end of our treatment. This finding suggests that these later-born
PAX6 populations could remain unaffected while disrupting their earlier rhombic lip
lineages (Machold and Fishell 2005). Although no change in PAX6 cell density was
observed, it may still be responsible for our observed reduction in TBR1-positive cells.
As PAX6 affects both TBR1 and TBR2, we initially stained for TBR2 to confirm that
both lineages were affected. We then used an earlier model to identify any disruption
of Pax6 at the rhombic lip and of all three markers at the NTZ. To further explore the
mechanism of action of maternal hypothyroidism, especially in a mouse model and

for clinical transition into humans, we considered LHX9, a marker of the dentate
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nucleus. LHX9 is an early-born derivative from the rhombic lip that is expressed earlier
than the PAX6+ glutamatergic neuron population (Green and Wingate 2014).

We planned to investigate LHX9 through RNAscope in situ hybridization, but we were
unable to complete this work due to COVID-19. Disruption of LHX9 populations, such
as those in our TBR1 population, would suggest that TH disruption affects all rhombic
lip lineages and may affect Atohl/Mathl. This finding aligns with Math-1 being
regulated by thyroid hormones in other brain areas, such as the hippocampal
neurogenic niche (Kapoor, Desouza et al. 2012). However, the lack of change in
LHX9 further suggests that the thyroid acts at a later temporal point in development.
When we look at the function of thyroid hormones in various instances of
hypothyroidism within the cerebellum, it seems that their primary role is in
differentiation (Heuer and Mason 2003). Hypothyroidism, which occurs late in
embryonic development or early after birth, leads to the failure of cerebellar granule
cells to fully differentiate and migrate radially to form mature cells in the inner granule
layer (Wang, Wang et al. 2014).

Following a deficiency in thyroid hormones, Purkinje cells exhibit a significant
reduction in arborization and fail to establish mature connections with incoming
climbing fibres (Yajima, Amano et al. 2021). GABAergic interneurons in the cerebellar
cortex exhibit delayed differentiation and maturation, along with diminished
connectivity (Patel, Smith et al. 1980, Bernal 2007). Although these effects are mostly
observed during late cerebellar development, it is possible that the differentiation of

cells in the nuclear transitory zone of the cerebellar nuclei could be similarly disrupted.
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5.1

“P30 BRAIN TRENDS: TRENDING TOWARDS SIGNIFICANT PATTERNS

OR JUST NOISE IN THE DATA?

Initial behavioural studies conducted on our models revealed significant changes in
behaviour within the juvenile group (Figure 1.10). Male mice treated with MMI
presented increased anxiety, and female mice treated with MMI presented impaired
social approaches. These findings suggest that the abnormalities observed at the
prenatal level could either persist into the late juvenile stage, thereby causing these
behavioural phenotypes or lead to further downstream changes that become apparent

upon examination of the juvenile brain.

However, contrary to these findings, we did not observe any significant changes in
the cerebellum of these juveniles (Figure 4.1--4.4). Although several factors, such as
our DCN, trended in the expected direction, indicating potential changes with a larger
sample size or more quantitative methods would be needed in the future to fully ratify
these results. Previous single-cell transcriptomics studies have shown a clear atlas of
the molecular makeup of the cerebellar cortex at embryonic stages (Carter, Bihannic
et al. 2018, Peng, Sheng et al. 2019, Kozareva, Martin et al. 2021). Single-cell RNA
sequencing has already provided a detailed breakdown of the mechanistic differences
in Purkinje cells between embryonic and adult stages. To begin, it would be beneficial
to compare our models to this work to gain greater insight into the discrepancies
between our juvenile and embryonic results (Apsley and Becker 2022). There is ample
research showing differences in the transcriptome of Purkinje cells in cases of ASD
with changes in targets such as CHDS8 (Clifford, Dulneva et al. 2019) (Brandenburg,

Griswold et al. 2022). There are by comparison few studies to show of the change in
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the transcriptome in the DCN both glutamatergic CN and GABAergic within adult
models. This is largely hindered by the lack of cell-specific markers for adult CNs
within the cerebellum outside of PCs and GCs (Tam, Wang et al. 2021). Therefore, it
would be necessary to have clear spatial analysis for any cohort of genes we are
looking at by either paring single-cell transcriptomics with an in situ hybridization or
using a method such as in situ single-cell transcriptomics for targets such as VGLUT1
or GABRAL for glutamatergic and GABAergic cerebellar neurons along with a cross-
section of genes known to be involved in both ASD and TH function such as RELN
TBR1, NEUROD2. RORa and MECP2 (Navarro, Alvarado et al. 2015, Lenart,

Augustyniak et al. 2020).

Therefore, we should proceed with the assumption that prenatal changes do not
persist in the same manner in juveniles. Instead, these changes may cause further
downstream effects during development, leading to the observed behavioural

phenotype.

While there are potential arguments for changes in DCN, the complete absence of
any alterations within Purkinje cells and granule cells contradicts the findings
observed in other hypothyroid models (Boukhtouche, Brugg et al. 2010, Lépez-
Espindola, Morales-Bastos et al. 2014, Yu, Iwasaki et al. 2015). This discrepancy is
particularly notable in models in which hypothyroidism is present during perinatal
stages(Boukhtouche, Brugg et al. 2010, Fauquier, Chatonnet et al. 2014).
Considering that thyroid hormone is instrumental in the differentiation of Purkinje cells
within this stage, the lack of observed change suggests that the changes observed
prenatally concerning the prenatal Purkinje cell layer may be from variance, as
indicated by its F score. The difference in results between perinatal hypothyroidism

and our treatment, which was limited to a treatment window of E0--13.5, could be due

136



to the varied expression of the thyroid receptor THRa1. This receptor is expressed
only in postmitotic Purkinje neurons around E15.5 (Bradley, Towle et al. 1992). The
mechanism of action of thyroid hormones is believed to involve THRa1 receptors
(Heuer and Mason 2003, Fauquier, Chatonnet et al. 2014). This could account for the
observed discrepancy in Purkinje neurons in our model compared with those where

hypothyroidism was present from a later stage.

For each cerebellar nucleus, it was clear that there were trends and visual indicators
toward differences (Figure 4.4), but none of these results were significant. While we
can argue that larger sample sizes or the use of higher-throughput gquantitative
methods could lead to significant changes in these trends in the future, it is just as
likely that in a small sample size, these changes are caused by variance between the
samples. One hypothesis suggests that early disruption may not lead to a total loss
of DCN in adults, but it could influence the formation of cortical-thalamic—cerebellar
loops and, by altering the timing of CN development, disrupt their connectivity, thereby

causing dysfunction in the corresponding cortical targets (Kelly, Meng et al. 2020).

The primary method of identifying connectivity defects in ASD has been through the
examination of changes in white matter and the identification of structural biomarkers
(Jiang, Shou et al. 2021, Nisar and Haris 2023). This is typically achieved through
MRI data, but in our case, we used uCT data to analyse large sets of volumetric white

matter data in regions commonly associated with ASD.

Despite our expectations, we did not find any significant changes in our volumetric
studies. This could be due to the need for a more powerful scanner or a larger sample
size. We anticipated that the gene Reelin, which we expected to affect both the

cerebellum and white matter, would tie our findings together. However, the molecular
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results were not substantial enough to publish. There were traces of what could be
dentate nuclei neuroblasts, but this could merely be a minor difference in time

between samples and did not pass initial screening during quantification.

With no clear significance in our set of connectivity data, we must consider what kind
of connectivity data we would expect to see differently moving forward. The first step
is to look at what changed prenatally and what historically changed prenatally in cases

of maternal hypothyroidism, such as a lack of TBR1 staining in the fastigial nuclei.

In cases where lesions are made to the fastigial nucleus, effects are observed due to
its efferent projections to the thalamus and the subsequent changes made to the
medial prefrontal cortex (Behnke, Stevenson et al. 2018, Helgers 2021, Frontera, Sala
et al. 2023). Therefore, | hypothesize that these prenatal insults may affect the
formation of these efferent connections to cortical areas of the brain later in

development, impacting the connectivity and cognitive activity of the cerebellum.

While the lateral/dentate nucleus has been strongly associated with the cognitive
effects of the cerebellum, increasing evidence supports the role of other DCNs, such
as the fastigial nucleus, as potential contributors to neuropsychiatric disorders. The
fastigial nucleus sends fibres to the forebrain, including the limbic system and
prefrontal regions, highlighting its importance for higher-order functions such as
emotions, social behaviour, and cognition (Watson, Becker et al. 2014, Zhang, Wang
et al. 2016, Carta, Chen et al. 2019). In addition to this indirect input via the Ventral
tegmental area (VTA) and the thalamus, several other limbic and mesolimbic
structures, such as the amygdala, the septum, and the hippocampus, are directly
targeted by the fastigial nucleus (Carta, Chen et al. 2019). These widespread

connections, confirmed in electrophysiological studies, suggest a broader and more
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complex role for the cerebellum in cognitive and emotional processes (Watson,

Becker et al. 2014, Carta, Chen et al. 2019, Helgers 2021).

The formation of connections between the cerebral nuclei and the thalamus begins
between 14.5 and 15.5 days, with these fibres invading the thalamus at 16.5 days.
This timeline directly aligns with the observed change in staining in the fastigial nuclei,
as we observed a reduction in TBR1-positive cells at 16.5 (Dumas, Gornati et al.

2022).

Prenatal damage to the fastigial nucleus may be linked to the long-term behavioural
changes observed in our model, as it alters thalamo-cortical connections. In adult
models, restricting the activity of the fastigial nucleus through either lesions or
chemogenetic alterations results in the modulation of the thalamic—prefrontal cortex
circuitry (Helgers, Al Krinawe et al. 2020, Frontera, Sala et al. 2023). An observed
behavioural change resulting from this modulation is increased fear and anxiety
behaviours, as observed in male mice treated with MMI. This finding suggests that
future research with this model should not only investigate modulation in these areas
but also consider the sexual dimorphism of our initially observed behaviours.
Importantly, owing to time constraints and the sample size caused by the COVID-19
pandemic and damage to tissues from previous tests, a comprehensive examination
of sexual dimorphisms was not feasible in this study.

Consequently, could disruptions in the development of the fastigial nucleus potentially
impair its connectivity, leading to dysfunction in the associated cortical targets?
However, this hypothesis might be questioned by initial cerebellar experiments
involving TBR1 knockouts. These studies suggest that TBR1 might not be essential

for the early development of DCN axon pathways (Fink, Englund et al. 2006).
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Therefore, if there is a change in DCN output, it might need to be attributed to a
different source. However, this study examined only efferent connections to the red
nuclei and pons, suggesting that pathways related to more cognitive functions, such
as the mediodorsal thalamus or the mesolimbic system, are involved (Bohne,

Schwarz et al. 2019, Carta, Chen et al. 2019).

Another explanation for the long-term behavioural effects we are observing may be
that the aberrant environment of maternal hypothyroidism in the first trimester results
in delayed formation of the fastigial nucleus, leading to long-term epigenetic effects.
Lesions of the fastigial nucleus in juvenile rats have been shown to affect significant
DNA methylation and protein expression changes in GAD1 and OXTR in the
Prefrontal cortex (PFC) and Nucleus accumbens (NaC) (Helgers, Angelov et al.
2021). This hypothesis gains additional support through the observed association of
cerebellar-related ASD with the epigenetic dysregulation of GAD1 and OXTRs (Waye
and Cheng 2018). This finding is also in line with previous studies showing that
pharmacological intervention with maternal hormones during pregnancy during the
first trimester can lead to epigenetic effects with TH-mediated epigenetic
programming of GFAP in the neocortex through increased expression of the
epigenetic regulator Mecp2 (Kumar, Godbole et al. 2018). Interestingly, OXTR and
MECP2 are dysregulated in response to maternal environmental factors such as folic
acid deficiency, suggesting that these epigenetic changes in response to changes in
the prenatal environment may be key in the sporadic nature of idiopathic ASD (Gallo,

Stoccoro et al. 2022).

In the future, a study using functional MRI or EEG electrophysiological studies could
help us gain further insight into the aetiology of the disorder and how these initial

insults caused by maternal hypothyroidism led to the behavioural effects we observed
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later in juvenile mice. recent studies have demonstrated that cerebellar stimulation
can entrain prefrontal cortex activity in a frequency-dependent manner, with effects
varying based on the initial EEG state (Tremblay, Chapman et al. 2019). By
investigating stimulation at different frequencies (1-50 Hz), we can observe distinct
effects on oscillatory power and coherence in both cerebellar and cortical regions.
This approach could help us understand how maternal hypothyroidism leads to the

behavioural effects observed in juvenile mice.

Additionally, transcranial magnetic stimulation of the cerebellum has been used to
assess cerebello-cortical connectivity, revealing specific EEG responses in prefrontal
and parietal areas, including a high-beta frequency power increase in the left
prefrontal region (Gassmann, Gordon et al. 2022). These findings highlight the
cerebellum’s role in modulating cortical networks across various frequencies, which

could be crucial for our study.

Further research has explored cerebellar connectivity and functionality using various
techniques. In vitro assessments have revealed frequency-dependent modulation of
cerebellar slice excitability and functional connectivity in response to repetitive
transcranial magnetic stimulation (Tang, Zhang et al. 2016). These studies emphasize
the importance of considering frequency-dependent factors in understanding

cerebellar function and dysfunction, which will be integral to our investigation.

Electrophysiological measurements of the cerebellum have provided valuable insights
into its functional mechanisms. Intracranial recordings in humans have revealed
cerebellar rhythms up to 250 Hz with task-related modulations lasting 100-200 ms

(Dalal, Osipova et al. 2013).These findings align with rodent studies and human
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5.2

magnetoencephalography results, suggesting that similar frequency ranges could be

informative in our study.

By focusing on these frequency ranges, our experiment can build on past research to
gain a deeper understanding of the cerebellum’s role in modulating cortical networks

and the underlying mechanisms of the observed behavioural effects.

FUTURE OF ASD DIAGNOSIS AND LIMITATIONS IN BIOMARKER

TESTING

In contrast, significant progress has been made in the conceptualization of ASD and
the molecular and cellular mechanisms underlying its pathology. Despite this, the role
and contribution of environmental factors to how genotype and phenotype are related
in terms of differing genotypes and differing factors in heterogeneous disorders and
how they are related still need to be fully understood. The small barrier may be
understanding how to faithfully recreate the complex events of human development
with the limitations of in vivo work and models given differences in brain morphology
and functionality. This is a particular challenge regarding both cerebellar development
and environmental factors, which may have a specific window of influence during
pregnancy. The protracted development of the cerebellum differs across different
timelines between rodents and humans (Westerhuis, Dudink et al. 2023). In the case
of maternal hypothyroidism in both rodents and humans, there is a dependency on
maternal thyroid hormones during pregnancy. However, this dependency extends
longer into gestation for rodents than it does for humans. The models would be most
accurate if they consider this difference and restrict hypothyroidism to the period
where each species is completely dependent on maternal thyroid hormones
(Ghanbari and Ghasemi 2017). However, even when the foetus is not fully dependent

on maternal thyroid hormones, there is still a substantial degree of dependence, as
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foetal and maternal thyroid hormones cooperate in various ways (Forhead and
Fowden 2014). Animal models such as rat studies, which can extend the effect
beyond the early stages of pregnancy, may become worse models, as development
can deviate from that of a human embryo, as common animal models such as rats do
not complete the development of a fully follicular thyroid gland until 3 weeks
postnatally (Forhead and Fowden 2014). There is a difference in the availability of
maternal T3 after the onset of foetal thyroid hormone, even between rodent species.
The availability of maternal T3 varies after the onset of foetal thyroid hormone, even
among different rodent species. In mice, the maternal T4 contribution at term is
greater than that in rats, with 60% of the total TH content in peripheral tissues coming
directly from the mother. In contrast, in rats, only approximately 17.5% of the foetal
extrathyroidal T4 and 47% of the foetal pool of T3 originate from the mother (Barez-
Lépez, Obregon et al. 2017). This finding suggests a greater reliance on the local
conversion of T4 into T3 via D2 within the mouse's later foetal stages. This finding
suggests that studies that investigate maternal hypothyroidism with windows that
extend far past foetal thyroid onset should be aware of any differences that a model

may bring.

Therefore, models should create hypothyroidism when an overlap between the foetus
and the mother's THs is at its minimum and when the two stages of development are
most comparable. To address the constraints associated with interspecies variations
in brain morphology and functionality observed in vivo rodent models, exploring in
vitro screening methods for endocrine-induced developmental neurotoxicity could be
advantageous. One promising approach is currently being developed by the
ENDpoiNT consortium. Given the heterogeneity of the disorder, a viable solution
would likely involve patient-specific approaches. This finding implies that the use of

patient-derived induced pluripotent stem cells could be the most effective strategy.
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However, this approach is not without significant limitations, particularly in terms of
screening and testing. (Villa, Combi et al. 2021). In 2D cultures, there appears to be
a disruption in morphology, the environmental stress response, and cellular regulation

compared with 3D cultures (Forsberg, llieva et al. 2018).

Comparisons were made at the intersection of genes and the environment. This
discrepancy could pose a challenge to the use of 2D cell culture for investigating
epigenetic regulation in ASD. Organoids represent a promising method of modelling
moving forward for ASD with cerebral organoids that are already able to show an
epigenomic state very similar to that of the human fetal brain (Luo, Lancaster et al.
2016). Organoids have shown promise in elucidating responses to environmental
factors, a key aspect in identifying disrupted gene targets in idiopathic ASD. Valproate
exposure in human forebrain organoids has been shown to modify the expression of
genes involved in neural development, synaptic transmission, and oxytocin signalling,
which are all significant factors in ASD (Meng, Zhang et al. 2022). This study further
revealed that such exposure disrupted genes within ASD risk-associated gene
coexpression modules. This highlights the utility of organoids in decoding the complex
gene-environment interplay in ASD. However, progress has been made in
understanding the role of organoids, such as vascularization, and the absence of
microglia in these models hinders the accurate representation of synaptic defects
within ASDs (Chan, Griffiths et al. 2020). Notably, modelling ASD cases in which the
pathophysiology is related to the cerebellum in organoids may be difficult. Although
early cerebellar organoid models have shown the ability to express cerebellar
progenitors, such as those in the PCS and DCNS, they are only partially able to
recapitulate the complexity of the human cerebellum, are heavily restricted to the early

stages of development and fail to show the full neuronal connectivity of the cerebellum
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(Muguruma, Nishiyama et al. 2015). More recent developments in the formation of
cerebellar organoids, such as those recently created by Altman et al., have allowed
for longer periods of organoid differentiation, maturation, and network formation.
Recent advancements in cerebellar organoid formation, exemplified by Altman et al.'s
work, have extended the duration of organoid differentiation, maturation, and network
development. Notably, these in vitro differentiated Purkinje cells (PCs) closely
resemble late midgestational in vivo neurons. These findings suggest that cerebellar
organoids hold promise for exploring neurophysiological aspects of ASD. Additionally,
expression analysis revealed an enrichment of ASD risk genes across various
neuronal cell types within these organoids, including progenitor and mature molecular
layer interneurons, immature and mature inhibitory neurons of the cerebellar nuclei,

and especially immature and differentiated PCs.

As we rapidly approach solutions for critical challenges related to cerebellar
organoids—such as addressing cellular diversity and internal connectivity—we must
also anticipate the next set of hurdles facing in vitro cerebellar disease modelling. A
pivotal aspect of cerebellar disorders, and their impact on cognitive function, lies in
their intricate connections with other brain regions via cerebellocortical pathways.
These connections play crucial roles, as research suggests that early developmental
changes in the cerebellum, triggered by environmental factors such as prenatal
hypothyroidism, may later manifest through cerebral connections rather than direct
cerebellar defects. Consequently, the next phase of modelling involves advancing
cerebellar assembloids—brain organoids that allow the combination of multiple brain
regions in a three-dimensional culture. Ultimately, this progress will enable us to

closely observe the interactions between these interconnected brain areas
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5.3

HETEROGENEITY CLUSTERING AND STRATIFICATION

Biomarkers are objective measures of biological or pathophysiological processes or
pharmacologic responses to therapeutic interventions (Group, Atkinson Jr et al.
2001). Identifying biomarkers for ASD presents a significant challenge due to the
heterogeneity of the disorder. While the same behavioural phenotypes are observed
across multiple different insults or effectors, whether genetic or lesion-based, many
of these tend to have differing or even contradictory effects (Patel, Lukkes et al. 2018).
The issue of heterogeneity was further complicated by the DSM-5’s decision to group
all disorders under one umbrella (DSM-5 2013). While current stratifications of the
disorder are limited, further stratifying ASD into more homogeneous groups may be
beneficial for research and biomarker discovery. There are three potential
interpretations for the observed diversity in ASD. The first interpretation suggests that
we might be observing multiple distinct conditions that exhibit similar behavioural traits
but lack biological connections. This implies that ASD might not be a single entity, at
least not a single entity biologically (Waterhouse, London et al. 2016). The second
interpretation considers this diversity as an inherent characteristic of ASD. This
suggests that the path to personalized medicine and improved therapeutic
interventions necessitates better stratification of relevant subgroups (Mottron and
Bzdok 2020, Molloy and Gallagher 2022). The third interpretation is that the diversity
is due to the absence of a comprehensive framework and understanding of the
underlying mechanisms. This creates a circular problem where diversity makes the
underlying mechanisms less discernible, and the absence of a clear model contributes
to perceived diversity. If we can identify the mechanisms contributing to the diversity,

we could separate their effects, resulting in a more uniform phenotype. Research in
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animals shows that certain effects create the social behaviours associated with ASD
(Li, Zhu et al. 2021). However, it might be more effective to group disorders on the
basis of their pathophysiology or endophenotypes. This approach could help us
converge on singular biomarkers or find specific biomarkers for each stratification,

thereby enhancing our understanding of ASD and improving diagnostic accuracy.

The concept of categorizing ASD based on its underlying mechanisms and creating
clusters of endophenotypes is not a novel approach. Previous attempts have been
made to group ASD-associated genes according to their corresponding phenotypes.
The pathophysiology of ASD has been classified in various ways, including changes
in white matter, alterations in functional connectivity, and the roles of genes identified
through Genome-wide association studies (GWASSs) (Ellegood, Anagnostou et al.
2015, Narita, Nagai et al. 2020, Zerbi, Pagani et al. 2021). However, the application

of these research concepts to the actual diagnosis of ASD remains unexplored.
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5.4

POTENTIAL OF PRECISION MEDICINES FOR ASD

The heterogeneity of ASD necessitates a shift towards precision or personalized
medicine. This transformation is driven by the recognition of the phenotypic and
etiological variability among individuals on the ASD spectrum and the current lack of
effective treatments. The future of ASD biomarkers may lie in the development of
personalized medicine, as highlighted by (Mesleh, Abdulla et al. 2021). This approach
is supported by the potential of multiomics and clinical data integration to identify
distinct disease subtypes, as discussed by (Higdon, Earl et al. 2015). A recent
investigation highlighted the effectiveness of a method that combines various data
sources, such as healthcare claims, electronic health records, whole-exome
sequencing, and transcriptome profiles. This method was used to pinpoint a subset
of dyslipidemia-associated ASD (Luo, Eran et al. 2020). However, it is important to
note that relying solely on this big data approach may not overcome all the challenges.
Detailed genotype-phenotype studies, along with quantitative in vitro and in vivo ASD
models, are essential for the discovery of new treatments or the repurposing of

existing treatments.

Given the importance of subphenotype-dependent disease markers for the diagnosis
and personalized treatment of ASD (Hu 2012), personalized technology may play a
key role in providing individuals with ASD with the means to access the world (Farr,
Yuill et al. 2010). These studies collectively highlight the need for a personalized
approach to the development of ASD biomarkers, considering the heterogeneity of
the disorder and the unique needs of individuals. Precision medicine aims to tailor
treatments by understanding the underlying pathophysiology and combining the drug
or intervention with a companion diagnostic, such as a stratification biomarker. Given
the diverse etiologies and mechanisms in ASD, precision medicine offers a promising

approach to effective treatments. For instance, in Cystic fibrosis (CF), understanding
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genetic mutations allows for patient stratification into six classes based on the
mutations and their effects, aiding in the development of optimal therapy plans. The
development of CFTR modulator drugs based on these genetic mutations exemplifies
the success of precision medicine, showing significant clinical benefits (Haq et al.,
2022). This approach highlights how genotype-phenotype correlations and
pharmacogenetic therapies can address the primary defects of genetic disorders

(Chang & Zabner, 2015).

In ASD, the heterogeneous nature of the condition necessitates a precision medicine
approach to identify effective treatments (Loth, Spooren et al. 2016). Research is
increasingly focusing on genetic and molecular data to identify biomarkers and
subgroups that respond to specific treatments (Stojanovska 2024). Both ASD and CF
underscore the potential of precision medicine to improve patient outcomes through
tailored treatments. (Chang and Zabner 2015). The National Academy of Sciences
Precision Medicine Report proposes that ‘when multiple molecular indicators are used
in combination with conventional clinical, histological, and laboratory findings, they
offer the opportunity for a more accurate and precise description and classification of
disease’(Luo, Eran et al. 2020). These findings underscore the potential of precision

medicine in transforming the treatment landscape for ASD.
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Chapter 6: Conclusions

This thesis has detailed the current challenges facing ASD diagnosis and
underscored the need for a deeper understanding of how environmental effects
contribute to its sporadic nature. The following key achievements have been made in

advancing this field:

1. No large gross white matter changes were observed in cases of
maternal hypothyroidism in a mammalian model. This finding provides insights into
the potential limitations of neuroimaging in identifying consistent structural biomarkers

across ASD).

2. Transient maternal hypothyroidism was found to lead to significant
changes in the expression of TBR1 within the fastigial medial nuclei in a prenatal
murine model. These changes, conserved from chick models, suggest potential

clinical relevance and interest in human targets.

3. It was observed that prenatal changes leading to ASD behavioural
effects in adult mice may not be fully conserved into adulthood. This implies that the
initial cause may not be obvious for late-stage diagnoses, especially in tight windows
of environmental exposure such as PCBs or PBDESs. This could explain some of the

sporadic nature of ASD.

Each of these findings contributes to our growing understanding of ASD and
offers new avenues for future research. We hope that my work here helps increase

the overall understanding of the pathophysiology of the disorder.
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Table S.1 P56 Mouse cohort assessed prior to experimentation.

Mouse 1D Sex Treatment Brain Weight(mg)
MP2-1-M Male Control X
MP19-2-M (2) Male Control 367.8
MP9-2-M Male Control X
MP2-3-M (10th March 2017)  Male Control 262.2
MP14-2-M (3rd April 2017) Male Control 357
MP13-4-M (29th April 2017)  Male Control 341.33
MP13-5-M (23rd May 2017) Male Control X
MP16-1-M (23rd May 2017) Male Control 348.7
MP 13-1 (26th June 2017) Male Control 353.8
MP 11-2 (26th June 2017) Male Control 326
MP7-1 (3/10/2017) Male Control 394.6
MP20-2-M Male MMI 14 X
MP6-1-M (10th March 2017) Male MMI 14 270
MP1-M (3rd April 2017) Male MMI 14 319.4
MP12-1-M (29th April 2017)  Male MMI 14 338
MP5-2-M (5th May 2017) Male MMI 14 298.4
MP17-2-M (23rd May 2017)  Male MMI 14 348.7
MP20-1 (26th June 2017) Male MMI 14 341.6
MP 6-3 (26th June 2017) Male MMI 14 341.7
MP 5 2 (4th July 2017) Male MMI 14 323.2
MP 2-2 (19th July 2017) Male MMI 14 345.5
MP18 L (21/9/2017) Male MMI 14 376.4
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MP5_2 (23/9/2017)

MP17-2 (3/10/2017)
MP9-2-F

MP9-4-F (10th March 2017)
MP14-2-F (3rd April 2017)
MP9-2-F (29th April 2017)
MP9-5-F (5th May 2017)
MP9-3-F (23rd May 2017)
MP4-1 (26th June 2017)
MP 13-4 12th July 2017
MP13_LF (19th July 2017)
MP16-1 (2/10/2017)
MP16-2 (3/10/2017)
MP11-1 (11/10/2017)
MP1-1-F

MP12-2-F (10th March 2017)
MP6-2-F (3rd April 2017)
MP20-1-F (29th April 2017)
MP5-4-F (5th May 2017)
MP18-1-F (23rd May 2017)
MP 20-2 (26th June 2017)
MP5_1 (21/9/2017)
MP5_3(21/9/17)

MP1-2 (3/10/2017

Male

Male

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

MMI 14

MMI 14

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

MMI 14

323.2

348.7

324.8

354.5

351.5

344.3

353.1

400

371.4

371.4

396.9

408.3

389.6

306.7

340.2

403

321

371.3

391.8

355.6

339.8

442.5
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| CONTROL | MMI

10x

20x

Supplemental Figure 1 RoRa staining in the E16.5 Thalamus. image exhibits the representative
staining pattern of RoRa the thalamus for both the Control and Methimazole MMI groups N=1n = 3.
Scale bars are provided, indicating a length of 100 um.
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CONTROL

MMI

Supplemental Figure 2 TBR1 staining in the embryonic telencephalon The image

exhibits the representative staining pattern of TBR1 in the Telecephalon of E16.5
mouse brain for both the Control and Methimazole MMI groups N =2 n = 3. Scale bars
are provided, indicating a length of 100 um. Abbreviations: MZ: Marginal Zone ,
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CONTROL

MMI

Supplemental Figure 3 RELN staining in the embryonic telencephalon Above: Section
position represented i.The image exhibits the representative staining pattern of RELN staining in
the MZ of the Telecephalon of E16.5 mouse brain for both the Control and Methimazole MMI
groups N =2 n = 3. Scale bars are provided, indicating a length of 100 um.
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